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Editorial on the Research Topic
 Insights on plant-associated microorganisms: diversity, systematics and genomics





1. Introduction

The purpose of this Research Topic call was to provide insights into community diversity and complex associations or interactions on plant-associated microorganisms: bacteria, fungi, and viruses. Twenty-one papers addressing this key premise of the Research Topic were published into four loosely defined categories: diversity, taxonomy, and detection of plant pathogens; soil and rhizosphere microbial communities; seed and ephiphytic microbiome; and beneficial bacteria. Eleven of the 21 papers addressed issues related to a better understanding of bacterial and fungal plant pathogens as well as their accurate taxonomic identification and detection. Six articles explored microbial communities in diverse environments including areas contaminated with antimony and arsenic. Two articles addressed the potential applications of bacteria, while another two centered around the intricate world of seed and epiphytic microbiomes. This editorial provides a comprehensive summary of each paper within these four distinct categories, offering a detailed overview of the valuable research conducted in these fields.



2. Summary of published papers

This section is subdivided into the four categories of articles.


2.1. Diversity, taxonomy, and detection of plant pathogens

The papers in this subsection addressed fungal (seven), bacterial (three), and viral (one) diseases or pathogens, providing insights on their taxonomy, pathogenicity/virulence factors or an innovative detection system.

Lu et al. isolated eight bacterial strains from tobacco fields and used polyphasic method consisting of whole genome sequence comparisons, and phenotypic and chemotaxonomic characterizations to delineate the strains to species-level. All the strains were taxonomically affiliated to the genus Ralstonia based on 16S rRNA gene analysis. Genome-based parameters and phylogenomic analysis provided insights in species-level affiliation with one strain, 22TCCZM03-6, assigned to a known species, Ralstonia wenshanensis. The seven remaining strains could not be assigned to known Ralstonia species, and based on the data these were described into three new species, Ralstonia soli (21MJYT02-11), Ralstonia mojiangensis (21MJYT02-10, 21LDWP02-16, 22TCJT01-1, 22TCCZM01-4, and 22TCJT01-2), and Ralstonia chuxiongensis (21YRMH01-3 and 26). Lu et al. also performed gene content analysis of these novel Ralstonia species.

Myers et al. hypothesized that genes involved in necrosis in Allium spp. and confer thiosulfate tolerance co-occur (associate) as these are co-beneficial traits for the plant's survival in the niche. Also, they postulated that genes that result in the production of toxic byproducts or have redundant functions should dissociate to minimize their co-expressive effects on the bacterial fitness. As such Myers et al. analyzed the interactions of accessory genes in a pangenome of 92 Pantoea ananatis genomes in view of understanding the association and dissociation patterns of some of the virulence genes. Pathogenic phenotyping of the 92 P. ananatis strains revealed variability in aggressiveness levels on Allium spp. Genome-wide analysis identified, 835 pathogenesis-related genes in P. ananatis against Allium fistulosum × Allium cepa and 243 genes were associated with the infectivity of Allium porrum. Gene-pair coincidence analyses identified 165 individual genes classified into 39 significant gene-pair association components and 255 genes in 50 significant dissociation components. The authors then performed comparative genomics analysis on five P. ananatis strains that showed differential pathogenicity on A. porrum or A. fistulosum × A. cepa and identified candidate genes that explained the difference in virulence. The authors found a putative type III secretion system, and several other genes and showed by mutational analysis that the pepM gene in the HiVir cluster is important than the same gene within the pgb cluster for pathogenicity of A. fistulosum × A. cepa and A. porrum by P. ananatis.

Agarwal et al. analyzed the pangenome of 1,910 Xanthomonas strains to assess genus-wide genetic diversity and generate a genus-wide phylogeny. Also, the Agarwal et al. reclassified the Xanthomonas strains into species clusters using a phylogenetic framework and identified sampling gaps based on via rarefaction analyses. Other results of Agarwal et al. show the distribution and evolution of the T3SSs and T3SEs as these play important roles in host specificity and further analysis identified three structurally and evolutionarily distinct T3SS pathogenicity islands due probably to three independent acquisition events. Based on the recombination data, Agarwal et al. concluded that recombination is frequent among members of the genus Xanthomonas.

Batarseh et al. examined the comparative genomics of the genus Liberibacter and concluded high genomic content diversity as well as positive selection based on 52 genome sequences from six species. Ca. Liberibacter asiaticus had the highest number of genome sequences of 36. The authors used average nucleotide identity values to confirm the taxonomic positions of the strains within and between species. The authors also investigated the patterns of how the accessory genes evolved by comparing the phylogenies of the core genes to that of the accessory genes showing a similar evolutionary pattern. Also, Batarseh et al. measured the selection patterns and identified genes showing positive selection and concluded that these might be involved in pathogenicity and virulence but using the global test, the authors showed that the core genes are in selective constraints.

Javaran et al. developed and validated a new diagnostic tool (NanoViromics) for rapid detection of dsRNA plant viruses and viroids using Oxford Nanopore sequencing technology in infected grapevines. The long-read Nanopore sequence data were analyzed using two bioinformatic workflows: Centrifuge-Recentrifuge (Cent&rec) and DIAMOND-MEGAN (DIA&MEG) and the results compared. Also, parallel Illumina MiSeq sequencing of short reads were generated and processed in two ways:(a) the reads were de novo assembled using Lazypipe pipeline followed by taxonomic classification using Centrifuge and then ReCentrifuge used for comparative analysis, and (b) DIAMOND-MEGAN workflow direct analysis. The direct-cDNA sequencing from dsRNA (dsRNAcD) outscored the rRNA-depleted total RNA (rdTotalRNA) method for detection of low plant virus titers. Both workflow classifiers outputted similar viral detection and taxonomic results. Javaran et al. concluded that dsRNAcD sequencing is a reliable and cost-effective tool for detection of plant viruses.

Gogoi et al. sequenced and analyzed the whole genome sequences of five Phytophthora cactorum strains of the two known pathotypes causing the crown rot on rhizomes or the leather rot on the fruits of strawberry. Gogoi et al. generated genome sequences by de novo assembly of highly and low virulent crown rot strains as well as three leather rot strains of sizes 66.4–67.6 Mb with total predicated complete genes ranging 17,286–17,398. Phylogenomic comparison of the strains sequenced by Gogoi et al. showed the Ph. cactorum strains to be highly similar but distinct from five other Phytophthora species. A better phylogenomic resolution was obtained when Gogoi et al. analyzed only the Ph. cactorum strains showing distinct patterns between the crown and leather rot pathogens. Gogoi et al. employed comparative genomics which revealed genes with potential involvement in pathogenesis and recommend functional studies for these candidate pathogenicity determinants.

Yang et al. generated a complete whole genome sequence of Verticillium dahliae strain VD991 using Oxford Nanopore technology and used the genome for screening and validation of genes involved in pathogenicity. The genome size is 35.77 Mb. Genome-based collinearity analysis of the genome sequence by Yang et al. show that the genomes of Verticillium alfalfae and Plectosphaerella cucumerina partially overlapped with that of V. dahliae, an indication of whole genome duplication. Yang et al. complemented this genome data with transcriptomic data from V. dahliae and three cotton varieties with different resistance levels to investigate possible gene interactions. The analysis of the transcriptomic data identified a network of 19 hub genes with the potential to interact with cotton genes. Yang et al.'s data show that the highest number of differentially expressed genes (DEGs) between the susceptible (JM11) and the resistant (ZZM2) cotton varieties occurred at 6 h post-inoculation and showed less down-regulated DEGs than up-regulated DEGs. The studied identified many pathways and genes that might be involved in cotton disease resistance and pathogenicity of V. dahliae.

Harish et al. characterized 60 strains of Fusarium species causing the post-flowering stalk rot on maize based on morphology, pathogenicity and molecular techniques. Harish et al. observed that the Fusarium strains showed high variability in cultural traits such as colony coloration, mycelial branching, and conidial size and shape; and the majority of the isolates had a white to dirty white colony color. Based on pathogenic effects on maize seed germination, eight strains were categorized to be of low virulence, 20 moderately virulent and 27 virulent isolates. The authors report significant differences in root length and seedling vigor between Fusarium-treated and untreated control maize seeds. Harish et al. molecularly identified the 10 most virulent strains, based on partial sequences of the translation elongation factor 1a (TEF-1a), to taxonomically belong to Fusarium acutatum, Fusarium verticillioides, and Fusarium andiyazi.

Tu et al. examined in planta-expressed genes in Fusarium graminearum during the infection of susceptible and resistant wheat varieties using comparative transcriptomics. Tu et al. showed that host genotypes regulate the gene expression patterns of F. graminearum. Spikes were inoculated with F. graminearum and total RNA extracted for samples at different time points. Tu et al. indicate a dynamic distribution of differentially expressed genes (DEGs) of F. graminearum in planta in the susceptible and resistant wheat varieties over the time-points with 533 DEGs identified. Also, their data on functional enrichment of the DEGs identified in F. graminearum reveal the involvement of different infection mechanisms in resistant and susceptible wheat varieties. Also, the Tu et al. observed dynamically expressed putative effectors in the two wheat genotypes. The reliability of the DEGs generated using RNA-seq were confirmed by qRT-PCR.

Achilonu et al. used random amplified microsatellites (RAMS) with primers CCA5 and CGA5 to cluster 364 South African isolates of Alternaria alternata (the causal agent of the pecan black spot disease) into two major distinct clades and 10 sub-clades. Achilonu et al. report a low genetic diversity within the A. alternata populations isolated from the eight major pecan-producing provinces of South Africa. The authors attribute the low diversity potentially to high gene flow within the populations. STRUCTURE analysis of the generated alleles did not show even distribution of genotypes and as such no distinct geographic or locational relationship was observed.

Dettman et al. molecularly characterized 558 strains of Alternaria section Alternaria isolated from 64 host plant genera in 12 countries. The authors used two section Alternaria-specific markers (ASA-10 and ASA-19) and the second largest subunit of RNA polymerase II (rpb2) gene in the study. Canadian isolates made up 57.4% of the total population studied. Dettman et al. showed that the most common species on cereal crops in Canada are Alternaria alternata (83%) and Alternaria arborescens (10.6%). Dettman et al. report that the Canadian isolates did not cluster into geographic-specific clades as well as very low association between hosts and genetic haplotypes. The A. arborescens isolates formed, at least, three distinct phylogenetic lineages. Other minor lineages identified by Dettman et al. are Alternaria gaisen (4.5%), the longipes lineage (1.4%; Alternaria longipes and Alternaria gossypina), as well as monotypic lineages of single strain of Alternaria burnsii (CBS107.38) and the undescribed species, each forming a distinct lineage in phylogenetic trees generated with the ASA-10 and ASA-19 markers.



2.2. Soil and rhizosphere microbiome

These group of six papers examined microbial communities in soil, rhizosphere and plant root-nodules.

Bromfield et al. characterized a bacterial strain T173 isolated from a root-nodule of white sweet clover growing in Canada. The authors used polyphasic analysis including genome-based DNA-DNA hybridization and average nucleotide identity to conclude that this strain constitutes a novel Ensifer lineage and the name Ensifer canadensis is proposed. Bromfield et al. sequenced the genome using the Pacific Biosciences technology and identified six replicons consisting of a chromosome and five plasmids. One of the plasmids harbors symbiosis genes involved in nodulation and nitrogen fixation which the authors suggest could be the result of horizontal transfer from Ensifer medicae. Bromfield et al. also reported the unexpected presence of two single copies (out of five) of the complete ribosomal RNA operon (rrn) on two of the megaplasmids. Based on this and other genomic features of one of these megaplasmids (pT173e), the authors suggest it could be a “chromid”-a secondary chromosome.

Mi et al. examined the community diversity of arbuscular mycorrhizal fungi (AMF) in soils contaminated with antimony (Sb) and arsenic (As) using morphological and molecular techniques. The authors collected soil samples from two different areas with different contamination levels of the heavy metals. Mi et al. noted differences on how the AMF colonize the Artemisia argyi (more external hyphae with vesicles at the tips) relative to numerous internal hyphae produced on Rumex acetosa and Carpesium abrotanoides roots. AMF colonization rate was heavily influenced by plant species. Their molecular results based on 18S rRNA high throughput sequencing detected 268 AMF OTUs with 88.27% belonging to the Glomeraceae; and show that As and its interaction with P had a stronger effect in the reduction of soil AMF richness and diversity than Sb.

Swiatczak et al. report that the application of Pseudomonas sivasensis strain 2RO45 in the canola rhizosphere alters the microbial structure and functioning communities. The authors used high throughput sequencing of the V3–V4 hypervariable 16S rRNA and ITS2 to assess the communities. Their results show that the application of strain 2RO45 did not affect the overall microbial diversity but altered the taxa proportions of bacteria and fungi. The authors showed changes from the abundant Streptomyces, at an initial time of application, to bacterial families such as Comamonadaceae and Vicinamibacteraceae 22 days after application. They observed a similar pattern from Cyphellophora vermispora (day 0) to a fungal family of Nectriaceae, genus Exophiala and species Mortierella minutissima.

Nanetti et al. hypothesized that the composition and/or the diversity of specific microbial communities associated with Vitis vinifera at the soil–root interface can be used to define and protect a wine “Protected Designation of Origin” (PDO) area. They collected grapevine roots and soil samples in June and November from three distinct vineyards: a non-PDO (conventional farming), a PDO area under conventional farming and a PDO area under organic farming. Nanetti et al. performed high throughput sequencing and analysis of the V3–V4 region of the 16S rRNA to find that some bacterial genera were more abundant in a particular vineyard irrespective of the season in bulk soils. Also, they detected rhizospheric bacterial genera that discriminated PDO-associated from non-PDO communities that are independent of management type, season or farming site.

Hossain et al. investigated the microbial communities in different sized nodules in peanut plants inoculated with host-specific rhizobia under field conditions. They reported that the inoculated peanuts formed regular sized (large) and small nodules with the former having red interior color and suggesting active nitrogen fixation. The colorations of the small nodules, however, varied and seemed to show limited fixation activity even though the nif H gene was amplified from the two types of nodules. The bacterial diversity in the two types of nodules were significantly different based on amplified sequence variants (ASVs). The ASVs in both nodule types were largely Proteobacteria with the big nodules showing 99.96% (0.03% Actinobacteria) while the small ones had only 68.67% (31.32% other bacterial taxa). The authors' results at the genus-level showed the top taxa in the big nodule samples had primarily Bradyrhizobium while the small nodules contained other taxa. Based on the functional analysis, the authors suggest that the diverse microbial communities in the small nodules beside the Proteobacteria, could play other biological roles such as the production of secondary metabolites including phytohormones, antibiotics and others.

Li et al. compared the microbial diversity and structure in the rhizospheres of straight and twisted trunk types of Pinus yunnanensis using 16S rRNA and ITS metagenomics. Li et al. showed significant differences in available phosphorus between the two trunk types and indicated that available potassium had a significant effect on the fungal community. Their results show a statistically higher relative abundance of Proteobacteria in the rhizosphere soil of the twisted than the straight trunk. At the genus-level, Li et al. found the phylum Chloroflexi to be relatively low in twisted compared to straight trunks. Basidiomycota and Ascomycota were the dominant fungal phyla in both trunk types but were not statistically different. At the genus level, the relative abundances of Penicillium and Fusicolla, potential plant pathogens, were higher in the twisted trunk samples while Penicillium nodositatum was significantly higher at the species level. Li et al. also identified bacterial and fungal biomarkers that were differentially abundant in the twisted or straight trunk type.



2.3. Plant epiphytic and seed microbiomes

Zhou et al. examined the epiphytic microbial communities of wild soybeans across China. The authors collected foliage and seed samples of wild soybeans and identified the plant genotypes using simple sequence repeats (SSR) technology. SSR method determined that the different eight locations harbor distinct genotypes that could be clustered into three major groups. The composition and diversity of the bacterial and fungal communities were examined by high throughput sequencing and analyses of the 16S rRNA and internal transcribed spacers (ITS), respectively. Their results identify Proteobacteria as the dominant foliar bacterial community while Ascomycota and Basidiomycota were the dominating fungal taxa. The results of Zhou et al. showed, also, that the high abundance core foliar microbiota were present in all wild soybean samples, irrespective of genotype and/or environmental conditions.

Malacrinò et al. studied the influence of six cereal crop species on the diversity and structure of their seed fungal microbiomes by high throughput sequencing of the ITS2 region. The authors analyzed the 65 samples to identify 242 fungal Amplicon Sequence Variants (ASVs). The authors point that the seed fungal diversity and structure are influenced by the cereal species but these differences are mainly driven two species, Avena sativa and Hordeum vulgare. Malacrinò et al. did not find significant evidence of phylosymbiosis—relationship between microbial community and the host. The authors, however, showed significant differences in fungal community structure of different cultivars of Triticum aestivum and Triticum turgidum.



2.4. Beneficial bacteria

Jiang et al. isolated a novel endophytic strain AK-PDB1-5 from leaves of the Korean fir and identified the bacterium based on 16S rRNA, whole-genome sequences, biochemical and biophysical data. The results suggest that this strain is a new bacterial species within the genus Sphingomonas and produces a yellow carotenoid pigment known as nostoxanthin. Jiang et al. also report studies with Arabidopsis seeds inoculated with the bacterium with results showing potential plant growth-promoting and salt tolerance effects induced by this strain. The authors data also show that salt tolerance effect of strain AK-PDB1-5T in Arabidopsis roots is by scavenging the reactive oxygen species probably by producing the nostoxanthin carotenoid.

Xie et al. sequenced the whole-genome sequence of Bacillus velezensis strain YC89, a strain that was isolated from infected sugarcane plants. The whole genome sequence was generated using PacBio technology. The authors mined complete genome sequence for genes involved in secondary metabolite production leading to the discovery of 12 clusters as well as eight genes related to indole acetic acid (IAA) biosynthesis which is key to plant growth-promotion including resistance inducer. The authors also detected the presence of siderophores, cellulase activity and phosphate solubilization. Finally, Xie et al. also report the biocontrol of the red rot disease of sugarcane by B. velezensis strain YC89 in greenhouse plant assays. Xie et al. concluded that strain YC89 is a potential potent biological control agent as well as a biofertilizer.




3. Conclusion

The publication of these 21 articles with over 250 eprint-pages is testament to the success of this Research Topic. In reviewing the published articles, it could be noted that the bulk of the articles addressed the “genomic and metagenomic studies of uncultured plant-associated bacteria and fungi” focus of the Research Topic. This, perhaps, is indicating significant interest and/or shift of microbiological work to prioritizing the use of culture-independent approaches. This might be partly fueled by recent advances in high throughput sequencing technologies coupled with the scientists' zeal to study yet unculturable microorganisms which constitute the microbial silent majority. Also, it could be inferred from reviewing the articles that culture-dependent articles addressed taxonomic/systematics studies of plant-associated beneficial and pathogenic bacteria and fungi with high reliance on whole genome sequencing and analysis. Overall, these articles have generated lots of scientific data essential for our understanding of some key aspects of plant-associated microorganisms in agriculture and forestry. Based on the high visibility with over 27,000 views and 4,417 downloads of these articles, at the time of the preparation of this editorial, it is clear that the information provided in these articles is of interest to other scientists.
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Plant genotype is a crucial factor for the assembly of the plant-associated microbial communities. However, we still know little about the variation of diversity and structure of plant microbiomes across host species and genotypes. Here, we used six species of cereals (Avena sativa, Hordeum vulgare, Secale cereale, Triticum aestivum, Triticum polonicum, and Triticum turgidum) to test whether the plant fungal microbiome varies across species, and whether plant species use different mechanisms for microbiome assembly focusing on the plant ears. Using ITS2 amplicon metagenomics, we found that host species influences the diversity and structure of the seed-associated fungal communities. Then, we tested whether plant genotype influences the structure of seed fungal communities across different cultivars of T. aestivum (Aristato, Bologna, Rosia, and Vernia) and T. turgidum (Capeiti, Cappelli, Mazzancoio, Trinakria, and Timilia). We found that cultivar influences the seed fungal microbiome in both species. We found that in T. aestivum the seed fungal microbiota is more influenced by stochastic processes, while in T. turgidum selection plays a major role. Collectively, our results contribute to fill the knowledge gap on the wheat seed microbiome assembly and, together with other studies, might contribute to understand how we can manipulate this process to improve agriculture sustainability.
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 wheat, ears, cultivar, metabarcoding, ITS, phylosymbiosis


Introduction

Plant-associated microbial communities are well known for their impact on the ecology and evolution of their host (Trivedi et al., 2020; Malacrinò et al., 2022a). The structure of plant microbiomes largely differentiate within the same plant (e.g., between roots, leaves, fruits, flowers, seeds), and within the same compartment (e.g., different tissues within the same organ; Abdelfattah et al., 2016; Dastogeer et al., 2020; Trivedi et al., 2020), and it is influenced by several factors, including soil (Zarraonaindia et al., 2015; Malacrinò et al., 2021a), herbivores (French et al., 2021; Malacrinò et al., 2021a,b; Frew, 2022), pathogens (Ginnan et al., 2020; Wen et al., 2020; Ewing et al., 2021), and abiotic stresses (Vescio et al., 2021; Yu et al., 2022). Despite the great deal of research in this field, we still know little about the rules that govern the assembly of plant microbiomes. Plants, to a certain extent, are able to direct the assembly of their own microbiome. Indeed, plant genotype has been proven to influence, with different strengths, the structure of microbial communities associated with different plant species, including Boechera stricta (Wagner et al., 2016), Medicago trunculata (Brown et al., 2020), Glycine max (Liu et al., 2019), Olea europaea (Malacrinò et al., 2022b), and several others. This effect is thought to occur through changes in the plant metabolome (e.g., exudates, VOCs), and it can be modulated by plants to help coping with biotic and abiotic stresses (Liu et al., 2020; Tiziani et al., 2022). However, we are still not able to predict how microbiomes would vary across different plant genotypes.

Most of the research investigating the role of plant genotype on microbiome assembly has been done mostly focusing on roots, leaves, and fruits. However, given the functional importance that microbial vertical transmission can have across generations, it is essential to understand also whether plant genotype influences the composition of the seed microbiome. Few previous studies tested the variation of seed microbiomes across different plant genotypes. For example, Kim et al. (2020) found that host speciation and domestication shape seed bacterial and fungal communities in rice. Similarly, Wassermann et al. (2022) found different bacterial microbiota associated with different oilseed rape genotypes, with signatures of phylosymbiosis. In addition, while most of the studies constrain their observations to the bacterial and archeal communities (i.e., 16S rRNA gene amplicon metagenomics), it is also essential to focus on the plant-associated fungal communities. Recent research suggests that, within some taxonomical groups, the structure of plant microbiomes reconciliates with the host’s phylogeny (i.e., phylogenetically closer hosts associate with more similar microbial communities). This link, named phylosymbiosis, has been recently found for example in the apples (Abdelfattah et al., 2022) and chloridoid grasses (Van Bel et al., 2021). While we still do not know how common is phylosymbiosis among plants, it might be key to understand how different plant genotypes assemble their own microbial communities. This is particularly important considering that the vertical transmission of a portion of the plant microbiome has been found in several species, including oilseed rape (Wassermann et al., 2022), tomato (Bergna et al., 2018), wheat (Walsh et al., 2021), and oak (Abdelfattah et al., 2021).

In this study, we tested the influence of plant genotype on the seed fungal microbiome, using cereals as model. We characterized the microbiota of plant ears during the soft-dough phase to best capture the influence of plant genotype on the assembly of seed microbial communities, which might be hindered at a later stage by the plant senescence. First, we focused on the effect of plant species, testing whether the diversity and structure of the fungal microbiome would vary across different cereal species (Avena sativa, Hordeum vulgare, Secale cereale, Triticum aestivum, Triticum polonicum, and Triticum turgidum). While previous research would suggest that microbiome structure is driven by plant species, we also expect to detect a signature of phylosymbiosis (the reconciliation of microbiome structure with the host phylogeny). Second, we tested whether different cultivars within the species T. aestivum and T. turgidum would associate with different fungal communities. According to previous research on wheat (Donn et al., 2015; Azarbad et al., 2020; Yergeau et al., 2020) and other plant species (Wagner et al., 2016; Liu et al., 2019; Brown et al., 2020; Malacrinò et al., 2022b), we hypothesize to detect a strong genotype-depend signal on the structure of fungal communities within each group.



Materials and methods


Field experiment and sampling

The field experiment was set up during December 2015 in a common garden experiment (each genotype within a 5 × 5 m lot) located in Reggio Calabria, Italy (38°04′50.8”N 15°40′47.6″E). For this experiment we used non-sterilized seeds from six plant species: Avena sativa (cultivar Argentina), Hordeum vulgare (cultivar Pilastro), Secale cereale (cultivar Aspromonte), Triticum polonicum (cultivar Puglia), Triticum aestivum (four cultivars: Aristato, Bologna, Rosia, and Verna), and Triticum turgidum (five cultivars: Capeiti, Cappelli, Mazzancoio, Trinakria, and Timilia), with a total of 13 genotypes. Ears were harvested in May 2016 during their soft-dough phase. For each genotype, we collected ears (n = 5 for each sample) from 5 individual plants, for a total of 65 samples.



DNA extraction, library preparation, and sequencing

Samples were lyophilized and grind to a fine powder with stainless steel beads and a bead-beating homogenizer (Retsch GmbH, Haan, Germany). DNA was extracted from ~40 mg of each sample using the DNeasy Plant Mini Kit (QIAGEN, Venlo, Netherlands) according to the manufacturer’s instructions. DNA quality and concentration was then tested using a Nanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA, United States), and samples passing QC were stored at −80°C until further processing.

Libraries were prepared by amplifying the ITS2 region of the fungal rRNA using the primer pair ITS86f and ITS4 (Vancov and Keen, 2009). PCRs were conducted by mixing 12.5 μl of the KAPA HiFi Hot Start Ready Mix (KAPA Biosystems, Wilmington, MA) with 0.4 μM of each primer (modified to include Illumina adaptors), ~50 ng of DNA template, and nuclease-free water to a volume of 25 μl. Reactions were performed by setting the thermocycler (Mastercycler gradient, Eppendorf, Hamburg, Germany) for 3 min at 95°C, followed by 35 cycles of 20 s at 98°C, 15 s at 56°C, 30 s at 72°C, and by a final extension of 1 min at 72°C. A no-template control, in which nuclease-free water replaced the target DNA, was included in all PCR assays. Libraries were checked on agarose gel for successful amplification and purified with an Agencourt AMPure XP kit (Beckman Coulter Inc., Brea, CA, United States) using the supplier’s instructions. A second short-run PCR was performed in order to ligate the Illumina i7 and i5 barcodes (Nextera XT, Illumina, San Diego, CA, United States) setting the thermocycler for 3 min at 95°C, followed by 8 cycles of 30 s at 95°C, 30 s at 55°C, 30 s at 72°C, and by a final extension of 5 min at 72°C. Libraries were purified again as above, quantified using a Qubit spectrophotometer (Thermo Scientific, Waltham, MA, United States), normalized for even concentration using nuclease-free water, pooled together, and sequenced on an Illumina MiSeq (Illumina, San Diego, CA, United States) platform using the MiSeq Reagent Kit v3 300PE chemistry following the supplier’s protocol.



Data processing and analysis

Paired-end reads were processed using the DADA2 v1.22 (Callahan et al., 2016) pipeline implemented in R v4.1.2 (R Core Team, 2020) to remove low-quality data, identify Amplicon Sequence Variants (ASVs) and remove chimeras. Taxonomy was assigned using UNITE v8.3 database (Nilsson et al., 2019). Reads coming from amplification of plant DNA and singletons were then removed before further analyses.

Data analysis was performed in R v4.1.2 as well. Using the packages microbiome (Lahti and Shetty, 2017) and picante (Kembel et al., 2010) we estimated the diversity of the fungal community for each sample with three different indexes: Faith’s phylogenetic diversity, Shannon’s diversity, and Simpson’s dominance. Then, using the packages lme4 (Bates et al., 2014) and car (Fox and Weisberg, 2019), we tested the effect of plant genotype on the three different indexes by fitting three separate linear models specifying plant species as fixed factor. The package emmeans (Lenth, 2022) was used to infer pairwise contrasts (corrected using false discovery rate, FDR).

Similarly, we tested the effect of plant species and cultivar on the structure of seed fungal microbial communities using a multivariate approach with the tools implemented in the vegan package (Dixon, 2003). Distances between pairs of samples, in terms of community composition, were calculated using an unweighted Unifrac matrix. Tests were run using PERMANOVA (999 permutations), and visualization was performed using a NMDS procedure. First, we tested a model that includes both plant species and cultivar (nested within species; ~plant_species × plant_species/cultivar). Then, we tested the effect of cultivar within T. aestivum and T. turgidum, separately. Pairwise contrasts were inferred using the package RVAideMemoire (Hervé, 2022), correcting p-values for multiple comparisons (FDR).

When testing the influence of plant genotype on the structure of plant microbiota, results suggested that plant species explained a wide portion of the variation (~24.91%, see Results below). To further dissect this result, microbial data were further processed together with an ultrametric phylogenetic tree of Poaceae species obtained from TimeTree (Kumar et al., 2017). A Mantel test (9,999 permutations) was used to test the correlation between a Unifrac matrix of the distance between plant species calculated considering the composition of microbial communities (thus, averaged across replicated samples within the same host species) and a matrix of phylogenetic distance between plant species obtained using the function cophenetic.phylo() from the ape R package (Paradis and Schliep, 2019).

Results also showed a greater differentiation within T. aestivum compared to T. turgidum, suggesting that different mechanisms might contribute to the seed microbiome assembly within each group. We further dissected this by estimating the fungal taxa turnover (taxa replacement) and nestedness (gain/loss of taxa) by partitioning the beta diversity using the package betapart (Baselga, 2010). Differences between turnover and nestedness were tested, within each plant species, by fitting a linear model. For each cultivar of T. aestivum and T. turgidum, we tested whether the microbiome assembly fits a null model (Sloan et al., 2006), estimating the goodness of fit to the null model and the immigration coefficient using the package tyRa.1




Results

Data processing identified 242 fungal ASVs over our 65 samples (Supplementary Figure S1), mostly representing the genera Aureobasidium (16.19%), Cladosporium (15.87%), Alternaria (13.54%), Filobasidium (12.71%), Vishniacozyma (11.82%), Mycosphaerella (9.43%), and Stemphylium (7.51%).

We first tested whether there is variation in the diversity of fungal microbial communities between the different host plants. We found that host plant species drives an effect on the microbiome diversity, using Faith’s phylogenetic diversity index (F5, 56 = 7.84, p < 0.001; Figure 1A), Shannon’s diversity index (F5, 56 = 9.42, p < 0.001; Figure 1B), and Simpson’s dominance index (F5, 56 = 10.57, p < 0.001; Figure 1C). Post-hoc contrasts clarified that these effects are driven by A. sativa, which has a lower diversity (both Faith’s and Shannon’s indexes p < 0.001) and higher dominance (p < 0.001) compared to the other plant species, while no differences were found between the other host plants (p > 0.05).
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FIGURE 1
 (A) Faith’s phylogenetic diversity, (B) Shannon’s diversity, and (C) Simpson’s dominance index of fungal communities for each host plant species.


When focusing on the structure of the fungal microbiome, PERMANOVA suggests both an effect driven by host plant species (F5, 49 = 4.10, p < 0.001) and cultivar (F7, 49 = 1.83, p < 0.001; nested within species), although species explained a higher proportion of the variance (24.91%) compared to cultivar (15.61%). Post-hoc contrasts show that the structure of the fungal microbiome of A. sativa was different compared to all the other plant species (p < 0.05), and the one of H. vulgare was different from the microbiome of T. aestivum, while no other differences were recorded (Supplementary Table S1).

We then tested whether we could detect a signal of phylosymbiosis, the convergence between host phylogeny and the structure of their microbial communities. Mantel’s correlation shows a weak non-significant correlation between the structure of the fungal microbiota and the host phylogenetic distance (r = 0.31, p = 0.21), although we found overlap across many species when comparing the plant phylogeny with the hierarchical clustering of fungal communities based on Unifrac distances, excluding H. vulgare and T. polonicum (Figure 2).
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FIGURE 2
 Weak convergence of plant phylogeny (left) and fungal microbiome hierarchical clustering (right) based on Unifrac distances (Mantel’s test: r = 0.31, p = 0.21).


We then tested whether different cultivars within the groups T. aestivum and T. turgidum associate with a different fungal microbiome. Results suggest an effect driven by cultivar in both T. aestivum (F3, 16 = 1.93, p = 0.005; Figure 3A) and T. turgidum (F4, 20 = 1.71, p = 0.02; Figure 3B). Post-hoc contrasts within the T. aestivum group show reciprocal differences between the cultivar Bologna, Rosia, and Verna (p = 0.034), while no differences were recorded between the cultivar Aristato and the others (p > 0.05). When testing pairwise differences within the T. turgidum group, results did not show any difference between the cultivars (p > 0.05), suggesting that the overall effect driven by cultivar (F4, 20 = 1.71, p = 0.02) is marginal.
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FIGURE 3
 Non-metric Multidimensional Scaling (NMDS) ordination of cultivars within the Triticum aestivum (A) and Triticum turgidum (B) groups, calculated on a Unifrac distance matrix. Each panel shows also results from a PERMANOVA analysis (999 permutations, Unifrac distance matrix) testing the effect of cultivar within each group.


The strongest distinction between cultivars within the group T. aestivum compared to T. turgidum might suggest that the fungal microbiome of different cultivars assembles by different mechanisms. We tested this idea by estimating the fungal taxa turnover and nestedness within both groups T. aestivum and T. turgidum. In both T. aestivum and T. turgidum turnover and nestedness contribute to explain the structure of the fungal microbiome (Figure 4A). In T. aestivum, the contribution of taxa turnover was higher than nestedness (F1, 378 = 36.31, p < 0.001), while for T. turgidum we found the opposite pattern (F1, 598 = 5.71, p = 0.017). This suggests that in T. aestivum there might be a higher replacement of taxa between cultivars, probably driven by stochastic processes, while in T. turgidum the fungal community assembles by gain/loss of fungal taxa, probably driven by selection. To test for this idea, we fit our data to a neutral model (Sloan et al., 2006), and we estimated the ecological drift (as goodness of fit to the neutral model) and the dispersal (as immigration coefficient from the model). Results show that cultivars of T. aestivum tend to have higher R2 and dispersal values, while cultivars of T. turgidum show the opposite pattern (Figure 4B). This suggests that the assembly of seed fungal communities in T. aestivum is more driven by neutral processes, while in T. turgidum is more driven by selection.
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FIGURE 4
 (A) Fungal ASVs turnover and nestedness within the Triticum aestivum (left) and Triticum turgidum (right) groups (dots represent the group mean, clarifying that nestedness is higher than turnover in T. turgidum). The term “value” on the y-axis represents either the turnover or nestedness values. (B) Scatterplot of the goodness of fit to a neutral model (R2) and immigration coefficient of each cultivar of T. aestivum (light green) and T. turgidum (dark green).




Discussion

In this study we analyzed the fungal microbial communities associated with ears of six cereal species, and we found variation of the diversity and structure of the microbiome across species, but weak evidence of co-diversification of plant species and microbiota composition. We then focused on the fungal microbiome of different cultivars within the species T. aestivum and T. turgidum, and we found differences in the microbiota composition between cultivars, with a stronger effect on T. aestivum compared to T. turgidum. This difference posed the question about the existence of different mechanisms within each plant species when assembling their seed microbiome. Further analyses suggested that in T. aestivum the seed fungal microbiome assembly might be driven by the genotype-specific association with fungal taxa, while in T. turgidum this assembly might be more driven by stochastic events.

Differences in the diversity and structure of microbial communities between different plant species have been previously reported (Trivedi et al., 2020). In cereals, previous research found evidence of differentiation of the bacterial microbiota between plant species (Kinnunen-Grubb et al., 2020; Wipf and Coleman-Derr, 2021; Gholizadeh et al., 2022), while reporting little or no variation in the fungal community (Hassani et al., 2020; Sun et al., 2020; Tkacz et al., 2020; Abdullaeva et al., 2021) at different plant compartments. However, to the best of our knowledge, only Abdullaeva et al. (2021) tested this idea on the seed microbiome of different cereal species, suggesting that plant species is a strong driver of the bacterial seed microbiome structure. Similarly, our results show differences in the diversity and structure of fungal microbiome between the different cereal species, although these differences were mostly driven by A. sativa and H. vulgare. When further testing for the co-diversification of plant species and their fungal microbiome, we found a weak support for phylosymbiosis. This is not surprising, also considering that previous studies focusing on the effect of wheat domestication on the plant microbiome found little or no effect of plant species on the fungal microbiome (Hassani et al., 2020; Sun et al., 2020; Tkacz et al., 2020; Abdullaeva et al., 2021), albeit not directly testing for phylosymbiosis.

When further digging into the variation of the seed microbiome between different cultivars, we found that the structure of fungal communities associated with different varieties of T. aestivum and T. turgidum were shaped by plant genotype. A genotype-driven effect on plant microbiome has been previously shown for several plant species (Wagner et al., 2016; Liu et al., 2019; Brown et al., 2020; Wassermann et al., 2022; Malacrinò et al., 2022b), but also among wheat varieties (Kavamura et al., 2020). Indeed, previous research found that wheat genotype can shape the diversity and structure of microbial communities in bulk soil (Yergeau et al., 2020), rhizosphere (Donn et al., 2015; Mahoney et al., 2017; Azarbad et al., 2020; Kavamura et al., 2020; Rossmann et al., 2020; Simonin et al., 2020; Wolińska et al., 2020), roots (Azarbad et al., 2020; Cui et al., 2022), and leaves (Sapkota et al., 2017; Azarbad et al., 2020; Žiarovská et al., 2020). However, these previous studies mainly focused on T. aestivum and on the bacterial communities at each compartment. Latz et al. (2021) focused instead on the fungal microbiome of seeds, leaves, and roots of 12 cultivars of T. aestivum, suggesting that genotype is one of the major drivers of the fungal communities. Our results show that such genotype-driven effect occurs in the seed fungal microbiome of T. aestivum and T. turgidum, with a stronger effect in T. aestivum.

These results might suggest different mechanisms in the seed fungal microbiome assembly in T. aestivum and T. turgidum. When testing this hypothesis, we found that in T. aestivum the fungal community has a higher rate of taxa replacement between cultivars (high turnover), a higher fit to a null assembly model, and higher taxa immigration rates, suggesting that neutral processes are the main driver of seed microbiome assembly. On the other hand, in T. turgidum, we found a higher rate of taxa gain/loss (nestedness), a lower fit to a null assembly model, and lower taxa immigration rates, suggesting that selection of fungal taxa drives the seed fungal community assembly. This finds support in higher differentiation of fungal communities between cultivars of T. aestivum compared to T. turgidum, suggesting that in T. aestivum the seed microbiome is under the influence of stochastic processes, generating a wider differentiation between cultivars, while in T. turgidum selection of the fungal taxa plays a major role, making fungal microbiome assembly more conservative within this group and generating less differences between cultivars. A previous study tested the effect of selection, drift, and dispersal on the assembly of bacterial and fungal communities of rhizosphere, roots, and leaves of T. aestivum and its wild ancestors (Hassani et al., 2020), suggesting that in T. aestivum the assembly of microbial communities is driven by neutral processes, while in its wild ancestors selection played a major role. Thus, we can speculate that the domestication process somehow influenced the way T. aestivum cultivars assemble their microbiome, while this did not happen in T. turgidum, and future studies can focus on understanding the reason behind these differences and their functional consequences. For example, the fact that selection of the seed microbiome is more relaxed in T. aestivum compared to T. turgidum might have consequences on the ability of exerting protection against fungal pathogens (Hassani et al., 2020; Tkacz et al., 2020). In addition, future research can overcome a possible caveat of our study, which is the limited spatial and temporal variability we considered, and a wider study on multiple years and locations might help to further dig into the processes/mechanisms behind wheat microbiome assembly.

Collectively, our results show that the seed fungal microbiome is variable across cereal species, but also among different genotype of T. aestivum and T. turgidum, where it is assembled using different mechanisms. While here we are limited on the extent we can infer about microbiome assembly mechanisms and their functional consequences, future studies are needed to finely understand how plants assemble their own microbial communities, how this influence their fitness, ecology, and evolution, and whether we can manipulate the outcome of plant-microbe interactions to improve the agricultural sustainability, ecosystem restoration and natural resources protection efforts.
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Pantoea ananatis is a member of a Pantoea species complex that causes center rot of bulb onions (A. cepa) and also infects other Allium crops like leeks (Allium porrum), chives (Allium schoenoprasum), bunching onion or Welsh onion (Allium fistulosum), and garlic (Allium sativum). This pathogen relies on a chromosomal phosphonate biosynthetic gene cluster (HiVir) and a plasmid-borne thiosulfinate tolerance cluster (alt) for onion pathogenicity and virulence, respectively. However, pathogenicity and virulence factors associated with other Allium species remain unknown. We used phenotype-dependent genome-wide association (GWAS) and phenotype-independent gene-pair coincidence (GPC) analyses on a panel of diverse 92 P. ananatis strains, which were inoculated on A. porrum and A. fistulosum × A. cepa under greenhouse conditions. Phenotypic assays showed that, in general, these strains were more aggressive on A. fistulosum × A. cepa as opposed to A. porrum. Of the 92 strains, only six showed highly aggressive foliar lesions on A. porrum compared to A. fistulosum × A. cepa. Conversely, nine strains showed highly aggressive foliar lesions on A. fistulosum × A. cepa compared to A. porrum. These results indicate that there are underlying genetic components in P. ananatis that may drive pathogenicity in these two Allium spp. Based on GWAS for foliar pathogenicity, 835 genes were associated with P. ananatis’ pathogenicity on A. fistulosum × A. cepa whereas 243 genes were associated with bacterial pathogenicity on A. porrum. The Hivir as well as the alt gene clusters were identified among these genes. Besides the ‘HiVir’ and the alt gene clusters that are known to contribute to pathogenicity and virulence from previous studies, genes annotated with functions related to stress responses, a potential toxin-antitoxin system, flagellar-motility, quorum sensing, and a previously described phosphonoglycan biosynthesis (pgb) cluster were identified. The GPC analysis resulted in the identification of 165 individual genes sorted into 39 significant gene-pair association components and 255 genes sorted into 50 significant gene-pair dissociation components. Within the coincident gene clusters, several genes that occurred on the GWAS outputs were associated with each other but dissociated with genes that did not appear in their respective GWAS output. To focus on candidate genes that could explain the difference in virulence between hosts, a comparative genomics analysis was performed on five P. ananatis strains that were differentially pathogenic on A. porrum or A. fistulosum × A. cepa. Here, we found a putative type III secretion system, and several other genes that occurred on both GWAS outputs of both Allium hosts. Further, we also demonstrated utilizing mutational analysis that the pepM gene in the HiVir cluster is important than the pepM gene in the pgb cluster for P. ananatis pathogenicity in A. fistulosum × A. cepa and A. porrum. Overall, our results support that P. ananatis may utilize a common set of genes or gene clusters to induce symptoms on A. fistulosum × A. cepa foliar tissue as well as A. cepa but implicates additional genes for infection on A. porrum.
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Introduction

Pantoea ananatis is one of several species of bacteria within the Pantoea genus that causes onion center rot. Onion center rot can cause considerable losses in both yield and quality in Alliums, particularly in bulb onions (Allium cepa) in the southeastern United States (Gitaitis et al., 2003; Stice et al., 2018; Stumpf et al., 2018). There is currently no known resistance to P. ananatis in commercial onion cultivars and resistance in other Allium spp. is yet to be evaluated. P. ananatis invades the plant through foliar wounds leading to water-soaked lesions, blighting, and wilting of the leaf. Foliar colonization can lead to bulb invasion that often results in further post-harvest losses (Carr et al., 2013). While P. ananatis can be seedborne and seedling-transmitted, thrips (Frankliniella fusca, Thrips tabaci) mediated transmission seems to be more common and epidemiologically important, particularly in Georgia, United States (Dutta et al., 2014a, 2016). Several published reports indicate that these thrips species can acquire epiphytic P. ananatis populations from various environmental host plants including weeds and can transmit the pathogen to healthy onion seedlings (Dutta et al., 2014a, 2016). P. ananatis collectively has a broad host range as it can cause disease in a diverse range of crops including maize (Zea mays L.), pineapple (Ananas comosus), rice (Oryza sativa), and Sudan grass (Sorghum bicolor × S. bicolor var. Sudanese) (De Maayer et al., 2014).

Based on observations made by Stice et al. (2018), P. ananatis is pathogenic on a variety of Allium spp.; however, the authors observed that the strains varied greatly in their pathogenic potential and aggressiveness on onion, shallot (A. cepa var. aggregatum), chives (A. schoenoprasum), and leeks (A. porrum). The bunching onion or Welsh onion (A. fistulosum) has been shown to be a host for P. ananatis (Kido et al., 2010; Wang et al., 2018). Symptoms observed on these hosts were comparable to those observed on typical bulb-forming onion seedlings. P. ananatis is unusual when compared with other Gram-negative plant pathogenic bacteria in that it does not utilize either the type II secretion system (T2SS) or the type III secretion system (T3SS) to secrete cell-wall degrading enzymes and deliver virulence effectors into the target host cell, respectively (Chang et al., 2014). Asselin et al. (2018) and Takikawa and Kubota (2018) independently identified a chromosomally located “HiVir,” or High Virulence gene cluster. This gene cluster has been demonstrated to be a critical pathogenicity factor for P. ananatis in onions (Asselin et al., 2018; Takikawa and Kubota, 2018). The HiVir gene cluster encodes for a phosphonate phytotoxin “pantaphos” that was shown to be critical for bulb necrosis (Asselin et al., 2018; Polidore et al., 2021). Another cluster of importance was recently characterized by Stice et al. and is a plasmid-borne virulence gene cluster coined as “alt” or thiosulfinate (Allicin) tolerance (Stice et al., 2018, 2020, 2021). The alt cluster in P. ananatis imparts tolerance to thiosulfinates allowing P. ananatis to colonize the thiosulfinate-rich environment in necrotic onion bulbs (Stice et al., 2018, 2020, 2021. Despite these advances in understanding pathogenicity and virulence mechanisms in the P. ananatis-onion pathosystem, the mechanisms behind bacterial capacity to colonize other Allium spp. such as A. porrum and A. fistulosum × A. cepa remain unknown.

Whole-genome sequencing (WGS) of bacteria is routinely performed in many laboratories for diagnostics, understanding host-pathogen interactions, and for ecological studies (Farhat et al., 2013; Sheppard et al., 2013; Chewapreecha et al., 2014; Hall, 2014; Laabei et al., 2014; Holt et al., 2015; Desjardins et al., 2016; Earle et al., 2016; Lees et al., 2016). Despite generation of large informatics data sets, the primary challenge when handling these methodologies is managing an appropriate strategy to go from raw data to detailed, biologically relevant information. One strategy commonly used to relate genotype to phenotype is the genome-wide association study (GWAS). This strategy was first adopted in human-based medicine, but soon after gained general popularity in analyzing bacterial genomes to answer various questions related to pathogenicity, antibiotic resistance, and bacterial survival (Farhat et al., 2013; Sheppard et al., 2013; Chewapreecha et al., 2014; Hall, 2014; Laabei et al., 2014; Holt et al., 2015; Desjardins et al., 2016; Earle et al., 2016; Lees et al., 2016). Genome-wide association has proven to be an excellent tool in correlating genomic variations with observed phenotypes such as virulence factors, antibiotic resistance, and tolerance to abiotic and biotic stresses (Farhat et al., 2013; Sheppard et al., 2013; Chewapreecha et al., 2014; Hall, 2014; Laabei et al., 2014; Holt et al., 2015; Desjardins et al., 2016; Earle et al., 2016; Lees et al., 2016). This trend is no different for topics in plant pathology either. For example, GWAS can be utilized for the determining resistance to pathogens through quantitative trait locus mapping (Thoen et al., 2016) or to identify candidate pathogenic genetic determinants in plant pathogens (Dalman et al., 2013; Monteil et al., 2016; Bartoli and Roux, 2017). In this study, we utilized the WGS strategy to build a pan-genome and compared the combined genomes of bacterial strains to pathogenicity phenotype on two Allium spp. (A. porrum and A. fistulosum × A. cepa).

The complete complement of the total genes within a genomic set is termed as “pan-genome” (Medini et al., 2005; Tettelin et al., 2005). A pangenome consist of “core” genes that are common across all bacterial strains of a species and the “accessory” genes that are specific/present in only some strains (Tettelin et al., 2005). Accessory genes are responsible for key differentiation among strains and have been associated with pathogenicity islands or with niche adaptation (Brockhurst et al., 2019). Ideally, pan-GWAS can also be used to identify associations between genotypic traits and observed phenotype. This may aid in determining potential gene or gene clusters that are responsible for the observed phenotype with a pre-defined set of statistical criteria (Brynildsrud et al., 2016). In the current study, we utilized a pangenome-wide association study (pan-GWAS) to identify presence and absence variants in P. ananatis strains (n = 92) that are associated with foliar symptoms in A. porrum and A. fistulosum × A. cepa. Using pangenome-GWAS, we report a set of potential P. ananatis virulence factors associated with these Allium hosts including the “HiVir” and the phosphonoglycan biosynthesis (pgb) clusters, a type III secretion system, a putative toxin/antitoxin region, and several other virulence-associated genes. These include the phosphonoglycan biosynthesis (pgb) cluster, a type III secretion system, a putative toxin/antitoxin region, and several other virulence-associated genes. Further, we also demonstrated that the pepM gene in the HiVir cluster is important than the pepM gene in the “pgb” cluster for P. ananatis pathogenicity in A. fistulosum × A. cepa and A. porrum.

A recent study tested the hypothesis that genes generally co-occur (associate) or avoid each other (dissociate) based on the fitness consequences in a particular set of genomes (Whelan et al., 2019). For example, in our case, we presume that genes, which allow necrosis in Allium spp. and confer thiosulfate tolerance should associate as these traits are co-beneficial for survival in the niche of an Allium host. However, genes that, in combination, result in the production of a toxic byproduct (as has been observed with siderophore biosynthesis in Salinispora spp.; Bruns et al., 2018) or perform some redundant function, or trigger an immune response, should dissociate with each other as co-expression may reduce bacterial fitness. Therefore, we analyzed genomic interactions of accessory genes in the pangenome derived from 92 P. ananatis genomes to determine genes associated with virulence, with a premise that virulence genes should associate with other virulence genes throughout the accessory pangenome and that redundant virulence genes should naturally dissociate.



Materials and methods


Bacterial strains, identification, culturing, and mutagenesis

Pantoea ananatis strains (n = 92) used in this study were isolated from diverse sources; weeds, thrips, and onion tissue (foliage, bulbs, and seeds) in Georgia from 1992 to 2019. The metadata for each strain such as the source, year of isolation, and county of origin in Georgia for these strains and their distribution within each category are listed (Table 1).



TABLE 1 Pantoea ananatis strains, their source of isolation, and their associated pathogenicity and aggressiveness on leek (Allium porrum) and Japanese bunching onion (Allium fistulosum × Allium cepa) and their phenotype on red onion scale.
[image: Table1]

Among the strains used, 55 strains (59.8%) were isolated from onion foliage or bulb tissue, which constituted the majority of the strains. The remaining 38 strains (40.2%) were isolated from other diverse sources including weeds, and thrips. This is followed by the weeds Richardia scabra L. (8.7%; 8/92), Digitaria spp. (6.5%; 6/92), and Verbena bonariensis (4.3%; 4/92). The strains from various plant sources constituted 8.7% (8/92) of the total strains studied (Table 1; Figure 1B). Strains from thrips (Frankliniella fusca and F. occidentalis) constituted the remaining 13% (12/92). These curated strains were initially identified as P. ananatis by their colony morphology and physiological characteristics such as being: Gram-negative, facultatively anaerobic, positive for indole production, and negative for nitrate reductase and phenylalanine deaminase. Further confirmation was done using a P. ananatis-specific PCR assay as described earlier (Walcott et al., 2002).
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FIGURE 1
 Visual representation of spectrum of foliar symptoms caused by Pantoea ananatis inoculation on Allium porrum (cv. King Richard) and Allium fistulosum × Allium cepa (cv. Guardsman) as well as source of isolation and results the red-onion scale necrosis (RSN) assay. (A) Shows examples of foliar lesion severity and strain aggressiveness on A. fistulosum × A. cepa. The panels in A (i–iv) indicate symptoms associated with increasing level of aggressiveness. (B) Shows examples of foliar lesion severity and strain aggressiveness on A. porrum. The panels in B (i–iv) indicate symptoms associated with increasing level of aggressiveness. (C) shows the distribution of the sources of isolation of strains, where A. cepa (onions) contributes majority of the strains (59.1%) and strains from non-onion sources comprise of 40.9% (Richardia scabra: 8.6%, Digitaria spp.: 6.5%, Verbena bonariensis: 4.3%, thrips: 12.9%, and other sources: 8.6%). (D) Displays the percentage of strains that can cause red-onion scale necrosis (61.3%) and those that could not (38.7%). (E) (A. fistulosum × A. cepa) and (F) (A. porrum) visualize the breakdown of strains that are either highly- or moderately- or less-aggressive or non-pathogenic on both Allium hosts.


Pantoea ananatis inoculum for foliar pathogenicity phenotyping was prepared by transferring single colonies of each bacterial strain from 24 h-old cultures on nutrient agar (NA) medium to nutrient broth (NB). The broth was shaken overnight on a rotary shaker (Thermo Scientific, Gainesville, FL, United States) at 180 rpm. After 12 h of incubation, 1 ml of each bacterial suspension were centrifuged at 5000 × g (Eppendorf, Westbury, NY, United States) for 2 min. The supernatant was discarded, and the pellet was re-suspended in deionized water. Inoculum concentration was adjusted using a spectrophotometer (Eppendorf, Westbury, NY, United States) to an optical density of 0.3 at 600 nm [≈ 1 × 108 colony forming unit (CFU)/ml].

Deletion of the P. ananatis PANS 02-18 pepMpgb pepMHiVir genes was conducted by two-step allelic exchange as described by Stice et al. (2020). In brief, approximately 400-bp flanking regions to the targeted genes were directly synthesized as a single joined sequence by Twist bioscience and cloned via BP clonase II using primer-introduced attB1/2 recombination sites into the pR6KT2G Gateway® compatible sacB-based allelic exchange vector. These deletion constructs were introduced into PANS 02–18 via biparental conjugation with the RHO5 E. coli strain and single crossover events were recovered via gentamicin selection. Second crossover events were recovered via liquid sucrose counter-selection and identified by screening for backbone eviction based on loss of gentamicin resistance and the formation of white colonies on X-gluc. Deletion mutants were identified and confirmed based on PCR and amplicon sequencing using independent primers designed to amplify from genomic regions adjacent to the 400-bp deletion flanking regions.



Phenotypic assessment of Pantoea ananatis: Red onion scale necrosis, foliar pathogenicity, and aggressiveness assay on Allium porrum and Allium fistulosum × Allium cepa

Pathogenic potential of P. ananatis strains were initially phenotyped on onion scale using a previously described red scale necrosis (RSN) assay (Stice et al., 2018). Red onions (cv. Red Burgundy) were surface sterilized with 70% ethanol and the outermost scale sliced to approximately 3 cm × 4 cm. The resulting scales were set on a sterile petri dish or on sterilized microtube trays, with the bottom covered with sterilized paper towels pre-moistened with distilled water. Each onion scale was then wounded via direct penetration with a sterilized needle and inoculated with 10 μl of approximately 1 × 106 CFU/ml inoculum of P. ananatis. A known onion-pathogenic strain (PNA 97-1) was used as a positive control (Gitaitis and Gay, 1997). Sterile water was used as a negative control. The resulting petri dishes were then laid in an aluminum tray (46 cm × 25 cm × 10 cm) and covered with a plastic lid. These onion scales were then incubated for 5 days in the dark. The area of pigment clearing, and necrotic lesions were measured at 7 days post-inoculation. Strains that did not clear the red anthocyanin pigment or developed necrotic lesions, were declared non-pathogenic. Strains that caused necrosis along with pitting, with a visible zone of pigment clearing were considered pathogenic. Three replications were performed for each strain and in total two experiments were conducted.

Foliar pathogenicity and aggressiveness of P. ananatis strains (n = 92) were determined on A. porrum (cv. King Richard) and A. fistulosum × A. cepa (cv. Guardsman) under controlled greenhouse conditions. P. ananatis strain (PNA 97-1) was used as a positive control for both Allium species (14,31). Seedlings were established in plastic pots (T.O. plastics, Clearwater, MN) with dimension of 9 cm × 9 cm × 9 cm (length × breadth × height) containing a commercial potting mix (Sta-green, Rome, GA, United States). The seedlings were maintained under greenhouse condition at 25–28°C and 70–90% relative humidity with a light:dark cycle of 12:12 h. Osmocote smart release plant food (The Scotts Company, Marysville, OH, United States) was used for periodic fertilization. Bacterial strains were maintained on NA plates and inoculum was generated as described above. Once the primary leaf of each Allium spp. reached 9 cm, seedlings were inoculated using a cut-tip method as described previously (Dutta et al., 2014a). Briefly, a wound was created by cutting the central leaf (2 cm from the apex) with a sterile pair of scissors. Using a micropipette, a 10 μl drop of a bacterial suspension containing 1 × 108 CFU/ml (1 × 106 CFU/leaf) was deposited at the cut-end. Seedlings inoculated with sterile water as described above were used as negative control. Three replications per strain per host were used for one experiment and a total of two independent experiments was conducted. The seedlings were observed daily for symptom development until 5 days post-inoculation (DPI) and were compared with the foliar symptoms displayed by the positive control on each Allium species. The aggressiveness of P. ananatis strains was determined based on the lesion length on each Allium spp. For A. porrum, strains that caused a lesion length of 0.2–0.5 cm were considered less aggressive, 0.5–0.9 cm moderately aggressive, and > 1 cm highly aggressive. For A. fistulosum × A. cepa, strains were considered highly aggressive when a lesion length of > 1.4 cm was observed. Lesion lengths ranging from 0.7 to 1.4 cm were considered as moderately aggressive and strain with lesion length < 0.7 cm was regarded as less aggressive. Bacterial strains that did not display any lesion were considered as non-pathogenic. To confirm if the symptoms were caused by P. ananatis, bacteria were isolated from the region adjoining the symptomatic and healthy tissue on PA-20 semi-selective medium and incubated for 5–7 days at 28°C (Goszczynska et al., 2006). Presumptive colonies were further confirmed using a P. ananatis-specific assay as mentioned above (Goszczynska et al., 2006). Further, strain identity from randomly isolated colonies from A. porrum and A. fistulosum × A. cepa were confirmed by their DNA fingerprints using repetitive extragenic palindrome (rep)-PCR as previously described (Dutta et al., 2014a, b).



Genome sequencing: Data filtering, draft genome assembly, and annotation

Genomic DNA was extracted utilizing the E.Z.N.A bacterial DNA kit Omega Bio-Tek (Norcross, GA). A 50 μl of DNA (50 ng/μl) per sample was used for library preparation as per the manufacturer’s instructions at Novogene Bioinformatics Technology Co. Ltd. (Beijing, China). Genomic DNA of each sample was randomly sheared into short fragments of about 200–400 base pairs (bp). The obtained fragments were subjected to library construction using the NEBNext® DNA Library Prep Kit. After end repairing, dA-tailing, and further ligation with NEBNext adapter, the required fragments (in 200–400 bp size) were PCR enriched by P5 and indexed P7 oligos. The library was subsequently sequenced on Illumina NovaSeq 6,000 platform (Illumina Inc., San Diego, CA, United States). Pair-end sequencing were performed with the read length of PE 150 bp at each end. The raw fastq reads obtained were quality filtered. FastQC was used to assess the raw fastq files. Reads were filtered utilizing Trimmomatic (v. 0.36). The read data were filtered to remove low quality reads/bases and trimmed for reads containing primer/adaptor sequences using Trimmomatic’s ILLUMINACLIP paired end mode with seed mismatches set to two, palindrome clip threshold of 30, and a simple clip threshold of ten (Bolger et al., 2014). Further, all 5′ and 3′ stretches of ambiguous ‘N’ nucleotides were clipped to ensure high quality reads via setting both leading and trailing options to 3. The window size for sliding window was set to 4 with a required threshold of 30.

Trimmed data were re-assessed using FastQC and further used for genome assembly followed by pan-genome analyses. Further, all contigs ≤ 500 bp were removed using Seqtk (1.3). The cleaned reads were assembled using SPAdes (v. 3.15.3; Bankevich et al., 2012). Both the paired and unpaired data were used in assembly at default settings. The scaffolds of the respective 92 P. ananatis strains were annotated using Prokka (v. 1.14.5; Seemann, 2014). The resulting.gff files were used in the downstream pan-genome analysis.



Average nucleotide identity, gene ontology assignment, and phylogenetic trees

Average nucleotide identity was determined using FastANI (Jain et al., 2018). KEGG gene ontology (GO) assignment was conducted using BioBam BLAST2GO pipeline (Götz et al., 2008; BioBam, 2022). A phylogenetic tree of single nucleotide polymorphisms (SNP’s) of core genome was generated utilizing PanSeq at default settings and RAxML alignment with 10,000 bootstrap replicates as per the previously reported methodologies (Laing et al., 2010; Stamatakis, 2014; Agarwal et al., 2021). The RAxML Boostrap random number used was 9,595, with parsimony random seed of 5,959. For Coinfinder and Roary plots, a tree was generated using FastTree 2.1.11 at default settings utilizing Roary’s core gene alignment (Price et al., 2009).



Pan-genome, genome-wide associate studies, and gene coincidence of Pantoea ananatis (N = 92 strains)

All annotated genomes passed quality control and were used as inputs in ROARY (v. 3.12.0) at default settings that aided in generating a pan-genome with core and accessory genes. The complete pan-genome matrix in the form of presence and absence variant was used as inputs in SCOARY (v. 1.6.16). The GWAS analysis was conducted using the SCOARY program, which determined association between pangenomes and observed phenotypes (Page et al., 2015; Brynildsrud et al., 2016). This program was operated twice separately on each host plant of interest, once at default parameters, and a second time with a forced maximum value of p 0.05 across all testing parameters. For the gene association/dissociation analysis, complete pangenome of 92 P. ananatis strains were used as inputs for Coinfinder (v. 1.0.1). This program generated both gene-pair associations and dissociations with modification to association significance increased to a value of p of 0.1, and default settings (p = 0.05) for dissociation as previously described (Whelan et al., 2019). Direct comparisons of genetic sequences were performed using the Clustal Omega online server at default settings (Madeira et al., 2022).



Tobacco infiltration assay for Pantoea ananatis strain (PNA 15-3) with putative Type III secretion system.

A single colony of P. ananatis strain PNA 15–3 (with putative T3SS) and a strain of Pantoea stewartii subsp. indologenes (20GA0713; positive control for T3SS) was suspended and grown overnight in modified Coplin medium (Asselin et al., 2018). Approximately 100 μl of the overnight culture was syringe-infiltrated into the tobacco leaf and the resulting infiltrated area was marked with a black marker. A sterile Coplin lab medium was used as a negative control. The symptom was observed at 48-h post inoculation (hpi) when the image was taken. This experiment was repeated twice.




Results


Phenotypic assessment of Pantoea ananatis: Red onion scale necrosis, foliar pathogenicity, and aggressiveness assay of on Allium porrum and Allium fistulosum × Allium cepa

Phenotyping of 92 P. ananatis strains displayed variability in the level of aggressiveness on both Allium spp. (Table 1). Variations in P. ananatis pathogenicity and aggressiveness on two Allium spp. were considerable (Figures 1A,B; Table 1). Strains screened in this study belonged to different isolation sources (Figure 1C; Table 1). Using the RSN disease phenotyping assay, we observed 61.3% (57/92) of P. ananatis strains displayed typical necrosis of red onion scale whereas 38.7%% (36/92) of strains did not cause necrosis (Figure 1D).

When P. ananatis strains were screened on A. fistulosum × A. cepa, 20.4% (19/92) and 44.1% (41/92) were found to be non-pathogenic and mildly aggressive, whereas 25.8% (24/92) and 9.7% (9/92) of the strains were identified as moderately aggressive and highly aggressive, respectively (Figure 1E). In contrast, on A. porrum, 45.7% (42/92) and 37% (34/92) of the strains were non-pathogenic and mildly aggressive, respectively. Interestingly, a much lower proportion of the strains; 14.1% (13/92) and 3.3% (3/92) identified as moderately aggressive and highly aggressive, respectively on A. porrum (Figure 1F). The percentage of strains that were pathogenic on A. porrum but non-pathogenic on A. fistulosum × A. cepa was only 2.1% (2/92). In contrast, 27% (25/92) of the strains that were pathogenic on A. fistulosum × A. cepa were non-pathogenic on A. porrum. Interestingly, 4.3% (4/92) of strains were highly aggressive on A. porrum but less aggressive on A. fistulosum × A. cepa whereas 9.7% (9/92) of strains were highly aggressive on A. fistulosum × A. cepa but less aggressive on A. porrum. Percentage of strains that were moderately to highly aggressive on both Allium spp. was 4.3% (4/92) whereas 18.8% (17/92) of the strains were non-pathogenic on both hosts tested. All the strains isolated from symptomatic A. porrum or A. fistulosum × A. cepa were identified as P. ananatis by recovery on PA-20 semi-selective medium and a P. ananatis-specific PCR assay as described above. P. ananatis colonies were not recovered from any of the negative control seedlings on PA-20 medium indicating no potential cross-contamination among the inoculated strains.

When comparing pathogenicity results with RSN results the 57 RSN-positive strains, 63.2% (36/57) of strains were pathogenic on both A. porrum and A. fistulosum × A. cepa whereas 0% (0/57) and 26.3% (15/57) of strains were only pathogenic on A. porrum or A. fistulosum × A. cepa, respectively. The remaining RSN-positive strains were non-pathogenic in the leaf tip necrosis assay on both hosts 10.5% (6/57). Among the RSN-negative strains, 41.6% (15/36) strains were non-pathogenic on both hosts, whereas 25% (9/36) were pathogenic on both hosts. Also, 5.5% (2/36) and 27.7% (10/36) of strains were pathogenic on only A. porrum and A. fistulosum × A. cepa, respectively. These results indicate that there is a discrepancy between the RSN phenotype and the foliar necrosis phenotype.



The Pantoea ananatis pan-genome, architecture, and annotation

Post-sequencing, 1,594,092,228 raw reads were obtained and after stringent quality-filtering and trimming nearly 87% of the total reads (1,413,144,772 quality reads) were retained. The FastQC results indicated the sequence quality “passed,” as the majority of per-nucleotide and sequence qualities achieved high scores with no issues reported. For example: a good score can be ascertained with an average quality score of 30–40, with an exponentially increasing quality score distribution. Sequences that failed to incorporate into the final pangenome, or showed signs of contamination, were removed from the study. All P. ananatis sequences used in this study were submitted to NCBI (bio project PRJNA825576). Their corresponding accession numbers are listed in the Supplementary Table 1. The ANI matrix indicates that the strains investigated and utilized for genome analysis were indeed P. ananatis as the scores were more than 95% (Figure 2). The smallest ANI value was between PNA 18-6S vs. PANS 19-17 with an ANI score of 96.2% while the highest value was observed with PNA 99-6 vs. PNA 99-7 with a score of 99.4% (Figure 2).
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FIGURE 2
 A heatmap of average nucleotide identity (ANI) comparisons of 92 Pantoea ananatis genomes. The smallest ANI comparison was between PNA 18-6S and PANS 19-17 with an ANI score of 96.25. The highest ANI comparison non-self-strain comparison was between PNA 99-6 and PNA 99-7 with a score of 99.41.


An overview of the final pangenome shows a core genome (occurs in 99% or more genomes, N > = 91) of 2,914 genes, a soft-core (occurs in 95–99% of genomes, N = 87 to 91) of 687 genes, a shell genome of 1833 genes (occurs in 15 to 95% of the genomes, N = 14–87), and a cloud genome (occurs in 0 to 15% of genomes, N = 0–14) of 9,196 genes for a total of 14,630 genes (Figure 3A). Details of the number of core and accessory genes contributed by each strain are shown in Figure 3B. A visual representation of the total presence and absence of genes within the pangenome where genomic differences in accessory components as well as the homogeneity of the core genome across the strains can be observed (Figure 3C). The phylogenetic tree produced that was used as input for both the gene-pair coincidence (GPC) analysis and the ROARY plots script is shown in Supplementary Figure 1.
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FIGURE 3
 Pan-genome analysis of 92 Pantoea ananatis genomes. (A) Pie chart representation of pan-genome composition of P. ananatis. The core genome consists of 2,914 genes, the soft core 687 genes, the shell 1833 genes, and the cloud 9,196 genes for a total of 14,630 genes; (B) distribution of gene (cluster) sizes as a function of the number of genomes they contain displaying the partition of pan-genomic matrix into shell, cloud, soft-core and core compartments using ROARY outputs; and (C) pan-genome gene presence and absence matrix for 92 P. ananatis genomes and associated phylogeny of core gene alignment.


The assignment of GO terms resulted in 19,323 annotations (Supplementary Figure 2). Among the genes annotated and assigned to biological processes (BP) within the pangenome, 3,828 are dedicated to cellular processes, 3,109 to metabolic processes, 930 to localization, 761 to biological regulation, 726 to the regulation of biological processes, 514 to the response to stimulus, 191 for signaling, 152 for the interspecies interaction between organisms, 101 for locomotion, 65 to viral processes, 46 for the negative regulation of biological processes, 43 for detoxification, 42 to developmental processes, 35 for positive regulation of biological processes, 36 for reproduction, 12 for nitrogen utilization, 5 for carbon utilization, 4 for multicellular organismal process, and one for immune system process (Supplementary Figure 2).

Among the genes that are assigned to molecular functions (MF), 3,182 are for catalytic activity, 2,713 for binding activity, 676 for transporter activity, 263 ATP-dependent activity, 252 with transcription regulator activity, 89 with molecular transductor activity, 82 with structural molecule activity, 37 with small molecule sensor activity, 34 for antioxidant activity, 30 with toxin activity, 23 with translocation regulation activity, 15 with molecular function activity, 12 for cytoskeletal motor activity, 6 for molecular carrier activity, and finally one assigned with nutrient reservoir activity. Among the genes assigned to cellular components, 2,894 are assigned as a cellular anatomical entity, 210 are protein-containing complexes, and 2 are virion components (Supplementary Figure 2). Further differentiation of these groups are available in the Supplementary Figure 3.

To determine the relationship between phylogeny of bacterial strains and their pathogenicity on Allium hosts, a phenotypic tree based on SNPs of core genes was constructed using RAxML and PanSeq (Figure 4) and is visually represented using the Interactive Tree of Life online tool (Letunic and Bork, 2016). When assessing the phylogenetic tree in its totality, it is difficult to determine a precise pattern except for strains from the same year of isolation tend to group together. This potentially indicates that these strains in the same group are genetically closely related. Despite this lack of obvious pattern in the overview of the phylogenetic tree, there are several clades where the terminal taxa are sorted based on their pathogenicity. Overall, these results provide support that changes in pathogenicity are not the result of strain lineage, but rather an expansive accessory genome.
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FIGURE 4
 Phylogenetic tree based on core single nucleotide polymorphism (SNP) variants of genes among the Pantoea ananatis strains. Strains color coded in green are non-pathogenic on Allium porrum (cv. King Richard) and A. fistulosum × A. cepa (cv. Guardsman); strains that are color-coded in purple are pathogenic on both hosts; blue coded strains are pathogenic on A. porrum only; and pink coded strains are pathogenic on A. fistulosum × A. cepa only. Bootstrap values are shown on each branch after 10,000 iterations.




Genome wide association studies identify potential pathogenicity and virulence factors associated with Pantoea ananatis affecting Allium porrum and Allium fistulosum × Allium cepa

A pangenome utilizing ROARY was built, and the strength of gene association to the pathogenic phenotype on seedlings (A. porrum and A. fistulosum × A. cepa) was calculated using SCOARY. A total of 836 genes were found associated with RSN phenotype in A. fistulosum × A. cepa (p < =0.05).

Further, Benjamini-Hochberg correction (BHC) and Bonferroni correction were utilized in an attempt to avoid false positive associations (p < =0.05) and as a result only 50 genes were found significantly associated with the A. fistulosum × A. cepa foliar pathogenic phenotype. However, due to the GWAS results for A. porrum (discussed below) we found that the statistical association is not reflective of the biological role for some of the laboratory-based verified genes of interest. As such we included potential false positive associations in our analysis, but only focused on those that are shared between multiple analyses or those that seem to be similar to known gene clusters of interest. The GWAS results are listed in Supplementary File 1 in order of their statistical association. Within this total set of 836 genes, we found two divergent copies of phosphoenolpyruvate mutase (pepM) genes, annotated as “phosphonopyruvate hydrolase.” The first gene hvrA/pepM belongs to the previously described ‘HiVir’ cluster. Among the top twenty significantly associated genes with corrected p-values in P. ananatis affecting A. cepa × A. fistulosum, the HiVir cluster genes were found to be prominent (Supplementary file 1).

The second pepM gene belonged to a separate gene cluster (pgb) previously described by Polidore et al. (2021), which ranked at 451 based on naïve significance value. Five phosphatase genes, one gene related to chemotaxis, three related to virulence-region associated virB, and several genes in the previously described alt gene cluster were also associated with the pathogenicity (Jain et al., 2018; Stice et al., 2018, 2020). Two copies of the fliC gene, which encodes the flagellin monomer, were also found to be related with P. ananatis’ pathogenicity on A. fistulosum × A. cepa (Macnab, 2003; He et al., 2012). Flagellar motility has been previously observed to be important for onion leaf virulence (Weller-Stuart et al., 2017). Among the associated genes, we also screened for genes (annotated or hypothetical) to assess if they occur in clusters. Within the top 50 significantly associated genes we found at least five hypothetical gene clusters (group_4714–4719, group_3715–3726, group_5180–5182, group_5653–5660, group_5704–5778) as well as the HiVir gene cluster (Supplementary File 1).

Using A. porrum pathogenic strains, a total of 243 genes were found associated (naïve significance of p < = 0.05) with the pathogenic phenotype. However, none of the predicted genes were associated with the phenotype when the Bonferroni correction, and BHC were applied. When the naïve p-values were selectively screened for previously described genes known for pathogenicity and virulence in onion (HiVir genes, alt), we observed the HiVir cluster to be significantly associated with the phenotype; however, it ranked lower (rank: 91–101) compared to other annotated or hypothetical genes. The loss of statistically significant genes post-correction is likely due to the overall “potential resistance phenotype” this particular cultivar of A. porrum seems to display in our dataset. In following sections, we describe the biological relevance of the HiVir cluster for foliar pathogenicity in A. porrum and as such we believe that the naïve p-values are sufficient for further investigation despite the potential for false positives.

We also found significantly associated genes (n = 123), which were shared between the two hosts, with 48 of the top 50 associated genes (statistically significant post-correction) in A. fistulosum × A. cepa occurred in both GWAS results (Supplementary File 1). Some of the known genes that were shared between the A. fistulosum × A. cepa and A. porrum include the entire HiVir gene cluster, pemK_2 (mRNA interferase), soj (sporulation initiation inhibitor protein), parM (Plasmid segregation protein), umuD (protein UmuD), tibC (glycosyltransferase), ycaD (uncharacterized MFS transporter), dadA (D-amino acid dehydrogenase 1), frbC (2-phosphonomethylmalate synthase), amiD (N-acetylmuramoyl-L-alanine amidase), and rfbB (dTDP-glucose 4,6-dehydratase). The genes that constitute the thiosulfinate tolerance cluster (alt) only appeared in A. fistulosum × A. cepa association with the phenotype with the following annotations; xerC (tyrosine recombinase XerC), altA/nemA (N-ethylmaleimide reductase), gor (glutathione reductase), altJ/osmC (peroxiredoxin OsmC), and altD/trxA (thioredoxin; Supplementary File 1). Genes that are members of the larger OVRA region, but not alt-specific genes in were also associated with the pathogenicity phenotype, and they include rbsC (ribose import permease protein RbsC), rbsB (ribose import binding protein), rbsA (ribose import ATP-binding), and altD/trxA (thioredoxin; Supplementary File 1). These results indicate that despite the lack of significance post-correction for the A. porrum GWAS results, there are still clusters of biological relevance for other Allium spp. might be important. Due to the proven role of the HiVir cluster in foliar pathogenicity, the remainder of this manuscript will focus on genes that are shared among multiple analyses, independent of the corrected significance values.



Use of gene-pair coincidence for phenotype independent determination of pathogenicity and virulence factors

Gene-pair association of the P. ananatis pan-genome resulted in a total of 165 genes separated into 39 individual groups (Table 2; Supplementary File 2). Of the 165 genes, 45 genes are shared with the genes that are predicted based on GWAS for pathogenic phenotype on A. fistulosum × A. cepa and only two genes are shared with the genes that are predicted via GWAS for A. porrum pathogenicity (Table 2; Supplementary File 2). An overview of the associative Coinfinder output can be seen in Figure 5. Of the groups that also occurred on the GWAS analysis, 9/10 are saturated with genes that only associate with the pathogenic phenotype for A. fistulosum × A. cepa, and only one group is saturated with genes that associate with the pathogenic phenotype on A. porrum. These results indicate that in our pangenome there is a stronger associative pressure on genes that are specific to one host or the other, and there is no evidence for gene association between genes that associate for both hosts.



TABLE 2 List of gene-pair association components that contain genes shared with the predicted genes from the genome wise association studies (GWAS) results.
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FIGURE 5
 Coinfinder derived association of gene pairs from Pantoea ananatis genomes (N = 92) displaying various networks (A). Gene-pair association networks for components 31 (B) and 11 (C) are extracted due to their association with foliar pathogenicity for A. fistulosum × A. cepa. Gephi was used to apply the Fruchtermann Reingold layout to the network (https://gephi.org/). For all node labels, “group_” was replaced by “HP_” (hypothetical protein) for legibility.


Gene-pair dissociation of the P. ananatis pangenome resulted in 255 genes separated into 50 groups of dissociated genes (Table 3; Supplementary File 2). Of the 255 genes, 22 are shared with the genes associated with the pathogenic phenotype on A. fistulosum × A. cepa as predicted by GWAS, whereas only three genes are shared with the pathogenic phenotype on A. porrum. Components with dissociating gene-pairs that also occur on the GWAS output are summarized in Table 3. A full summary of the genes, their coincidence values, and their groups can be found in Supplementary File 2. An overview of the dissociative Coinfinder output can be seen in Figure 6. Among these groups, 4/6 show a dissociative relationship between genes that associate with the A. fistulosum × A. cepa disease phenotype and genes that do not associate with the pathogenic phenotype on either host. Finally, there is one group where there is a dissociative relationship between genes associated with the pathogenic phenotype in A. fistulosum × A. cepa or A. porrum, but not both (Table 3). These results indicate that there might be selective pressure leading to the evolution/acquisition of host-specific virulence factors rather than those that may be generally useful for virulence like the HiVir cluster.



TABLE 3 List of gene-pair disassociation components that contain genes shared with the predicted genes from the genome wise association studies (GWAS) results.
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FIGURE 6
 Coinfinder derived dissociation of gene pairs from Pantoea ananatis genomes (N = 92) displaying various networks (A). Gene-pair dissociation networks for components 23 (B) and 37 (C) are extracted due to their with foliar pathogenicity for A. fistulosum × A. cepa (green star) or association with foliar pathogenicity for A. porrum (blue star). Gephi was used to apply the Fruchtermann Reingold layout to the network (https://gephi.org/).For all node labels, “group_” was replaced by “HP_” (hypothetical protein) for legibility.




Comparative genomics of strains with Allium species-specific pathogenicity

Five strains were chosen based on their species-specific pathogenicity on Allium hosts. The strains PNA 15-3, PANS 99-14 were pathogenic on A. porrum, but non-pathogenic on A. fistulosum × A. cepa and were all RSN-negative. The strains PNA 07-10, PNA 07-1, and PNA 05-1 were all pathogenic on A. fistulosum × A. cepa and RSN-positive, but non-pathogenic on A. porrum (Table 1). Gene presence and absence were compared manually among these strains. All strains possessed the HiVir cluster except for the strain PNA 15-3. The absence of this cluster is the likely cause for the strain’s inability to cause foliar lesions on A. fistulosum × A. cepa, and necrosis on onion scale.

The strain PNA 15-3; however, carries genes that indicate the presence of a type III secretion system, a virulence pathway that uncommon in P. ananatis (Supplementary Table 2). When comparing this type-III secretion system to those found in Kirzinger et al. (2015), it appears to show similarities with PSI-1b. Attempts to align this sequence to the type III secretion system found in P. stewartii subsp. indologenes indicated low sequence similarity. When PNA 15-3 was inoculated into tobacco leaf panels, no hypersensitive response was observed (Supplementary Figure 4). We found 43 genes proximal to each other surrounding the stcC gene in PNA 15-3. A total of 35 genes in the cluster were annotated as hypothetical proteins. The other eight genes were annotated as: oleC (olefin beta-lactone synthetase), gacA (response regulator GacA), mxiA (protein MxiA), hrcN (type III secretion ATP synthase HrcN), spaP (surface presentation of antigens protein SpaP), spaQ (surface presentation of antigens protein SpaQ), yscU (yop proteins translocation protein U), sctC (type 3 secretion system secretin), and dctD (C4-dicarboxylate transport transcriptional regulatory protein DctD). Further, we utilized NCBI database nucleotide BLAST to query the type III secretion system sequence at default values for the P. anantis taxid in the WGS database. We observed an 88% similarity with over 98% query coverage for PANS 99-23, PANS 99-26, PANS 200-1, PNA 86-1, UMFG54 (JACAFO010000015.1), NRRL B-14773 (JACEUA010000002.1), and DE0584 (VDNR01000019.1). Using NCBI database nucleotide blast at default values for the P. anantis taxid in the nr nucleotide collection, we observed an 88% identity with LCFJ-001 (CP066803.1) and FDAARGOS_680 (CP054912.1) chromosomal sequences.

The strains PNA 07-10, PNA 07-1, and PNA 05-1 shared several genes that do not occur in PNA 15-3, or PANS 99-14. These genes include the alt cluster, a cluster of 12 genes with three annotations (argT_3: lysine/arginine/ornithine-binding periplasmic protein, group_2282: ureidoglycolate lyase, and dapL: LL-diaminopimelate aminotransferase), a cluster of 12 genes (virB_2: virulence regulon transcriptional activator VirB, uspA_2: universal stress protein A, galE_2: UDP-glucose 4-epimerase, ybjJ_2: inner membrane protein YbjJ, nudK_3: GDP-mannose pyrophosphatase NudK, group_5271: phosphorylated carbohydrates phosphatase, mtnP: S-methyl-5′-thioadenosine phosphorylase, gph_2: phosphoglycolate phosphatase, arnB_2: UDP-4-amino-4-deoxy-L-arabinose—oxoglutarate aminotransferase, arnB_3: UDP-4-amino-4-deoxy-L-arabinose—oxoglutarate aminotransferase, perA: GDP-perosamine synthase, and iolG_5: inositol 2-dehydrogenase/D-chiro-inositol 3-dehydrogenase). These strains share 10 more genes in common, with 7 annotations (bepF: efflux pump periplasmic linker BepF, group_5443: adaptive-response sensory-kinase SasA, phoP_3: alkaline phosphatase synthesis transcriptional regulatory protein PhoP, parA_2: plasmid partition protein A, yedK_1: SOS response-associated protein YedK, ppaC: putative manganese-dependent inorganic pyrophosphatase, and crcB_2: putative fluoride ion transporter CrcB). Of the 60 genes shared between these strains, none of them are associated with the A. porrum disease phenotype and 58 genes are associated with the A. fistulosum × A. cepa disease phenotype. The two genes that were not associated with the A. fistulosum × A. cepa disease phenotype are annotated as hypothetical genes. Of these 60 genes, only one appears in the gene pair dissociation component 30 as the hypothetical gene “tar” dissociating with group_397 (Supplementary Table 2).

Apparent gene clusters shared by the A. porrum pathogenic PNA 15-3 and PANS 99-14 include a moderate gene cluster of 7 hypothetical genes and caf1M (chaperone protein Caf1M), another gene cluster of 7 hypothetical genes as well as 4 annotated genes (amiD_3: N-acetylmuramoyl-L-alanine amidase AmiD, yraI_2:putative fimbrial chaperone YraI, htrE_2: outer membrane usher protein HtrE, fimC: chaperone protein FimC). Half of a third cluster is shared between the two strains, with one hypothetical, with one hypothetical protein and three annotated proteins (group_5495: HTH-type transcriptional regulator PgrR, iolS_2: aldo-keto reductase IolS, ywrO_2: general stress protein 14). The final cluster consists of 10 genes without annotations, and group_7087 (replicative DNA helicase). Of the 39 shared genes, none appeared to be associated with the foliar pathogenic phenotype on A. porrum whereas 28 genes did appear to be associated with the foliar pathogenic phenotype for A. fistulosum × A. cepa. Furthermore, of these genes, none appeared in any gene-pair dissociation output. However, 19 of these genes appeared in the gene-pair association output within components 9 (N = 1), 11 (N = 5), 31 (N = 3), 37 (N = 2), 38 (N = 3), and 39 (N = 4; Supplementary Table 2).

The HiVir gene cluster found in the RSN-positive, A fistulosum × A. cepa pathogenic strains PNA 07-10, PNA 07-1, and PNA 05-1 did not contain any single nucleotide polymorphism (SNP) compared to that of the RSN-positive, wild type P. ananatis PNA 97-1 (Figure 7). However, three unique SNPs that resulted in missense mutations were identified in the RSN-negative, A. porrum pathogenic strain PANS 99-14. These mutations included alanine (A) to valine (V) change in amino acid position 7 in hvrA (pepM) gene, glutamine (Q) to lysine (K) change in amino acid position 352 in hvrB gene and, lysine (K) to arginine (R) change in amino acid position 11 in hvrH gene. These variant SNPs could be associated with disruption of the pantaphos pathway and loss of necrosis-associated phenotypes (Figure 7).
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FIGURE 7
 Graphical representation of the HiVir cluster with single nucleotide polymorphisms (SNPs) determined via direct comparison with the PNA 97-1 “wildtype.” Unique missense SNPs are coded with a pink pin. A short table below shows SNP comparisons between the A. fistulosum × A. cepa pathogenic strains (PNA 07-10, PNA 07-1, and PNA 05-1) against the A. porrum pathogenic strains (PNA 15-3 and PANS 99-14).




Description of a “pgb” gene cluster in Pantoea ananatis

Comparative genome analysis focusing on only strains that were pathogenic on A. porrum, but non-pathogenic on A. fistulosum × A. cepa (PNA 15-3, PANS 99-14) vs. strains (PANS 99-11, PANS 99-12, PNA 06-4, PNA 99-9) that were pathogenic and highly aggressive on both hosts identified another pepM gene, which appeared to be a member of a secondary phosphonate biosynthetic cluster (Table 4). In 8/92 of P. ananatis strains (PANS 02-12, PANS 99-31, PANS 200-2, PANS 2-5, PANS 2-7, PANS 2-8, PANS 99-11, and PANS 99-12) there was a putative phosphonate biosynthetic cluster with 14 genes and a total length of approximately 19,000 bp. This cluster showed high sequence similarity to the pgb-cluster mentioned in Polidore et al. (2021), which was not responsible for generating onion-bulb rot symptoms. In our annotations, the left-flank of the cluster begins with a prophage integrase intS and is followed by the pepM phosphoenolpyruvate mutase (5′–3′ 900 bp long). The following cpdA is a 3′,5′-cyclic adenosine monophosphate phosphodiesterase cpdA (3′–5′ 771 bp). The third component of the cluster is fabG encoding 3-oxoacyl-[acyl-carrier-protein] reductase FabG3 (765 bp 3′–5′). The fourth gene is a phosphonopyruvate decarboxylase, aepY (1,176 bp, 3′–5′). The fifth gene of the cluster is phnW encoding for 2-aminoethylphosphonate-pyruvate transaminase (1,095, 5′–3′). The sixth component is asnB1 encoding putative asparagine synthetase [glutamine-hydrolyzing] (1,758 bp, 3′–5′). Following asnB2 is spsI1, encoding for Bifunctional IPC transferase and DIPP synthase (771 bp 5′–3′). The gene asd1 follows spsl1 that encodes aspartate-semialdehyde dehydrogenase (1,056 bp 5′–3′). The ninth component of the cluster is the MFS 1 transporter (1,227 bp, 5′–3′). The tenth component is glyA1, a serine hydroxymethyltransferase (1,359 bp, 5′–3′). The CDP-alcohol phosphatidyltransferase is the eleventh gene (600 bp 5′–3′). The twelfth gene is spsI2, a glucose-1-phosphate adenylyl/thymidylyltransferase Bifunctional IPC transferase and DIPP synthase (720 bp, 5′–3′). The thirteenth gene is aspC1, aspartate aminotransferase (1,173 bp, 5′–3′). The fourteenth gene is UDP-2,3-diacylglucosamine diphosphatase (762 bp, 3′–5′). Following the UDP-2,3-diacylglucosamine diphosphatase is another transposase. An interesting observation of this phosphonate cluster is the inclusion of phosphonopyruvate decarboxylase directly within the set of genes. This characteristic is unique when comparing it to the HiVir. The phosphonopyruvate decarboxylase has been described to play a critical role in the generation of phosphonates via the stabilization of the PEP mutase reaction (Supplementary Table 3; Kirzinger et al., 2015).



TABLE 4 Composition and annotation of the HiVir and the pgb gene clusters in Pantoea ananatis.
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Presence and absence of Alt, HiVir, pgb, gene clusters

Of the 92 tested strains, 35 do not contain a complete alt gene cluster while the remaining 57 do possess the entire gene cluster. Of the 92 tested strains, 22 lacked a complete HiVir cluster and the remaining 70 strains possessed the entire gene cluster. Of the strains that produced foliar lesions, 45 had both alt and HiVir clusters, whereas 20 strains had only the HiVir gene cluster. Of the 92 tested strains, 3 strains only had alt whereas 7 strains lacked both gene clusters. Some foliar lesions were formed by the 7 strains (PANS 99-22, PANS 99-26, PANS 200-1, PANS 99-36, PNA 98-3, PNA 11-1, and PNA 15-3) that lacked both clusters, however the lesions varied in size and consistency between replicates. The strains that lacked both gene clusters were also RSN-negative. Of the 7 strains, showed some degree of foliar lesions on A. cepa × A. fistulosum; however, PNA 15-3 showed moderately aggressive lesion length on A. porrum but did not produce any foliar lesion on A. cepa × A. fistulosum. Of the 92 tested strains, only 8 strains contained the pgb cluster, while 84 strains lacked it (Figure 8).
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FIGURE 8
 Presence and absence of the Alt (left), HiVir (middle), and the pgb cluster (right) genes within the genome of Pantoea ananatis based on their foliar pathogenicity on Allium porrum (cv. King Richard) and A. fistulosum × A. cepa (cv. Guardsman). Green and red represent presence and absence of gene, respectively for each gene cluster evaluated. The foliar pathogenicity phenotype and associated aggressiveness is represented as “++” if the strain is pathogenic on both hosts, “L+” if pathogenic only on A. porrum, “O+” if pathogenic only on A. cepa × A. fistulosum, and “–” if pathogenic on neither host.




Comparison of phosphonate biosynthetic clusters, pgb vs. HiVir in Pantoea ananatis

When comparing the pgb cluster against the HiVir cluster, only the annotated pepM and MFS transporter are found to be common features (Table 4). In both clusters, the phosphoenolpyruvate mutase occurs first, with the MFS transporter being at the center of the cluster (5′–3′: 9th gene in pgb and 5′–3′: 9th in HiVir). There are no other shared annotated genes between the clusters. However, sequence alignment using Clustal Omega revealed 48.3% similarity between pepM from HiVir and pgb cluster. Similarly, the MFS transporters from HiVir and pgb clusters displayed 47.6% sequence similarity.



Role of pepM gene in the pgb biosynthetic cluster

Based on the RSN assay the wild-type strain (PANS 02-18) and the single pepM mutant strain in the pgb cluster (ΔpepMpgb) produced considerably large necrotic areas on red-onion scale compared to the single pepM mutant strain in the HiVir cluster (ΔpepMHiVir; Figure 9A). Based on the seedling pathogenicity assay, the single pepM mutant strain in the HiVir cluster (ΔpepMHiVir) had significantly lower necrotic lesion length on both Allium hosts compared to the wild-type strain (PANS 02-18) and the single pepM mutant strain in the pgb cluster (ΔpepMpgb; Figures 9B,C). In both hosts, the deletion of pepM gene in the pgb cluster did not significantly affect the foliar lesion length compared to the wild-type strain (Figures 9D,E). While the double mutant strain where pepM genes were deleted in both the HiVir and the pgb clusters (ΔpepMHiVirΔpepMpgb) appears to have displayed a higher average lesion length than that of the single mutant strain (ΔpepMHiVir) on A. porrum (Figures 9B,D). This result is surprising; however, we found no statistical significance between the mean lesion length of the ΔpepMHiVirΔpepMpgb vs. the ΔpepMHiVir strains (Figure 9D). In A. fistulosum × A. cepa, the lesion lengths did not differ significantly between the double mutant strain and the single mutant strain (ΔpepMHiVir).
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FIGURE 9
 Role of HiVir and pgb biosynthetic clusters in foliar pathogenicity of Pantoea ananatis on Allium species. Panel (A): Red scale necrosis phenotype observed with the wild-type and mutant strains of P. ananatis; panel (B): Foliar pathogenicity assay on leek (Allium porrum cv. King Richard) seedlings with the wild-type and mutant strains of P. ananatis; and (C) Foliar pathogenicity assay on Japanese bunching onion (A. fistulosum × A. cepa cv. Guardsman) seedlings with the wild-type and mutant strains of P. ananatis. Green and red circles indicate red scale necrosis and foliar necrosis, respectively. Panels (D) and (E) display the results of the mean lesion length with standard error in A. porrum and A. fistulosum × A. cepa upon inoculation with the wild-type and mutant strains of P. ananatis. The strains utilized in the experiments mentioned above include positive control strain PNA 97-1, positive control PANS 99-11 (a known aggressive strain on leek), PANS 02-18ΔpepMHiVir, PANS 02-18ΔpepMpgb, and PANS 02-18ΔpepMΔpepMpgb. Seedlings and red scale inoculated with sterile water comprised negative controls. Data presented here is the mean of two independent experiments. Letters on the bars indicate mean separation with LSD p < 0.05.





Discussion


Pathogenicity and aggressiveness of Pantoea ananatis phenotyping on Allium porrum and Allium fistulosum

Phenotyping of 92 P. ananatis strains displayed variability in the level of aggressiveness in both Allium spp. A considerably higher percentage of strains were either non-pathogenic or less aggressive on A. porrum (82.6%) than on A. fistulosum × A. cepa (65.1%). Also, a considerable percentage of strains were moderately or highly aggressive on A. fistulosum × A. cepa (34.9%) compared to A. porrum (17.4%). Interestingly, when a subset of less-aggressive strains (on both Allium spp.) was previously assayed on onion seedlings they were moderately-to-highly aggressive on onion (Stice et al., 2018; Agarwal et al., 2021). These observations potentially indicate that both A. porrum and A. fistulosum × A. cepa are inherently less susceptible to P. ananatis compared with the typical bulb onion. Also, when A. porrum and A. fistulosum × A. cepa were compared to each other, the former tends to show less severe symptoms compared to the later. However, we acknowledge that only one cultivar of each Allium spp. was evaluated, and it is possible that other cultivars or varieties of these hosts might show a range of susceptibility to P. ananatis. One aspect of these observations might be in part explained by the genetic nature of the A. fistulosum × A. cepa. cv. Guardsman itself. Being a hybrid between bunching onions and the typical bulb onion, it may be reasonable to expect A. fistulosum × A. cepa to be more susceptible to P. ananatis strains that were collected from symptomatic A. cepa tissues. However, without deeper genetic investigation of this hybrid we cannot predict for certain if any susceptibility-related genes or phenotypes were inherited. The P. ananatis culture collection used in this study also favors areas where onions are grown such as the Vidalia region and Tift County in Georgia, United States, which may provide a bias for aggressive bacterial strains on cultivars that are hybridized with A. cepa. Despite this, we recovered some strains that were more aggressive on A. porrum than A. fistulosum × A. cepa. Examples of these are PANS 99-11, PANS 99-12, and PNA 06-4 (Table 1).



HiVir gene cluster, previously identified as critical for red onion scale necrosis and Allium cepa pathogenicity, is also important for foliar pathogenicity in Allium porrum, Allium fistulosum × Allium cepa

Of the tested strains 56 showed a positive reaction to the RSN assay, while other strains (n = 36) did not. Most of the strains that were pathogenic on A. fistulosum × A. cepa were also able to cause necrosis on red onion scale. Based on the previous reports, HiVir is important for RSN-positive phenotype and foliar necrosis in onion, and it is likely that foliar lesions on A. fistulosum × A. cepa is also governed by the same gene cluster. Similarly, in A. porrum, a trend between RSN-positive phenotype and foliar pathogenicity was observed with majority of the strains. Further mutational analysis also indicated that HiVir is important for foliar pathogenicity on both A. fistulosum × A. cepa and A. porrum. However, we identified several strains that did not follow this trend. For example, while possessing a complete HiVir cluster and being RSN-positive, the PANS 19-8, and PANS 19-10 strains were unable to cause foliar lesions on A. porrum or A. fistulosum × A. cepa. This indicates that either mutation in their nucleotides/SNPs or other/alternative pathogenicity factors might be involved with this group of strains. Despite the importance of the HiVir cluster, there were 10 strains that seemed to cause foliar lesions despite lacking a complete HiVir cluster (PANS 99-22, PANS 99-26, PNA 18-9S, PANS 200-1, PANS 99-36, PNA 03-2, PNA 11-1, PNA 18-8S, PNA 98-3, and PNA 15-3). These observations indicate that other pathogenicity factors might be involved in these strains. Consistent with prior observations by Polidore et al. (2021), we also observed that the pgb cluster is not important for foliar pathogenicity in these Allium spp. The PANS 02-18 ΔpepMpgb and wild-type strains displayed similar foliar pathogenicity phenotype in A. porrum or A. fistulosum × A. cepa.



Pan-genome of Pantoea ananatis and GWAS for foliar pathogenicity phenotype on Allium spp

In this study, we generated a pan-genome of 92 P. ananatis strains where we identified a conserved core genome of 2,914 genes, with a larger accessory genome of 9,196 genes. Earlier pan-genome reports identified similar values of core genes, with varying numbers of P. ananatis strains used for the analysis (De Maayer et al., 2014; Sheibani-Tezerji et al., 2015; Stice et al., 2018; Agarwal et al., 2021). In this work, however, we used a larger set of accessory genes compared to previously observed pan-genome study by Agarwal et al. (2021). We observed 6,808 cloud genes compared to 9,196 cloud genes in our current study. This discrepancy is like due to the use of larger number of diverse strains in this study compared to Agarwal et al. (2021) and is a reasonable increase for an open pangenome (Costa et al., 2020). Due to the cosmopolitan nature of P. ananatis and the extensive host range, it is entirely plausible that the bacterium would have a sizable pangenome when comparing populations from diverse hosts (De Maayer et al., 2014). It may be prudent to utilize a larger collection of strains from non-allium hosts for further pan-genomic assessments, where accessory genes may aid in resolving these strains further down beyond species taxonomic classification. In further attempts to discern the low statistical strength of the gene-associations, we noticed that several genes with high homology were assigned separate annotation tags. It is possible that these tags could artificially inflate the pangenome, leading to a weakened statistical association (Supplementary Figure 4). Even if the pangenome was artificially inflated, the GWAS results indicate significant association of genes that are known virulence factors (such as the HiVir cluster), as well as putative virulence factors that were found previously to be associated with foliar pathogenicity in A. cepa (Agarwal et al., 2021).

We identified 244 genes that were significantly associated with foliar pathogenicity in A. porrum whereas 836 total genes were associated with foliar pathogenicity in A. fistulosum × A. cepa, with 50 genes displaying significant agreement between naïve, Bonferroni, and BHC corrections for foliar pathogenicity in A. fistulosum × A. cepa. Among the genes associated with virulence in two hosts, 123 genes were shared. For both hosts, the HiVir cluster was found within the top-100 significantly associated genes. The occurrence of this cluster grants some additional credibility to other genes that show stronger significance with phenotypic association. Further investigation is required to determine the validity of these genes that are truly associated with the pathogenicity phenotype, or are errors from random sampling of the genome. In addition to this, most of the genes that occurred in the GWAS output apart from the HiVir cluster are annotated as hypothetical and would require further characterization to determine their relevance. Among these 123 genes, 48 of the top 50 statistically significant genes associated with the pathogenic phenotype in A. fistulosum × A. cepa were also associated with the pathogenic phenotype in A. porrum. While this alone is not enough to state their relevancy, it lends some credibility that these hypothetical genes may be useful as general virulence factors for the Alliums spp. and should undergo downstream mutational analysis to assess their functions.

Some of the genes with non-hypothetical annotations that were shared between the A. fistulosum × A. cepa and A. porrum include the entire HiVir gene cluster (some listed as hypothetical), pemK_2 (mRNA interferase), soj (sporulation initiation inhibitor protein), parM (Plasmid segregation protein), umuD (UmuD, translesion DNA polymerase subunit), tibC (glycosyltransferase), ycaD (uncharacterized MFS transporter), dadA (D-amino acid dehydrogenase 1), frbC (2-phosphonomethylmalate synthase), amiD (N-acetylmuramoyl-L-alanine amidase), and rfbB (dTDP-glucose 4,6-dehydratase). Upon manual investigation of the local pemK_2 region there seems to be a repeating pattern of seven genes, three flanking to the left, and four on the right. Utilizing BLAST for these gene sequences against the total gene sequences available for our P. ananatis strains shows that the pemK_2 region appears frequently throughout the entirety of the pangenome (Supplementary Table 5). The pemK gene is a known factor in toxin/antitoxin systems that are vital for bacterial competition and function (Lee et al., 2012; Klimina et al., 2013; Poluektova et al., 2017). Unfortunately, there is little information within the literature pertaining to the potential diversity and utility of P. ananatis toxin/antitoxin systems, including pemK. Without functional analysis, it is not possible to determine whether it is an Allium-specific virulence factor as opposed to a coincidental gene cluster, or if the annotation provided is correct. We also found an antitoxin gene, higB that was associated with A. fistulosum × A. cepa pathogenicity. Despite the lack of information, the region may be a valuable target for a toxin/antitoxin system within our P. ananatis strains from Georgia. Another annotated gene of interest includes tibA, an adhesin/invasion autotransporter. The sporulation initiation inhibitor protein, soj, is noted as possess a “centromere-like function involved in forespore chromosome partitioning inhibition of Spo0A activation” in Bacillus subtilis (Kunst et al., 1997). P. ananatis is not a spore forming bacteria; however, the inclusion of this gene with other genes that are similarly annotated for DNA manipulation may indicate that there is a requirement for maintaining genetic stability. The genes that constitute the “thiosulfinate tolerance; alt cluster,” only appeared in the A. fistulosum × A. cepa GWAS output with their Uniprot annotations of xerC (tyrosine recombinase XerC), altA/nemA (N-ethylmaleimide reductase), gor (glutathione reductase), altJ/osmC (peroxiredoxin OsmC), and altD/trxA (thioredoxin). Non-alt members of the OVRA region include rbsC (ribose import permease protein RbsC), rbsB (ribose import binding protein), and rbsA (ribose import ATP-binding).

Overall, GWAS was able to determine genes associated with foliar necrosis in A. fistulosum × A. cepa and A. porrum hosts. Follow-up experiments will test the validity of these hypothetical and annotated gene clusters for their relevance in pathogenicity and virulence in A. fistulosum × A. cepa and A. porrum hosts.



Comparative genomics of strains pathogenic on Allium porrum but non-pathogenic on Allium fistulosum × Allium cepa against strains that are pathogenic on Allium fistulosum × Allium cepa but non-pathogenic on Allium porrum

By comparing strains that were pathogenic on only A. fistulosum × A. cepa or A. porrum we hoped to significantly reduce the background noise (non-relevant genes from accessory) that may potentially result from the extensive P. ananatis pan-genome. Here we found several genes that belonged to strains that were only pathogenic to one host or the other, as well as a few interesting gene clusters.

One of the gene clusters of interest appears to be saturated with genes with annotated function of a typical type III secretion system. When using nucleotide blast in NCBI against the nr and whole genome sequence database, there were several other P. ananatis strains that shared a high consensus to the sequence (N = 11; in NCBI). Most of the strains in NCBI with an annotated type III secretion-system were isolated in Georgia, USA (N = 7; in NCBI) with two strains from onions and five strains from weeds. The remaining four strains with potential type III secretion-system were not isolated from in Georgia, USA. Further work is required to assess if the annotations are correct and investigate their role in onion pathogenicity.

Among the clusters shared by the A. fistulosum × A. cepa pathogenic strains PNA 07-10, PNA 07-1, and PNA 05-1, we found the alt cluster, two larger gene clusters (N = 12 genes, N = 22 genes), and two small gene clusters (N = 7 genes, N = 3 genes). Of the total 60 shared genes, none of them are on the A. porrum GWAS output, and 58 appeared in the A. fistulosum × A. cepa GWAS output. Only one gene appeared in the gene pair dissociation component 30 as the hypothetical gene tar that dissociated with group_397 (Supplementary File 4). Among the clusters shared by the A. porrum pathogenic strains; PNA 15-3 and PANS 99-14, we observed three gene clusters with 7, 8, and 11 genes each. Of these 39 genes, 28 were identified through GWAS as associated with the disease phenotype for A. fistulosum × A. cepa, but not associated with the disease phenotype in A. porrum (Supplementary Table 2). None of these genes appeared in the gene-pair dissociation output. However, 19 of these genes were found within components 9 (N = 1), 11 (N = 5), 31 (N = 3 genes), 37 (N = 2 genes), 38 (N = 3 genes), and 39 (N = 4 genes) in the gene-pair association analysis (Supplementary Table 2).

While the inclusion of the alt cluster in the A. fistulosum × A. cepa strains PNA 07-10, PNA 07-1, and PNA 05-1 is unsurprising, as they were isolated from symptomatic onions, its absence from PNA 15-3 is unexpected. The strain PNA 15-3 was isolated from symptomatic onion bulbs, and we would expect the presence of alt cluster as it aids in colonization of the onion bulb (Stice et al., 2020). The strain PANS 99-14 was isolated from an asymptomatic Digitaria spp. and may not need to rely on an alt cluster to survive in this environment. Despite this, both strains were able to generate a lesion on the A. porrum foliar tissue, and both strains failed to produce a positive result in the red-onion scale necrosis assay. These results indicate that some of the shared genes between these strains may aid in increased fitness in the A. porrum foliar environment that is not present in the A. cepa bulb tissue, or the A. fiustulosum × A. cepa foliar tissue. The large percentage of these shared genes (19/39) occur in the gene-pair association output, seems to suggest that these genes occur together at a higher frequency than others. Much like how the alt cluster provides protection to P. ananatis in the thiosulfinate-rich in bulb, it is possible that some of these clusters may provide protection to bacteria in the diverse Allium foliar environments.

We also aligned the HiVir gene clusters of A. fistulosum × A. cepa pathogenic (PNA 05-1, PNA 07-1 and PNA 07-10) and A. porrum pathogenic strains (PNA 15-3, and PANS 99-14) against each other and against the wild type P. ananatis strain PNA 97-1. No single nucleotide polymorphism (SNP) leading to missense mutation was identified in the RSN positive, A. fistulosum × A. cepa pathogenic strains (PNA 05-1, PNA 07-1 and PNA 07-10 strains). However, several missense mutations were present in the hvrA, hvrB and hvrH genes of the RSN negative, A. porrum pathogenic strain (PANS 99-14). TThese mutations were found only in hvr genes of PANS 99-14 but not in the hvr genes of the RSN positive strain (PNA 97-1). According to Metcalf and Van Der Donk (2009) and Polidore et al. (2021), hvrA and hvrB genes encode enzymes that are essential for the proposed phosphonate-toxin ‘pantaphos’ biosynthesis pathway. It is thus possible that the production of phosphonate toxin is compromised by these mutations. However, functional analysis needs to be conducted to confirm the impact of these mutations. In the case of RSN negative PNA 15-3, the strain lacked HiVir cluster but was still able to cause foliar lesions on A. porrum. It is possible that the pathogenicity of A. porrum in RSN negative PNA 15-3 and PANS 99-14 strains might possible be mediated by the genes other the genes in the HiVir cluster. Our results are limited by the number of strains used in the direct comparison; however, they do seem to indicate that there could possibly other Allium-specific virulence factors other than this phosphonate gene cluster (HiVir). These results are further visualized by aligning two figures (Figures 4, 8), where the pattern of the presence and absence of HiVir and alt gene clusters alone are not sufficient to map host pathogenicity (Supplementary Figure 5).



Gene-pair coincidence

In this work, we utilized gene-pair coincidence as a supporting methodology to predict genes in P. ananatis are potentially relevant in Allium spp. pathogenicity. Hypothetically, genes that are important for survival in pathogenic bacteria should associate throughout a pangenome as their co-occurrence is beneficial for survival. Likewise, gene combinations that compromise survival in specific environments should dissociate with each other as natural selection selects against non-optimized populations. In this work, we hypothesized that the utilization of gene-pair coincidence should provide a phenotype-independent method of validation for the predicted genes from the pangenome via the phenotype-dependent GWAS methodology.

Our gene-pair association analysis generated 39 networks with a total of 165 individual genes, where two common genes were associated with the pathogenic phenotype in A. porrum and 45 common genes were associated with the pathogenic phenotype in A. fistulosum × A. cepa. In gene networks with genes that associated with the pathogenic phenotype (networks: 1, 3, 5, 11, 15, 16, 22, 24, 31, 32), the entire component is found in the GWAS result, indicating that these pathogenicity-associating genes are evolutionarily are potentially associated with each other via evolutionary process in our pangenome. Of these associated gene pair networks, none of the genes are associated with the disease phenotype for both hosts, only one or the other. Component 24 is unique in that only genes with the pathogenic phenotype in A. porrum were present. It is possible that these genes provide a unique advantage to overcome A. porrum host resistance. Unfortunately, both genes are annotated as hypothetical. The genes found in components 1, 3, 5, 11, 15, 16, 22, 24, 31, and 32 may be more useful for bacterial survival in A. fistulosum × A. cepa as opposed to being general virulence factors. Gene-pair association has provided support for further investigation of several potential gene groups that could potentially be harder to distinguish utilizing GWAS alone. Surprisingly, neither the HiVir gene cluster nor the alt cluster appear in the associative network. We would assume that both the gene clusters should co-occur together as they are relevant in bacterial pathogenicity and virulence in A. cepa and are quite prevalent in the pangenome. It could possibly due to limited number of genomes used in this study as compared to the number of strains/genomes needed to close the pan-genome. Another explanation could be the way the ROARY/Coinfinder organizes gene information and it is possible that the known virulence factors were omitted from pairwise analysis due to the lack of orthologous gene families. To determine if the issue was caused by noise because of genes not present in the gene clusters, we conducted analysis after removing individual genes from the ROARY csv file. However, this only strengthened resulting p-values, but did not improve the overall results. As such a larger sample size of strains with a comprehensive accessory genome could be included to better support GPC and GWAS results.

Our gene-pair dissociation analysis generated 50 gene-pair networks with a total of 255 genes, where only three genes were associated with the pathogenic phenotype in A. porrum and 22 genes associated with the pathogenic phenotype in A. fistulosum × A. cepa. Here, dissociation is dominated by networks where only a fraction of the dissociated genes also associated with the pathogenic phenotype in either of the Allium hosts. Dissociation networks 10, 17, 23, and 35 contained genes that associated with the pathogenic phenotype in A. fistulosum × A. cepa but dissociated with the genes that did not associate with the pathogenic phenotype in A. fistulosum × A. cepa. Dissociation network 37 is particularly interesting in that it showed dissociation between one hypothetical gene that associated with the pathogenic phenotype in A. porrum, and two genes that associated with the pathogenic phenotype in A. fistulosum × A. cepa. Whether these hypothetical genes have contrasting functions are yet to be evaluated; however, it is worth investigating if these genes play roles in host-pathogen-environment interactions. Dissociation network 21 is the only network where two genes that associated with the pathogenic phenotype in A. fistulosum × A. cepa dissociated with two genes that did not associate with the pathogenic phenotype in either hosts. These results are expected as genes that associate with the foliar pathogenic phenotype should dissociate with genes that do not associate with the same phenotype. Here we did not observe the HiVir or the alt genes dissociated with other genes, indicating that these gene clusters do not compete with each other in P. ananatis’ pangenome.

Again, these observations provide some level of confidence that the genes being predicted in the GWAS output are playing a role that enables them to be associated with the foliar pathogenicity phenotype on both Allium hosts. The diversity of GPC and their occurrence in the phenotype-dependent analysis enforce the assumption made previously that there could be several mechanisms of causing disease in Allium species other than phosphonate-based toxins.




Conclusion

In this study, we have used two parallel analytical approaches of phenotype-dependent and phenotype-independent ‘informatics approaches to predict Allium-specific pathogenicity factors. These methodologies were able to identify genes of interest that may be associated in Allium pathogenicity in P. ananatis. We concluded that several genes are associated with foliar pathogenicity in both A. porrum and A. fistulosum × A. cepa as determined by our foliar necrosis assay. Among our strains, the presence of the HiVir cluster in most of the cases correlates with the pathogenic foliar phenotype in these Allium species. However, it may not be the only factor driving pathogenicity across these Allium species. The previously reported HiVir gene cluster was important for foliar pathogenicity in these Allium species as determined by its association with the disease phenotype as well as mutational analysis. When comparing strains that were pathogenic on only one host, A. porrum or A. fistulosum × A. cepa, we found several genes that are exclusive to one host or the other. The GWAS/GPC approach can be deployed in other host species where P. ananatis causes disease and may provide a more thorough understanding of what complex interactions are relevant for the phenotype of interest, assuming the sample size is sufficient. More “informatics” approaches will be needed to mine deeper insights into the identification of the hypothetical/novel genes, as well as the appropriate functional analysis for validation. It is likely that a combination of integrated approaches utilizing transcriptomics, proteomics, and functional analysis of genes and gene clusters may potentially provide information on the role of critical genes that P. ananatis utilize to infect diverse Allium hosts.
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A novel, nostoxanthin-producing, endophytic bacterium, designated as AK-PDB1-5T, was isolated from the needle-like leaves of the Korean fir (Abies koreana Wilson) collected from Mt. Halla in Jeju, South Korea. A 16S rRNA sequence comparison indicated that the closest phylogenetic neighbors were Sphingomonas crusticola MIMD3T (95.6%) and Sphingomonas jatrophae S5-249T (95.3%) of the family Sphingomonadaceae. Strain AK-PDB1-5T had a genome size of 4,298,284 bp with a 67.8% G + C content, and digital DNA–DNA hybridization and OrthoANI values with the most closely related species of only 19.5–21% and 75.1–76.8%, respectively. Cells of the strain AK-PDB1-5T were Gram-negative, short rods, oxidase- and catalase-positive. Growth occurred at pH 5.0–9.0 (optimum pH 8.0) in the absence of NaCl at 4–37°C (optimum 25–30°C). Strain AK-PDB1-5T contained C14:0 2OH, C16:0 and summed feature 8 as the major cellular fatty acids (> 10%), while sphingoglycolipid, phosphatidylethanolamine, phosphatidylglycerol, phospholipids and lipids were found to be the major polar lipids. The strain produces a yellow carotenoid pigment; natural products prediction via AntiSMASH tool found zeaxanthin biosynthesis clusters in the entire genome. Biophysical characterization by ultraviolet–visible absorption spectroscopy and ESI-MS studies confirmed the yellow pigment was nostoxanthin. In addition, strain AK-PDB1-5T was found significantly promote Arabidopsis seedling growth under salt conditions by reducing reactive oxygen species (ROS). Based on the polyphasic taxonomic analysis results, strain AK-PDB1-5T was determined to be a novel species in the genus Sphingomonas with the proposed name Sphingomonas nostoxanthinifaciens sp. nov. The type strain is AK-PDB1-5T (= KCTC 82822T = CCTCC AB 2021150T).

KEYWORDS
 polyphasic taxonomy, Abies koreana, phylogeny, orthologous average nucleotide identity, whole-genome annotation, antiSMASH


1. Introduction

The genus Sphingomonas belonging to the family Sphingomonadaceae of the class Alphaproteobacteria was first proposed by Yabuuchi et al. (1990). The type strain is Sphingomonadaceae paucimobilis VKM B-2241T, and four other members were proposed at the same time (Holmes et al., 1977). The genus Sphingomonas has been divided into four clusters based on phylogenetic and chemotaxonomic analysis in 2001, and three new genera Sphingobium, Novosphingobium, and Sphingopyxis were proposed in addition to the genus Sphingomonas sensu stricto (Takeuchi et al., 2001). As of August 2022, this genus contains 146 published species.1 The common cellular characteristics of the genus Sphingomonas are Gram-negative, a yellow or white-color, rod shape, strictly aerobic, motile or non-motile, and non-fermentative. Q-10 is the predominant isoprenoid quinone in this genus, while the major fatty acids are C16:0, C14:0 2OH, as well as summed feature 8 (comprising C18:1ω7c and/or C18:1ω6c). Species in this genus have been isolated from various sources, including the soil (Kim et al., 2014), water, air (Kim et al., 2014; Xue et al., 2018), plant endophytes, rice paddy and noni, and a medical clinic (Busse et al., 2005). Some Sphingomonas species such as Sphingomonas laterariae and Sphingomonas wittichii have been found in contaminated environments, probably due to their high survivability and superior facility for degradation (Kaur et al., 2012; Moreno-Forero and van der Meer, 2015). Many Sphingomonas species have been determined to play important roles in plant abiotic stress tolerance, bioremediation, and biodegradation (Chen et al., 2008; Yu et al., 2013; Khan et al., 2014), as well as promoting plant growth (Yang et al., 2014; Luo et al., 2019, 2020).

Whole-genome sequencing is currently an important methodology for the discovery of useful secondary metabolites. Many secondary metabolites are natural products encoded by gene groups known as biosynthetic gene clusters (BGCs), which can be identified via whole-genome annotation. Various secondary metabolites including non-ribosomal peptide synthases, type I and type II polyketide synthases, lanthipeptides, lasso peptides, sactipeptides, and thiopeptides can be detected using the antiSMASH tool for genome mining (Blin et al., 2021). To survive in diverse environments, some members of the genus Sphingomonas are known to produce carotenoids such as lycopene, β-carotene, zeaxanthin, caloxanthin, astaxanthin, and nostoxanthin (Jenkins et al., 1979; Kawahara and Kuraishi, 1999; Zhu et al., 2012; Kim et al., 2014), whose antioxidant and anticancer properties reduce stress arising from the environments. Carotenoids are members of the isoprenoids group with diverse structures and functions, which are all synthesized via the common precursor isopentenyl diphosphate (IPP) or its isomer dimethylallyl diphosphate (DMAPP). The carotenoid biosynthesis pathway begins with the condensation of two molecules of geranylgeranyl pyrophosphate to produce phytoene, then converted into lycopene via phytofluene, ζ-carotene, and neurosporene in four desaturation steps, and finally to lycopene, then cyclization produces the various carotenes, such as β-carotene, xanthophylls such as zeaxanthin are oxygenation products of carotenes. Among these carotenoids, nostoxanthin ((2R,3R,2′R,3′R)-β or β-Carotene-2,3,2′,3′-tetrol) is a yellow pigment in the xanthophyll group of the carotenoid family having the molecular formula C40H56O4. It is biosynthesized from the precursor zeaxanthin. Two hydroxylations produce caloxanthin followed by nostoxanthin (Zhu et al., 2012). Nostoxanthin is a natural pigment and is found in many strains of the genus Pseudomonas (Jenkins et al., 1979), some Sphingomonas strains (Kikukawa et al., 2021), Sphingobium sp. (Liu et al., 2021), and cyanobacteria (Silkina et al., 2019). The marine bacteria Erythrobacter flavus (Setiyono et al., 2019) was also reported to produce nostoxanthin. Although one excellent review analysis of the genetic diversity of carotenogenesis in bacteria of the order Sphingmonasdales, is presumptive that some Sphingomonas members produce nostoxanthin based on the color of strain and presence of crt ORF, still a need to identify the pigment and well-describe the biosynthesis pathway and other genomic details in genus Sphingomonas (Siddaramappa et al., 2018). Besides, many research suggests that carotenoids such as zeaxanthin, and astaxanthin play the antioxidant role that scavenges ROS and free radicals and/or free radicals in the lipid phase of the plant cell membrane, helping the plant alleviate salt stress (Zhang et al., 2012, 2016; Ren et al., 2021; Song et al., 2022). In the present study, a new strain designated as AK-PDB1-5T was isolated from the needle-like leaves of the Korean fir. The Korean fir is an endemic, rare, and valuable tree species that suffered large dieback and a severe decline for unknown reasons. As a traditional medicine plant (Yeşilada et al., 1995), the Korean fir can produce many important secondary metabolites such as essential oils (Yoon et al., 2009), lanostane terpenoids (Kim et al., 2004), and secocycloartenoids (Kim et al., 2001) that can be used to treat hypertension, uterine bleeding, human skin and lung cells (Ahn et al., 2020), and tuberculosis (Chinthanom et al., 2021). More and more researchers support that some biological properties of plant-based compounds could be due to the interaction of endophytes and plants (Zhao et al., 2011; Aly et al., 2013; Singh et al., 2021; Urumbil and Anilkumar, 2021). Endophytes provide bioactive secondary metabolites to the host. The anti-inflammatory properties of some plants are due to compounds with anti-inflammatory activity that are secreted by endophytes (Fadiji and Babalola, 2020; Urumbil and Anilkumar, 2021). In our study, we investigated endophyte-derived natural compounds from a native medicinal plant. The bacterial community of the Korean fir was studied. Eighty-one endophytic strains were isolated from surface-sterilized needle leaves of Abies koreana. Among all the isolates, 10 strains belonged to the genus Sphingomonas. Genus Sphingomonas with the most diverse and the second most popular that attracted us to study. Strain AK-PDB1-5T was isolated and characterized as a novel species of the genus Sphingomonas, based on the results obtained from a polyphasic taxonomic study, and genome mining detected a zeaxanthin gene cluster tightly linked to the zeaxanthin biosynthesis pathway. Finally, based on its chemical structure and whole-genome annotation, a yellow pigment produced by this bacterium has been characterized as nostoxanthin. The nostoxanthin-producing strain AK-PDB1-5T alleviates the salt stress of Arabidopsis seedlings by scavenging the reactive oxygen species (ROS).



2. Materials and methods


2.1. Bacterial strains

Strain AK-PDB1-5T is an endophytic bacterium isolated from the needle-like leaves of the Korean fir (Abies koreana Wilson) which grows on the upper part of the Mt. Halla on Jeju island in Korea (33°21′42″N 126°31′45″E). Samples were collected and placed into sterile plastic bags. Five grams of sample were surface-sterilized with 1.05% sodium hypochlorite for 10 min, followed by rinsing 5 times in sterile distilled water. After grinding with 10 ml of PBS (phosphate buffered saline) buffer, then serially diluted from 10−1 to 10−4 with PBS buffer. An aliquot of 100 μl of diluted sample was spread on potato dextrose agar (PDA, Difco) and incubated at 25°C for 7 days. Single colonies were obtained and subsequently streaked on fresh PDA. A circular, smooth, opaque strain containing a light yellow pigment was designated as AK-PDB1-5T and selected for further study. The strain was preserved in sterile skimmed milk (10%, w/v) at −80°C, and deposited in the Korean Collection for Type Cultures (KCTC) and the China Center for Type Culture Collection (CCTCC) with the respective accession numbers KCTC 82822T and CCTCC AB 2021150T. Unless otherwise stated, the cells were grown on PDA for 4 days for subsequent tests.



2.2. Phenotypic and biochemical characterization

The morphological characteristics of strain AK-PDB1-5T were observed using scanning electron microscopy (Quanta 250 FEG) at the KRIBB Microscopy Core Facility after the strain was grown on PDA medium for 3 days. Cellular motility was tested by growth on semi-solid PDA medium (0.4% agar). Gram reactions were determined with a Gram staining kit (Difco, Korea) following the manufacturer’s instructions. Bubble production indicated positive catalase activity after 3% (v/v) hydrogen peroxide solution was added to fresh cells (Lee and Jeon, 2017), and an oxidase reagent kit (bioMérieux) was used to determine oxidase activity. Various media were used to optimize the growth of strain AK-PDB1-5T, including nutrient agar (NA, beef extract 3 g/l, peptone 5 g/l, and agar 15 g/l), PDA, Luria-Bertani agar (LB), Trypticase Soy Agar (TSA), marine agar 2216 (MA), reasoner’s 2A agar (R2A), and YEP medium. The optimal temperature was determined by growing the strain at various temperatures including 4, 10, 15, 20, 25, 30, 37, 40, 45, 50, and 60°C for 7 days. NaCl tolerance and the pH range for growth were measured in PD broth (PDB), and pH values ranging from 3.0 to 12.0 were adjusted with 1 N HCl and NaOH, while tested salt concentrations encompassed 0–15% (w/v; 1% concentration increments; Lee et al., 2019). Other biochemical characteristics, such as the substrate utilization, acid production from carbohydrates, and enzyme activities were tested using API 20NE (bioMérieux) or API ZYM with NaCl 0.85% medium (bioMérieux) and API 50CH according to the manufacturer’s protocol. All closely related type strains were tested under the same conditions.



2.3. 16S rRNA gene sequence analysis

Amplification of the 16S rRNA gene was done using PCR with bacterial DNA as the template and the universal primers 27F (5′-AGAGTTTGATCMTGGCTCAG-3′) and 1492R (5′-TACGGYTACCTTGTTACGACTT-3′; Lane, 1991). Sequencing of the PCR products was carried out by Macrogen, Inc. (Republic of Korea) using the 27F, 1492R, 518F (5′-CCAGCAGCCGCGGTAATACG-3′), and 800R (5′-TACCAGGGTATCTAATCC-3′) primers. The Vector NTI software (1.6.1) was used for assembling the sequence results and finally, nearly a full-length 16S rRNA sequence was obtained. The GenBank2 and the EzBioCloud databases3 (Yoon et al., 2017) were used to compare 16S rRNA sequence similarity. The 16S rRNA genes of closely related strains were downloaded from EZbiocloud. After multiple alignments by clustalW, gaps at the 5′ and 3′ ends were deleted by BioEdit. A 16S rRNA gene-based phylogenetic tree was constructed using the Molecular Evolutionary Genetics Analysis (MEGA 10.0) software (Kumar et al., 2018) employing the neighbor-joining (NJ), minimum-evolution (ME), and maximum-likelihood (ML) algorithms with 1,000 bootstrap iterations and Kimura two-parameter model. Usitatibacter rugosus 0125-3T was used as an outgroup.



2.4. Chemotaxonomic characterization

Chemotaxonomic features of strain AK-PDB1-5T, including cellular fatty acids, polar lipids, and quinones, were investigated. To determine cellular fatty acids, fresh cells were harvested from PDA medium, and the whole-cell fatty acid methyl esters (FAME) were extracted according to the instructions for the standard MIDI (Sherlock Microbial Identification System version 6.0), and then analyzed by gas chromatography (Model 6,890 N; Agilent) based on the Microbial Identification software package (Sasser, 2006). Isoprenoid quinones were extracted from 100 mg of freeze-dried cells by shaking them in a chloroform/methanol mixture (2:1, v/v), and purified by thin-layer chromatography as described by Collins et al. (1980). Finally, reverse-phase high-performance liquid chromatography with ultraviolet (UV) absorbance detection at 270 nm was carried out. Polar lipids were extracted from 100 mg of freeze-dried cells with a chloroform/methanol mixture (1:2, v/v), followed by identification by two-dimensional thin-layer chromatography on Kieselgel 60 F254 plates (silica gel, 10 × 10 cm; Merck). In addition, 0.2% ninhydrin (Sigma-Aldrich), molybdenum blue (Sigma-Aldrich), 4% phosphomolybdic acid reagent, and Dragendorff’s solution were sprayed onto the plates to detect amino group-containing lipids, sugar-containing lipids, phosphorus-containing lipids, total lipids, and quaternary nitrogen-containing lipids, respectively. Polyamines were extracted from freeze-dried cells and analyzed as described by Busse and Auling (1988).



2.5. Genomic sequencing and annotation

A genomic DNA purification kit (MGmed, Republic of Korea) was used to isolate the genomic DNA, and the genomic DNA quantity and quality were evaluated with the PicoGreen and Nanodrop (radio A260/A280). The whole genome was sequenced by the Macrogen facility (Macrogen, Korea) on the PacBio RSII (Pacific Biosciences, Inc.) and the Illumina sequencing platforms, followed by assembly with the SMRT Portal (version 2.3) de novo assembler. The assembled genome was checked for potential contamination by testing the 16S rRNA in the genome using the ContEst16S algorithm (Lee et al., 2017). Genome annotation was performed via the National Center for Biotechnology Information Prokaryotic Genome Annotation Pipeline (PGAP) and Rast SEED (Tatusova et al., 2016). Metabolic pathways were reconstructed using BlastKOALA, based on the Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway database (Kanehisa et al., 2016). Genome mining for the presence of secondary metabolite gene clusters was performed via the antiSMASH tool4 (Blin et al., 2021). The dDDH, ANI values, and orthoANI values between AK-PDB1-5T and closely related strains were determined using the Genome-to-Genome Distance Calculation (GGDC) webserver5 (Meier-Kolthoff et al., 2013), the ANI calculator,6 and the standalone Orthologous Average Nucleotide Identity (OAT) software (Lee et al., 2016), respectively. The closely related strains were obtained from NCBI GenBank websites that were publicly available, and genome quality was evaluated by the Microbial Genomes Atlas (MiGA) webserver (Rodriguez et al., 2018). A whole-genome-based phylogenomic tree was constructed using the up-to-date bacterial core gene set and pipeline (UBCG) as described by Na et al. (2018), Usitatibacter rugosus 0125-3T was used as an outgroup.



2.6. Nostoxanthin structure determination

Freeze-dried cells were used for carotenoid identification. An aliquot of 100 mg of freeze-dried sample was mixed with 10 ml of methanol, then shaken at 200 rpm at 25°C for 12 h. The resultant methanol extract was centrifuged at 8,000 rpm for 10 min. The UV–Vis absorption spectra were recorded from 200 to 800 nm using a microplate spectrophotometer (Multiskan Skyhigh, Thermo Fisher Scientific). The methanol extract was filtered through a 0.2 μm membrane filter and analyzed using an HPLC system (Shimadzu Corporation, Kyoto, Japan), with a YMC carotenoid (250 × 4.6 mm. D, S-5 μm, YMC) column. The separation column temperature was 35°C, with solvent A consisting of methanol-MTBE-water (85:10:5, v/v/v), and solvent B of 100% MTBE, as the mobile phase. The flow rate was 1 ml/min, the wavelength was set at 450 nm, and a 20 μl sample was injected. For identification of the structure, the sample was five-fold dilution and stored at −20°C until a subsequent analysis by an ultra-performance liquid chromatography-electrospray ionization-mass spectrometry (UPLC-ESI-MS) method. HR-ESI-MS spectra were obtained using a Waters ACQUITY UPLC system (Waters Corp., Milford, MA, United States) connected to a quadrupole time of flight mass spectrometer (Xevo G2-XS QTOF, Waters Corp.) from the Korea Basic Science Institute (KBSI, Chuncheon Center).



2.7. Assessment of plant growth and salt stress condition

Arabidopsis (Arabidopsis thaliana) seeds were surface sterilized with 70% ethanol for 5 min, 2.5% sodium hypochlorite for 15 min, and rinsed three times with sterile distilled water for 5 min. All sterilized seeds were sown on half-strength Murashige & Skooog (MS) medium (MS basal 2.2 g/l, sucrose 10 g/l, 2-MES 0.5 g/l, bacto-agar 15 g/l) and plants were grown in a growth chamber at 22°C and 55–60% relative humidity (RH) with a 16-h light/8-h dark cycle. Seven-day-old seedlings were co-cultured with strain AK-PDB1-5T and untreated control for 10 days.

The root fresh weight, leaf fresh weight as well as chlorophyll contents (equation: y = 8.02 × A663 + 20.2 × A645) were recorded to estimate the plant growth condition. Differences between untreated controls and AK-PDB1-5T co-cultivation under the normal and salt condition were analyzed using a two-way ANOVA followed by Sidak’s multiple comparison test in GraphPad Prism (v.8.4.3) program.



2.8. Reactive oxygen species (ROS) detection

To detect the reactive oxygen species, plant roots grown on 1/2MS medium containing 0 mM and 100 mM NaCl were collected from the plates, washed with 1×PBS buffer, stained root cells by adding 5 mM DCFH-DA in 5 mM sodium phosphate buffer (pH 7.0) and incubated for 30 min. The stained root tips were observed under fluorescent microscopy (ECLIPSE 80i) with FITC filter (515 nm). The fluorescent intensities were measured by Image J. Differences were analyzed by multiple t-tests in GraphPad Prism (v.8.4.3) program.




3. Results and discussion


3.1. Phenotypic and biochemical characterization

Strain AK-PDB1-5T was isolated from the needle-like leaves of Korean fir. It was found to grow well on PDA, R2A, and grow poorly on LB, NA, TSA, and YEP (optimum PDA and R2A), but not on MA. Strain AK-PDB1-5T was observed to be Gram-negative, non-motile, and rod-shaped, without flagella, 0.3–0.5 μm in width and 0.9–1.2 μm in length (Supplementary Figures S1AB). The colonies were 2–6 mm in diameter, and creamy white to yellowish. The organism grew at 4–37°C (optimal temperature 25–30°C) in the 0–0.5% salt (optimal 0%), and at pH 6.0–9.0 (optimum pH 8.0). The strain tested oxidase- and catalase-positive. Other characteristics that distinguished strain AK-PDB1-5T from other closely related strains are shown in Table 1.



TABLE 1 Differential physiological and biochemical characteristics of strain AK-PDB1-5T from closely related type strains.
[image: Table1]



3.2. Phylogenetic analyzes

The nearly full-length 16S rRNA gene amplicon of strain AK-PDB1-5T was 1,419 nucleotides long (MZ956805). Based on the 16S rRNA gene sequence analysis, strain AK-PDB1-5T appeared to belong to the genus Sphingomonas. A comparative analysis of the 16S rRNA sequence showed the highest similarity to S. crusticola MIMD3T (95.6%) and S. jatrophae S5-249T (95.3%) with values between 93.9 and 95.2% to the top 25 type strains in the genus Sphingomonas. To provide an ecological insight, the 16S rRNA gene sequence of strain AK-PDB1-5T was compared to all the publicly available sequences on NCBI including environmental sequences and sequences from non-type strains. Results showed strain AK-PDB1-5T shared a high similarity (16S rRNA gene sequence more than 97% identity) with two uncultured Sphingomonas isolates from environmental samples (strain Plot29-2F10, accession number: EU202874), and one uncultured bacterium from pig deep litter system (clone A702, accession number: KM456152). Based on the novel species recognition threshold of 98.6% (Kim et al., 2014), strain AK-PDB1-5T was designated as a novel species in the genus Sphingomonas. The 16S rRNA gene sequence-based phylogenetic trees using NJ showed that strain AK-PDB1-5T formed clusters with S. crusticola MIMD3T, S. jatrophae S5-249T, and S. vulcanisoli SN6-13T. The ML and ME algorithms phylogenetic tree also supported this result (Figure 1). Therefore, S. crusticola MIMD3T (KCTC 42801T) and S. vulcanisoli SN6-13T (KCTC 42454T) as well as the type species S. paucimobilis KCTC 2346T were selected as reference species for further comparative testing.
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FIGURE 1
 Maximum-likelihood (ML) algorithm phylogenetic tree based on 16S rRNA gene of strain AK-PDB1-5T. Bootstrap values (> 70%) calculated using the NJ, ML, and ME algorithms are shown.




3.3. Chemotaxonomic characterization

The major cellular fatty acids (> 10%) of strain AK-PDB1-5T and closely related strains are listed in Table 2. The most abundant fatty acids of strain AK-PDB1-5T were C14:0 2OH (10.6%), C16:0 (16.9%) and summed featured 8 (64.5%). Similar cellular fatty acid contents are consistent with closely related strains. However, the results for S. crusticola MIMD3T (KCTC 42801T) also include C19:0 cyclo ω8c, while the cellular fatty acid profile of S. vulcanisoli SN6-13T (KCTC 42454T) does not contain C16:0, and S. paucimobilis KCTC 2346T does not contain C14:0 2OH, which can differentiate strain AK-PDB1-5T from the most closely related strains.



TABLE 2 Cellular fatty acid profiles (> 1%) of strain AK-PDB1-5T and closely related species.
[image: Table2]

Consistent with the genus Sphingomonas, Q-10 was found as the predominant isoprenoid of strain AK-PDB1-5T, and the polar lipid profile consisted of a mixture of phosphatidylethanolamine (PE), sphingoglycolipid (SGL), phosphatidylglycerol (PG), phospholipids (PL), and lipids (L; Supplementary Figure S2). The polar lipid profile of strain AK-PDB1-5T was similar to those of profiles identified from the closely related strains (Supplementary Figure S2). Although the enzyme for PC biosynthesis was annotated from the whole genome, PC was not detected in the polar lipids test. The polyamine patterns detected in strain AK-PDB1-5T were for homospermidine (53.4%), putrescine (41.0%), and spermidine (15.6%; Supplementary Figure S3). The major polyamines were consistent with those reported for members of the genus Sphingomonas (Zhang et al., 2010; Margesin et al., 2012; Sheu et al., 2015).



3.4. Genome properties and genetic relatedness

The whole genome of strain AK-PDB1-5T comprised a single circular chromosome of 4,298,284 bp in size after assembly by the SMRT Portal de novo assembler (version 2.3). A comparison of two copies of 16S rRNA gene fragments from the whole-genome sequence indicated that no contaminating DNA sequences occurred during genome assembly. The G + C content calculated from the genome of AK-PDB1-5T was 67.0%, similar to other Sphingomonas species, which had high G + C contents as indicated in a previous report for the genus Sphingomonas (57.4–70.5 mol%).7 The whole genome was deposited in NCBI under the accession number CP082839.1. A total of 3,994 protein-coding genes and 60 RNA genes, including two 5S rRNA genes, two 16S rRNA genes, two 23S rRNA genes, four ncRNAs, and 50 tRNA genes were annotated by PGAP (Supplementary Table S1). According to the cluster orthologous group (COG) annotation results, most CDSs were classified as unknown (29.5% of total assigned COGs), and general function prediction only (8.2% of the total assigned COGs), amino acid transport, and metabolism (6.0% of the total assigned COGs; Supplementary Figures S4, S5). The genome comparison between strain AK-PDB1-5T and the closest species showed ANI values in a range of 75.1–76.8%. The dDDH values ranged from 19.5 to 21%, and the OrthoANI values ranged from 73.8 to 76.5 (Supplementary Figure S6), which also supported that the strain was a novel species in the genus Sphingomonas, considering that the values obtained were significantly lower than the proposed dDDH (< 70%) and ANI cutoff (95–96%) values for bacterial species delineation (Chun et al., 2018). A circular map of the stain AK-PDB1-5T is shown in Supplementary Figure S2. The whole genome of closely related strains obtained from NCBI GenBank showed a relatively high quality (more than 83.2) by employing MiGA webserver to assess the quality/completeness/contamination of the genome assembly (Supplementary Table S1). The whole-genome phylogenomic tree based on 92 core genes also supported that strain AK-PDB1-5T formed a phylogenetic lineage within the genus Sphingomonas, consistent with the 16S rRNA-based phylogenomic tree (Figure 2).
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FIGURE 2
 Maximum-likelihood (ML) algorithm phylogenomic tree based on up-to-date bacterial core genes (UBCGs; concatenated alignment of 92 core genes) showing the relationship between strain AK-PDB1-5T and other members of the genus Sphingomonas. Gene support index (GSI, left) and bootstrap values (right) are indicated at the nodes. Scale bar, 0.050 substitutions per position. The 92 bacterial core genes were alaS, argS, aspS, cgtA, coaE, cysS, dnaA, dnaG, dnaX, engA, ffh, fmt, frr, ftsY, gmk, hisS, ileS, infB, infC, ksgA, lepA, leuS, ligA, nusA, nusG, pgk, pheS, pheT, prfA, pyrG, recA, rbfA, rnc, rplA, rplB, rplC, rplD, rplE, rplF, rplI, rplJ, rplK, rplL, rplM, rplN, rplO, rplP, rplQ, rplR, rplS, rplT, rplU, rplV, rplW, rplX, rpmA, rpmC, rpmI, rpoA, rpoB, rpoC, rpsB, rpsC, rpsD, rpsE, rpsF, rpsG, rpsH, rpsI, rpsJ, rpsK, rpsL, rpsM, rpsO, rpsP, rpsQ, rpsR, rpsS, rpsT, secA, secG, secY, serS, smpB, tig, tilS, truB, tsaD, tsf, uvrB, ybeY, and ychF.


Based on data obtained by the phenotypic, physiological, phylogenomic, and biochemical results support that strain AK-PDB1-5T is a member of the genus Sphingomonas. However, a low 16S rRNA similarity (below 95.6%), ANI values (less than 75.1%), as well as low dDDH values (less than 19.5%), leads to the conclusion that strain AK-PDB1-5T differs from the most closely related strains. This conclusion was further supported by the phylogenetic trees based on the 16S rRNA and core gene sets from the whole-genome sequence. Taken together, this data suggests that AK-PDB1-5T is a new member of the genus Sphingomonas.



3.5. Genome-derived features of strain AK-PDB1-5T

Genome annotation was carried out using the RAST server and the BlastKOALA pipeline to reconstruct the metabolic pathways. The following sections are predicted from the genome sequences (Supplementary Figure S7).


3.5.1. Phenotypic and biochemical features


3.5.1.1. Motility

Genes related to flagellar motility in prokaryota were detected in the whole genome, such as the flagellar motor switch protein FliM, the basal-body rod protein FlgC, the flagellin protein FlaA, the flagellar L-ring protein FlgH, the flagellar motor switch protein FliN, the flagellar biosynthesis proteins FlhB, FlhA, FliR, the flagellar motor rotation proteins MotA, MotB, the flagellum specific ATP synthase FliI, and the flagella basal-body rod modification protein FlgD. More than 11,000 amino acids in the genus Lactobacillus (Cousin et al., 2015), and 27 proteins in the genus Flavobacteriaceae were related to flagella motility (Gavriilidou et al., 2020). The gene cluster of flagellar motility for Sphingomonas is poorly characterized. Although many flagellar assembly genes were annotated in the genome of strain AK-PDB1-5T, it may absence of some genetic elements since it lacks flagella and non-motile.



3.5.1.2. Respiration

Genome annotation indicated the presence of all the subcategory genes related to terminal electron-accepting reactions and electron-donating reactions. Some oxidase subunits such as terminal cytochrome O ubiquinol oxidase, terminal cytochrome C ubiquinol oxidase, terminal cytochrome oxidase, and anaerobic respiratory reductases such as vanillate O-demethylase oxidoreductase (EC 1.14.13), flavodoxin reductases (ferredoxin-NADPH reductases) family 1, and ferredoxin reductase were annotated from the whole genome. The electron-donating reactions included respiratory complex I, NADH ubiquinone oxidoreductase (chain A-N), and others.

Stress response: Genes related to stress response including oxidative stress, detoxification, and periplasmic stress were detected. Osmotic stress-related genes coding for the outer membrane protein A precursor, the synthesis of osmoregulated periplasmic glucans, protection from reactive oxygen species, oxidative stress, biosynthesis, and gamma-glutamyl cycle as well as glutaredoxins were seen. Detoxification-related genes included a glutathione-dependent pathway for formaldehyde detoxification. Periplasmic stress-related genes containing the periplasmic stress response were also noted.

Polar lipid metabolism: phosphatidylethanolamine (PE), Phosphatidylcholine (PC) which is biosynthesized from PE, and sphingolipid (SGL) biosynthesis pathway were reconstructed from the whole genome via the BlastKOALA pipeline. The PC biosynthesis enzymes phosphatidylethanolamine/phosphatidyl-N-methylethanolamine N-methyltransferase [EC:2.1.1.17 2.1.1.71], and the PE biosynthesis enzymes phosphatidate cytidylyltransferase [EC:2.7.7.41]; CDP-diacylglycerol-serine O-phosphatidyltransferase [EC:2.7.8.8]; phosphatidylserine decarboxylase [EC:4.1.1.65] were annotated in the genome. However, a polar lipid pattern consisting of phosphatidylethanolamine (PE), sphingoglycolipid (SGL), phosphatidylglycerol (PG), phospholipids (PL), and lipid (L) was detected for strain AK-PDB1-5T in two-dimensional TLC.




3.5.2. Metabolite biosynthesis gene clusters analysis

Although the genus Sphingomonas contains 146 published species, only limited secondary metabolites were found (Mnich et al., 2017), and it remains untapped for potential applications for those natural products. AntiSMASH is an important tool for the mining of gene clusters of natural products. BGCs encode enzymes related to the secondary metabolite biosynthesis pathway. The whole genome of strain AK-PDB1-5T was used to predict the secondary metabolite gene clusters by the online tool antiSMASH (Blin et al., 2021). Six BGCs regions were identified from the whole genome of AK-PDB1-5T (Supplementary Table S2 and Supplementary Figures S8–S13), which contained sphingan polysaccharide, malleobactin A/malleobactin B/malleobactin C/malleobactin D and zeaxanthin. Sphingan polysaccharide is a very common compound in this genus, exemplified by compounds such as WL gum, gallen gum, rhamsan gum, and welan gum (Zheng et al., 2018; Baez et al., 2019; Li et al., 2019; Zhu et al., 2019 2020, 2021; Huang et al., 2020; Liu et al., 2020; Xu et al., 2020; Ke et al., 2021; Zhao et al., 2021). The sphingans group has applications in a variety of industries such as food, cement, personal care, abiotic stress tolerance, bioremediation, and biodegradation, etc. Malleobactin is a member of the siderophore family and has an important role in plant resistance to pathogens (Xiao et al., 2020; Saboe et al., 2021). Zeaxanthin has significant commercial value for its antioxidant potential and is widely used in the food, cosmetic and pharmaceutical industries. Some species in the genus Sphingomonas have been reported to produce zeaxanthin (Asker et al., 2007; Thawornwiriyanun et al., 2012); however, the biosynthesis pathway and related gene clusters are not clear. We provide the BGCs information and valuable insights into those natural products.



3.5.3. Identification of the carotenoid pigment

Strain AK-PDB1-5T grown on PDA medium was white-yellow in color and showed carotenoid accumulation. The genome mining tool antiSMASH was used to predict the secondary metabolite gene clusters of carotenoids, and the results suggested that the yellow color produced by strain AK-PDB1-5T could be zeaxanthin, caloxanthin (zeaxanthin with one hydroxyl group added), or nostoxanthin (zeaxanthin with two hydroxyl groups added).

We analyzed a methanol extract using HPLC and some carotenoid standards including zeaxanthin, lutein, cryptoxanthin, β-carotene, α-carotene, violaxanthin, and neoxanthin were tested by HPLC at the same time. The results showed the pigment from strain AK-PDB1-5T had a retention time of 4.5 min and a minor peak with a retention time of 5.5 min (Supplementary Figure S14). However, these peaks did not correspond to the peaks produced by authentic standards of zeaxanthin, lutein, cryptoxanthin, β-carotene, α-carotene, violaxanthin, or neoxanthin (Supplementary Figure S14). Compared to zeaxanthin, the main peak of AK-PDB1-5T had a shorter retention time, because the carotenoid from strain AK-PDB1-5T has higher hydrophilicity than zeaxanthin.

UV–Vis absorption spectroscopy was performed to determine the absorption spectra of a methanol extract from strain AK-PDB1-5T, and showed highly absorbent peaks at 452 and 480 nm (Figure 3A). A previous study showed that β-carotene produced a strong band with subpeaks at 481, 454, and near 425 nm. On the other hand, zeaxanthin and caloxanthin, a hydroxyl-substituted derivative of β-carotene, has three bands with a shape almost identical to those of β-carotene (λmax values at 422, 450, and 476 nm; Zhu et al., 2012; Takaya et al., 2018), canthaxanthin (473 nm), nostoxanthin (λmax at 427, 452, and 480 nm; Kikukawa et al., 2021), and astaxanthin (477 nm) all carbonyl-substituted derivatives of β-carotene show absorption bands much less structured than those of β-carotene (Takaya et al., 2018). The strain AK-PDB1-5T spectra were highly matched with nostoxanthin (λmax values at 452 and 480 nm; Takaya et al., 2018) and close to that of zeaxanthin (λmax values at 422, 450, and 476 nm; Pavelková et al., 2020).

[image: Figure 3]

FIGURE 3
 Identification of the carotenoid produced by strain AK-PDB1-5T (A) Ultraviolet-visible absorption spectra (UV–Vis) of the major carotenoid from AK-PDB1-5T (B) ESI-MS ion spectra of the carotenoids from AK-PDB1-5T.


To identify the carotenoid produced by strain AK-PDB1-5T, an analysis was conducted by UPLC equipped with an electro-spray ionization (ESI) time-of-flight (TOF) mass spectrometer (MS), and MS/MS systems. The ESI-MS profile of all the extracts was found to be comparable with the standard, the zeaxanthin MS/MS spectra data of [M + H]+: 569, caloxanthin MS/MS spectra data of [M + H]+: 569, β-carotene MS/MS spectra data of [M + H]+: 537, while nostoxanthin spectra data of m/z 600.4243 [M + H]+ (Zhu et al., 2012). The molecular formula of the carotenoid from strain AK-PDB1-5T was determined to be C40H56O4, with ESI MS spectra data of m/z 600.4243 [M + H]+ and m/z 583.4109 [M + H-18]+ (Figure 3B). The ion patterns produced were same as the MassBank Record: CA000155 that is available online Nostoxanthin Mass Spectrum (massbank.jp) and as those from previous studies (Zhu et al., 2012). Based on the results above, the carotenoid produced by strain AK-PDB1-5T was identified as nostoxanthin.



3.5.4. Nostoxanthin biosynthetic pathway

Nostoxanthin ((2R,3R,2′R,3′R)-β, β-Carotene-2,3,2′,3′-tetrol) is biosynthesized from zeaxanthin. Zeaxanthin, the precursor of nostoxanthin, is hydroxylzed twice, first to caloxanthin and finally to nostoxanthin (Zhu et al., 2012). Although many different carotenoid (crt) synthetic enzymes have been cloned from bacteria, plants and algae, much further study is still necessary to fully elucidate the biosynthesis of carotenoids as well as modifications of the final structures. To better understand the biosynthesis pathway in strain AK-PDB1-5T, the whole genome was used to predict it. Two separate pathways exist for the biosynthesis of IPP, including the mevalonate (MVA) pathway and the 2-C-Methyl-D-erythritol 4-phosphate (MEP) pathway, both of which are carotenoid precursors. Genome annotation analysis via PGAP, RAST SEED, and AntiSMASH annotations revealed that IPP from strain AK-PDB1-5T is only generated via the MEP pathway. Some genes for some enzymes in the MEP pathway were predicted; one copy of 1-deoxy-D-xylose 5-phosphate synthase (dxs), one copy of 1-deoxy-D-xylose 5-phosphate reductoisomerase (dxr), putative intracellular septation protein A (ispZ), two copies of 4-hydroxy-3-methylbut-2-enyl diphosphate (ispH), one copy of flavodoxin-dependent(E)-4-hydroxy-3-methylbut-2-enyl-diphosphate synthase (ispG), one copy of phosphoenolpyruvate carboxykinase (pck), one copy of phosphoenolpyruvate carboxylase (ppc), and one copy of pyruvate kinase (pykFA), all for the MEP pathway. No genes for enzymes in the MVA pathway were predicted. The absence of genes for the MVA pathway reinforces the conclusion that in strain AK-PDB1-5T, IPP is biosynthesized via the MEP pathway. These results were consistent with a previous study that indicated that the MEP pathway is typically found in most bacteria and on plant plastids, while the MVA pathway is mostly present in plants and archaea (Li et al., 2020).

After IPP has been synthesized, carotenoid biosynthesis continues by growing the polyprenyl pyrophosphate chain. IPP is isomerized to geranyl PP (GPP, C10), farnesyl PP (FPP, C15), or geranylgeranyl PP (GGPP, C20) by ispA and crtE or gps, which are precursors of mono-, di-, and tri-terpenes and carotenoids. Next, two GGPP molecules are condensed head-to-head by phytoene synthase, resulting in the formation of the first carotene, phytoene (C40) by crtB (Figure 4A). Four double bonds are introduced into phytoene to form lycopene, which then becomes a precursor to a variety of carotenoids, e.g., lycopene (crtI), β-carotene (crtL), zeaxanthin (crtZ), and astaxanthin (crtW; Kim et al., 2014; Lee et al., 2018). Zeaxanthin is converted to the yellow pigment nostoxanthin by the gene product of crtG. The crtG gene encodes 2,2-β-hydroxylase which is responsible for hydroxylation of β-carotene (Zhu et al., 2012). In comparison with the carotenoid biosynthesis gene cluster of “Sphingomonas elodea” ATCC 31461 (JN224892.1), which has been reported to produce nostoxanthin, strain AK-PDB1-5T showed 71.1% gene similarity to S. elodea ATCC 31461. The carotenoid biosynthesis gene cluster as well as nostoxanthin biosynthesis pathway of stain AK-PDB1-5T has been proposed (Figure 4). PGAP, RAST SEED and AntiSMASH annotations suggest that the strain AK-PDB1-5T analyzed in this study possesses the gene cluster crtB, crtG, crtI, crtY, crtZ to produce the carotenoid nostoxanthin from the precursor GGPP (Figure 4B). Although we did not directly find crtG from the whole genome, by blasting the crtG gene sequence of “Sphingomonas elodea” ATCC 31461 (JN224892.1; Zhu et al., 2012), a 76.3% gene similarity to crtG of “Sphingomonas elodea” ATCC 31461 was found in the whole genome of AK-PDB1-5T. Based on the annotation results from the whole genome, strain AK-PDB1-5T was confirmed to produce nostoxanthin.
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FIGURE 4
 Carotenogenic gene clusters and the proposed biosynthetic pathway of nostoxanthin in strain AK-PDB1-5T. (A) comparison of the gene cluster in strain AK-PDB1-5T (up) and “Sphingomonas elodea” ATCC 31461 (JN224892.1; bottom). The genes are presented as arrows pointing in the direction of transcription; the value below each gene designates the similarity of nucleotides between the AK-PDB1-5T nostoxanthin biosynthetic enzyme and the corresponding gene from the S. elodea ATCC 31461. (B) nostoxanthin biosynthetic pathway in strain AK-PDB1-5T. IPP, isopentenyl pyrophosphate; DMAPP, dimethylallyl pyrophosphate; FPP, farnesyl diphosphate; GGPP, geranylgeranyl diphosphate. crtE, GGPP synthase; crtB, phytoene synthase; crtG, carotenoid 2,2-β-hydroxylase; crtI, phytoene desaturase/dehydrogenase; crtY, lycopene cyclase; crtZ, and β-carotene hydroxylase.





3.6. Effect of strain AK-PDB1-5T on plant growth under salt condition

To evaluate the effect of strain AK-PDB1-5T on plant growth under salt conditions, 7-day-old Arabidopsis seedlings were co-cultivated with strain AK-PDB1-5T under 0 mM and 100 mM of NaCl. The leaf fresh weight and root fresh weight were examined after 10 days of co-cultivation (Figure 5). The results showed strain AK-PDB1-5T significantly improved the Arabidopsis seedling biomass under 0 mM and 100 mM of NaCl. Shoot fresh weight was increased 1.69-fold under salt condition (100 mM NaCl), which was increased higher compared to normal conditions (1.34-fold), while root fresh weight was increased 1.02-fold under salt condition. A similar result was found in chlorophyll content. These results showed that strain AK-PDB1-5T has not only plant growth-promoting activity under normal condition, but also enhances salt tolerance when plants are exposed to salt stress.
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FIGURE 5
 Plant growth-promoting effects of Arabidopsis seedling by strain AK-PDB1-5T under normal and salt stress conditions. (A) Comparison of Arabidopsis seedling growth by control (no treatment, CK) and AK-PDB1-5T co-cultivated at 22°C for 10 days under normal and salt stress conditions (100 mM NaCl). (B–D) Quantification of leaf fresh weight (B), root fresh weight (C), and chlorophyll contents (D) Error bars represent the standard error. Asterisks indicate significant differences between the control and AK-PDB1-5T treatment under salt stress (100 mM NaCl; ****p < 0.0001).


Furthermore, we examined ROS production in Arabidopsis root tips under salt stress condition (Figure 6). We observed that ROS levels in roots were significantly increased under salt stress condition (100 mM NaCl; Figure 6), but the fluorescence intensity of ROS in root tips was greatly decreased by strain AK-PDB1-5T (Figure 6). These results suggest that strain AK-PDB1-5T alleviates salt stress in Arabidopsis roots by scavenging the ROS. In the previous study, it has well studied that carotenoid is known lipid protectants and active oxygen scavengers, and play an important role in antioxidant caused by ROS, these carotenoid can scavenge ROS and free radicals and/or free radicals in the lipid phase of the plant cell membrane, help the plant alleviate salt stress (Zhang et al., 2012, 2016; Ren et al., 2021; Song et al., 2022). For instance, pretreated with carotenoids (β-carotene) improved the Lepidium sativum growth under salt stress, as β-carotene increased the antioxidant activity of the plant and mitigated salt stress (Babaei et al., 2022); exogenous zeaxanthin alleviates pepper plant grown under low temperature and low light by reduced ROS accumulation in pepper seedlings. In the present study, nostoxanthin, as one type of yellow carotenoid, biosynthesized from zeaxanthin by the addition of two hydroxyl groups, was produced by strain AK-PDB1-5T, was found to reduce ROS accumulation caused by salt stress, promoted plant growth under salt stress. Except for nostoxanthin, we try to find some specific metabolic pathways that may reduce the abundance of ROS, such as a complete trehalose biosynthesis pathway, including glgB gene (1,4-alpha-glucan branching enzyme [EC:2.4.1.18]), glgA gene (starch synthase [EC:2.4.1.21]), glgC (glucose-1-phosphate adenylyltransferase [EC:2.7.7.27]), treX (isoamylase [EC:3.2.1.68]), glgZ (maltooligosyltrehalose trehalohydrolase [EC:3.2.1.141]), and glgY ((1- > 4)-alpha-D-glucan 1-alpha-D-glucosylmutase [EC:5.4.99.15]). Trehalose as a key organic osmolyte was proven to be effectively involved in plant abiotic stress. The plant enhanced tolerance to cold, salinity, and drought tolerance by exogenous trehalose. However, more studies need to be performed to understand the mechanism.
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FIGURE 6
 DCFH-DA staining of ROS in roots. (A) DCFH-DA straining of root tips after co-inoculation with strain AK-PDB1-5T upon different salt conditions (0 and 100 mM NaCl). Scale bar: 100 μm. (B) The fluorescence intensities of roots were measured by ImageJ. Error bars represent the standard error. Asterisks indicate significant differences between the control and AK-PDB1-5T treatment under salt stress condition (100 mM NaCl, **p < 0.01).



3.6.1. Description of Sphingomonas nostoxanthinifaciens sp. nov

Sphingomonas nostoxanthinifaciens (nos.to.xan.thi.ni.fa’ci.ens. N.L. neut. n. nostoxanthinum, nostoxanthin; L. pres. part. faciens, making/producing; N.L. part. Adj. nostoxanthinifaciens, nostoxanthin-producing).

Colonies are white-yellow pigmented, circular, smooth, and opaque (2–6 mm in diameter) after growth on PDA medium at 25°C for 3 days. Strain AK-PDB1-5T is found to grow well on PDA, R2A, can grow poorly on LB, NA, TSA, and YEP (optimum PDA and R2A), but not on MA. Cells are Gram-negative, catalase-, oxidase-positive, non-motile, and rod-shaped (0.3–0.5 μm in width and 0.9–1.2 μm in length), without flagella. Optimal growth occurs at 25–30°C, pH 8.0, and in 0% (w/v) NaCl.

In the API ZYM test, positive reactions for alkaline phosphate, esterase (C4), esterase lipase (C8), leucine arylamidase, acid phosphate, naphthol-AS-BI-phosphohydrolase, β-galactosidase, β-glucuronidase, α-glucosidase, and β-glucosidase, while the other substrates were negative. On API 20NE strips, esculin hydrolysis, nitrate reduction, and β-galactosidase showed positive reactions, while the other reactions are negative. On API 50CH strips, L-arabinose, D-galactose, D-glucose, L-rhamnose, amygdalin, arbutin, esculin ferric citrate, salicin, D-cellobiose, and D-fucose show positive reactions, and other substrates are negative. The major fatty acids are C14:0 2OH, C16:0, and summed featured 8. The respiratory quinone detected in strain AK-PDB1-5T was Q-10, while sphingoglycolipid and phosphatidylethanolamine are found as the major polar lipids.

The type strain is Sphingomonas nostoxanthinifaciens AK-PDB1-5T (= KCTC 82822T = CCTCC AB 2021150T), isolated from needle-like leaves of the Korean fir taken from Mt. Halla, Jeju island, South Korea. The accession numbers for 16S rRNA gene and the whole-genome sequences of strain AK-PDB1-5T are MZ956805.1 and CP082839.1.
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Footnotes

1   https://lpsn.dsmz.de/genus/sphingomonas

2   https://blast.ncbi.nlm.nih.gov/Blast.cgi

3   http://www.ezbiocloud.net

4   http://antismash.secondarymetabolites.org

5   http://ggdc.dsmz.de/distcalc2.php

6   https://www.ezbiocloud.net/tools/ani

7   https://www.ncbi.nlm.nih.gov/genome/?term=sphingomonas
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Introduction: Wines produced from the same grape cultivars but in different locations possess distinctive qualities leading to different consumer’s appreciation, preferences, and thus purchase choices. Here, we explore the possible importance of microbiomes at the soil–plant interface as a determinant of the terroir properties in grapevine production, which confer specific growth performances and wine chemo-sensory properties at the local scale.

Methods: In particular, we investigated the variation in microbial communities associated with the roots of Vitis vinifera cultivar Lambrusco, as well as with surrounding bulk soils, in different vineyards across the “Consorzio Tutela Lambrusco DOC” protected designation of origin area (PDO, Emilia Romagna, Italy), considering viticultural sites located both inside and outside the consortium in two different seasons (June and November 2021).

Results: According to our findings, rhizospheric and soil microbiomes show significant structural differences in relation to the sampling site, regardless of seasonality, while endophytic microbiomes seem to be completely unaffected by such variables. Furthermore, a deeper insight into the microbial terroir of PDO areas highlighted the presence of some rhizospheric microorganisms enriched inside the consortium and characterizing the PDO regardless of both sampling season and farming strategy. These include Bacillus, Paenibacillus, and Azospirillum, which are all well-known plant growth-promoting bacteria.

Discussion: Taken together, our results suggest a connection between soil and root microbiomes of V. vinifera cultivar Lambrusco and the local designation of origin, emphasizing the potential role of PDO-enriched plant growth-promoting bacteria in vine growing and final quality of the Lambrusco DOC wine.

KEYWORDS
 microbial terroir, microbiomes, Vitis vinifera
, rhizosphere, plant growth-promoting bacteria


Introduction

Wine is a fermented product of paramount economic and cultural importance for the agri-food sector worldwide (Gamalero et al., 2020; Martinho and Domingues, 2021). Therefore, vineyards are widely distributed and Vitis vinifera is one of the most cultivated fruit crops around the globe (Pinto et al., 2014; Smyczek et al., 2020). The local-scale pedoclimatic variation, also known as terroir, is a matter of growing interest for wine production, because considered of vital importance for the determination of the local wine quality characteristics and consequent consumer’s appreciation, preferences, and purchase choices (Savelli et al., 2020; Spognardi et al., 2021). Indeed, wines produced from the same grape cultivars but belonging to different terroirs possess distinctive qualities and economic value. To legally protect such local regional products, many geographical pedigrees—such as the Protected Designation of Origin (PDO) in Europe—have been released. However, establishing which factors underlie connections between terroir properties and the specific wine-associated chemo-sensory properties remains difficult and is mainly ascribed to general environmental characteristics that affect grapevine growth and health (Leeuwen and Seguin, 2006).

Recent studies suggested that the specific microbial communities associated with V. vinifera may be a key element of the terroir, as microbiome processes essential for vine growing and wine production show spatially defined patterns linked to the vineyard location (Gilbert et al., 2014; Pinto et al., 2014; Bokulich et al., 2016; Novello et al., 2017). Vitulo et al. (2019), for instance, found that the geographic indication is a good driver of microbiome differentiation of the vine bark when comparing plants from two Italian wine-producing regions (Piedmont and Tuscany). Similar results were obtained by Mezzasalma et al. (2017), who defined a certain fraction of the grape berries microbiome that significantly varied in relation to the geographical area. The same association has been highlighted when investigating the soil and the root microbiomes, with distinct microbial characteristics for different viticultural regions that probably correspond to a regional-specific contribution to the qualities of the grapes and wine (Gilbert et al., 2014; Zarraonaindia et al., 2015; Coller et al., 2019; Aguilar et al., 2020; Biget et al., 2021; Gobbi et al., 2022).

In Italy, in pedoclimatic regions including well-defined delimitations of PDO production, the same grapes are cultivated inside and outside the PDO sites, with similar yields but different properties. This opens the question of the importance of microbiome variations at the soil–plant interface in determining the local terroir quality at the local scale, with the cascade implications for the PDO production. In order to provide some glimpses in this direction, we aim at investigating the presence of differences in the microbiome-dependent terroir features (rhizospheric, endophytic, and bulk soil microbiomes) in plant specimens of V. vinifera cultivar Lambrusco sampled across three different vineyards from the same pedoclimatic region but located inside and outside the “Consorzio Tutela Lambrusco DOC” PDO area, in Emilia Romagna, Italy. In particular, two vineyards were positioned immediately inside the PDO area, and another vineyard just outside the PDO area. In Emilia-Romagna, the Italian region leading Lambrusco’s production globally,1 it is of primary economic importance to safeguard the “Consorzio Tutela Lambrusco DOC” PDO. Indeed, with 42 million bottles sold in 2020,2 Lambrusco DOC is one of the best-selling Italian wines in the world. Moreover, its PDO territory overlaps with that of the Balsamic Vinegar of Modena (that is produced from the same grapes as Lambrusco DOC wine), which showed a production turnover of 370 million euros in 2021.3 For all these reasons, we think that a finer characterization of the microbial terroir on the boundaries of the PDO area can contribute to a better safeguard and enhancement of the production. Specifically, for capturing the full variation due to different agricultural practices, the two vineyards within the PDO area were subjected to different agronomic approaches, i.e., organic and conventional agriculture. Furthermore, to test the hypothesis that the composition and/or the diversity of the microbiome at the soil–root interface constitute a signature for defining and protecting a PDO area, we explored the microbiome structure at two time points (June and November) in order to get a full picture of the root-associated microbial terroir at different stages of plant maturation. All the plants included in this study were V. vinifera cultivar Lambrusco, grafted on the hybrid Vitis berlandieri × Vitis riparia KOBER 5BB. In addition to enriching our understanding of the importance of soil and root-associated microbiomes in defining the wine terroir and the relative PDO area, this study may provide further economic incentive for agricultural and oenological practices that safeguard regional microbial terroir and biodiversity.



Materials and methods


Study site

Grapevine roots and soil samples were collected from three different vineyards in Emilia Romagna (Italy) across two timepoints. In particular, from each site, i.e., Bondeno (44.953 N/11.305 E, Ferrara), Finale Emilia (44.839 N/11.285 E, Modena), and Medolla (44.816 N/11.062 E, Modena; Figure 1), 15 plants and two bulk soils were retrieved both in June and November 2021 (immediately after the grape harvest), for a total of 90 root and 12 soil samples. Furthermore, for each root sample, the rhizospheric and endophytic microbial communities were both analyzed. The three vineyards considered in this study were characterized by different agronomic managements and biogeographical features. Specifically, both Finale Emilia and Medolla sites are located inside a protected designation of origin (PDO) area but differ in terms of the agricultural approach employed (chemical-based vs. organic, respectively) while the Bondeno site is found outside the PDO area and a traditional chemical-based farming approach is used. A schematic summary of samples distribution across the three sites and the two timepoints (June and November) is provided by Supplementary Table 1.

[image: Figure 1]

FIGURE 1
 Sampling locations. Map of Emilia Romagna (Italy) showing the present study sampling sites in Bondeno (FE), Finale Emilia (MO) and Medolla (MO). Sampling locations are represented as yellow-green dots if located inside the Lambrusco DOC PDO viticultural area and as black dots if located outside the borders of such area. Borders of the entire “Consorzio Tutela Lambrusco DOC” are drawn (with a darker color for the Reggio Emilia territory and with a lighter color for the Modena territory).




Samples collection and pre-treatment

For the microbiome characterization, each plant root was investigated considering two different ecosystems, namely rhizospheric soil and root endophytic ecosystem, and samples of bulk soil were also analyzed, for a total of 102 samples (Supplementary Table 1). Grapevine thin lateral roots were collected after digging 10–20 cm under the plants. Bulk soil samples were collected near the area where plants were located, after removing the top centimeters of surface soil and the grass cover, if present. All samples were collected wearing sterile gloves, placed inside a sterile 50 ml Falcon tube and stored at −80°C until further processing.

In order to separate the two plant compartments (i.e., rhizosphere and endosphere), roots were thoroughly treated as previously described in D’Amico et al. (2018). In brief, approximately 3 cm of terminal roots portions, including tips, were dissected using sanitized scissors and tweezers to standardize the quantity of starting material. Then, root segments were placed in 15 ml Falcon tubes filled with 2.5 ml of modified PBS buffer (130 mM NaCl, 7 mM Na2HPO4, 3 mM NaH2PO4, pH 7.0, and 0.02% Silwet L-77) and left on a shaking platform at 180 rpm for 20 min to perform washing. After removing the roots, the washing buffer was centrifuged at 1.500 × g for 20 min and the resulting pellet was regarded as the rhizospheric soil. Roots were then re-washed under the same conditions and transferred to another 15 ml Falcon tube containing 2.5 ml of modified PBS buffer before undergoing 10 cycles of sonication as follows: 30-s pulses at 160 W with 30-s breaks in an ultrasonic bath (Branson 1800, Branson Ultrasonic Corporation, Danbury, CT, United States). After washing and sonication, roots were grinded by means of mortar and pestle in order to reach the root inner portions. This procedure led to a total of 180 samples (90 rhizospheres + 90 roots) that were analyzed together with the 12 bulk soil samples. All samples were kept frozen at −80°C until genomic DNA extraction.



DNA extraction and sequencing

Total genomic DNA was extracted from all the 192 samples, i.e., bulk soils (0.25 g), rhizospheres (approximately 0.25 g), and smashed roots, using the DNeasy PowerSoil Kit (QIAGEN, Hilden, Germany) following the manufacturer’s instructions with minor modifications: a FastPrep instrument (MP Biomedicals, Irvine, CA, United States) was used for the homogenization step with a cycle consisting of three 1-min steps at 5.5 movements per sec with 5-min incubations in ice between each run and, at the end of the protocol, DNA elution was preceded by a 5-min incubation in ice. Then, DNA was quantified by using NanoDrop ND1000 (NanoDrop Technologies, Wilmington, DE) and diluted in PCR grade water to the final concentration of 5 ng/μl before amplification. Five microliters of diluted DNA were used as template for the PCR reaction. PCR was performed in a final volume of 50 μl containing 25 ng of genomic DNA, 2X KAPA HiFi HotStart ReadyMix (Roche, Basel, Switzerland) and 200 nmol/L of 341F and 785R primers carrying Illumina overhang adapter sequences for amplification of the V3–V4 hypervariable regions of the 16S rRNA gene. Specifically, the thermal cycle consisted of initial denaturation at 95°C for 3 min followed by 25 cycles of denaturation (95°C for 30 s), annealing (55°C for 30 s), and extension (72°C for 30 s), with a final extension step at 72°C for 5 min (Turroni et al., 2016). PCR amplicons were cleaned up with Agencourt AMPure XP magnetic beads (Beckman Coulter, Brea, CA, United States). Indexed libraries were prepared by limited-cycle PCR using Nextera technology. Indexing was followed by a second clean-up step, as already described, and then libraries were quantified using Qubit 3.0 fluorimeter (Invitrogen), normalized to 4 nM and pooled. Before sequencing, the sample pool was denatured with 0.2 N NaOH and diluted to 4.5 pM with a 20% PhiX control. Sequencing was performed on Illumina MiSeq platform using a 2 × 250 bp paired end protocol, according to the manufacturer’s instructions (Illumina, San Diego, CA, United States). Sequencing reads were deposited in the ENA archive with the accession code PRJEB57815.



Bioinformatics and biostatistics

Raw sequences were analyzed using a pipeline which combines PANDAseq 2.11 (Masella et al., 2012) and QIIME2 2021.8.0 (Bolyen et al., 2019) for all 192 samples. High-quality reads (min/max length = 350/550 bp) were retained thanks to the “fastq filter” function of the Usearch 11.0.667 algorithm (Edgar, 2010) and then binned into amplicon sequence variants (ASVs) using DADA2 2021.8.0 (Callahan et al., 2016). Samples with less than 1,000 high-quality reads were discarded and not used for subsequent analyses. The VSEARCH algorithm 2021.8.0. (Rognes et al., 2016) and the SILVA database (December 2017 release; Quast et al., 2012) were employed for taxonomic classification. All unassigned and eukaryotic sequences were discarded. ASVs table was then rarefied to retain a number of 1,138 sequences per sample. The QIIME2 feature table rarefy plugin was used to perform rarefaction. Statistical analyses were carried out using the R software (R Core Team; www.r-project.org—last access: April 2022), v. 4.2.0, implemented with the packages “Made4” 1.72.0 (Culhane et al., 2005), “vegan” 2.6–4 (https://cran.r project.org/web/packages/vegan/index.html—last access: October 2022), “pairwiseAdonis” 0.4 (Martinez Arbizu, 2020), and STAT 0.1.0 (https://cran.r-project.org/web/packages/STAT/index.html—last access: April 2019). Beta diversity based on unweighted UniFrac distances was computed, and the separation of data in the Principal Coordinates Analysis (PCoA) was assessed with a permutation test with pseudo-F ratios (function “adonis” in the vegan package and function pairwiseAdonis in the homonymous package). Kruskal–Wallis test was used to assess significant differences in alpha diversity distributions between groups. Bacterial genera with the largest contribution to the ordination space were detected by the function envfit of the R package vegan on the genus relative abundances. p values, when necessary, were corrected for multiple testing by means of the Benjamini-Hochberg method, with a false discovery rate (FDR) ≤ 0.05 considered to be statistically significant. Linear discriminant analysis (LDA) effect size (LEfSe, Segata et al., 2011), aimed at identifying discriminant rhizospheric taxa between vineyards located inside and outside the Lambrusco DOC PDO viticultural area, regardless of the agricultural practices employed, was performed on genus-level relative abundance tables, retaining only taxa with LDA score threshold of ±2 (on a log10 scale) and value of p ≤ 0.2. The online Galaxy Version interface (https://huttenhower.sph.harvard.edu/galaxy/, last accessed in October 2022) was used to run LEfSe. All taxa identified by LEfSe, thus significantly enriched either inside or outside PDO sites, were then tested for their putative ability to support plant growth by the presence of some well-known plant growth-promoting (PGP) genes. For this purpose, starting from the QIIME2 genera level taxonomic assignment, an oligotyping procedure (Eren et al., 2014) was implemented to detect the species belonging to the genera previously identified by LEfSe through the “Minimum Entropy Decomposition” (MED) module and the global earth microbiomes (GEM) catalogue (November 2020 release; Nayfach et al., 2021). For each genus, the command line was “decompose <ASVs representative sequences fasta.file> − g-M 1-V5.” The-M integer defines the minimum substantive abundance of an oligotype, and the-V integer defines the maximum variation allowed in each node. The node representative sequence of each oligotype was used for species profiling with the QIIME2 feature-classifier plug-in (Bolyen et al., 2019), selecting the VSEARCH algorithm 2021.8.0 (Rognes et al., 2016) and the GEM database (Nayfach et al., 2021). Then, the aminoacidic sequence of some well-characterized PGP proteins, obtained from the reference sequence of the NCBI protein database (https://www.ncbi.nlm.nih.gov; accessed from the 1st to the 31st October 2022), was recovered and blasted against the non-redundant protein sequences NCBI database selecting as target organisms for our queries the bacterial taxa identified by the oligotyping procedure. Unclassified members of a specific taxon were considered when it was impossible to assign the ASVs at the species level, or when the number of oligotypes not assigned at the species level but assigned at higher taxonomic levels overcame the number of species-level matches. Alignments were filtered according to a query coverage of at least 40% and an alignment percentage of identity of at least 20%. The PGP functions selected for our analysis were: nitrogen fixation, phosphorous solubilization, iron chelation, production of the phytohormone indole-3-acetic acid (IAA), and production of the enzyme 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase. For each of these functions, we selected some marker genes from previous scientific literature resulting in 15 protein sequences recovered and blasted. Specifically, the chosen marker genes were NifB, NifE, NifH, NifN, NifV, and NifU (i.e., nitrogen fixation genes) for nitrogen fixation, the alkaline phosphatase phoA, and the glucose dehydrogenase GDH for phosphorous solubilization, three markers of two relevant bacterial siderophores for iron chelation (namely EntF/EntS for enterobactin and FslA for rhizoferrin), three genes directly involved in IAA synthesis (i.e., ipdC, aro10, and aldH) and the AcdS gene encoding the enzyme ACC deaminase (see Supplementary Table 3 for genes accession and version numbers). Moreover, the presence of the same marker genes was verified across the entire rhizospheric microbiome by means of Phylogenetic Investigation of Communities by Reconstruction of Unobserved States (PICRUSt2 v. 2.5.0) analysis (Douglas et al., 2020). Notably, during the process of ASVs sequences matching to the KEGG database (Wixon and Kell, 2000, queried on January 10, 2023), two out of 15 reference proteins (i.e., FslA and aro10) were not found in the KEGG database (Supplementary Table 4).

Bacterial co-abundance groups (CAGs) were determined as formerly described by Schnorr et al. (2014). In brief, the Kendall correlation test was used to evaluate the associations among bacterial genera, which were visualized using hierarchical Ward clustering with a Spearman correlation distance metric and used to define CAGs at the genus level. The significant associations observed were controlled for multiple testing with the q value method (FDR ≤ 0.05; Dabney et al., 2013). Permutational multivariate ANOVA (PERMANOVA; Anderson, 2001) was employed to verify whether the CAGs were significantly different from one another. The Wiggum plot network analysis was carried out using cytoscape software v. 3.9.1 (http://www.cytoscape.org/, last accessed in November 2022) as previously described (Claesson et al., 2012).




Results


Microbiome composition and biodiversity in soil, rhizosphere, and root samples from viticultural farms located inside and outside the Lambrusco DOC PDO viticultural area

A total of 90 V. vinifera Cultivar Lambrusco roots samples and 12 bulk soil samples were taken from three different viticultural farms in June and November 2021 in Emilia Romagna, Italy (Figure 1). In particular, from each vineyard (located in Bondeno, Finale Emilia and Medolla) 30 roots (15 in June and 15 in November) and four bulk soils (two in June and two in November) were retrieved, resulting in 102 samples. Among those, all the 90 roots were treated as previously described in order to separate the rhizospheric from the endophytic compartment, leading to a total of 180 V. vinifera samples and 12 bulk soil samples. The selected farms were characterized by different designation of origin and by different agricultural practices: (i) Bondeno (non-PDO area, conventional farming), (ii) Finale Emilia (PDO area, conventional farming), and (iii) Medolla (PDO area, organic farming). For the three sites and the two timepoints, microbiome compositional structure was investigated by NGS sequencing of the 16S rRNA gene (V3–V4 hypervariable regions), resulting in ≃1,5 M high-quality reads, with an average of 9,581 ± 2,329 reads per sample (mean ± SD), which were binned in 31,264 ASVs (samples with less than 1,000 high-quality reads were not analyzed).

Firstly, the bulk soil microbiome was characterized by a significantly higher degree of biodiversity with respect to both rhizospheric and endophytic compartments (p ≤ 0.05, Kruskal–Wallis test, Supplementary Figure 1). When we sought for differences among farms, we only observed a gradual increase of the soil biodiversity from Bondeno, to Finale Emilia and Medolla, with a trajectory that mirrored the path from non-PDO to PDO area and from conventional to organic management. However, these differences are only appreciable at soil level, with the rhizosphere and root compartments from the different farms showing comparable levels of biodiversity (Figure 2).
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FIGURE 2
 Alpha diversity of bulk soil and of Vitis vinifera rhizosphere and root microbiomes in the three studied farms. Box-plots showing the distributions of the Faith’s Phylogenetic Diversity (PD whole tree), Observed ASVs and Shannon Index calculated for the bulk soil (A), the rhizosphere (B), and the root (C) in the three sampled vineyards (located in Bondeno, Finale Emilia, and Medolla). The only significant differences were observed for the bulk soil samples (p ≤ 0.05, Kruskal–Wallis test).


Beta-diversity analysis revealed a clear pattern toward segregation of the rhizospheric microbial communities according to the sampling location, but not to the sampling season, as shown by the unweighted UniFrac distances (permutation test with pseudo F-ratio, p ≤ 0.001; Figure 3A). Interestingly, the same PCoA indicates that a similar trend can be observed also for the bulk soils, as if the differences detected into the rhizosphere compartment mirrored differences in the soil. In order to identify those bacterial genera most contributing to the separation of the rhizospheric samples in the PCoA, the relative abundances of such taxa were superimposed in the unweighted UniFrac beta diversity plot (Figure 3B). Our results indicate that some bacterial genera are more represented in a particular farm regardless of the season. Specifically, the genus Pirellula, Micromonospora, and Nocardioides are the most characteristic of the Bondeno farm, while Pseudomonas, Flavobacterium, Acinetobacter, Pir4 lineage, and Planctomyces can be associated with Finale Emilia samples and, finally, Skermanella, Gaiella, Solirubrobacter, and Rubrobacter are the most distinguishing of the Medolla farm. Conversely, it is noteworthy to point out that the only ASVs detected across the entire rhizospheric cohort were assigned to uncultured members of the Planctomycetaceae and to uncultured members of the Tepidisphaeraceae. For these taxa, coefficients of variations were 0.4 (mean ± SD % rel. ab., 3.6 ± 1.5) and 0.6 (mean ± SD % rel. ab., 1.7 ± 1.0), respectively, meaning that these taxa were present in the rhizospheres at comparable levels, independently of site and season, constituting a sort of core bacterial group for V. vinifera cultivar Lambrusco. Interestingly, the root samples show no significant structural differences across different sites and seasons (permutation test with pseudo F-ratio, p > 0.05) and a sharp segregation appears in the PCoA only when comparing the endophytic cluster with the entire set of the bulk soil samples (permutation test with pseudo F-ratio, p ≤ 0.001; Supplementary Figure 2).
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FIGURE 3
 (A) Principal Coordinates Analysis (PCoA) based on unweighted UniFrac distances showing the variation of Vitis vinifera rhizosphere (dots) and bulk soil (triangles) microbiomes across sites, i.e., Bondeno (orange-red), Finale Emilia (green), and Medolla (blue) and seasons (lighter shades for spring and darker shades for fall; permutation test with pseudo F-ratio, p ≤ 0.001). The first and third principal components (MDS1 and MDS3) are plotted and the percentage of variance in the dataset explained by each axis is highlighted. (B) The same graph as in (A) has been reprinted in order to visualize the bacterial genera most contributing to segregations, whose relative abundance was superimposed in the PCoA plot (function envfit of the R package vegan) considering only genera with a p ≤ 0.001.


The LEfSe was finally used to identify rhizospheric bacterial genera that discriminated PDO-associated from non-PDO microbiomes, regardless of farming site, season and type of management (Figure 4). In particular, genera associated with Lambrusco DOC PDO area were Bacillus, Pseudarthrobacter, unclassified members of the order Gaiellales, Planctomyces, Skermanella, Pir4 lineage, Microlunatus, and Paenibacillus. On the other hand, genera less representing the PDO area were Nocardioides, Micromonospora, and Pirellula, unclassified members of the family Gemmatimonadaceae and of the order Acidimicrobiales, Mycobacterium, Legionella, and Chthoniobacter. Notably, such taxa were also generally more represented into the correspondent bulk soil microbiome, with the exception of Pseudarthrobacter and Pir4 lineage for what concerns the PDO area and Nocardioides, Legionella, and Chthoniobacter for what concerns the non-PDO area (Supplementary Table 2).
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FIGURE 4
 Rhizospheric microbiome signatures of PDO production sites. (A) Cladogram of microbial taxa differentially represented between farms located inside (Finale Emilia and Medolla, green) and outside (Bondeno, red) the PDO area at phylum to genus level. Only genera whose relative abundance was higher than 0.5% in at least 33% of the rhizospheric samples are represented. The diameter of each circle is proportional to the genera relative abundance within the entire rhizospheric cohort. (B) Linear discriminant analysis (LDA) scores of discriminating genera between the abovementioned groups (the logarithmic threshold for discriminative features was set to 2.0). Plots were obtained by LDA effect size (LEfSe) analysis.




Seasonal variations of the Vitis vinifera rhizospheric microbiome network across the Lambrusco DOC PDO region

To identify specificities of the rhizospheric microbiome structure associated with the Lambrusco DOC PDO region and seasonality, we established co-abundance associations of genera and then clustered correlated bacterial taxa into four co-abundance groups (CAGs), describing microbiome configurations across the entire dataset (Supplementary Figure 3). The dominant (i.e., the most abundant) genera in these CAGs were Pirellula (red), Nocardioides (blue), Pseudomonas (pink), and Bacillus (green). The network-establishing CAGs relationships are named Wiggum plots, where genera abundances are represented as a circle proportional to the genus normalized over-abundance (Figure 5). The microbiome variation from Bondeno to Finale Emilia and Medolla through the two different seasons was accompanied by distinctive CAGs dominance, and most relevantly by abundances of the Pirellula and Nocardioides CAGs (Bondeno), the Pseudomonas CAG (Finale Emilia) and the Bacillus CAG (Medolla). When we sought for shared network topological features among Finale Emilia and Medolla microbiome structure, distinctive of the PDO region and not included in the control site (Bondeno), we found that nodes corresponding to Bacillus and Rhizobium were over-abundant during spring, whereas Pseudarthrobacter and Microlunatus nodes were over-abundant in the fall season. When combined, such results underline a sort of seasonal dynamic, very peculiar to the Lambrusco DOC PDO region independently of the type of management. Remarkably, most of these taxa constitute a subgroup of the species previously identified by LEfSe.
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FIGURE 5
 Declination of rhizospheric Vitis vinifera co-abundance groups according to the sampling site and to seasonality. Co-abundance groups (CAGs) are named according to the dominant bacterial genus in each group: Pirellula (red), Nocardioides (blue), Pseudomonas (pink), and Bacillus (green). Each node represents a bacterial genus and the size of the corresponding circle is proportional to its over-abundance on the average value within the population. The connections between nodes constitute positive (solid lines) and negative (dashed lines) Kendall correlations between genera (FDR ≤ 0.05). For CAGs definition see Supplementary Figure S3.




Understanding the importance of PDO-related taxa for grapevine biology

Plant growth-promoting microorganisms regulate plant physiological reactions and foster plant growth with several mechanisms. Here, we sought for some of these functions within the reference genomes of the taxa revealed by LEfSe. Specifically, we first used oligotyping (Eren et al., 2014) to identify the bacterial species (or higher taxonomic levels in some cases, as explained above) nested by the ASVs sequences belonging to the genera identified by LEfSe. In particular, ASVs sequences coding for Bacillus, Pseudarthrobacter, Planctomyces, Paenibacillus, Microlunatus, Skermanella, Pir4 lineage, and uncultured members of Gaiellales (i.e., the PDO-related taxa identified by LEfSe) along with ASVs sequences coding for Chthoniobacter, Nocardioides, Micromonospora, Pirellula, Legionella, Mycobacterium, and uncultured members of Acidimicrobiales and Gemmatimonadaceae (i.e., the non-PDO taxa identified by LEfSe) were processed using the “Minimum Entropy Decomposition” (MED) module and the global earth microbiomes (GEM) catalogue (Nayfach et al., 2021). We found that Bacillus korlensis, Bacillus mediterraneensis, Bacillus tuaregi, Bacillus niacini, Bacillus jeotgali, Bacillus lonarensis, and Bacillus litoralis, unclassified species of the genus Bacillus, species of the genus Pseudarthrobacter, species of the genus Planctomyces, unclassified species of the order Gaiellales, Azospirillum brasilense, Azospirillum thiophilum, species of the Pirellulales order, Microlunatus phosphovorus, Paenibacillus castaneae, Paenibacillus harenae, Paenibacillus ferrarius, Paenibacillus beijingensis, and Paenibacillus uliginis, and unclassified species of the genus Paenibacillus, were the taxa characterizing the PDO-area. Notably, when applying oligotyping and GEM database, the ASVs sequences previously assigned to Skermanella were assigned to A. brasilense and A. thiophilum. We chose to retain both Skermanella and Azospirillum genomes for the following analysis, also because of the high level of overlapping found between the 16S rRNA sequences of these two taxa (Zhu et al., 2014). On the other hand, Nocardioides massiliensis, Nocardioides allogilvus, Nocardioides exalbidus, Nocardioides halotolerans, and Nocardioides szechwanensis, unclassified species of the genus Nocardioides, Micromonospora cremea, Micromonospora marina, Micromonospora nigra, Micromonospora sediminis, Gemmatirosa kalamazoonesis, Pirellula staleyi, Legionella fallonii, Legionella saoudiensis, Mycolicibacterium moriokaense, and Mycolicibacterium sphagni, unclassified species of the order Acidimicrobiales and Chthoniobacter flavus were the taxa most distinguishing the non-PDO area. Interestingly, the oligotyping procedure and the GEM database identified Mycolicibacterium species nested in the ASVs belonging to the genus Mycobacterium. In this regard, a recent comprehensive phylogenomic study by Gupta et al. (2018) revealed that Mycolicibacterium can be actually regarded as a distinct clade previously classified as Mycobacterium and now forming a novel microbial genus. Then, in order to investigate the presence of potential PGP traits related to all these microorganisms, the NCBI reference genomes of all of these taxa were scanned for genes associated with nitrogen fixation (essential for plant growth), phosphorous solubilization (important for plant P uptake), siderophore production (for growth in iron-limiting conditions), indole-3-acetic acid (IAA) phytohormonal secretion (beneficial to increase water and nutrient absorption), and 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase (for ethylene precursor degradation and regulation of plant stress response). Among the taxa identified by LEfSe as PDO-characterizing, species belonging to the genera Bacillus, Skermanella/Azospirillum, Paenibacillus, and unclassified species of the order Pirellulales contained most of the PGP features, whereas species from the genera Pseudarthrobacter, Planctomyces, and Microlunatus, together with unclassified members of the order Gaiellales, contained only one or two out of the five investigated PGP traits (Figure 6A). Conversely, if we look at the microbial taxa related to the non-PDO area (Figure 6B), species of the genus Nocardioides (i.e., unclassified Nocardioides and N. exalbidus) are the only ones in which more than two PGP traits out of five have been detected. Furthermore, two important PGP functions, namely nitrogen fixation and IAA production, have been scarcely observed in non-PDO related taxa (with the first only detected in species of unclassified Nocardioides while the latter entirely absent in non-PDO related taxa). PICRUSt2 confirmed most of the findings (Douglas et al., 2020), with some exceptions, above all for what concerns siderophore production and ACC deaminase production (Supplementary Table 5). This can be attributed at least in part to the fact that two markers used in our analysis and necessary for predicting the functionalities are absent in the databases provided with PICRUSTt2.
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FIGURE 6
 Schematic illustration showing the potential presence of PGP traits within the genomes of PDO-related (A) and non-PDO related (B) rhizospheric species. Each taxon was tested for the presence/absence of a specific set of PGP functions. The selected functions were nitrogen fixation, phosphorous solubilization, iron chelation, production of indole-3-acetic acid (IAA), and production of 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase. Green squares for putative presence of PGP activities, ivory squares for absence of PGP activity.





Discussion

This study aimed at characterizing the soil–plant microbiome dimension of the viticultural terroir of V. vinifera cultivar Lambrusco from the “Consorzio Tutela Lambrusco DOC” PDO area, in Emilia Romagna, Italy. This was made possible by comparing microbiomes from viticultural farms—of the same age—located immediately inside or outside the PDO area, thus controlling for complex variations associated with differences in pedoclimatic regions. The amplicon sequencing revealed a clear differentiation of the soil and rhizospheric microbiomes according to the sampling location, but not to the sampling season, and the bulk soil microbial diversity was higher within the PDO area rather than outside. When we applied the LEfSe analysis, we detected eight bacterial genera significantly differentially recruited by the plants grown inside the PDO consortium with respect to the non-PDO area. Specifically, the eight genera, and where possible the nested species, included Bacillus (B. korlensis, B. mediterraneensis, B. tuaregi, B. niacini, B. jeotgali, B. lonarensis, B. litoralis, and other unclassified species), Pseudarthrobacter, Planctomyces, Paenibacillus (P. castaneae, P. harenae, P. ferrarius, P. beijingensis, P. uliginis, and other unclassified species), Microlunatus (M. phosphovorus), and Skermanella/Azospirillum (A. brasilense and A. thiophilum), Pir4 lineage and uncultured members of the order Gaiellales. Stinkingly, such group of bacteria was also detected in the correspondent bulk soil samples of the same PDO areas, emphasizing the commonly accepted hypothesis that soil can function as rich microbial reservoir for those microorganisms that interact with the plant holobiont at the root level (Singh et al., 2019; Ling et al., 2022). Even if not entailing significant variations in the microbiomes compositional structure, seasonality was shown to be associated with relevant changes in the rhizosphere microbiome network topology, with features characterizing the seasonal dynamics in the PDO area. Interestingly, most of the network seasonal variations related to the PDO area involved PDO-related taxa, which seem to modulate their abundance in response to seasonality. All the PDO-related species identified by LEfSe (except for B. mediterraneensis and B. tuaregi) presented at least one of the PGP traits potentially involved in the biostimulation and biofertilization of grapevine, with some species combining multiple PGP traits, such as Bacillus, Skermanella/Azospirillum, and Paenibacillus, possibly exerting a multifactorial probiotic role for the plant growth and biology. In particular, the PGP features detected in PDO-related species included the abilities to produce ACC deaminase, IAA, and siderophores, of solubilizing phosphorous from soil particles and soil organic matter and of biofertilizing soil through nitrogen fixation, which are all features that play an important role in microbiome-root crosstalk and plant growth/adaptation (Qu et al., 2020). With such a specific microbiome configuration, PDO-related bacteria may induce modification of the root system architecture as previously demonstrated (Baldan et al., 2015), and thus enhance nutrients and water uptake by the grapevines, with a resulting higher resistance to environmental stresses, better plant health and, consequently, improvement of the organoleptic properties of the Lambrusco wine, probably contributing to the regional terroir (Rolli et al., 2015, 2017; Zarraonaindia et al., 2015). Conversely, non-PDO-related species show far less PGP traits. In this regard, the only widespread function identified is connected to the production of some well-known siderophores.

Referring to the available literature on the PDO-related bacteria, we noticed that Bacillus is widely found on the root of grapevines in several different studies (Longa et al., 2017; D’Amico et al., 2018; Marasco et al., 2018; Berlanas et al., 2019). In particular, the higher abundance of Bacillus in the PDO area is quite interesting since Bacillus is a well-known plant growth-promoting rhizobacterium which can have many beneficial effects on plant growth (Hashem et al., 2019). These include, for instance: improvement of iron acquisition (Xu et al., 2019), regulation of the Na+/K+ efflux (Tahir et al., 2019), and modulation of plant physiology by IAA production (Ansari et al., 2019). Additionally, Bacillus is able to promote plant root length, photosynthetic pigment formation, and shoot germination through the production of the ACC deaminase enzyme, which also enhances tolerance to salinity stress (Din et al., 2019). Specifically, for grapevine plantlets, it has been shown that Bacillus can upregulate melatonin synthesis and reduce the production of malondialdehyde and reactive oxygen species in salt and drought stress conditions (Jiao et al., 2016). Further, when we sought for plant growth-promoting features of Paenibacillus, we found that it can be important for enhancing drought tolerance by upregulating dehydration-responsive genes, RD29A and RD29B (Liu et al., 2020), and for improving root surface area, root projection area and root fork numbers by IAA production, nitrogen fixation, and phosphorous solubilization (Navarro-Noya et al., 2012; Li et al., 2022). Functional genes related to plant growth-promoting activity were also previously identified in Pseudarthrobacter, that is an aerobic auxin-producing bacterium (Park et al., 2020), Azospirillum, a noteworthy diazotrophic microorganism which stimulates plant growth in different ways, e.g., by enhancing roots development and lateral root formation by IAA production (Arzanesh et al., 2011; Fukami et al., 2018) and M. phosphovorus that has been reported as phosphorous accumulator in wastewater treatment plants (Dorofeev et al., 2020).

Finally, our data clearly show that all the above-mentioned PDO microbiome specificities are limited to the soil and rhizospheric microbiome ecosystems, while the corresponding root microbiomes, possibly under a strong host-driven selection pressure (Liu et al., 2017; D’Amico et al., 2018; Afzal et al., 2019), remain constant in the three different farms, independently of the PDO or non-DOP location.

Collectively, all the taxa we found characterizing the PDO area are commonly detected in grapevine rhizospheres (Zarraonaindia et al., 2015; Longa et al., 2017; Novello et al., 2017; D’Amico et al., 2018; Marasco et al., 2018; Berlanas et al., 2019; Bettenfeld et al., 2021). However, here their concomitant presence at high abundance, their network structure and their characteristic seasonal dynamics may represent a key feature of the “Consorzio Tutela Lambrusco DOC” microbial terroir, possibly contributing to the peculiarity of the regional wine product, generally supporting the strategic importance of the soil–plant microbiome interface in defining microbiome-associated terroir specificities of relevance for the overall product quality. Future studies on higher number of sites within and outside the PDO area, based on shotgun metagenomics and possibly providing for a more extensive sampling, are needed to better unravel the contribution of the root-associated microbiomes, as well as of specific PGP species and/or strains, to the specific regional characteristics of grapevines and associated local products. Finally, examining in depth the link between root microbiome and grapevine may also provide helpful information for vineyard management, productivity and precision oenology, as well as elements to be safeguarded as pivotal features of the microbial terroir of Lambrusco grapevine, especially in the context of the current global change scenario, where we are witnessing a continuous loss of microbial diversity in several ecosystems, including soil.
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1   https://www4.istat.it/it/archivio/207188


2   https://magazine.wein.plus/news/three-consortia-of-lambrusco-producers-in-emilia-romagna-are-merging-new-protection-association-consorzio-tutela-lambrusco-monitors-eight-doc-areas


3   https://www.consorziobalsamico.it/consortium/economic-data/?lang=en
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Background: Pinus yunnanensis is a major silvicultural species in Southwest China. Currently, large areas of twisted-trunk Pinus yunnanensis stands severely restrict its productivity. Different categories of rhizosphere microbes evolve alongside plants and environments and play an important role in the growth and ecological fitness of their host plant. However, the diversity and structure of the rhizosphere microbial communities between P. yunnanensis with two different trunk types—straight and twisted—remain unclear.

Methods: We collected the rhizosphere soil of 5 trees with the straight and 5 trees with the twisted trunk type in each of three sites in Yunnan province. We assessed and compared the diversity and structure of the rhizosphere microbial communities between P. yunnanensis with two different trunk types by Illumina sequencing of 16S rRNA genes and internal transcribed spacer (ITS) regions.

Results: The available phosphorus in soil differed significantly between P. yunnanensis with straight and twisted trunks. Available potassium had a significant effect on fungi. Chloroflexi dominated the rhizosphere soils of the straight trunk type, while Proteobacteria was predominant in the rhizosphere soils of the twisted trunk type. Trunk types significantly explained 6.79% of the variance in bacterial communities.

Conclusion: This study revealed the composition and diversity of bacterial and fungal groups in the rhizosphere soil of P. yunnanensis with straight and twisted trunk types, providing proper microbial information for different plant phenotypes.

KEYWORDS
pinus yunnanensis, trunk type, rhizosphere microorganism, microbial community, microbial diversity


Introduction

Pinus yunnanensis is an endemic tree species in Southwest China that makes up one of the principal subtropical coniferous forests (Gao et al., 2021). It is distributed in a variety of geological areas ranging from 23° to 30° N and 96° to 108° E and grows in a continuous distribution at elevations ranging from 700 to 3,000 m in the Yunnan–Guizhou region (Wang et al., 2013; Gao et al., 2021). P. yunnanensis plays an important role in forestry economic development and environmental regulation in China (Xu et al., 2016; Wang X. et al., 2021). The degradation of forest stands of P. yunnanensis is becoming increasingly serious, leading to a growing proportion of low-quality stands (e.g., twisted, stunted, bending) (Zhou et al., 2016), which severely restrict the utilization and development of P. yunnanensis. Nevertheless, to date, the cause for the formation of twisted trunk characteristics remains unclear.

Much attention has been given to the cause of trunk twisting. On the one hand, many researchers have suspected that the causes of trunk twists are the wind, Earth’s rotation, injuries, directional aspects, exposure, and the sun and moon (Kubler, 1991; Eklund and Säll, 2000) as well as soil nutrient status and other soil conditions (Copisarow, 1933; Harris, 1989). On the other hand, it has been reported that trunk twisting is under considerable genetic control, such as in P. radiata (Burdon and Low, 1992; Gapare et al., 2007), Picea sitchensis (Hansen and Roulund, 1997) and Picea abies (Silva et al., 2000). Regarding trunk twisting in P. yunnanensis, Chinese researchers also have different viewpoints. Chen and Lyu (1962) believed that the density was the basic factor for the occurrence and development of twisting and that the wind promoteed and strengthened twisting. Zhou (1974) thought that strong sunlight and periodic excessive moisture were the main causes. However, many studies have shown that the trunk type is genetically controlled (Cai et al., 2016). Combining investigation methods with traditional breeding, it was found that the twisted trunk phenotype of parents could be passed on to offspring (Chen et al., 1997). Some researchers hold the view that the formation of a large number of twisted trunks in P. yunnanensis is caused by the extensive selection logging of natural forests at early stages, the artificial negative selection of natural disasters and unclear germplasm sources for afforestation (Chen et al., 2014; Wang X. et al., 2021). Modern molecular biology methods also revealed that trunk twisting is mainly regulated by genetic factors (He, 1994; Zhou et al., 2016), but currently, researchers believe that the synergistic effect of environmental factors (biotic and abiotic) enhance the incidence of this twisted feature (Wu et al., 2022). Our previous transcriptome data from phloem showed that the differentially expressed genes (DEGs) between P. yunnanensis with the straight and twisted trunk types were mainly involved in the interaction between plants and microorganisms (not published).

Roots not only provide plants with mechanical support, water and nutrients (Molefe et al., 2021), but also exude an enormous range of potentially valuable compounds into the rhizosphere (Walker et al., 2003; Bais et al., 2006). Cumulative evidence suggests that these compounds play an invaluable role in determining the interactions between roots and, eventually, the dynamics of plant and soil communities (Bais et al., 2006; Broeckling et al., 2008; Chai and Schachtman, 2022). The rhizosphere encompasses the millimeters of soil surrounding a plant root that is home to an overwhelming number of microorganisms (Berendsen et al., 2012; Philippot et al., 2013). Recent studies have revealed that different species of plants, or even different plant traits of the same species, assemble different rhizosphere microbial communities in the same soil environment (Arafat et al., 2017; Sayer et al., 2017; Bickford et al., 2020). These complex plant-associated microbial communities are crucial for plants because they can affect plant growth, productivity, nutrients and immunity directly or indirectly (Van Wees et al., 2004; Egamberdieva et al., 2010; Erturk et al., 2010; Berendsen et al., 2012; Patel, 2018; Tahir et al., 2019; Gu et al., 2020; Song Q. et al., 2021), as well as affect host phenotypes and adaptability (Herrera Paredes et al., 2018). For instance, Finkel et al. (2020) found that rhizosphere microorganisms can promote root growth by affecting plant hormone levels in Arabidopsis. Additionally, Wagner et al. (2014) confirmed that rhizosphere microorganisms can affect flowering phenology and selection on flowering time. There is growing evidence of the ability of rhizosphere microorganisms to alter the root morphological structure and improve root functions, which in turn improves plant nutrient uptake and physiology (Vacheron et al., 2013; Castellano-Hinojosa et al., 2021). Furthermore, some rhizosphere microorganisms can also severely constrain plant growth and development. Some studies have demonstrated that the dysbiosis of the protective bacterial communities in rhizosphere soil promotes the incidence of disease while manifestingin phenotypes that differ from those of healthy plants (van der Heijden et al., 2008; Hu et al., 2018; Lee et al., 2020). In addition, the rhizosphere microbiota is a very important source of endophytic microorganisms (Chi et al., 2004; Vandana et al., 2021). Microorganisms have been observed to enter host plants through roots and colonize plants (Chi et al., 2005; Thomas and Reddy, 2013). It has been reported that among the various plant-associated microbiota, endophytic microorganisms exhibit the most intimate and specific association with host plants (Vasileva et al., 2019; Mishra et al., 2022). There is growing evidence that the endophytic microorganisms support plants against both biotic and abiotic stresses (Ludwig-Muller, 2015; Sugio et al., 2015). For example, they directly or indirectly promote plant growth by inhibiting the growth of plant pathogens, producing various secondary metabolites (Giménez et al., 2007; Kang et al., 2007; Balmer et al., 2013; Yan et al., 2019; Matsumoto et al., 2021; Shubhransu et al., 2021; Vandana et al., 2021) and impacting the host phenotype (Jousset et al., 2017; Hassani et al., 2018; Harrison et al., 2021). Thus, it is critical to study the diversity and function of rhizosphere microorganisms and their contribution to a healthy plant.

Plants survive and evolve in the presence of microorganisms, which could be pathogenic or symbiotic (Hartmann et al., 2014). The consensus reached is that plant performance and activities can be fully described and understood only when plants and closely related microflora are considered (Zilber-Rosenberg and Rosenberg, 2008). In other words, the plant is considered an organism harboring microbial populations (Rosier et al., 2016). Previous studies on plant rhizosphere microbes have been mostly conducted on model plants and cash crops, such as Arabidopsis thaliana (Robbins et al., 2018), maize (Aira et al., 2010; Molefe et al., 2021), and wheat (Egamberdieva et al., 2008; Rossmann et al., 2020). Nevertheless, the diversity of the rhizosphere microbiota of P. yunnanensis remains unclear, including the differences in rhizosphere microbiota between the twisted and straight trunk types.

In the present study, to further understand the relationship between trunk type and microorganisms in P. yunnanensis, we hypothesized that the diversity and structure of the rhizosphere microbiota of P. yunnanensis with the twisted trunk type would differ significantly from that of the straight trunk type. Based on the above, our objectives were to (i) compare the diversity and structural characteristics of the rhizosphere microbial communities between the straight and twisted trunk types of P. yunnanensis base on high-throughput sequencing and statistical methods, and (ii) estimate the interactions of P. yunnanensis with rhizosphere microorganisms and soil properties and their effects on trunk type.



Materials and methods


Study sites and soil sample collection

We sampled rhizosphere and bulk soils of P. yunnanensis with two different trunk types at three representative growth sites, including 5 trees with straight and 5 trees with twisted trunk at each growth site. The growth sites (Supplementary Table 1) were located in the cities of Kunming, Chuxiong and Dali in Yunnan Province, within the longitudinal range from 99.85° to 103.23° E. The distance between the sites exceeds 200 km, with the farthest distance being between Kunming and Dali, reaching 760 km.

P. yunnanensis with the two different trunk types are intermixed in the forest stands under the same management (Supplementary Figure 1). After the removal of litter, we collected soil samples from the rhizosphere and bulk soil at a depth of 20 cm using a hoe. Rhizosphere soil, collected by using the shake-off method of Riley and Barber (1971), was immediately stored in liquid nitrogen, transported back to the laboratory, and stored at -80°C for microbial diversity analysis. The soil that had no plants growing nearby was considered bulk soil. The bulk soils collected were air-dried at ambient temperature for soil property measurement (Shi et al., 2011; Kamutando et al., 2017).



Analysis of soil physical and chemical properties

Air-dried bulk soil samples were used to measure organic matter, pH, total and available nitrogen (N), phosphorus (P), and potassium (K), and catalase and sucrase activity. The soil organic matter was measured using the K2Cr2O7 (Walkley-Blach) method. The pH value was determined by the glass electrode method; total N by the Kjeldahl method; total P and available P by the molybdenum antimony resistance colorimetric method; total K by the NaOH melting-flaming luminosity method; available N by diffusion; and available K was determined in ammonium acetate (NH4OAc) extract by flame photometry (Zhang et al., 2014). Sucrase activity was measured using the 3,5-dinitrosalicylic acid colorimetric method, and catalase activity was determined by the KMnO4 titration method (Ge et al., 2018).



DNA extraction and sequencing

Microbial DNA from rhizosphere soil samples was extracted using an MN NucleoSpin 96 Soi kit (Macherey-Nagel, Germany) following the manufacturer’s instructions. The concentration of the DNA extracted from the each sample was shown in Supplementary Table 2. The V3–V4 hypervariable regions of the 16S rRNA gene were amplified for each sample using barcoded universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′)/806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Guo et al., 2018). The ITS1F (5′-CTTGGTCATTTAGAGGAAGTAA-3′)/ITS2 (5′GCTCGTTCTTCATCGATGC-3′) primer pair was used to amplify the fungal internal transcribed spacer (ITS1) gene (Gardes and Bruns, 1993; Li et al., 2020). All high-throughput sequencing analyses of bacterial and fungal genes were performed based on the Illumina HiSeq 2500 platform (2 × 250 paired ends) at Biomarker Technologies Corporation (Beijing, China).

The raw data were quality-filtered using Trimmomatic (version 0.33) (Bolger et al., 2014), and the primer sequences were identified and removed by Cutadapt (version 1.9.1) (Martin, 2011). To obtain high-quality sequences, splicing of double-ended reads was performed using USEARCH (version 10), and chimeras were removed from the operational taxonomic unit (OTU) table using UCHIME (version 8.1) (Edgar et al., 2011; Edgar, 2013). The OTUs of bacteria and fungi were clustered at the 97% nucleotide identity threshold using USEARCH (version 10.0) (Edgar, 2013) with the GreenGenes Database (version 13.5) (DeSantis et al., 2006) and the Unite Database (version 8.0) (Kõljalg et al., 2005) as the reference. OTUs were filtered using 0.005% of all sequence numbers as a threshold (Bokulich et al., 2013).



Statistical analysis

The differences in the microbial communities between the two groups were analyzed using linear discriminant analysis (LDA) effect size (LEfSe) based on taxonomic composition at different classification levels.




Results


Soil properties and their correlations with microbial communities in different trunk types

The soil physical and chemical properties of the two different trunk types of P. yunnanensis were determined. As shown in Table 1, compared with the soil from the twisted trunk group, the soil from the straight trunk group had a significantly lower available P content (P = 0.02).


TABLE 1    The physical and chemical properties of soil in the sampling fields of twisted and straight trunk P. yunnanensis.
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The impact of the soil physical and chemical properties on bacterial and fungal community variation was determined by Mantel tests (Table 2). The results showed that available K was correlated with fungal communities (P = 0.01).


TABLE 2    Mantel tests of the correlation between the content of soil properties and the relative abundance of microbia at the genus level.
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Rhizosphere microbial diversity and differences between trunk types

To explore the rhizosphere soil bacterial and fungal communities of P. yunnanensis with two different trunk types, high-throughput sequencing of 16S rRNA and internal transcribed spacer (ITS) regions was performed for microbiomes from 30 rhizosphere samples. In total, we obtained 2,395,106 high-quality paired reads for bacteria and 2,472,255 paired reads for fungi, accounting for 96.40 and 98.04% of their raw tags, respectively (Supplementary Table 3). The composition and relative abundance for each taxon were obtained based on the OTU classification results. At the cut-off of 97% similarity (Edgar, 2013), the rhizosphere soil microbial communities of P. yunnanensis consisted of 1, 601 bacterial OTUs and 929 fungal OTUs. Specifically, 1,061 bacterial and 877 fungal OTUs were identified in straight-trunk P. yunnanensis, while 1,061 bacterial OTUs and 895 fungal OTUs were identified in twisted-trunk P. yunnanensis (Figure 1).
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FIGURE 1
Venn diagram of specific and shared bacterial (black) and fungal (red) OTUs in straight and twisted trunk P. yunnanensis. S, straight trunk type of P. yunnanensis; T, twisted trunk type of P. yunnanensis.


According to the Chao1 and Shannon-Wiener indices, we did not observe a significant difference in alpha diversity between the two trunk types (Figure 2). Moreover, the PERMANOVA results suggested that trunk type explained 6.79% of the variance in bacterial communities (P = 0.02) (Table 3).
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FIGURE 2
The Chao 1 (species richness), and Shannon (species diversity) indexes of bacterial and fungal communities for the straight and twisted trunk P. yunnanensis. Panels (A,B) represent Chao 1, and Shannon indexes of bacteria, respectively. Panels (C,D) represent Chao 1, and Shannon indexes of fungi, respectively. S, straight trunk type of P. yunnanensis; T, twisted trunk type of P. yunnanensis.



TABLE 3    PERMANOVAs of the influence of trunk types on the microbial communities.
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Taxonomic composition of bacterial communities

We assessed the taxonomic composition of straight- and twisted-trunk P. yunnanensis rhizosphere microbial communities at different classification levels, including the phylum, order and genus levels. The results are shown in Figure 3. At the phylum level, there were 24 different bacterial phyla in both the straight and twisted groups. Among them, the relative abundances of Proteobacteria in the rhizosphere microbial communities of twisted-trunk P. yunnanensi were higher than those of straight-trunk P. yunnanensis (P = 0.02, Supplementary Figure 2). Furthermore, the relative abundance of Chloroflexi in twisted-trunk P. yunnanensis was significantly lower than that in straight-trunk P. yunnanensis (P = 0.04, Supplementary Figure 2). The same 142 rhizosphere bacterial orders were obtained in both the straight and twisted trunk groups. In the twisted trunk group, the relative abundance of Pyrinomonadales was 5.6 times higher than that in the straight trunk group, but the difference was not significant. The relative abundance of uncultured_bacterium_c_Subgroup_6 was significantly higher in the twisted trunk group (P = 0.01, Supplementary Figure 2). At the genus level (Figure 3C), the bacterial community structure appeared more stable across the different compartments. Each of the two groups had 316 identical genera. Subgroup_2 (10.76 and 9.07%, respectively), Acidobacteriales (8.09 and 7.18%, respectively), and Elsterales (5.52 and 4.87%, respectively) were the most abundant taxonomically known genera between the straight and twisted trunk groups. The relative abundances of Acidobacteriales and uncultured_bacterium_c_AD3 were significantly higher in the straight trunk group (P = 0.03, Supplementary Figure 2). In addition, Bradyrhizobium was one of the most enriched bacterial genera in the rhizosphere microbial community of straight- and twisted-trunk P. yunnanensis.
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FIGURE 3
Taxonomic composition and structure of bacterial and fungi communities at phylum, order and genus levels. Panels (A–C) represent phylum, order and genus level of bacteria, respectively. Panels (D–F) represent phylum, order and genus level of fungi, respectively. S, straight trunk type of P. yunnanensis; T, twisted trunk type of P. yunnanensis.




Taxonomic composition of fungal communities

We assessed the taxonomic structure of rhizosphere fungal communities at different classification levels by the same analysis method mentioned above. The composition of fungal communities comprised 7 different phyla, and 2 of them had a relative abundance greater than 1%, including Basidiomycota (72.96 and 68.35%, respectively) and Ascomycota (26.12 and 29.76%, respectively), with an overall relative abundance higher than 98% in the straight and twisted trunk groups (Figure 3D). The dominant fungal phyla in rhizosphere soil showed no clear difference between the straight and twisted trunk types of P. yunnanensis, as we estimated. In addition, there were 12 orders with an average relative abundance of more than 1% in the straight trunk group. The relative abundances of Thelephorales, Agaricales and Helotiales in the straight trunk group were more than twice as high as those in the twisted trunk group (Figure 3E). Nevertheless, such a difference was not significant due to the larger dispersion value. We identified a total of 222 and 223 fungal genera in the straight and twisted trunk groups, respectively. The results demonstrated that Inocybe (7.55 and 0.84%, respectively) was one of the genera with the greatest relative abundance variation between the straight and twisted trunk groups (Figure 3F). Furthermore, in the twisted trunk group, the relative abundances of both Tylopilus (1.64%) and Hymenogaster (1.36%) were greater than 1%. In contrast, in the straight trunk group, their relative abundances were less than 0.01%. The relative abundances of plant pathogens such as Penicillium and Fusicolla were higher in the twisted trunk group. At the species level, the relative abundance of Penicillium nodositatum was significantly higher in the twisted trunk group (P = 0.03, Supplementary Figure 2).



Identification of microbial biomarkers for distinguishing different trunk types

To explore the indicator bacterial and fungal communities in rhizosphere soil of straight- and twisted-trunk P. yunnanensis, we conducted LEfSe analysis to identify biomarkers for each group based on the taxonomic composition of rhizosphere microbial communities with logarithmic LDA score > 4.0. The results showed that there were 18 distinctly abundant taxa in the two groups (Figures 4A, C). Specifically, 7 were differentially abundant in straight-trunk P. yunnanensis, including Chloroflexi and Actinobacteria. There were 11 taxa in the twisted-trunk, including Pyrinomonadales and Proteobacteria.


[image: image]

FIGURE 4
Histogram of LDA value distribution and evolutionary branch graph of LEfSe analysis. (A) The microbial biomarkers between different trunk shapes of P. yunnanensis in bacteria. (B) The microbial biomarkers between different trunk shape P. yunnanensis for fungi. (C) The different taxon between different trunk shape P. yunnanensis in bacteria. (D) The different taxon between different trunk shape P. yunnanensis in fungi. The circles from inner to outer layers represent the taxonomic level from phylum to species. The dots on circles represents a term on the corresponding taxonomic level. The size of the dots indicates relative abundance. Coloring: Species with no significant difference are colored in yellow, orange stand for twisted trunk group, and blue for straight. Species with certain color mean the abundance of this species is the highest in the corresponding group, which helps to visualize the most important microbial communities in each group. The lowercase p, c, o, f, g, and s in front of the symbol “_” represent the phylum, class, order, family, genus and species, respectively. S, straight trunk type of P. yunnanensis; T, twisted trunk type of P. yunnanensis.


The LEfSe analysis of the fungal communities from the two trunk groups showed that 6 abundant fungal taxa presented significant differences, including Penicillium laeve, Oidiodendron, Myxotrichaccac, Russula cyanoxantha, Thelephoraceae and Thelephorales. Myxotrichaceae and Thelephoraceae were differentially abundant between the straight trunk and twisted trunk groups. The species Penicillium laeve and Russula cyanoxantha were more abundant in the twisted trunk group (Figures 4B, D).




Discussion

To understand the soil conditions of straight and twisted trunk-type plants, we tested the physical and chemical properties of the soil around the roots. The results revealed that the available P content was significantly higher (P = 0.02) in the soil of twisted- than straight-trunk P. yunnanensis. Other physical and chemical properties were non-significantly different between the different trunk types of P. yunnanensis. The content of phosphorus and other nutrients in the soil represents the potential fertility of the soil (Song Q. et al., 2021). Soil fertility affects plant growth and the survival of microbes (Wang et al., 2020). For example, adequate phosphorus fertilization enhanced the seedlings growth and nutrient content of P. massoniana (Chen et al., 2022), and low fertility often tends to affect plant root structure and morphology to increase access to limiting nutrient resources (Zadworny et al., 2017). Kumar and Garkoti (2022) also reported that soil nutrients can influence the rhizosphere effect, which affects the transfer of energy and nutrients from the soil to plant roots. Furthermore, we found that available K was correlated with fungal communities (P = 0.01). As the environment for microbial life in the rhizosphere, soil properties influence the physiology and growth of soil microbial communities (Molefe et al., 2021). In addition, the associated soil nutrients (e.g., amount of C, N, and K) can change under biotic and abiotic environmental disturbances (Bastida et al., 2006; Otlewska et al., 2020; Crandall et al., 2022). Potassium-solubilizing microorganisms, widely present in different soil environments, can be used as biofertilizers to make available K from minerals and rocks, ultimately influencing soil nutrients, crop growth and quality (Das and Pradhan, 2016). The differential microorganisms in the rhizosphere of P. yunnanensis may disturb the balance of plant available nutrients in the soil and eventually lead to differences in the available P of different trunk types of P. yunnanensis. In turn, this difference can affect microorganisms. Moreover, our study revealed that trunk type explained 6.79 and 3.79% of the variance in bacterial (P = 0.02) and fungal communities, respectively. Perhaps the variance in microbial communities was determined by P. yunnanensis secreting compounds that specifically stimulate or inhibit the members of the microbial community (Bais et al., 2006; Arafat et al., 2017; Vives-Peris et al., 2020; Volpiano et al., 2022). In summary, we considered the soil environment, P. yunnanensis and microorganisms to interact and influence each other. We inferred that the trunk types of P. yunnanensis were influenced by microorganisms and soil properties, and vice versa.

Previous studies reported that plants can shape and recruit microbes from soil microbial communities to type rhizosphere microbial communities (Liu et al., 2021; Song Y. et al., 2021). Based on 16S rRNA gene sequence data, the rhizosphere bacterial community diversity in the straight and twisted trunk groups of P. yunnanensis was highly similar, including 24 phyla, 66 classes, 142 orders, 206 families, 316 genera and 334 species. The two different trunk types contained a similar relative abundance of rhizosphere microbial communities, which were dominated by Acidobacteria, Proteobacteria, Actinobacteria, Chloroflexi and Planctomycetes in P. yunnanensis. Acidobacteria constitutes the most abundant phylum whose members dominate soil bacterial communities (Liu et al., 2016). Here, we can exclude the effect of sampling distance on this result because the sampling sites were not close together. Acidobacteria, significantly enriched in the straight trunk group, are resistant to oxidative stress through the production of carotenoids, which may offer a competitive advantage for themselves in soils (Pinto et al., 2021). Their dynamic roles in vital ecological processes, including regulation of biogeochemical cycles, decomposition of biopolymers, exopolysaccharide secretion, and plant growth promotion have been investigated (Kalam et al., 2020). Surveys of root microbiomes suggested that certain members of the lineages cited above may be consistently enriched in the plant root environment (Yeoh et al., 2017). Some of them, such as Proteobacteria and Actinobacteria, occur in many plants as the dominant phyla, such as Arabidopsis thaliana (Bulgarelli et al., 2012), barley (Bulgarelli et al., 2015), lettuce (Schreiter et al., 2014), oak (Uroz et al., 2010), ginseng (Ying et al., 2012; Wang H. et al., 2021), Dendrobium (Zuo et al., 2021), and wheat (Rossmann et al., 2020). Furthermore, Bradyrhizobium was one of the most enriched bacterial genera in this study. Multiple studies have confirmed that co-inoculation of Bradyrhizobium and Plant Growth Promoting Rhizobacteria (PGPR) is beneficial to plant growth, including nodule biomass, root biomass, and shoot biomass, and they can be applied together as biofertilizers for production of economically important plants (Htwe et al., 2019; Zeffa et al., 2020).

According to our results, the twisted trunk rhizosphere microbiome group had slightly higher fungal OTUs and alpha diversity than the straight trunk group. The twisted trunk group consistently presented slightly higher bacterial alpha diversity than the straight trunk group. However, the differences were not significant. On the basis of the taxonomic composition, we observed that the relative abundances of Thelephorales, Agaricales, Helotiales and Oidiodendron in the straight trunk group were more than twice as likely as those in the twisted trunk group. Oidiodendron alters the length and branching of pioneer and fibrous roots of blueberry cuttings (Baba et al., 2021). Additionally, the relative abundances of Penicillium and Fusicolla were higher in the twisted trunk group. Unclassified genera accounted for 26.94%, which perhaps deserves further study in the future.

In this study, the LefSe analysis showed that Proteobacteria and Penicillium laeve were the key taxa in the rhizosphere soil of twisted-trunk P. yunnanensis. A large number of microorganisms in Proteobacteria (Tsolis, 2002; Preston et al., 2005) and Penicillium (Yang et al., 2017) are considered to be plant pathogens. In contrast, Acidobacteria and Oidiodendron were the key taxa in the rhizosphere soil of straight-trunk P. yunnanensis. Acidobacteria were reported to contribute to the healthy growth of their host plants and increase the chlorophyll content (Yoneda et al., 2021). Oidiodendron has a significant effect on root morphology (Baba et al., 2021).

Research on the effects of microorganisms on plants is extensive, both in terms of plant species and microbial species (Jacoby et al., 2017; Fitzpatrick et al., 2018; Caruso, 2020). Regarding conifers, Timonin (1964) found that disinfecting seeds of P. banksiana and P. glauca caused a significant reduction in seedling emergence. It was only later that researchers discovered that the lack of certain microorganisms on the seed surface may negatively affect seed germination and be detrimental to plant growth and development (Cardoso et al., 2011). Subsequent studies have found that rhizosphere microorganisms influence conifers in every way (Garcìa et al., 2004; Heredia-Acuña et al., 2018). For example, they influence the root length via hormones (Bent et al., 2001), shoot height and dry mass via phosphate solubilization (Singh et al., 2008), and growth via synergy or antagonism (Rojas et al., 2001). These effects determine the complex and variable phenotype of the plant. The variability occurs not only between species but also within a species. Understanding this variability is of key importance to improve the target products (Pot et al., 2002). Twisting is a representation of textured spirals (Gapare et al., 2007) and helical growth (Nakamura and Hashimoto, 2020). As a model plant, twisting has been studied in depth in Arabidopsis thaliana (Okada and Shimura, 1990; Buschmann et al., 2004; Nakamura and Hashimoto, 2020). However, the trunk twisting characteristics of trees have been less studied due to the long growth cycle and slow phenotypic shift of trees. To the best of our knowledge, there is no relevant report on the relationship between trunk types and microorganisms in conifers (e.g., P. yunnanensis). Rhizosphere microorganisms are one of the sources of endophytic microorganisms to plants, representing one of the important effects of microorganisms on plants. In the present study, we reported the first comprehensive investigation of microbial communities in rhizosphere soils between straight- and twisted-trunk P. yunnanensis.

Although our understanding of the effects and mechanisms of microbial action on plants is growing, there is no doubt that it is limited. The practical use and routine application of microorganisms remains a challenge, and it may take many years before our understanding is adequate to ensure their successful application in different systems (Cardoso et al., 2011). In this study, we could not determine that rhizosphere microorganisms contribute directly to the trunk types of P. yunnanensis, but the results provide us with some useful information for future studies on the causes of twisted trunk formation. Next, perhaps we will be able to determine the relationship between rhizosphere and endophytic microorganisms, determine the effect of a particular microorganism and/or available P on P. yunnanensis growth and trunk type and further investigate the effects of interactions of P. yunnanensis with microbes and environments on trunk types.



Conclusion

We provided a detailed and systematic understanding of the rhizosphere microbiome composition between straight and twisted trunk types of P. yunnanensis. Our high-throughput sequencing results demonstrated that the diversity and community composition of the two trunk types were similar. Further analysis showed that Proteobacteria and Penicillium laeve were the key taxa in the rhizosphere soil of twisted-trunk P. yunnanensis. In contrast, Acidobacteria and Oidiodendron were the key taxa in the rhizosphere soil of straight-trunk P. yunnanensis. Moreover, available potassium has a significant effect on fungi. Trunk type explained 6.79 and 3.79% of the variance in bacterial and fungal communities, respectively. Available phosphorus differed significantly between the two trunk types of P. yunnanensis. These findings significantly advance our fundamental understanding of the rhizosphere microorganisms of P. yunnanensis and of the microbial diversity of different plant phenotypes.
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Legume nodulation is the powerhouse of biological nitrogen fixation (BNF) where host-specific rhizobia dominate the nodule microbiome. However, other rhizobial or non-rhizobial inhabitants can also colonize legume nodules, and it is unclear how these bacteria interact, compete, or combinedly function in the nodule microbiome. Under such context, to test this hypothesis, we conducted 16S-rRNA based nodule microbiome sequencing to characterize microbial communities in two distinct sized nodules from field-grown peanuts inoculated with a commercial inoculum. We found that microbial communities diverged drastically in the two types of peanut nodules (big and small). Core microbial analysis revealed that the big nodules were inhabited by Bradyrhizobium, which dominated composition (>99%) throughout the plant life cycle. Surprisingly, we observed that in addition to Bradyrhizobium, the small nodules harbored a diverse set of bacteria (~31%) that were not present in big nodules. Notably, these initially less dominant bacteria gradually dominated in small nodules during the later plant growth phases, which suggested that native microbial communities competed with the commercial inoculum in the small nodules only. Conversely, negligible or no competition was observed in the big nodules. Based on the prediction of KEGG pathway analysis for N and P cycling genes and the presence of diverse genera in the small nodules, we foresee great potential of future studies of these microbial communities which may be crucial for peanut growth and development and/or protecting host plants from various biotic and abiotic stresses.
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Introduction

Bulk and rhizosphere soil contain an array of microbes including bacteria, fungi, algae, protozoa, and archaea (Msimbira and Smith, 2020) with great influence on plant health and nutrient cycling. However, the proper functioning of soil microbial communities depends on many factors including the availability of nutrients, temperature, water, soil structure, pH, and host genotypes and their secreted root exudates (Zgadzaj et al., 2016; Li et al., 2017; Pramanik et al., 2020; Vaidya and Stinchcombe, 2020). An understanding of endophytic or epiphytic soil-microbe interactions with host roots is of great importance because of their potential to promote plant growth in various ways through enhanced nutrient, mineral and water use efficiency, increased production of phytohormones, induced biotic and abiotic stress tolerance, and minimized toxicity of contaminants (Bacon and White, 2016; Kumar et al., 2017; Harman and Uphoff, 2019; Bhattacharyya and Furtak, 2022).

Studies have shown that nitrogen (N2) fixation has been a great interest for decades because of the advantage of mutualistic soil rhizobia interactions with the host legumes, thereby developing a symbiotic organ “nodule” (Oldroyd, 2013; Liu and Murray, 2016; Zipfel and Oldroyd, 2017; Lace and Ott, 2018; Poole et al., 2018). Rhizobial bacteria housed in this “nodule” fix atmospheric N2 into ammonia (Martínez-Hidalgo and Hirsch, 2017), a source of N for plant growth and development. The nodule formation and development process in legumes is quite complex and highly restricted due to host specificity (Dazzo and Gardiol, 1984; Menéndez et al., 2019; Walker et al., 2020). Unlike the symbiotic host specificity of the nodulation process, a variety of non-rhizobial endophytic or epiphytic strains can mutually interact with both legumes and non-legume crops (Chen et al., 2003; Berg, 2009; Aserse et al., 2013; Martínez-Hidalgo and Hirsch, 2017; Harman and Uphoff, 2019; Olanrewaju and Babalola, 2019; Fadiji et al., 2020; Swarnalakshmi et al., 2020). Some recent microbiome studies have identified that both rhizobial and non-rhizobial strains can eventually nodulate legumes in which the previously known legume nodulation concept of host specificity/restriction for rhizobial interactions changed dramatically (Moulin et al., 2001; Sy et al., 2001; Martínez-Hidalgo and Hirsch, 2017; Mayhood and Mirza, 2021; Bender et al., 2022).

Like other legumes, peanuts can form N2-fixing root nodules interacting with host-specific rhizobia in cultivated soils. In general, most legume genera (~ 75%) utilize root-hair dependent infection processes (Quilbé et al., 2022); however, the rhizobial infection process in peanut along with some other legumes (such as Sesbania, Aeschynomene, Mimosa, etc.) is unique and occurs through a “crack entry” mechanism (Boogerd and van Rossum, 1997; Held et al., 2010; Sharma et al., 2020), where rhizobia enter through epidermal cell layer of root tissues at the base of emerging lateral roots and proliferation later occurs into the root cortical cells, subsequently developing nodule primordia and nodules (Bogino et al., 2011; Nievas et al., 2012). Previously published research reported that nodule formation in peanut can occur with a broad range of Bradyrhizobium and other rhizobial strains, isolated from different groups of legume plants (Tatiana et al., 2003; Taurian et al., 2006; El-Akhal et al., 2008; Yang and Zhou, 2008; Zaiya Zazou et al., 2018). However, nodulation and N2 fixation in peanut can vary depending on numerous factors, such as strains and inoculation practices, geographical locations, soil structure, temperature, water availability, soil acidity, salinity, intercropping, crop rotation, fertilization regime, application of herbicide and pesticide uses, etc. (Rowland et al., 2015).

In addition to the above-mentioned factors, it has been reported that nodule size and root zone depth under the soil (particularly during stress condition) have a direct impact on nodule N2 fixation, effectiveness, and activity (Hardarson et al., 1989; King and Purcell, 2001; Voisin, 2003; Tajima et al., 2007). Tajima et al. (2007) found that N2-fixing activity directly correlates with the nodule size. For example, medium size nodules (1.5–2.0 mm in diameter) had the highest N2-fixing activity per unit fresh weight of nodule compared with the smaller (<1.5 mm) or larger (>2.0 mm) size nodules. In general, nodule formation in legumes is variable and their N2-fixing activity may change with developmental stages (Tajima et al., 2007). During early growth stages when nodules are smaller in size, typically, the nodule interior color is white and N2-fixing activity is low due to the bacterial cell growth and development. However, at the flowering stage when the nodule color is red/pink and medium in size, N2-fixing activity is higher due to active enzyme activity and proper bacterial cell growth. At the late stages of plant growth, although the nodule size may be larger, the nodule color changes to greenish and N2-fixing activity rapidly decreases. In addition to the nodule size, effectiveness, and N2-fixing activity, the lack of resource (C-source) allocation/or sanctioning by plants to the strains that colonize the nodule can also impact nodule size, development, N2 fixation activity due to bacterial competition, and/or fitness (Westhoek et al., 2021).

In previous studies (Ellman-Stortz, 2021), we noticed that peanut roots in experiments at AgriLife research station (Vernon, Texas, United States) formed two types of nodules: regular size N2-fixing nodules (hereafter referred to as big nodules) as well as many small nodules in the same plant root system. Interestingly, the growth of these small nodules was arrested yet the nodule development persisted at all growth stages throughout the plant life cycle. Hence, our main objective and research interest was to understand what microbial communities inhabit these small nodules, which might provide a new direction of research opportunities for peanut nodule function and crop improvement.



Materials and methods


Field and experimental conditions

The study was conducted under furrow irrigation at the Texas A&M AgriLife Research and Extension Center at Vernon. The soil is classified as a Miles fine sandy loam (Fine-loamy, mixed, super active, thermic Typic Paleustalfs). Peanuts (Span17) were planted on 14 May 2021 at 16 seed m−1 using a four-row vacuum planter (1-m row spacing). The preceding year’s crop was cotton. Seed was treated with a commercial inoculum (Exceed® Peat for peanut/cowpea/lespedeza/mung bean; Visjon Biologics) prior to planting. Plots were arranged in a randomized complete block design and replicated four times. Treatments included no cover crop and various cover crop treatments. For this study, peanut plants were collected from the no cover crop control plots only.



Sample harvesting, surface sterilization, and DNA extraction

Nodules of two independent plant roots were collected from randomized plots in three developmental stages (R2, R4 and R7; Prasad, 1999). Whole peanut plants with roots and nodules were transported overnight on ice from the field site to the laboratory. Roots and nodules were washed thoroughly with tap water and wiped with a paper towel before collecting two types of nodules (big and small) from roots for surface sterilization. Ten big nodules (~ 1.5–2.0 mm), five from each plant, and 20 small nodules (<1.5 mm), 10 from each plant, were selected and immersed in 70% (v/v) ethanol for 2 min, washed with sterile H2O three times, and then soaked in 10% (v/v) commercial bleach for 5 min. After bleach treatment, nodules were carefully washed 5–6 times with sterile H2O and rinsed of any trace elements of bleach. A total of 12 big and 12 small nodule samples (3 growth stages x 4 plots) were independently collected for total DNA isolation.

Total DNA was extracted from the nodules using DNeasy Plant Pro Kit (Qiagen), according to the manufacturer’s instructions. DNA quality and concentration were determined using a NanoDrop 2000 spectrophotometer (Thermo Scientific, Waltham, United States).



Amplification of nifH, nodC, and 16S rRNA genes

To confirm DNA amplifiability, the 16S rRNA gene was amplified using primers Eub338 and Eub518 (Fierer et al., 2005). To check for the presence of symbiotic marker genes (nifH and nodC) in the isolated nodules DNA, primers for nifH (Poly et al., 2001) and nodC genes (Sarita et al., 2005) were used for PCR amplification. The same PCR conditions were used for all three amplicons (16S, nifH, and nodC) which is as follows: 1 cycle of 95°C for 5 min (preheating), 30 cycles of 95°C for 30 s, 55°C for 30 s, and 72°C for 1 min, and a final extension period at 72°C for 5 min. The size of the PCR product was confirmed by electrophoresis on a 2% agarose gel. For PCR reactions, nuclease-free PCR grade water, 2x GoTaq Master mix, and polymerase were purchased from Promega.



Library preparation and sequencing

DNA sequencing was performed at the Texas A&M University Institute for Genome Sciences and Society (TIGSS) using Illumina MiSeq. Amplicon of V3-V4 regions of 16S rRNA gene amplified from 10 ng of DNA and 250 bp paired-end library cleaning, indexing, library quantification, normalization, pooling, and loading for MiSeq sequencing was carried out following the standard library preparation guide (Illumina, United States).



Data analysis of 16S amplicons

Nodule microbiome sequencing results were analyzed with the QIIME 2 software package version 2021.81 (Bolyen et al., 2019) and plugins associated with this version. Raw paired-end sequencing reads were demultiplexed using the demux plugin2 with the demux emp-paired command. Quality control, filtering chimeric sequences, and feature table construction were done using the q2-dada2 plugin (Callahan et al., 2016) with trimming parameters (--p-trim-left-f 10 --p-trim-left-r 10 --p-trunc-len-f 250 --p-trunc-len-r 250) based on the demux visualization (QIIME 2 View). Taxonomy classification alignment with 99% similarity was done against the SILVA 138 database (Quast et al., 2012; Yilmaz et al., 2014) using a pretrained naive Bayes classifier and the “feature-classifier” plugin (Bokulich et al., 2018) with the “classify-sklearn.”

Based on “feature table” visualization, an additional filtering step was used to filter out samples with a total feature count less than 3,281. Furthermore, “low abundance features” (i.e., ASV’s with low frequency) were filtered from “feature-table” using “feature-table filter-features” command with “-p-min-frequency 10.” In addition, taxonomy-based filtering was conducted to remove mitochondria, chloroplast, Archaea, and Eukaryota using “taxa-filter-table and taxa-filter-seqs” commands from both taxonomic and rep-seqs tables.

After analyzing raw sequence data, we found more than 5 million sequence reads for both forward and reverse fragments from the 24 nodule microbiome samples with an average count of 111,646 reads per sample generated (Supplementary Table 1). The demultiplexed sequence data resulted an average of 59,560 non-chimeric sequence reads (52.66%; Supplementary Table 2) and inferred a total of 950 amplified sequence variants (ASVs) with an average number of features 40 and mean frequency 59,812 per sample. Since one of the samples (05-PNMB-104R4; Supplementary Table 2) generated a smaller number of non-chimeric sequence reads (6.71%), we further filtered out ASVs based on sampling depth to those that were less than 3,281 feature count/samples, and the minimum feature frequency was set to 10, leaving behind 492 ASVs from 23 samples (lowest feature count was retained to 35,401), which was analyzed further for community diversity and taxonomic classification.

A taxonomic bar-plot was generated using the filtered table and assigned taxonomy file and visualized through the QIIME 2 view website. The resulting filtered sequences from above were used to construct a phylogenetic tree using “align-to-tree-mafft-fasttree” pipeline from the q2-phylogeny plugin.3 Subsequently, phylogenetic diversity metrics were constructed with the resulting output “rooted phylogenetic tree.” Alpha and beta diversities were calculated through the q2-diversity plugin4 using the “core-metrics-phylogenetic” method with a sampling depth (rarefaction) of 1,290. Associations between categorical metadata columns (two types of nodule samples) and alpha diversity data were calculated through “qiime diversity alpha-group-significance” with Kruskal-Wallis pairwise test (Kruskal and Wallis, 1952) for Shannon’s diversity index. In addition, we also used PERMANOVA (default) to evaluate if the distances between the two nodule groups (sample compositions) were similar using the “qiime diversity beta-group-significance” plugin (Anderson, 2001) for weighted UniFrac distance. Further, we also conducted Mann–Whitney/Wilcoxon significance tests for alpha and beta diversity in two nodule groups and Kruskal-Wallis pairwise test for beta diversity analysis in three developmental growth stages of small nodules using the “rstatix” package in R. To find similarity within samples or dissimilarity between sample groups, a principal component analysis (PCA) was conducted using the centered log ratio (CLR) transformed microbial compositions. The PERMANOVA (n = 999) was done on Aitchison distance matrices to test significant effect of microbial compositions between two nodule types using the vegan package in R. A compositional heatmap of CLR-transformed microbial abundance (prevalence = 5) across samples was made with R package “microViz.”

To identify differentially abundant core microbial communities from two types of nodule samples, we used a statistical power analysis called “ANCOM” (analysis of composition of microbiomes) using ANCOM plugin (Mandal et al., 2015) with “qiime composition ancom” command. For ANCOM analysis, the ASV table that filtered out for low features, frequency, and for chloroplast, mitochondria, Archaea, and Eukaryota was used. Initially, taxa were collapsed using “qiime taxa collapse” command with - -p-level 6 to create a genus level table and later, add-pseudocount 1 for log0 (if any), and finally, “qiime composition ancom” command was used to tabulate significant (W-score) groups of bacteria at genus level that were differentially abundant (Estaki et al., 2020).

To predict functional profiles of pathways from 16S rRNA gene sequences of big and small nodule microbiome data (i.e., ASVs and abundance), we analyzed functional metabolic pathways for KO, EC, TIGRFAM, COG, CAZymes, and Pfam using a recently published metagenome analysis tool called “MicFunPred” (Mongad et al., 2021).

All the bioinformatics and biostatistics data were analyzed using Qiime-2 (Bolyen et al., 2019), Phyloseq (McMurdie and Holmes, 2013), and R packages in R Studio platforms (RStudio Team, 2020), and all the figures were generated using R version 4. 1. 2 (R Core Team, 2013).



Data availability statement

Raw sequencing data were submitted to the NCBI Sequence Read Archive (SRA) under Bio Project accession PRJNA865795 and will be available upon publication. Data files and scripts that were used to generate figures are available at github.com/shak71/PNM.




Results


Peanut forms a distinct pattern of nodulation in the field

Despite being inoculated with host-specific rhizobia, the field-grown peanuts formed both regular (referred to as big) sized (Figure 1A) and small nodules (Figure 1B; Please see M&M section for nodule size). These small nodules were present at all observed growth stages throughout the plant life cycle. While the larger nodules had a red interior color suggesting active N2 fixation, the small nodules showed variable color (white, light pink, and gray or green) suggesting limited N2 fixation activity (data not shown). However, N2 fixation genes were found in both types of nodules. The nifH gene was found in all big and small nodules, except one small nodule while the nodC gene was not amplified from few small nodule samples (Supplementary Table 3).
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FIGURE 1
 Field-grown peanut root-nodules used as a source of DNA for 16S-based microbiome sequencing and analysis. (A,B) represent big nodules and small nodules, respectively. The images were taken with the same magnification (scale 50  mm).




Diversity analysis of bacterial communities in peanut nodules

To assess and investigate the bacterial community richness and diversity in two nodule types, the alpha diversity measures for observed ASVs and Shannon Diversity Index were calculated in big and small nodules of peanut roots. The number of observed ASVs differed significantly (p = <0.0001) between the two nodule types (Figure 2A). Observed ASVs in big nodule samples ranged from 5 to 10 while in small nodule samples ranged from 11 to 235. A Mann–Whitney/Wilcoxon significance test analysis for Shannon Diversity index (Figure 2B) was used to find the community richness which indicated a significant difference and variation between the big and small nodule microbiomes (p = 0.00029) with the bacterial communities in the small nodules being more diverse than those in the big nodules.
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FIGURE 2
 Alpha and beta diversity indices of peanut big and small nodule microbiome (16S rRNA gene). (A) Number of observed ASVs, (B) Shannon diversity index, (C) Weighted UniFrac distance for nodule types, and (D) three developmental growth stages of small nodules. For significance analysis, Mann–Whitney/Wilcoxon tests were used for observed ASVs, Shannon diversity index, Weighted UniFrac distance. Kruskal-Wallis test with pairwise comparison was used for Weighted UniFrac distance in three small nodules developmental growth stages. p values are denoted with an * p ≤ 0.05; **, p ≤ 0.01; ***, p ≤ 0.001; ****, p ≤ 0.0001 and ‘ns’ indicate no significance. Dots denote number of ASVs, respective alpha and beta diversity estimate values of nodule samples grouped based on their size and three developmental growth stages of small nodules.


To analyze the bacterial community compositions in two types of nodules as well as growth stages for small nodules, the beta diversity index was calculated based on Weighted UniFrac distances. A Mann–Whitney/Wilcoxon significance test analysis was used among all samples grouped as big and small for Weighted UniFrac distance for the significance test and the results clearly showed that bacterial compositions differ between big and small nodule types (p = < 0.0001; Figure 2C). Since bacterial compositions differ within the small nodule category, we further explored the possibility within three developmental growth stages of small nodules and indeed, we found that bacterial compositions differ significantly (Kruskal-Wallis test, p = <0.0001) among all three growth stages of small nodules (Figure 2D). Further compositional aspects of centered log ratio (CLR) transformed PCA were analyzed for the bacterial communities in the big and small nodules as well as three different growth stages (R2, R4, and R7) of the small nodules. Based on the PERMANOVA test, the PCA results indicated that there were significant differences in bacterial communities between big and small nodules (p = 0.001); however, the bacterial communities among three growth stages of small nodules were also slightly different (p = 0.061; Figure 3A). Within small nodules, bacterial communities tended to group separately in these three growth stages except one or two data points in R4 and R7 stages that were closer to other growth stages. In contrast, bacterial communities in the big nodules seemed to cluster together and vary less across growth stages. Notably, the small nodule communities were initially (R2) somewhat similar to the big nodules but became more distinct at later growth stages (R4 & R7). At the genus level, based on top taxa loading on the PCA plot as well as direct visualization of sample compositions on the iris plot (Figures 3A,B), big nodule samples contained mostly Bradyrhizobium, while other taxa were often more abundant in small nodule samples. Collectively, the data clearly indicated that the small nodules had more diverse and temporally variable bacterial communities than the big nodules.
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FIGURE 3
 Principal Component Analysis (PCA) and sample compositions of bacterial communities in big and small nodules of peanut roots. (A) Centered log-ratio transformed (CLR) an unconstrained genus level PCA analysis in peanuts big (11) and small (12) nodule samples and three developmental growth stages (R2, R4, R7). The top five taxa (labeled with their annotations) were indicated by bold black lines. (B) Iris plot showing the sample compositions of microbiota at the genus level in big and small nodule growth stages (R2, R4, and R7). The big (B) and small (S) nodule samples on the iris plot were automatically arranged by their rotational position around the center/origin of the PCA plot. Both PCA and iris plots were performed with R package “microViz.”




Bacterial community composition in big and small nodules of peanut roots

All the filtered ASV’s from the big and small nodules were classified as bacteria and included 15 phyla, 25 classes, 57 orders, 87 families, and 151 genera (Figure 4; Supplementary Table 4). Both nodule types had large relative populations of Proteobacteria (Figure 4A), with the phylum representing ~99.96% of the bacterial community in the big nodules and ~ 68.67% in the small nodules combinedly from three growth stages. Thus, the big nodules harbored a tiny fraction of native community microbes while the small nodules were inhabited by a large portion (~31.32%) of diverse microbes. Further analysis revealed that only Actinobacteriota (~0.03%) co-inhabited with Proteobacteria in the big nodules; however, 15 different phyla including Actinobacteriota were detected in the small nodules (Figure 4B).
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FIGURE 4
 Relative abundance of bacterial communities at phylum level in (A) big and small nodules of peanut roots, (B) distribution and relative abundance of microbial communities of two major phyla Actinobacteriota and Proteobacteria, and (C) a Venn diagram showing the taxa at genus level from three developmental growth stages of small nodule type. For Venn diagram, taxa were selected based on relative abundance >0 for three growth stages of small nodules (R2, R4 and R7), and was made using Venny 2.1.0 (https://bioinfogp.cnb.csic.es/tools/venny/).


Interestingly, the microbiome data showed that these diverse bacterial populations in the small nodules dominated over time, becoming more abundant at later growth stages – the most noticeable being members of the Actinobacteriota, Bacteroidota, Chloroflexi, and Patescibacteria (Figure 4A). Surprisingly, the phyla Patescibacteria and Chloroflexi were not enriched at all in the early R2 growth stage. In addition, we found that Proteobacteria abundance and occupancy in the big nodules was steady throughout the growth stages. However, Proteobacteria were comparatively lower while the diverse microbial populations appeared higher in the small nodules irrespective of growth stages. At the phylum level, the microbial abundance and distribution frequency was analyzed since the most dominant and abundant phyla were Proteobacteria and Actinobacteriota compared to other taxa. The data revealed that microbial abundance and frequency varied from low to high abundance in the big and small nodules for these two phyla with more distinct bacterial populations present in small nodules. To further explore the variation of microbiota within these three growth stages of the small nodules, 118 taxa at the genus level were extracted based on relative abundance without any uncultured taxa (Figure 4C; Supplementary Table 5). The Venn diagram showed the taxa (relative abundance >0) distribution in R2, R4 and R7 growth stages of small nodules, and indicated there was diverse microbial dominance over the growth cycle of the small nodules. Interestingly, we also found some unique as well as overlapped microbiota between these three growth stages with the greatest overlap between growth stages R4 and R7.

To identify the dominant and abundant taxa in the big and small nodules, we first removed all the unclassified species-level data, the rare and uncultured taxa, the taxa with a minimum prevalence of 5, and then a CLR-transformed compositional heatmap was made at the genus level (Figure 5A). The small nodule samples from the three growth stages had a diverse bacterial community while the big nodule samples were dominated by a single genus Bradyrhizobium spp. The core bacterial genera in the big and small nodules were identified using ANCOM differential test analysis at the genus level (Figure 5B). Based on ‘W’ score > 100, 7 genera were identified: Bradyrhizobium, Streptomyces, Niastella, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Sphingomonas, Novosphingobium, and Chitinophaga. These seven core genera were also found in the compositional heatmap, suggesting that these are the dominant and highly abundant core genera in big and small nodules. Of these seven abundant and dominant core genera, based on W score, only Bradyrhizobium was highly abundant in the big nodules, while at least 6 genera including Streptomyces, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Niastella, Novosphingobium, Sphingomonas, and Chitinophaga were primarily abundant in the small nodules.
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FIGURE 5
 Microbial abundance and the differentially abundant core bacteria in big and small nodules of peanut roots. (A) Heatmap showed the centered log-ratio transformed (CLR) microbial abundance at the genus level. The x and y-axis indicate sample name and the microbial taxa, respectively. Peanut nodule microbiome big (PNMB) and small (PNMS) denoted on the x-axis. 101, 202, 301, and 401 represent biological replications, and R2, R4, and R7 represent three developmental growth stages. (B) The plot showed the differentially abundant core microbiota at the genus level in big and small nodules. The differentially abundant core microbiota was selected based on ANCOM analysis as stated in the Materials and Methods section. The W value represents the number of times the null hypothesis (the average abundance of a given genus in a group is equal to that in the other group) was rejected for a given genus. The x-axis value represents the CLR-transformed mean difference in abundance of a given genus between the big and small nodule groups. A positive x-axis indicates a genus is abundant in a small nodule group and a negative x-axis value indicates a genus is abundant in a big nodule group. Only genera with W value >20 were plotted (color coded).




Prediction of functional pathway genes of bacterial communities

Predicted functional profiles of pathway genes (based on pathway abundance) of bacterial communities from big and small nodules of peanut roots were generated using ‘MicFunPred’ (Mongad et al., 2021). Utilizing 16S rRNA gene sequences and normalized ASV’s abundance from three developmental stages of big and small nodules, metagenomes in terms of KEGG Orthology (KO) functional categories (based on log10 transformed pathways abundance) were used to investigate the enriched function for pathway genes related to nitrogen (N) and phosphorus (P) cycling processes (Figures 6, 7; Supplementary Table 6). Based on search criteria as “nitrogen metabolism” at C-level hierarchy (Supplementary Table 6), a total of 32 genes from the big nodules and 36 genes from the small nodules related to the N cycling process were enriched. A heatmap was made based on all the 32 genes that were common in both big and small nodule developmental stages (Figure 6). The relative abundance of most biological N2 fixation (nifH, nifD, and nifK), assimilatory (nirA, nasA, and nasB) and dissimilatory (nirB, napA, and napB) nitrate reduction, and denitrification (norB and norC)-related genes were higher in all three growth stages of big nodules compared to small nodules at all growth stages (Figure 6). However, the predicted pathway data showed that the relative abundance of some genes or different subunits related to the N cycling process was higher in at least two growth stages (R4 and R7) of the small nodules. For example, nirD—nitrite reductase (NADH) small subunit, nitrilase, gdhA—glutamate dehydrogenase (NADP+), nasB—assimilatory nitrate reductase electron transfer subunit, GLUD1_2, gdhA—glutamate dehydrogenase (NAD(P)+), arc—carbamate kinase, nitrate reductase / nitrite oxidoreductase alpha subunit (narG, narZ, nxrA), nitrate reductase / nitrite oxidoreductase beta subunit (narH, narY, and nxrB), and nitrate reductase gamma subunit (narI, narV; Figure 6). Interestingly, a few genes related to N cycling processes that were uniquely enriched only in the small nodules were observed. These unique nitrogen-related pathway genes were Glutamate synthase (ferredoxin; GLU, gltS), ferredoxin-nitrate reductase (narB), nitrous-oxide reductase (nosZ), and hydroxylamine reductase (hcp; Supplementary Table 6).
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FIGURE 6
 Heatmap of the predicted KEGG Orthology (KO) pathway genes of bacterial communities from three developmental stages of big and small nodules in peanut roots related to N cycling processes. The scale bar indicates the color saturation gradient based on log10 transformed values of pathway abundances enriched from bacterial taxa in big and small nodules. R2, R4, and R7 represent three developmental growth stages. The partial data for genes related to N cycling processes used to plot the heatmap and the full set of enriched pathways data is listed in Supplementary Table 6.
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FIGURE 7
 Heatmap of the predicted KEGG Orthology (KO) pathway genes of bacterial communities from three developmental stages of big and small nodules of peanut roots related to P cycling processes. The scale bar indicates the color saturation gradient based on log10 transformed values of pathway abundances enriched from bacterial taxa in peanut big and small nodules. R2, R4, and R7 represent three developmental growth stages. The partial data for genes related to P cycling processes used to plot the heatmap and the full set of enriched pathways data is listed in Supplementary Table 6.


Like the N cycling processes, KO pathway genes related to the P cycling processes were analyzed (Figure 7). Based on search criteria “phosphate metabolism/pathway” at C-level hierarchy (Supplementary Table 6), a total of 48 genes from three growth stages of big nodules and 58 genes from small nodules related to P cycling processes were enriched. A heatmap was made based on all the 48 genes that were common in both big and small nodule developmental stages (Figure 7). Among 48 phosphate-related genes, almost 50% (26) genes showed higher relative abundance in big nodules growth stages compared to small nodules. However, the relative abundance of 22 genes related to P cycling processes was also higher in all three stages of small nodules category, particularly 3-phytase and 4-phytase/acid phosphatase, myo-inositol 2-dehydrogenase (iolG), fructose-1,6-bisphosphatase II (glpX), deoxyribose-phosphate aldolase (deoC), ribose 5-phosphate isomerase B (rpiB), myo-inositol-1-phosphate synthase (INO1), 6-phosphofructokinase 1 (pfkA), transaldolase (talA, talB), and glucose-6-phosphate isomerase (GPI; Figure 7). The unique phosphate-related genes enriched in small nodules were inositol oxygenase (MIOX), 1-phosphatidylinositol phosphodiesterase (plc), 2-keto-myo-inositol isomerase (ioll), diphosphate-dependent phosphofructokinase (pfp), 6-phospho-3-hexuloisomerase (hxlB), 3-hexulose-6-phosphate synthase (hxlA), dehydrogluconokinase (kguK), glucose-6-phosphate isomerase-archaeal (pgi1), and CDP-diacylglycerol--inositol 3-phosphatidyltransferase (CDIPT), and fructose-1,6-bisphosphatase III (fbp3). Besides N & P cycling genes, other pathway genes were analyzed that were unique only in the small nodule growth stages. All the duplicates for KO identifications from both big and small nodules were removed, and then sorted out for unique pathway genes in small nodule category only, of which 383 genes were observed that were unique and enriched (log10 abundance >4.0 in all three stages; Supplementary Table 7). Among the observed 383 pathway genes, a heatmap was made for 35 genes that were common among three stages of pre-selected top 50 pathway genes (Figure 8). All 35 pathway genes were highly enriched in growth stage R7 compared to R2 and R4, suggesting that these genes might play some role in the late stage of the small nodules. The most noticeable and highly enriched genes were IMP dehydrogenase (IMPDH, guaB), NADH-quinone oxidoreductase subunit J, K, N (nuoJ, nuoK, and nuoN), and succinate dehydrogenase / fumarate reductase (sdhC, frdC), and phosphate regulon sensor histidine kinase PhoR (phoR). It is quite interesting to observe that some key metabolic categories other than N and P were specifically increased in the small nodules (Supplementary Table 7) and this warrants future studies for further characterization.
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FIGURE 8
 Heatmap of top 35 predicted KEGG Orthology (KO) pathway genes of bacterial communities that were unique to three developmental stages of small nodules of peanut roots. The scale bar indicates the color saturation gradient based on log10 transformed values of pathway abundances enriched from bacterial taxa in small nodules growth stages. R2, R4, and R7 represent three developmental growth stages.





Discussion

In this study, the nodule microbiome from two distinct types of nodules formed on the same field-grown peanut roots was characterized using a 16S rRNA amplicon strategy. Interestingly, we noticed that the occurrence and abundance of small nodule phenotype was consistent across plant growth stages, as observed in previous studies (Ellman-Stortz, 2021). It is well known that the lack of some host genetic components tightly regulates bacterial infection processes and may control this type of phenotype (Hossain et al., 2012). However, it was observed that the field-grown peanut with the commercial seed coating inoculum formed small nodules and persisted at all growth stages throughout the plant life cycle alongside the regular N2-fixing nodulation. There is evidence that small nodules may result from resource sanctioning by the plant in response to specific nodule occupants (Westhoek et al., 2021); however, the microbiome composition of these smaller nodules has not been extensively investigated, especially for peanuts. This was the impetus to understand and classify the inhabitants of these two distinct nodule types.

It was observed that nifH and nodC (symbiotic marker genes) were generally present in both the big and the small nodules, suggesting that bacterial communities in these nodules might have the ability to fix N2. We did not directly measure the gene expression or N2-fixing activity in these nodules, but the examination of several nodules indicated a light pink/green color in small nodules and pink color in big nodules (data not shown). Also, previous reports suggest that small nodules (<1.0 mm) with light red/pink color might have less N2-fixing activity than medium sized (1.5–2.0 mm) nodules (Tajima et al., 2007). The non-detection of nifH or nodC gene in a few small nodule samples might be due to the low copies of the gene in the genome or the possibility of missing genes from the bacterial genomes. The latter is less likely because the same samples in other replications and/or growth stages showed the presence of the gene (Supplementary Table 3).

After utilizing filtration criteria, our 16S rRNA analyses from nodules revealed only 492 ASV’s. The big nodules had less observed ASV’s with a higher frequency while small nodules possessed more ASV’s compared to big nodules with comparatively less frequency, which further indicates a tiny fraction of community diversity/occupants in big nodules. Since most of the ASV’s came from small nodules, initial analysis of these ASV’s clearly indicates that small nodule occupants were more diverse than big nodules, which might be the reason for the bimodal distribution patterns. Further analysis of this data through taxonomic community profiling found more diverse bacterial communities occupied in the small nodules compared to the big nodules, suggesting that these diverse microbial communities in the small nodule might play some role(s) for microbe-microbe and/or microbe-plant interactions for the benefit of plant growth promotion, microbe/plant adaptation to harsh environmental stress, and/or protecting from disease or environmental pollution.

It is noteworthy to mention that peanut seeds used for the experiment were coated with commercial inoculum before planting. Since rhizobia inoculants often fail to compete for nodule occupancy against the native soil rhizobia due to the strain’s variation, abundance, and composition as well as many environmental factors (Ji et al., 2017; Mendoza-Suárez et al., 2021), we had the opportunity to look at the possibility of rhizobia competition and occupancy in our data set. In the context of competition and occupancy prospective, we did not see any major evidence for native microbial community members displacing the commercial inoculum in the big nodules, suggesting that commercial inoculum might be active in big nodules throughout the plant growth cycle. However, it was quite surprising to observe that a diverse set of native microbial community members occupied the small nodules. These native communities gradually dominated over time in the small nodule compartments but did not have any clear indication about why native microbial communities colonized small nodules from the early stage and kept competing throughout the peanut life cycle. However, our data from microbial composition analysis as well as core dominant microbial community profiling of two types of nodule categories provide some intriguing insights into this. Based on both microbial composition analysis and core dominant microbial genera observed, only Bradyrhizobium was abundant in the big nodules while Streptomyces were primarily abundant & dominant in the small nodules, along with several core genera including Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Niastella, Novosphingobium, Sphingomonas, Chitinophaga, and Caulobacter, that solely occupied the small nodules.

Though we could not directly correlate biological and physiological functions of these core bacteria that occupied the small nodules either as beneficial or commensal and/or pathogenic (Brader et al., 2017), some previous reports highlighted the beneficial role and importance of these endophytic bacterial taxa (Aserse et al., 2013; Khan et al., 2014; Rodriguez-Conde et al., 2016; McKee et al., 2019; Olanrewaju and Babalola, 2019; Asaf et al., 2020; Segura et al., 2021). For example, the genus Niastella, from the Chitinophagales order under phylum Bacteroidota, can degrade a variety of carbohydrate-based biomass, releasing sugars as nutrients for their own growth as well as for other microbial communities (McKee et al., 2019). Recent studies found that bacterial species from Novosphingobium, Sphingomonas, and Niastella genera play significant roles: from remediation of environmental contamination to producing highly beneficial phytohormones (gibberellins and indole acetic acid, sphingan, and gellan gum), improving plant-growth attributes (i.e., shoot length, chlorophyll contents, and shoot and root dry weight) protecting plants from stress conditions such as drought, salinity, and heavy metals in agriculture soils, co-metabolizing nutrients existing in root exudates, and producing the N-acyl-homoserine lactone quorum-sensing (QS) signals (Gan et al., 2009; Khan et al., 2014; Rodriguez-Conde et al., 2016; Asaf et al., 2017, 2020; Segura et al., 2021).

The genus Streptomyces under phylum Actinobacteriota was almost exclusively detected in the small nodules. Most species in this group are widely distributed as soil microbes, are efficient as rhizosphere, rhizoplane, and endophytic colonizers of host plants, and are a useful source for producing bioactive compounds, antibiotics, and extracellular enzymes. Thus, this group of bacteria functions for plant growth promotions as a biocontrol agent as well as a biofertilizer. As biocontrol agents, they synthesize plant growth regulators, siderophore production, antibiotic production, and volatile compound secretion. As biofertilizer, they directly promote plant growth promotion by the production of phytohormones (such as auxins, cytokinins, and gibberellins), the scavenging of ferric iron from the environment by siderophores, N2 fixation, and the suppression of stress response in plants by production of 1-aminocyclopropane-1-carboxylate (ACC) deaminase activity (for details please see the review Olanrewaju et al., 2019).

Although there are several tools available to predict functional profiles of 16S rRNA gene sequence data (DeSantis et al., 2006; Pruesse et al., 2007; Douglas et al., 2020; Narayan et al., 2020; Wemheuer et al., 2020), a recently developed bioinformatic tool “MicFunPred” (Mongad et al., 2021) was utilized because of its advantages using a novel approach to predict and understand the functional profiles of the metagenome based on a set of core genes only, minimizing false-positive predictions in the microbial communities of big and small nodules of the peanut roots. Here, the KO functional category for genes related to N and P cycling processes were reported. Relative abundance of many genes were observed related to the N and P cycling processes, which were higher in abundance in big nodules compared to small nodules. However, it was quite interesting that a few genes/subunits showed clearly higher abundance in the small nodules compared to the big nodules. For the N cycling process in small nodule microbiota, nitrate reductase/nitrate oxidoreductase alpha, beta, and gamma subunits (narG, narH, and narl), carbamate kinase (arcC), and glutamate dehydrogenase (NADP+; gdhA; GLUD1_2) were high in abundance. Nitrate reductases reduce nitrate by microbial dissimilatory processes for denitrification or dissimilatory reduction of nitrate to ammonium. The presence of these subunit/genes with higher abundance in the small nodule microbiota suggest they might participate in the N2-fixation process. Another example is that glutamate dehydrogenase (NADP+; gdhA; GLUD1_2) was higher in the small nodule microbiota, while glutamate synthase (NADPH; gltB, and gltD) was higher in the big nodule microbiota. It was previously reported that bacteria or yeasts express distinct GDH isoenzymes for metabolic or biosynthetic processes. Based on nutrient type and availability, organisms that live in an amino acid rich environment use NAD+ − dependent GDH for their catabolic needs. In contrast, organisms utilizing inorganic N2 (nitrates or ammonia) use the NADP+ − specific GDH for their synthetic needs (Plaitakis et al., 2017) indicating that microbial communities in big and small nodules might use different GDH subunits for their catabolic or synthetic needs.

Like the N cycling process genes, also it was observed that most of the P cycling process genes were higher in abundance in the big nodules microbiota; however, 3-phytase (E3.1.3.8; KO 1083), 4-phytase/ acid phosphatase (appA; KO1093) and phosphogluconate dehydrogenase (edd; KO1690), myo-inositol 2-dehydrogenase (iolG), 6-phosphofructokinase 1 (pfkA), and glucose-6-phosphate isomerase (GPI) were higher in abundance in the small nodules microbiota. There might be some correlation between the presence of microbial communities and the abundance of phytases in the small nodules. Indeed, a recent report suggested that Chitinophagales, Cytophagales, Sphingomonadales, and Xanthomonadales were the order-level microbial indicators that positively correlated with the soil available phosphorus in agricultural soils (Wu et al., 2022). Most likely, this community of microbes capable of producing more phytases for hydrolyzing myo-inositol phosphates (phytates), which are abundant in many soil types, makes up a large portion of bioavailable soil P to improve plant growth and development (Balaban et al., 2017). Besides N- and P-related pathway genes, some other category of pathway genes were observed that specifically were enriched in the small nodules particularly in the late growth stages, suggesting that these pathway genes might play some role in the small nodules as well. The main objective of this study was the community profiling of two distinct field-grown nodule types in peanuts. Though the data could not fully support experimentally for biological or physiological functions for the predicted genes/subunits stated above, future studies will be required to answer this question.



Conclusion

This research clearly observed that microbial inhabitants were quite different between the two types of nodules that formed on the same peanut roots under field conditions. The microbial community in the big nodules were predominantly colonized by the commercial rhizobial inoculum for the formation of N2-fixing nodules to fix atmospheric N2. In contrast, diverse native microbial communities co-inhabited with the commercial inoculum in the small nodules and dominated gradually during the plant growth and development. Based on our data analysis, the prediction of functional pathway of genes related to the N and P cycling processes as well as with the previous published reports indicated that the diverse microbial inhabitants in the small nodules might play some role in many ways (such as production of phytohormones, bioactive compounds, antibiotics, N and P availability, stress tolerance, phytoremediation for toxic chemicals etc.) for better peanut nodulation, growth, and development. Future studies with our recently isolated endophytes (un-published) from the same peanut nodules used for this microbiome study will certainly verify some of the above-mentioned functional roles and will provide clear data and recommendations for peanut improvement.
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Introduction: The microbiome inhabiting plant leaves is critical for plant health and productivity. Wild soybean (Glycine soja), which originated in China, is the progenitor of cultivated soybean (Glycine max). So far, the community structure and assembly mechanism of phyllosphere microbial community on G. soja were poorly understood.

Methods: Here, we combined a national-scale survey with high-throughput sequencing and microsatellite data to evaluate the contribution of host genotype vs. climate in explaining the foliar microbiome of G. soja, and the core foliar microbiota of G. soja were identified.

Results: Our findings revealed that both the host genotype and environmental factors (i.e., geographic location and climatic conditions) were important factors regulating foliar community assembly of G. soja. Host genotypes explained 0.4% and 3.6% variations of the foliar bacterial and fungal community composition, respectively, while environmental factors explained 25.8% and 19.9% variations, respectively. We further identified a core microbiome thriving on the foliage of all G. soja populations, including bacterial (dominated by Methylobacterium-Methylorubrum, Pantoea, Quadrisphaera, Pseudomonas, and Sphingomonas) and fungal (dominated by Cladosporium, Alternaria, and Penicillium) taxa.

Conclusion: Our study revealed the significant role of host genetic distance as a driver of the foliar microbiome of the wild progenitor of soya, as well as the effects of climatic changes on foliar microbiomes. These findings would increase our knowledge of assembly mechanisms in the phyllosphere of wild soybeans and suggest the potential to manage the phyllosphere of soya plantations by plant breeding and selecting specific genotypes under climate change.

KEYWORDS
 wild soybean, foliar microbiome, microbial community assembly, core microbiome, host genotype


1. Introduction

Microbial communities that colonize and thrive on the surfaces of leaves include bacteria, fungi, viruses, cyanobacteria, actinomycetes, nematodes, and protozoans (Bashir et al., 2022). These foliar microorganisms perform significant roles in regulating the development and health of plants, including nutrient acquisition, disease resistance, and stress tolerance (Bashir et al., 2022). However, unlike other plant compartments that have been traditionally studied in agricultural research, such as root endosphere and rhizosphere (Bay et al., 2021; Zheng et al., 2021), the biotic and abiotic factors that contribute to the assembly of the foliar microbiome as well as the composition of the core foliar microbiome, remain far from understanding.

In general, the foliar microbiome is considered to be regulated by multiple factors, including climate and host genetic diversity. First, environmental perturbations, including global change, play an important role in shaping phyllosphere microbial communities (Zhu et al., 2022). For instance, warmer temperatures and increased precipitation are anticipated to increase the proportion of potential plant pathogens in the phyllosphere (Aydogan et al., 2018; Chen et al., 2021). In addition, previous studies have demonstrated that the same genotype sampled across different sites has significantly distinct phyllosphere microbial composition, diversity, and structure (Xing et al., 2021; Abdelfattah et al., 2021a), indicating that environmental conditions play a significant role in determining phyllosphere microbial communities. Moreover, according to some previous studies, the host genotype is a significant factor that drives the phyllosphere microbial community assembly of model plants under controlled conditions (Sapkota et al., 2015; Li Y. et al., 2021; Shakir et al., 2021) and the various microbial taxa present in different cultivars have a significant impact on plant health (Wang et al., 2021). However, there is still significant uncertainty on how genetic distance controls the foliar microbiome in plants that are growing under changing climates. To design efficient plant breeding programs and farming practices promoting plant health, it is essential to quantify the contribution of genetic distance relative to the environmental filter in driving the foliar microbiome. Furthermore, we need to advance our understanding of the composition of the core plant microbiome. The core microbiome is considered as the microbial taxa that constitute among the majority of samples from a particular host or environment (Yeoh et al., 2017; Neu et al., 2021; Abdelfattah et al., 2022), and has been demonstrated to exhibit beneficial effects on biological nitrogen fixation, disease suppression, and host growth promotion (Taye et al., 2020; Zhang et al., 2022). Thus, the core microbiome of several crops has been identified in the rhizosphere (Walters et al., 2018; Xu et al., 2018) and endosphere (Kumar et al., 2021). However, the core microbiome of the crop’s foliar microbiome is rarely addressed.

In this study, we analyzed the foliar microbiomes of wild soybean across eight sites distributed throughout China to elucidate the fundamental biotic and abiotic drivers. Soybean (Glycine max), which is rich in vegetable protein and oil, is one of the most important crops in the world, with a global production of 2,784 hg/ha in 2020. Since ancient times, soybean has been a staple in Chinese cuisine, and presently it is also processed into animal feed to meet the protein demands of modern livestock production in China. Wild soybean (Glycine soja), the progenitor of soybean, which originated in China, has been listed as a national second-class protected plant since 1999 (He et al., 2012). It has been demonstrated that the wild progenitor could primordially reflect the composition of host-associated microbes (Morvan et al., 2020). However, for cultivated varieties, the microbial diversity and structure could be altered during domestication as a result of microbiome introgression or loss (Ma et al., 2019; Abdelfattah et al., 2022). Therefore, wild soybean is the optimal material to investigate soybean-associated microbes. Owing to complex geographic and ecological conditions, there are many genotypes of wild soybean distributed throughout China following long-term climatic and environmental selection (Guo et al., 2012; Li and Wang, 2020). Current studies have concentrated on the microbiome of root nodules (Yang et al., 2020; Zheng et al., 2020) and the rhizosphere (Chang et al., 2019; Tian et al., 2020) to investigate the microbial nitrogen fixation capacity in this legume species (Mahmud et al., 2020). However, little information has been reported on the importance of climate and host genotype in regulating the foliar microbiome of wild soybeans. Moreover, the core leaf microbiome of wild soybean is still unexplored.

Therefore, the objectives of this study were to: (1) characterize the foliar microbial community composition and diversity of the wild soybeans under various host genotypes and growth conditions; (2) analyze the variable importance of the host genotype and environmental factors in foliar community assembly; (3) identify the core foliar microbes of the wild soybeans as well as the factors driving their assembly. According to our hypothesis, the foliar microbial community is significantly influenced by both climate and host genotype, and the core microbes could be beneficial to plant growth. The genetic distance is an effective tool for understanding foliar epiphytic microbial variation, which could pave the way for the promotion of certain microbiomes by modifying genetic variability.



2. Materials and methods


2.1. Study site and sampling

The foliage and seeds of G. soja were collected during the flowering stage in 2019 from eight major wild soybean distribution locations in China, across the north to south (26.31°N to 40.45°N, 115.95°S to 117.40°S) (Supplementary Figure S1A; Supplementary Table S1). As a result of significant climate changes between the north and south sides of the Qinling Mountains-Huaihe River Line in China, the sampling sites were divided into northern and southern regions (Fang et al., 2002). In the northern regions, samples were obtained from wild soybean from Yanqing country and Dongjiao Park in Beijing City, Dahuangbao Park in Tianjin City, Tangshan city from Hebei Province, Weishan country in Shandong Province, and Sanmenxia city from Henan Province. These samples were recorded as YQ, DG, DHB, CFD, WS, and SMX, respectively. In the southern regions, samples of wild soybean were acquired from Loudi country from Hunan Province and Mingxi country from Fujian Province. These samples were recorded as LD and GD, respectively. The two most distant sampling locations (from Yanqing to Mingxi) were more than 1900 km apart, while the two near sampling locations (from Yanqing to Dongjiao) were at least 100 km apart.

The foliage and seed samples from the wild soybean population were randomly collected at each location. Briefly, 20 to 30 leaves were collected from a single plant for a sample. Three to five plants were obtained from each location to represent different biological replicates. The rubber gloves and the pruners were sprayed with 75% ethanol and wiped each time to prevent cross-contamination. The foliage samples were stored in containers with ice bags, while the seeds were stored in envelopes at room temperature. These sample containers and envelopes were transported to the laboratory within 1–2 days, where the leaves were subsequently frozen at −20°C for further experiments. The geographic coordinates (latitude and longitude) of sampling locations were recorded, and the climatic variables, including mean annual precipitation (MAP), mean annual temperature (MAT), and global horizontal irradiance (GHI), were obtained from the Resource and Environment Science and Data Center (Supplementary Table S2).1



2.2. G. soja genotype identification

The genomic DNA of G. soja was extracted from 0.1 g leaves (wet sample) of each sample using the plant genomic DNA kit (TIANGEN, Beijing, China). The quality and concentration of DNA were assessed using the Nano-300 instrument (Allsheng, China). As the wild soybean genome exhibits considerable polymorphism, simple sequence repeat (SSR) molecular marker technology was employed to determine plant genetic variation (Yan et al., 2008). From the constructed genetic linkage map of the soybean genome (Cregan et al., 1999), 20 primer pairs were selected for polymerase chain reaction (PCR) amplification (Supplementary Table S3). Each of them was sequenced separately. The reaction mixture of PCR amplification contained 2 μl DNA template (30 ng/μL), 1 μl primer (10 mM), 5 μl mix (2 × Taq PCR StarMix), and 2 μl double-distilled water (ddH2O). The program comprised initial denaturing at 94°C for 4 min, followed by 30 cycles of denaturing at 94°C for 30 s, annealing at 47°C for 30 s, extension at 72°C for 30 s, and final extension at 72°C for 10 min. The amplification products were subsequently separated by polyacrylamide gel electrophoresis (PAGE) for 2 h, and the bands were visualized using silver staining. The genetic distance (Nei, 1972) was estimated using PopGene32 software (Supplementary Table S4).

Following genotype identification, the plants sampled from the same location with the same genotype (e.g., with the same SSR sequence) were selected as replicates for this location. A total of 37 samples were obtained from eight locations (Supplementary Table S1).



2.3. Foliar epiphytic microbial DNA extraction and amplicon sequencing

Soybean leaves weighing 2 g from each sample were deposited into a conical flask containing 40 mL of sterile phosphate-buffered saline (PBS: NaCl, KCl, Na2HPO4, and KH2PO4) with 0.1% Triton X-100 (pH 7.4) (Duran et al., 2018), and thereafter the conical flasks were subjected to sonication for 5 min and shaken (180 rpm) at 25°C for 1 h. Subsequently, the mixture was filtered, initially with a sterilized nylon gauze, followed by a 0.22 μm cellulose membrane (Yin et al., 2022). The FastDNA SPIN Kit for Soil (MP Biomedicals, Solon, USA) was employed to extract the total DNA from the resulting epiphytic fraction, and the quality of DNA obtained was assessed using NanoDrop One instrument (Nanodrop, USA). Then the DNA samples were stored at −20°C until further analysis.

For the high-throughput Illumina sequencing, the V4-V5 region of the bacterial 16S rRNA gene (16S primers 515F-907R) and the ITS1 region of the fungal ITS rRNA gene (ITS primers ITS1-ITS2) were targeted (Supplementary Table S5). The PCR program was as follows: 95°C for 3 min, followed by 30 cycles of 95°C for 30 s, 55°C for 30 s, 72°C for 45 s, and a final extension at 72°C for 10 min. Each of the 37 samples was sequenced independently. Consecutively, negative controls (in which the DNA template was replaced by sterile water) were performed to exclude contamination through PCR amplification. Using the Illumina NovaSeq PE250 platform (Majorbio, Shanghai, China), the amplicons were purified, quantified, pooled, and sequenced. All raw sequencing data were deposited in the National Center for Biotechnology Information (NCBI) Sequence Read Archive (SRA) with accession number PRJNA862265.

The QIIME 2 Pipeline was employed to process the raw sequence data (Caporaso et al., 2010). In brief, the primers, low-quality sequences (average base quality score < 25), and chimeric and barcode sequences were eliminated, and the paired-end sequences were merged to a single sequence. The table generation of amplicon sequence variants (ASVs) was performed according to DADA2 analysis (Callahan et al., 2016). A total of 2,950,325 bacterial sequences and 7,579,465 fungal sequences were obtained. Silva 16S rRNA gene database (Version 1382) and the UNITE fungal database (Version 8) (Nilsson et al., 2019) were used to assign bacterial and fungal taxonomy, respectively. The host DNA (chloroplast and mitochondria) sequences and archaea taxa were removed from bacterial ASVs. Low-abundance ASVs with read counts of less than five across all the samples were discarded prior to downstream analysis (Kim et al., 2020). A total of 2,058 bacterial ASVs and 4,490 fungal ASVs were produced using this process. Following normalization, 14,648 bacterial sequences and 111,063 fungal sequences were obtained per sample. The resulting sequences were employed for further analysis.



2.4. Statistical analyses and visualization

All statistical analyses were performed using R version 4.1.2 and SPSS version 22. Scheffe’s test for multiple comparisons was used in conjunction with a one-way analysis of variance (ANOVA) to determine statistical significance at ɑ = 0.05. If the variances of observations were heterogeneous, the nonparametric Kruskal-Wallis test (multiple groups) and Mann–Whitney U test (two groups) were employed to assess the statistical significance. Using the diversity and rowSums functions in the “vegan” package (Oksanen et al., 2022), the alpha-diversity indices, including the Shannon index and richness (observed species), were determined. Bray–Curtis distance-based NMDS ordinations at the genus level were calculated in R using the “vegan” package (function = metaMDS). The geographic distance matrix was generated according to the geographic coordinates of sampling sites (latitude and longitude) using the “geosphere” package (Milici et al., 2016). The Mantel test with Spearman’s correlation (999 permutations) was performed to ascertain if the dissimilarity in microbial communities was related to geographic or host genetic distance. Variation partition analysis was employed to determine the shared effects of explaining variables grouped within various categories in the “vegan” package (Li H. Y. et al., 2021). Hierarchical clustering was performed using the “vegan” package (function = hclust) based on the Bray-Curtis matrices. Host phylogeny was performed (function = bionj) based on the neighbor-joining in accordance with the host genetic distance matrices. Using “ggtree” package, both microbial hierarchical clustering and host phylogeny were visualized (Yu et al., 2017). Using the Mantel test, the correlation between the host phylogeny and microbial hierarchical clustering was determined (Spearman, 999 permutations). Core ASVs were identified in accordance with the prevalence threshold of 70% (Abdelfattah et al., 2022). Redundancy analysis (RDA) was performed using the “vegan” package, and the importance of each explanatory variable was calculated by hierarchical partitioning using “radcca.hp” package (Lai et al., 2022). Heatmaps and Venn diagrams were performed with “pheatmap” and “VennDiagram” packages, respectively. Using BLAST,3 the sequences of core microbial ASVs were compared with those in the NCBI GenBank, and a Neighbor-Joining tree (Saitou and Nei, 1987) was constructed in MEGA-X. The bootstrap consensus tree was inferred from 1,000 replicates, and the phylogenetic tree was visualized using iTOL.4




3. Results


3.1. Host phylogenetic relationships

Through SSR sequencing, we found that plants within the same location had the same genotype, and those in different locations had different genotypes. The phylogenetic tree based on microsatellite data showed that the eight wild soybean populations were statistically clustered into three major groups associated with their geographical locations(Supplementary Figure S1B). The southern populations (GD and LD), as well as the samples from WS and DG, were clustered into the same group. The samples from DHB, YQ, and SMX were clustered into one group, and the samples from CFD were segregated into another group, making two groups of the northern populations. These results demonstrated that the distribution of wild soybean genotypes is mostly related to geographical conditions, while the phylogenetic relationships of the wild soybean were different from the geographic relationships among sampling locations.



3.2. Composition and diversity of the foliar bacterial and fungal communities

At the phylum level, the foliar bacterial community of wild soybean was dominated by Proteobacteria (80.97 to 98.10%) and Actinobacteriota (1.39 to 18.62%), and the foliar fungal community was dominated by Ascomycota (27.85 to 93.67%) and Basidiomycota (6.02 to 71.97%) (Supplementary Figure S2). At the genus level, the foliar bacterial community was dominated by Methylobacterium-Methylorubrum (1.72 to 62.78%), Pantoea (0.10 to 46.92%), Pseudomonas (0.54 to 34.98%), Aureimonas (0.36 to 11.46%), and Quadrisphaera (0.05 to 12.82%) (Figure 1A), while the foliar fungal community was dominated by Cladosporium (1.74 to 21.58%), Filobasidium (0.001 to 27.16%), Alternaria (0.001 to 27.91%), Penicillium (0.02 to 31.14%), and Symmetrospora (0.05 to 14.33%) (Figure 1B). However, there were significant fluctuations in the microbial community composition among various genotypes and sampling sites. For the α diversity, the bacterial Shannon index (Kruskal-Wallis test, p = 0.023) and richness (Kruskal-Wallis test, p = 0.027) differed significantly among host genotypes (Supplementary Figures S3A,C); in addition, a significant difference was observed for fungal richness among host genotypes (Scheffe’s test, p = 0.001) (Supplementary Figure S3D). When comparing the samples between the northern and southern regions, the richness of fungal communities was significantly different, while no discernible variation was observed in bacterial communities (Supplementary Table S6). The non-metric multidimensional scaling (NMDS) ordinations revealed a clear separation among host genotypes for both bacteria and fungi (bacteria: R2 = 0.505, p = 0.001; fungi: R2 = 0.673, p<0.001) (Figures 1C,D). This separation was also observed for microbial communities between the northern and southern regions (bacteria: R2 = 0.486, p = 0.001; fungi: R2 = 0.632, p = 0.001) (Supplementary Figure S4).
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FIGURE 1
 Relative abundance at genus level of bacterial taxa (A) and fungal taxa (B) in the foliar microbiome of eight genotypes of wild soybean. The total relative abundance of low-abundant bacteria and fungi that accounted for less than 0.5% is indicated as low abundance in darkgrey, and unidentified taxonomic groups are indicated in light grey. At each sampling site, there were three to five technical replicates sampled from three to five plants with the same genotype. Abbreviations for the sample name are depicted in Table S1. The NMDS analysis of bacterial (C) and fungal (D) community at genus level based on Bray-Curtis distances categorized by host genotypes.




3.3. Host genotype and environment factors explained the foliar bacterial and fungal communities

Our results indicated that the host genotype could contribute to the explanation of the foliar microbiome variation. The genetic distance was significantly correlated with bacterial (r = 0.169, p = 0.027) and fungal dissimilarity (r = 0.447, p < 0.001) (Figures 2A,B). Furthermore, the geographic distance was significantly positively correlated with discrepancies in both bacterial (r = 0.642, p < 0.001) and fungal (r = 0.636, p < 0.001) communities (Figures 2C,D). Additionally, we further analyzed the correlations between host genotypic phylogeny and foliar microbiome phylogeny. The results revealed that there was a significantly positive correlation between the phylogenetic relationship of wild soybean and the fungal dissimilarity (r = 0.511, p = 0.011), while no significant correlation was observed between bacterial dissimilarity and the host phylogeny (r = 0.189, p = 0.166) (Figures 3A,B).
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FIGURE 2
 Correlation between the dissimilarity of the bacterial (A) and fungal (B) communities and host genetic distance. The distance-decay relationships between dissimilarity of the bacterial (C) and fungal (D) communities and geographical distance.
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FIGURE 3
 The neighbor-joining tree of wild soybean populations (left panel) and dendrogram of hierarchical clustering of Bray–Curtis dissimilarity of the bacterial (A) and fungal (B) communities (right panel). The eight genotypes of the microbial community were averaged using biological replicates.


According to RDA at the genus level, all explanatory variables, including geographical factors (latitude and longitude), climatic factors (MAT, MAP, and GHI), and host genotype (host genetic distance), were significantly correlated with the assembly of the foliar microbial community (Supplementary Figures S5A,B). Hierarchical partitioning was performed based on RDA to further investigate the contributions of these factors to the variation of the foliar microbial community. The results revealed that longitude, latitude, mean annual precipitation (MAP), mean annual temperature (MAT), global horizontal irradiance (GHI), and genetic distance explained 12.2, 11.5, 9.3, 8.4, 6.7, and 5.0% of the variation of bacterial communities, respectively; similar variables explained the variation of fungal communities by 5.0, 7.3, 6.5, 8.5, 4.2, and 5.7% (Figures 4A,B). The aforementioned explanatory variables were thereafter classified into geographical, climatic, and host genotype categories using variation partition analysis (Figures 4C,D). Results demonstrated that the pure environmental parameters (including geographical and climatic factors) and host genotype explained 25.8 and 0.4% for bacterial communities and 19.9 and 3.6%, respectively, for fungal communities. There were shared effects between the associated variables. For instance, the shared effects between geographic location and host genotype explained 2.8% of the variation in bacteria, while the shared effects between climatic factors and host genotype explained 2.2% of the variation in bacteria and fungi. These results indicated that the distribution of plant genotypes was influenced by both geographic and climatic factors in an interacting manner. For the bacterial and fungal communities, the unexplained variations were 59.2 and 67.8%, respectively. These results indicated that the environmental factors and host genotype played a significant role in determining the foliar microbiome.
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FIGURE 4
 The individual effect of the environmental and host genetic distance variables to explain the variation of bacterial (A) and fungal (B) communities at genus level in the foliar microbiome of wild soybean (“*,” 0.01 < p < 0.05, “**,” 0.01 < p < 0.001, “***,” p < 0.001). The relative importance of individual variables was calculated using rdacca.hp package. GD, genetic distance; MAP, mean annual precipitation; MAT, mean annual temperature; and GHI, global horizontal irradiance. The effects of explanatory variables (geographical, climatic, and host genotype) on bacterial (C) and fungal (D) communities were estimated using variation partition analysis. Shared effects are indicated by the overlap of circles. Geographical factors include longitude and latitude. Climatic factors include MAP, MAT, and GHI. The host genotype represents the host genetic distance.




3.4. The core foliar microbiome of the wild soybean and its driving factors

By the establishment of the prevalence threshold of 70%, the core bacterial and fungal ASVs of wild soybean were identified. Among the total 2,058 bacterial and 4,489 fungal ASVs obtained, we found 37 bacterial and 31 fungal ASVs to be consistently prevalent across all of the eight genotypes (Figures 5A,B). Even though this core microbiome only accounted for 1.80% of all bacterial and 0.69% of all fungal ASVs, its relative abundance (RA) was high, accounting for 71.91 and 46.17%, respectively (Figures 5C,D). The core bacterial microbiome was dominated by Proteobacteria, which represented 65.04% of the overall bacterial RA on average. Within Proteobacteria, the genus Methylobacterium-Methylorubrum (with nine ASVs, and an RA of 30.33%), Pantoea (with three ASVs, and an RA of 15.40%), Aureimonas (with six ASVs, and an RA of 5.91%), Pseudomonas (with one ASV, and an RA of 4.54%), and Sphingomonas (with six ASVs, and an RA of 2.31%) dominated the bacterial community (Figure 5C). According to the fungal core microbiome, Ascomycota was the most dominant phylum, and its RA accounted for 26.80% of the total fungi. Within Ascomycota, Cladosporium (with three ASVs, and an RA of 10.25%), Alternaria (with one ASV and an RA of 6.88%), Penicillium (with one ASV and an RA of 4.72%), and Nigrospora (with three ASVs, and an RA of 1.47%) were the dominant genera (Figure 5D).
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FIGURE 5
 The core microbes of eight genotypes of bacterial (A) and fungal (B) communities. The relative abundance at the genus level of the core bacterial (C) and fungal (D) taxa in the foliar microbiome of wild soybean. The non-core taxa are indicated in green.


The phylogenetic tree of the core foliar microbes and the microbes that possess high similarity to the core foliar microbes was constructed at the genus level to further reveal the taxonomic information of the core microbiome (Figures 6A,B). Results revealed that the core bacteria included Aureimonas, Sphingomonas, and Methylobacterium, and the core fungi included Nigrospora, Penicillium, Septoria, and Cladosporium. Although the relative abundance of the core taxa was different across genotypes and geographical conditions (Supplementary Figures S6A–C), these taxa might have coevolved with the wild progenitor of soybean, indicating that their potential function is important for the wild soybean health. Results of the RDA revealed that latitude, which accounted for 16.3% of the core bacterial community assembly, and MAT, which accounted for 8.3% of the core fungal community assembly, were the two most significant factors. However, several other variables, including longitude, MAP, GHI, and host genetic distance, also significantly influenced the core foliar microbiome (Supplementary Figures S7A–D). Similarly, the environmental factors strongly influenced the core foliar bacterial and fungal communities in comparison to the host genotype (Supplementary Figures S7E,F).
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FIGURE 6
 The neighbor-joining (NJ) phylogenetic tree showing the core bacterial (A) and fungal (B) ASVs of the foliar microbiome of wild soybeans.





4. Discussion


4.1. Host genotype and environmental conditions influence the foliar microbiome of wild soybeans

According to our research, both genetic distance and geographic conditions were significantly correlated with the foliar microbial community of wild soybeans. These findings indicate that host genotype and environmental conditions might play a significant role in driving the foliar microbial community assembly in the phyllosphere of G. soja, the wild progenitor of soybean, which is economically and culturally an important crop in China.

We found that G. soja sampled from eight sites across China has distinct genotypes, and the G. soja genotypes differ essentially along with the latitude of sampling sites (Supplementary Figure 1B). However, there were notable exceptions too, such as the genotypes from southern LD and GD were phylogenetically clustered with the northern group. This result might be related to the origin and dispersal of wild soybean. It could be possible that wild soybeans growing in the south of the Yangtze River might have spread from the Northeast region and Yellow River Valley (Dong et al., 2001). Further, the geographic exceptions might have been caused by the long-distance migration of human transportation and also the transportation of birds and other animals (Nathan et al., 2008).

Genotypes of wild soybean exhibited a significant impact on the community composition and structure of the foliar microbiome, even after accounting for climate and substantial patterns in the spatial distribution (Figures 1A–D). This result is in accordance with previous findings revealing that host genotype affects the rhizosphere community in soybean (Zhong et al., 2019). The dissimilarity of the foliar microbial community was significantly associated with the host genetic distance (Figures 2A,B). This phenomenon was consistent with several recent investigations (Cordier et al., 2012; Qian et al., 2018). Further, substantial genetic differentiation and limited gene flow were detected among wild soybean natural populations (He et al., 2012), and our study indicated that the host genetic distance could help in explaining the foliar community assembly of G. soja. It is generally recognized that plants with different genotypes could develop different phenotypes, and these phenotypes could shape their phyllosphere microbiota (Li et al., 2018). For instance, leaf structure (Bodenhausen et al., 2014; Aragon et al., 2017), leaf exudates and volatiles (Kolton et al., 2013; Farre-Armengol et al., 2016), and plant defense signaling pathways (Kniskern et al., 2007) are all key role in shaping phyllosphere communities. In addition, a recent study reported that the phyllosphere microbial community is also influenced by vertical dispersal, and a part of microbes from the embryo could be transmitted to the phyllosphere from the seed to the seedling (Abdelfattah et al., 2021b). In our study, the host genotype is an influential driving factor in the foliar microbial community variation of wild soybeans.

The bacterial and fungal community composition and richness also differed among the eight sampling sites (Figures 1A,B; Supplementary Figures S3C,D) sampled across climatic gradients. According to the distance-decay results, the foliar bacterial and fungal community dissimilarities were positively correlated with geographic distance among sampling sites (Figures 2C,D). All of these findings indicated that the local environmental conditions could be another significant factor in shaping the foliar microbial community of wild soybeans. Our results are consistent with earlier studies (Vogel et al., 2021). In general, the microbial communities colonizing the same host species and/or organs could be filtered and selected by environmental conditions, such as temperature, heat, and precipitation, which could directly shape the foliar microbial community (Jiao et al., 2019; Chen et al., 2021). For example, under drought stress, the diversity of the phyllosphere bacterial community of grass diminished, and Gammaproteobacteria replaced other taxa as the dominant species (Bechtold et al., 2021). In addition, local dispersal from neighboring plants could also be an important factor influencing foliar microbial community assembly (Meyer et al., 2022). This influence contributes to the geographical distance-decay relationships (Figures 2C,D). Furthermore, geographical and climatic factors could indirectly influence the foliar microbial community by influencing the distribution of host genotypes, as discussed above. Therefore, our results demonstrated that environmental conditions could also affect the foliar microbial composition of wild soybeans.



4.2. The core foliar microbiota is potentially beneficial to wild soybean growth

Although the foliar microbial communities are significantly different depending on environmental conditions and host genotypes, the core microbes with high abundances were present across all the samples. Increased abundance and occurrence of the core foliar microbiota suggest their significance to the plants. Some core foliar microbiota might assist the hosts in acquiring nutrients. For instance, the core microbes of Methylobacterium, Pantoea, Pseudomonas, and Sphingomonas, with the relative abundance of 30.33, 15.4, 4.54, and 2.31%, respectively, were reported as N2-fixing bacteria (Loiret et al., 2004; Albino et al., 2006), and some strains of Pseudomonas have also been observed to assist wheat in absorbing phosphorus (Zabihi et al., 2011). Additionally, there are also some microbial taxa that could help the host plants in increasing their resistance against abiotic stresses. Some species of Pseudomonas detected in plant phyllosphere have been demonstrated to be resistant to mercury contamination (Durand et al., 2018). The bacterial genera of Curtobacterium and Microbacterium, as well as the fungal genera of Cladosporium and Alternaria that colonized the leaf surface of Euonymus japonicus were all tolerant of ozone stress (Liu et al., 2022), and all of these genera were core foliar microbiota of wild soybean (Figures 5C,D). Moreover, some core microbes of wild soybean might involve in assisting the host to resist the biotic stresses. The core microbes of Methylobacterium spp. strains (an RA of 30.33%) and Sphingomonas spp. strains (an RA of 2.31%) (Figure 5C) have been reported to protect hosts against pathogens (Innerebner et al., 2011; Ardanov et al., 2012). Furthermore, certain microbial species have been cultivated as bio-control agents for reducing crop diseases or restraining weeds. For example, some members of Penicillium could effectively prevent verticillium wilt by inducing resistance in tomatoes (Larena et al., 2003), and Alternaria is capable of controlling weeds to protect the health of agro-ecosystems (Charudattan, 2001).

In addition to the aforementioned beneficial microbial taxa, some taxa that could cause plant disease were also found in this study. For instance, certain members of bacterial genera (e.g., Curtobacterium and Pseudomonas) as well as fungal genera (e.g., Alternaria and Penicillium) were identified as potential pathogens for pear and apple bark (Arrigoni et al., 2018). Meanwhile, Nigrospora oryzae and Plectosphaerella cucumerina were also the core fungal microbiota of G. soja, which have the potential to cause leaf spot and root rot, respectively (Chen et al., 2019; Elmer et al., 2020). Nevertheless, it should be mentioned that although the sequences of the core microbial ASVs were identified by clustering with the known sequences from NCBI GenBank in accordance with their phylogenetic relationships (Figures 6A,B), it is difficult to differentiate the taxa below genus level using 16S-based profiling. Therefore, to increase the beneficial microorganisms and restrain the detrimental ones for soybean production, more precise sequencing tools should be employed in the future to analyze the functions and roles of the foliar microbiome of wild soybean.




5. Conclusion

We investigated the foliar microbial community structures of wild soybean in various genotypes across large-scale regions of China and the driving factors of microbial community assembly. The results revealed that both environmental conditions, as well as host genotypes, were crucial drivers in shaping the foliar microbiome of wild soybean, and the host genetic distance played a significant role in explaining the assembly of the foliar microbiome. The identified core foliar microbiota was present in various wild soybeans with an increased abundance, and they were potentially beneficial to the health of the host; they were also significantly influenced by the aforementioned two factors. This study expanded the knowledge of driving factors in foliar microbiome of wild soybeans, and the results would be helpful for developing strategies for the agricultural management of cultivated soybeans. Together, our results suggested that we could indirectly affect the microbiome of soy across broad climatic regions with implications for our ability to deal with the impacts of ongoing climatic changes on crop microbiomes.
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Post flowering stalk rot (PFSR) of maize caused by the Fusarium species complex is a serious threat to maize production worldwide. The identification of Fusarium species causing PFSR based on morphology traditionally relies on a small set of phenomic characteristics with only minor morphological variations among distinct Fusarium species. Seventy-one isolates were collected from 40 sites in five agro-climatic zones of India to assess the diversity of Fusarium spp. associated with maize crops showing symptoms of PFSR in the field. To investigate the pathogenicity of Fusarium spp. causing PFSR sixty isolates were toothpick inoculated between the first and second node at 55 days after sowing during the tassel formation stage of the crop in Kharif (Rainy season), and Rabi (Winter season) season field trials. Ten most virulent Fusarium isolates, based on the highest observed disease index, were identified by homology and phylogenetic analyses of partial sequences of the translation elongation factor 1 α (Tef-1α). Based on morphological traits such as mycelial growth patterns and mycelial pigmentation, Fusarium isolates were divided into nine clusters. The isolates were judged to be virulent based on their ability to decrease seedling vigour in in-vivo situations and high disease severity in field experiments. Pathogenicity test during the Kharif season showed 12 isolates with virulent disease symptoms with a mean severity ranging between 50 to 67 percent disease index (PDI) whereas in Rabi season, only five isolates were considered virulent, and the mean severity ranged between 52 to 67 PDI. Based on pathological characterization and molecular identification, 10 strains of Fusarium species namely, Fusarium acutatum (2/10), Fusarium verticillioides (Syn. Gibberella fujikuroi var. moniliformis) (7/10), Fusarium andiyazi (2/10) recorded the highest diseases index. All these species are part of the Fusarium fujikuroi species complex (FFSC). The distribution of virulent isolates is specific to a geographical location with a hot humid climate. Increased knowledge regarding the variability of Fusarium spp. responsible for PFSR of maize occurring across wide geographical locations of India will enable more informed decisions to be made to support the management of the disease, including screening for resistance in maize-inbred lines.
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Introduction

Maize (Zea mays L.) is the third most cultivated cereal grain in the world and contributes greatly to global food security. Maize can be grown in temperate tropical and subtropical climates (Souki et al., 2011). With the development of agriculture, infectious plant diseases have become an increasingly significant factor affecting crop yield and economic efficiency. Maize crop is often infected by several plant pathogens (bacteria, viruses, fungi, nematodes, etc.) that are detrimental to the yield and quality of grains and eventually threaten food security around the globe (Tiru et al., 2021). Pathogenic diseases of maize are one of the major obstacles leading to hefty economic, nutritional, and livelihood impacts. Among several pathogenic diseases, fungal diseases caused by Fusarium spp. are most threatening to the yield and quality of grains. Moreover, fungal infection and consequent contamination with mycotoxins pose serious human and animal health hazards, following ingestion of contaminated food and feeds. Post flowering stalk rot (PFSR) of maize is a serious diseases affecting maize production worldwide. PFSR is mainly caused by the Fusarium fujikuroi species complex (FFSC) which includes more than 60 Fusarium species (both phytopathogenic and clinical importance) (Yilmaz et al., 2021). The pathogens of FFSC responsible for causing PFSR are Fusarium verticillioides (Sacc.) Nirenberg, Fusarium subglutinans (Wollenw. and Reinking) P.E. Nelson, Toussoun and Marasas, Fusarium graminearum Schwabe, Fusarium proliferatum (Matsush.) Nirenberg ex Gerlach and Nirenberg, and Fusarium oxysporum Schltdl (Gherbawy et al., 2002; Harleen et al., 2016). This complex is a collective group of fungi that lives in the soil and spreads through plant roots and crowns. PFSR-infected maize plants exhibit symptoms of drooping, wilting, and drying of leaves, empty cob development, and an increase in the angle between stalks and cobs in the field. Fusarium verticillioides has been reported as a major fungal species of PFSR (Venturini et al., 2013; Yu et al., 2017; Jambhulkar et al., 2022). The isolates of Fusarium spp. from various agroclimatic regions exhibit significant variability in their pathogenicity, genetics, reproductive, and toxicity characteristics (Danielsen et al., 1998; Chandra Nayaka et al., 2008; Venturini et al., 2013; Qiu et al., 2015). The pathogenic potential and cultural variation of these continuously evolving plant pathogens depend on geographical locations, season/weather, and cropping patterns (Kavas et al., 2022).

The majority of maize-growing states in India, especially rainfed regions, such as Jammu and Kashmir, Punjab, Haryana, Delhi, Rajasthan, Madhya Pradesh, Uttar Pradesh, Bihar, West Bengal, Andhra Pradesh, Tamil Nadu, and Karnataka are prone to PFSR infection (Kaur and Mohan, 2012). During the Kharif season (Rainy season), Macrophomina phaseolina (Tassi) Goid is the principal pathogen responsible for PFSR in India, which develops when there is a protracted dry spell. In other parts of the country where maize is grown under guaranteed irrigation, F. verticillioides is primarily responsible for PFSR. However, several other Fusarium spp. are also associated with this disease, which affects approximately 27.0 to 77% of maize plants (Mamatha et al., 2020). All India Co-ordinated Research Project on Maize (AICRP-Maize) 2014, reported that this disease causes 22 to 64% yield losses. In different agroecological zones of India, multiple Fusarium spp. exist with varying pathogenic potential, making PFSR control strategies very challenging and often unsuccessful. The virulence pattern of Fusarium spp. isolates in not unclear. Moreover, being a soilborne pathogen, management of the disease through a fungicide application is difficult, costly, and destructive to ecology (Rahjoo et al., 2008; Harleen et al., 2016). Therefore, morphological characterization and pathogenicity screening of Fusarium spp. causing PFSR is critical for preliminary identification and classification and eventually for developing efficient disease management strategies.

Several prior studies showed variability in cultural and microscopic characteristics of several Fusarium spp. isolated from Rajasthan (Khokhar et al., 2014), Punjab (Harleen et al., 2016), Karnataka (Ramesha and Naik, 2017), and Telangana (Mamatha et al., 2020) states of India. These reports indicate region-specific variability in several Fusarium spp. of these states. We argue that a more comprehensive and comparative investigation of these PFSR-causing pathogens across wide geographical locations of India is necessary to delineate the virulence behaviour of these isolates and to design their management strategies. Moreover, being a soilborne pathogen, management of the disease through conventional measures is difficult such as fungicide application which is cost-prohibitive and destructive to ecology. A substantial amount of work has been done to investigate the use of biological control to address the issue of PFSR (Chandra Nayaka et al., 2010; Wu et al., 2015; Lu et al., 2020; Jambhulkar et al., 2022), but breeding resistant germplasm is the ultimate solution to reduce crop loss due to PFSR. Therefore, stable resistant inbred lines against virulent isolates of Fusarium spp. will be useful as resistant sources against PFSR.

This study aims to comprehensively characterize morphologies of Fusarium spp., isolated from five agro-climatically distinct states viz. Rajasthan, Gujarat, Madhya Pradesh, Telangana, Karnataka, and Andhra Pradesh of India. The respective Fusarium isolates were cultured from rotten maize stems exhibiting signs of PFSR, such as drooping cobs and desiccated plants. Moreover, we examined the pathogenicity of the collected isolates to identify the most virulent ones. Increased knowledge regarding the variability of Fusarium spp. responsible for PFSR of maize occurring across wide geographical locations of India will enable more informed decisions to be made to support the management of the disease.



Materials and methods


Sampling and fungal strain isolation

During 2020 and 2021, maize plants infected by PFSR were randomly gathered from 40 sites in southern Rajasthan, eastern Gujarat, western Madhya Pradesh, Karnataka, and Telangana. A few locations of sample collection performed during Rabi 2020 are Banswara, Survaniya, Bodla, Karji, Hamirpura, Rakho, Badodiya Kali Pahari, Kalinjara, Sagdod, Devliya, Kushalgarh, Sajjangarh, Monadungar villages Ghatol, Senavasa, Badgaon, Chanduji ka Gada in Southern Rajasthan. Eastern Gujarat: Dahod, Godhra, Pavagarh, Vadodara. In Karnataka, samples were taken from Mandya, Haveri, Davanagere, Mysore, Raichur, Belagavi, and Bagalkot, among other locations. One isolate was recovered from Warangal in Telangana. Geographical locations depicting the latitude and longitude of Fusarium spp. sample collection is given in Supplementary Table 1. These locations are part of five agro-climatic zones viz. Eastern plateau and hills, Central Plateau and hills, Western plateau and hills, Southern plateau and hills, and Gujarat plain and hills. On the India map, each collection site’s latitude and longitudinal position (GPS data) were recorded and mapped (Figure 1).


[image: image]

FIGURE 1
Geographical locations indicating sampling sites of Fusarium spp. Isolates.


These sample collection locations are part of five agro-climatic zones in India viz. Eastern plateau and hills, Central Plateau and hills, Western plateau and hills, Southern plateau and hills, and Gujarat plain and hills. To isolate the pathogens, all adhering soil particles were removed from the vascular pith tissues of infected maize plants by washing them with tap water. The pith of the infected stalk was surface sterilized by soaking in 0.1% sodium hypochlorite for 30 s before being rinsed twice in sterile distilled water, dried on sterile blotting paper, and placed on potato dextrose agar plates supplemented with streptomycin sulphate (100 μg ml–1) to prevent bacterial contamination and incubated in the dark. The isolates were moved from potato dextrose agar (PDA) to Spezieller Nahrstof farmer agar (SNA) medium (1 g KH2PO4, 1 g KNO3, 0.5 g MgSO4.7H2O, 0.5 g KCl, 0.2 g glucose, 0.2 g sucrose, and 20 g agar in 1 L SDW), to enhance sporulation, according to Leslie and Summerell (2006). Seventy-one isolates of Fusarium pathogen cultures from infected stalks were purified by isolating a single spore. The isolates were sub-cultured on potato dextrose agar slants and allowed to grow at 27 ± 1°C in the dark for 15 days. These slants were stored in a refrigerator at 4°C and utilized throughout the study.



Cultural and morphological characterization of isolates

To investigate the morphology of various Fusarium isolates, isolates were individually cultured on PDA. A 5 mm culture disc was cut from the edge of the actively developing culture plates and positioned at the centre of fresh PDA plates and incubated in the dark at 27 ± 1°C. After 7–8 days, observations of culture phenotypes were recorded considering colony diameter, colour, margins, and general appearance from all the Petri dishes. Each isolate was maintained in triplicate. Thereafter, micro-morphological characterization was conducted by observing fungal cells under a microscope. Eventually, to study conidial morphology, culture explants were transferred and grown onto SNA Petri dishes. Slides were prepared from four-day-old fungal cultures on SNA medium to promote the sporulation and production of both microconidia and macroconidia. The length, width, and number of septations per conidia were recorded and all the microphotographs were captured using a CILIKA® digital microscope (Medprime, Thane, Mumbai, India) at 40X magnification.



In-vitro pathogenicity test

The germination paper/paper towel method (Flint-Garcia et al., 2005) was used to determine the pathogenicity of specific Fusarium isolates in vitro. A total of 71 Fusarium isolates were examined on PC-4 maize seeds. Conidial suspensions of 2x107cfu/ml were made by scraping mycelium into sterile distilled water in a test tube. Surface-sterilized maize seeds were soaked for 30 min in test tubes containing a suspension of each inoculum. After pathogen treatment, 10 maize seeds per inoculum are placed in moist germination paper, labelled, rolled, and placed in a seed germinator with controlled conditions (28°C temperature and 80% relative humidity). The initial count for seed germination, shoot, and root length, was recorded on the eighth day, followed by the tenth day, and the final count on the twelfth day, respectively. Pathogenicity of the Fusarium isolates and their influence on seed germination, viability, and vitality were recorded. The Dezfuli et al. (2008) formula was utilized to calculate seedling vigour.

[image: image]



Pathogenicity studies during Kharif and Rabi seasons in field condition

The field experiments for pathogenicity evaluation were conducted in the research farm of Rani Lakshmi Bai Central Agricultural University, Jhansi (N 25°30′55.75′′ E 78°32′47.31′′), India. Seeds of a cultivated variety with intermediate susceptibility “Pusa Composite 4” were seeded in the field adopting a Randomized Block Design with three replications of each isolate during Kharif (rainy season) 2020 and Rabi (winter season) 2020-21. Standard agronomic practices adhered to for the soil preparation and fertilizer application. The spacing between plants was 30 cm, while the spacing between rows was maintained at 60 cm.



Toothpick inoculation method

Round wooden 6 cm-long toothpicks were sterilized by boiling in distilled water for 1 h. Any impurities such as gum, resin, or any other particles that may limit fungus growth were discarded by decanting the water, and the process was repeated three times. Following sterilization, the toothpicks were dried on sterile blotting paper. Ten toothpicks were put into each test tube, and PDB (Potato dextrose broth; Hi-Media®) was added to each tube to thoroughly moisten the toothpicks. The pointed tips of the toothpicks were maintained in an upward position and the volume of broth in a test tube were such that the 1–1.5 cm tip of the toothpicks remained above the broth level. The test tubes were autoclaved, cooled, and then infected with Fusarium isolate plugs. The inoculated test tubes were incubated at 27 ± 1 °C with 12 h of alternating light and darkness for 10 days until the maximal mycelial growth took place on toothpick tips. Sixty isolates [FUR14, FUG16, FUR13, F38, F27, F3, F2, F43, FUG7, F19, FUG4, F9, F55, F58, F44, F16, F47, FUG1, F45, FUG2, F10, F7, F6, F31, F36, F28, FUG5, F34, F8, F22 (Dungarpur), F46, FUG6, F12, F33, F14, F26, F48, F20, F4, F11, F49, FUG8, F42, D2, FUG3, F52, F57, FUR10, F21, F18, FUR15, F13, F1, F25, FUR12, F59, Chokhla, F32, FUR11, and F35] were used in pathogenicity test during Kharif season 2020 and the nine isolates FUR14, FUG16, FUR13, F38, F27, F3, F2, F43, FUG7 which showed less virulence during Kharif season 2020, were excluded for the subsequent trial. For the pathogenicity trial in the Rabi season of 2020-21, the 51 Fusarium isolates from the 2020 Kharif season and nine new isolates collected from the southern region of India, viz-a-viz, Mandya, Mandya 2, Haveri, Mysore, W3-2, G1-3, B1-1, Davanagere, and Raichur were included in the study.

At the tasselling stage, 45 to 50-day-old maize plants were artificially inoculated. Five plants per replication were inoculated with each Fusarium isolate. The lower internodes, particularly the second internode above the soil’s surface in each plant, were inoculated with mycelium. The fungus-colonized toothpicks were inserted diagonally after puncturing the stem and creating a 2-centimetre hole in the first internodes with a jabber. The onset of symptoms initiated 20 to 25 days following vaccination. At the time of harvest, disease intensity and severity (PDI) were computed using Payak and Sharma (1983) 1 to 9 scale. Lesion length was measured by split opening the inoculated stalk at harvest to determine the percentage disease index (Chester, 1950; Chaube and Singh, 1991; Vieira et al., 2012).
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The disease rating scale to measure the disease severity of PFSR is given by Payak and Sharma (1983). (1) No discoloration or discoloration only at the point of inoculation; (2) less than 25% of the inoculated internode discoloured; (3) 25 to < 50 % of the inoculated internode discoloured; (4) 50 to < 100 % of the inoculated internode discoloured; (5) 25% of adjacent internode discoloured; (6) half discoloration of the adjacent internode; (7) Discolouration of three internodes; (8) Discolouration of four internodes, and (9) Discolouration of five internodes or plants prematurely killed.



Isolation of genomic DNA

The genomic DNAs of isolates were extracted using the CTAB method (Li et al., 2013). The 10 most virulent Fusarium isolates were incubated on PDA plates at 27 ± 2°C under the dark for 6–7 days. An approximately 1 cm2 of fungal mycelium was transferred from culture plates to a sterile 2 ml Eppendorf tube. Mycelium was macerated using a tissue homogenizer and 500 μl CTAB buffer, followed by incubation of the Eppendorf tube at 60°C for 1 h in a hot water bath (Cole-Palmer India Pvt. Ltd. Mumbai) with a gentle shaking at 10 min interval. The composition of the buffer was (2.5% CTAB, 4 M NaCl, 20 mM EDTA, 100 mM Tris-HCl, 0.2% β- Mercaptoethanol; pH 8.0). All components for the buffer preparation were procured from (Hi-media, India). The concentration and purity of DNA were determined using Nanodrop (NanoDrop™ ThermoFisher™ Scientific, Mumbai, India) and recording its absorbance at (260/280 nm) and the quality of DNA through agarose gel electrophoresis (0.8%) (w/v) (iGene Labserve, Delhi, India). The gel was observed under the Gel documentation system (Syngene®InGenius3, Frederick, USA). The final volume of DNA was made to 50 ng.



Phylogenetic analysis of the TEF-1α gene sequence

Sequences of the translation elongation factor 1α (TEF-1α) gene from each isolate were amplified using the Tef-1α EF-1 [5’-ATGGGTAAGGA (A/G) GACAEAGAC-3’] and EF-2 [5’- GGA (G/A) GTACCAGT (G/C) ATCATGTT-3’] primer pairs (O’Donnell et al., 1998). PCR amplification (50 μl reaction volume) was performed with an initial denaturation at 94 °C for 5 min followed by 35 cycles each at 94 °C for 1 min, annealing at 50 °C for 1 min, extension at 72 °C for 2 mins followed by a final extension at 72°C for 10 mins, in a Thermocycler (Veriti™, Applied Biosystem™, New Delhi, India). The Tef-1α gene sequences of the ten most virulent Fusarium spp. isolates were sequenced through the Sanger sequencing method at Medauxin™, Bangalore. The obtained sequences were subjected to nBLAST to molecular identify at species levels through homology with available nucleotide sequences from the NCBI fungal DNA database1. The homology-identified sequences were deposited in the GenBank database of the National Centre for Biotechnology Information (NCBI), and Accession numbers were obtained. The reference Tef-1α nucleotide sequences of the Fusarium spp. showing closest homologies in the nBLAST search were retrieved from the FUSARIOID-ID database (Crous et al., 2021) for molecular phylogenetic relationships (Fusarium verticillioides Reference species: MW401977 CBS 117.28 strain, MW402080 CBS 141.59 strain; F. andiyazi Reference species: MN533989 CBS 119856 strain, MN193854 NRRL 31727 strain; F. acutatum Reference species: MW402124 CBS 401.97 strain, MW402125 CBS 402.97 strain). Alternaria burnsii isolate Alt-MP6 (Sequence ID: ON993391) was used as an outgroup. The phylogenetic tree was constructed by using MEGA X software using 1,000 bootstrap values and beautified by using ITOL software (Letunic and Bork, 2007).



Statistical analysis

Arc GIS 10.1 platform (ESRI Inc., United States) was used for preparing the map for the study area and sample location sites. For hierarchical cluster analysis, all measurements of morphological and microscopic characters (including pigmentation, pattern, and type of mycelium, colony colour, macro and microconidia size, shape, and septation), were averaged and given values. A cluster analysis was conducted, and Unweighted Pair Group Method with Arithmetic mean (UPGMA) based dendrogram constructed (Jaccard’s coefficient) by using the software PAST 4.03. For each trait, descriptive statistics were calculated. Analysis of variance (ANOVA) was done by verifying the Shapiro-Wilk tests by SAS 9.1 (SAS, Inc., North Carolina, USA) software at 5% probability. Pair-wise mean comparison of disease severity between isolates during Kharif and Rabi seasons was calculated according to Tukey’s HSD test at p < 0.05. Data on pathogenic variability of virulent isolates under in-vitro, Kharif, and Rabi seasons were analysed by analysis of variance (ANOVA) and compared differences between percent reduction in seedling vigour and disease severity by virulent isolates using R (Gentleman, 2008). Arc sine transformation was done for percent data to make residuals normal and then back-transformed for graphical presentation. The significance of mean difference within percent reduction in vigour and disease severity by virulent strains was tested by Student’s t-test in combination with Bonferroni correction at P = 0.05 level of probability. Box plots were created to depict the distributions of seed germination parameters and shoot, root, and vigour index throughout growth days and trials. The analysis was performed at 0.05 or 0.01 significance level as indicated. The correlation study was performed using Jamovi version 1.2.27 at 5% level of significance.




Results


Identification of isolated cultures from maize stalk rot samples


Morphological characterization

Fusarium isolates display variability in several phenotypic characteristics such as colony colours, mycelium, pigmentation, sporulation, branching, conidial size, and shape. All the Fusarium isolates displayed a pronounced difference in their colony colours ranging in hue from violet, light violet, light pink, and light pink to light violet, dark violet, and filthy white. The colony colour of 47 of the Fusarium isolates was white to dirty white. The distribution of the pigments diffused in the culture agar of the 71 isolates were as follows: 42 purple, 7 dark purple, 6 pink, 8 yellow, and 1 light purple-2 isolates did not produce pigments. A significant variation in their colours and conidia among different isolates is depicted in Figure 2. The mycelial development of the Fusarium was considerably more variable. Some isolates exhibited white mycelial growth that was fluffy, white mycelial growth that was sparse, and white and purple mycelial growth that was mixed (Figure 2). All 71 isolates displayed a significant degree of variation in their mycelial size, colour, pigmentation, shape and size of macro and microconidia, and their septation. Among them, 51 isolates displayed fluffy mycelial development, 13 isolates were less fluffy, and 7 isolates were appressed. Among all 71 isolates, 30 had pointed macroconidia, 6 blunt-end conidia, and 35 sickle-shaped conidia. Fusarium isolates were divided into distinct clusters based on pigmentation, colony colour, mycelium pattern, mycelium type, conidial size, and shape. Based on morphological traits, 71 isolates were grouped into nine clusters (Figure 3). Cluster I consisted of six isolates with purple to dark purple pigmentation, purple to light purple, and a fluffy, condensed mycelium. Pointed to sickle-shaped macroconidia size was in the range of 13–15.3 μm with 2 septa. Microconidial size was in the range of 5.3–10.0 μm. Cluster II comprised of five isolates with purple, white, orange, and light-yellow pigmentation, white to dirty white colony colour, and fluffy to appressed mycelium. The size of sickle-shaped macroconidia ranged between 22–51 μm having 2–7 septa. Microconidial size was highly variable between 6–30 μm. Nine isolates from cluster III exhibited purple to dark purple pigmentation, purple to light purple colony colour, and fluffy to less fluffy mycelium. The size of macroconidia was between 18–40 μm having 2–7 septa. The virulent isolates Raichur and Davanagere belonged to this cluster having pointed and blunt conidia respectively. Seven isolates from cluster IV exhibited purple pigmentation, except F32 and G1-3 exhibited yellow and pink pigmentation, respectively, white to dirty white and light purple colony colour, fluffy to less fluffy, and appressed mycelium. Pointed shape macroconidial size was in the range of 26 to 32 μm with 2–3 septa. The FUG-7 isolates had 6 septa. All isolates in this cluster were pointed in shape. The size of microconidia was in the range of 11–22 μm. Eleven isolates form cluster V having purple pigment, white to dirty-white colony with fluffy growth. The size of sickle-shaped macroconidia was from 22 to as large as 53 μm with up to 2–7 septa. Microconidial size was in the range of 10–21 μm. The virulent isolate F13 belonged to this cluster. Nine isolates from the VI cluster contained variable pigments of pink, yellow, white, and orange. Mycelial colour was white to dirty white, and fluffy mycelium. Macroconidial size was in the range of 21 to 44 μm with 2–6 septa. Microconidial size was in the range of 10–26 μm. The FUG8 had large size conidia with 4 septa. Cluster VII has seven isolates having variable pigment range. Isolates belonging this cluster had white to dirty white and light purple colony colour, and fluffy and dense mycelium. Macroconidial size was in the range of 21–36 μm with 2–7 septa. The virulent isolate FUG15 had the largest conidia in this cluster with seven septa. In cluster VIII, eleven isolates exhibited purple pigmentation with white and dirty white colony coloration and fluffy mycelium. This cluster had larger sickle-shaped conidia with 20 to 44 μm with as high as 8 septa. Microconidial size was in the range of 17 to 20 μm. Six isolates in cluster IX exhibited purple to dark purple pigmentation, having purple to light purple colony colour, fluffy mycelium. The size of macroconidia was in the range of 22–45 μm and 2–6 septa. This cluster consisted of pointed and blunt-end conidia. This cluster had a maximum of 3 virulent isolates including F18, FUR 11, and F59 (Figure 3).
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FIGURE 2
Cultural and morphological characteristics of Fusarium spp. causing PFSR in maize. For each isolate in the top row is the upper surface of the culture plate, the middle row is the lower surface, and the bottom row is a microscopic photograph of spores. A- F6; B- F27; C- F-47; D- F52; E, F- F59; G-F41; H- Raichur; I- Mysore; J- F19; K-F2; L- F13; M-F26; N-F33; O- F13; P-F14; Q- F8; R-F9; S- F58; T-F49; U-F28.
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FIGURE 3
Dendrogram derived from morphological characters of 71 isolates of Fusarium spp. collected from 5 agroclimatic zones based on pigmentation, colony colour, mycelial pattern, shape and size of macro, and microconidia and number of septa in macroconidia grown on PDA medium.


The production of microconidia occurred in chains and branches upon being grown on the SNA media. On a CILIKA™ digital microscope, the length and width of randomly selected microconidia and macroconidia were measured. Macroconidia produced three distinct types of spores, including those with sickle- or tapering-shaped, pointy, and blunted ends. There was a greater formation of sickle-shaped macroconidia in 32 Fusarium isolates, while 30 isolates produced pointed macroconidia, and five isolates produced blunt macroconidia. Sickle-shaped macroconidia ranged in size from 53.0 μm ± 8.0 × 1.5 μm ± 0.5 m (FUR 13) with a Quotient value (Qv) of 35 μm ± 7.4 to 13 μm ± 2.5 × 2 ± 1.0 m (F12) with a Qv of 7 ± 2.6. Comparatively, blunt-shaped macroconidia are smaller, ranging between 30.0 μm ± 3.0 × 2.5 μm ± 1.0 m (FUR 11) Qv 12.0 ± 4.4 to 18.0 ± 2.6 × 2.0 ± 1.3 μm (F 58). The size of pointed macroconidia ranged from 44 μm ± 3.5 × 1.5 μm ± 0.5 m (F52) Qv 29.0 ± 8.4 to 13.0 ± 2.0 × 2.0 ± 0.5 m (Qv 6.5 ± 1.3) (F48). Microconidial dimensions ranged from 23.0 μm ± 3.1 × 2.5 μm ± 0.5 m (F8) Qv 9.3 ± 0.7 to 5.0 ± 1.5 × 1.5 ± 0.5 m (F48) Qv 3.6 ± 0.3 (Supplementary Table 2). The number of septa detected in macroconidia varies between 2 and 8 septations. With 0-1 septa, microconidia were circular to oval in shape. The F52, F13, FUR 15, F16, F22, F14, F22 (D2), and B1-1are examples of isolates with 7 septa in their macroconidia, while only isolate F20 was reported to have 8 septa. The range of macroconidia is 10–53 μm × 1–4 μm. Microconidia size ranges from 4–31 μm × 1–3 μm. The F. acutatum isolate FUR 13 had macroconidia of size 53.0 μm ± 8.0 × 1.5 μm ± 0.5, Isolate F13 developed conidia with lengths of sizes 51.0 μm ± 15.4 × 2.0 μm ± 0.5. The F. oxysporum isolate F27 had large macroconidia 50.0 μm ± 17.5 × 1.7 μm ± 0.8 with Qv of 30.2 ± 14.9 (Figure 4).
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FIGURE 4
Conidial morphology of Fusarium spp. (A) Sickel-shaped Macroconidia of Fusarium oxysporum (50.3 μm ± 17.5 × 1.7 μm ± 0.8) 1000X, (B). Sickle-shaped F. verticillioides (40.0 μm ± 1.0 × 2.3 μm ± 1.0) 1000X, (C) False head and monophialide conidiogenesis of F. acutatum, 400 X, and (D) Blunt ended macroconidia of F. andiyazi (18.0 μm ± 2.6 × 2.0 μm ± 1.3) 1000 X observed in the present study.





In-vitro pathogenicity evaluation of Fusarium isolates


Effect of treatment with Fusarium spp. on maize seed germination

Fusarium isolates significantly altered the seed germination of maize, the germination rate of different Fusarium spp. treated maize seeds varied between 0 and 70% on different days following fungal inoculation. Based on the extent of germination, these isolates were categorized as less virulent (F39, F7, FUG1, F49, F58, F32, F19, Davanagere), moderately virulent [FUR13, F28, F52, FUG16, F38, F45, Mandya, F3, F44, F13, Chokhla, F1, F57, FUG6, F47, F43, F22 (D2), F8, Mandya 2 and Haveri]. Virulent isolates F46, F12, F21, F9, F11, FUR50, F31, F35, FUG4, FUG3, F9, FUG8, F14, F10, F20, F42, FUG7, F48, F6, FUG5, F4, F55, F59, F26, Mysore, Raichur, and F36 inhibited germination of maize seeds on a paper towel by one hundred percent. Non-virulent isolates consistently promoted germination up to 12 days after inoculation (p ≤ 0.05), but virulent isolates inhibited germination. The maximum rise in germination was found 10 days after inoculation, as indicated by the Box Plot trend for change in germination percentage (p ≤ 0.05; Figure 5A). The non-germinating seeds were determined to be decaying or weakly germinated.


[image: image]

FIGURE 5
Box plot showing the distribution of germination percent (A), root length (B), shoot length (C), seedling length (D), and vigour (E) on different days after challenging maize seeds with Fusarium isolates.




Effect of treatment with Fusarium spp. on maize seedling root length

Based on the pathogen’s virulence, there was a significant (p ≤ 0.05) difference in root length between Fusarium spp.-treated seeds and untreated control seeds. The treated seeds had a mean root length between 0–24.8 cm. Seeds inoculated with Fusarium spp. isolates showed a steady increase in root length for the first 10 days, and, thereafter, a decline (Figure 5B). The untreated seeds produced roots measuring 25 cm in length. The roots inoculated with isolates of reduced virulence [F52, F38, Mandya, F44, Chokhla, F1, FUG, FUR12, F16, F49, F43, F19, F22 (D2) Mandya 2, Davanagere] grew relatively vigorously. These isolates have the potential to reduce root length by up to 20% compared to the control. FUG1, F16, F44, FUG10, F43, F19, FUR12, F1, F38, Davanagere, FUG16, FUR13, F27, FUG9, F13, FUG2, F47, G1-3, F39, F34, FUR14, F8, F57, F18, F34, FUG6, F7, F3, F2, F45, F58, B1-1, F22, F28, and F25 were the isolates which reduced root length by 22 to 60 %. The remaining isolates belonged to a very virulent group that caused root lengths of fewer than 10 cm. W3-2, F36, Raichur, Mysore, F26, F59, F55, F4, FUG5, F6, F48, FUG 7, F42, F20, F10, F14, FUG 8, F9, FUG3, FUG4, F35, F31, FUR 15, F11, F21, F12, and F46 were the isolates that produced a substantial reduction in root length (Supplementary Table 3). Other than W3-2, all these isolates inhibited seed germination. Thus, these isolates reduced root length by 100%t and are considered highly virulent isolates. Data points in the Box plot depict the reduction in root length on the 12th day after treatment with all Fusarium spp. (Figure 5B).



Effect of treatment with Fusarium spp. on maize seedling shoot length

The shoot length of the seedlings was measured at 8, 10, and 12 days after treatment with Fusarium spp. isolates. The variation in the shoot length between three different periods of the evaluation was not significant. There was a correlation between the seedlings’ length and the isolates’ virulence. The greater the length of the seedling, the less virulent the inoculated Fusarium isolate. The shoot length of the seedlings varied significantly, ranging from 0 to 43 cm. The shoot length of the seedling treated with the F38 Fusarium isolate F38 was 42.1 cm which was at par with the untreated control having a shoot length of 45 cm. The shoot length inoculated with the studied isolates F52, FUR14, F19, F38, Mandya, F3, F1, F18, F22 (D2), F22 (2C), B1-1, F47, and F43 ranged between 30 to 43 cm which caused a 6.4 to 32.1% reduction in shoot length as compared to untreated control (Figure 5C). Thus, these isolates were considered less virulent. The average shoot length of seedlings treated with F8, F34, F22 (2C), FUG1, FUG 16, FUG 9, FUG10, FUG2, F45, FUR11, F57, G1-3, Mandya 2, Chokhla, F27, F34, F44, F16, F39, F7, F45, F58, F49, Haveri, F32, F2, W3-2, FUR 13, F32, F33, and Davanagere, ranged between 20–29.9 cm. Thereby recording a 33.8 to 55.4% reduction in shoot length and referred to as moderately virulent isolates (Figure 5C). The drastically shorter shoot length ranged between 0−19.6 cm, caused by the Fusarium spp. isolates FUG2, F28, F25, F12, F21, F9, F11, FUR15, F31, F35, FUG4, FUG3, FUG8, F14, F10, F20, F42, FUG7, F48, F6, FUG5, F4, F55, F59, F26, Mysore, Raichur, and F36 thereby causing 56.3–100 % reduction in shoot length (Supplementary Table 4). Thus, these isolates were deemed the most virulent isolates. Except for three isolates (FUG2, F28, and F25), the remaining 25 isolates did not permit the germination of seeds.



Effect of treatment with Fusarium spp. on maize seedling vigour

According to the measurements of seed germination, shoot length, and root length, the seedling vigour of each isolate of Fusarium spp. there were considerable differences in germination and shoot-root length, resulting in significant differences in seedling vigour. Using the formula given in the materials and methods, the vigour of seedlings was estimated. The untreated control seeds produced the most vigorous seedlings with a vigour index of 2347 ± 10.86. Isolates of Fusarium spp. with a high vigour index were rated less virulent. F44, F7, F3, FUG16, F39, Davanagere, F13, F49, FUG 1, F58, F32, and F19 which had a vigour index of more than 1,500, were responsible for up to 36% decrease in vigour compared to the control (Figures 5D, E). The 29 moderately virulent isolates had a vigour index between 822.6 ± 9.94 and 1463.9 ± 9.53. These isolates are F34, F25, F27, B1-1, G1-3, F18, F22 (D2), FUR14, FUG9, F47, Mandya 2, F52, F16, F22 (2C), FUG10, F43, F7, F8, F57, F45, F28, FUR13, FUR12, Chokhla, FUG6, Mandya, F1, FUR11 and F38 (Supplementary Table 5). These isolates reduced seedling vigour by 37.6 to 64.9 % in an in vitro paper towel test. The 30 isolates were recorded to cause 65–100 % reduction in seedling vigour index with a vigour index from 822.2 ± 9.12 to 0. These 30 isolates F46, F12, F21, F11, FUR15, F31, F35, FUG4, FUG3, F9, FUG8, F14, F10, F20, F42, FUG7, F48, F6, FUG5, F4, F59, F26, Mysuru, Raichur, F36, F55, W3-2, FUG2, F33, and F2 with least vigour index were considered as most virulent (Supplementary Table 5). Data points in the box plot depict that higher vigour was observed 10 days after seed treatment with Fusarium isolates. The median of boxes on 10th and 12th day after inoculation was near 1,000. Our observations showed that 38 isolates were below the median line with the vigour index of less than 1,000 while 33 isolates were above the median line with a vigour index more than 1000 (Figure 5E).



Pathogenicity of Fusarium isolates during Kharif 2020 and Rabi 2020-21 seasons under field conditions

The pathogenicity of sixty Fusarium isolates was evaluated with the development of visible symptoms such as drooping, wilting, and drying of leaves, empty cob development, and an increase in the angle between stalks and cobs in the field. All the isolates were able to cause infection. The intensity of disease symptoms varied among the isolates. At the harvest, all the inoculated plants were split open to measure lesion length (Figure 6). During the Kharif 2020 season, out of 60 isolates, nine were less virulent (11–25% PDI, average lesion length = 2.83–6 cm), 39 were moderately virulent (25–50% PDI, average lesion length = 5.5–12.03), and 12 were virulent (50–67% PDI, average lesion length = 6–14 cm; Figure 7A). The virulent isolates F21, FUR15, F18, F35, F1, F32, Chokhla, FUR12, F59, F25, FUR11, F13; exhibited virulent reactions with mean severity ranging from 4.7 to 6 cm lesion length (50 to 67% PDI). Isolates FUR14, FUG16, FUR13, F38, F27, F3, F43, FUG7, and F2 were less virulent or avirulent, with mean severity ranging from 1–2 (11–25% PDI). The F25, F35, and F59 were found to be virulent both in vitro and in the field during the Kharif season (Supplementary Table 5). There were 20% virulent isolates, 65% moderately virulent isolates, and 15% less virulent isolates. During Rabi season 2020-21, nearly 60 isolates, including nine distinct Fusarium isolates, were obtained from South India during this season and were evaluated for pathogenicity (Davanagere, Mysore, Mandya, Mandya 2, Raichur, Haveri, B1-1, W3-2, and G1-3). The Kharif season isolates with a lower PDI and severity of symptoms were eliminated during the Rabi season (FUR14, FUG16, FUR13, F38, F27, F3, F2, F43, and FUG7). Isolates with mean disease severity in the range of 19–22% and causing lesion length of 2–2.6 cm (FUG2, FUG1, F44, F52, FUR10, F39, FUR12, Mandya 2) were deemed to be less virulent. As many as 47 isolates were moderately virulent with the mean disease severity of these isolates ranging between 25.9 and 48.1 % and lesion lengths ranging between 2.3 and 4.3 cm (Supplementary Table 5). The Raichur, Chokhla, Davanagere, F1 and F13 isolates have an average symptom severity ranging between 51.9 and 66.7% and were considered virulent isolates (Figure 7B; Supplementary Table 5). Three isolates, F1, Chokhla, and F13, were virulent throughout the Kharif and Rabi seasons. In the Rabi season, virulent isolates like F35, F21, F18, FUR15, F25, F32, and FUR11 from the previous season were determined to be moderately virulent. During the Rabi season, five isolates F13, F1, Davanagere, Chokhla, and Raichur were found to be virulent. Of the total analysed isolates 8% were virulent, 77% were moderately virulent, and 15% were less virulent during Rabi season (Figure 7B). The inoculated stem showed vascular discoloration, from where the pathogen was reisolated to confirm Koch’s postulates and to confirm the similarity of cultural and microscopic morphology with those of the inoculated Fusarium isolates.
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FIGURE 6
Comparative lesion size of virulent (F1,F18, Raichur), Moderately virulent (D2, F10, FUG49), and less virulent (F3, FUG 16, F39). Virulent isolates caused lesions covering 2–3 nodes, moderately virulent isolates covered entire pith between nodes, and less virulent isolates a lesion restricted to the inoculated area.



[image: image]

FIGURE 7
Comparative virulence among Fusarium isolates observed during the in-vitro, Kharif 2020 and Rabi 2020-21 season. Values for histograms sharing the same letter label are not significantly different (P > 0.05).




Comparative severity in vitro, in Kharif and Rabi seasons

Seventy-one Fusarium isolates were tested in vitro using the paper towel method. In both the Kharif and Rabi seasons, the pathogenicity of sixty Fusarium isolates was evaluated using the toothpick inoculation method. The in vitro investigation revealed that, of the 71 isolates examined for pathogenicity, 30 isolates inhibited germination and decreased seedling growth. Based on less vigour of the seedlings, these isolates were considered virulent isolates. Under in vitro conditions, as mentioned above F46, F12, F21, F11, FUR15, F31, F35, FUG4, FUG3, F9, FUG8, F14, F10, F20, F42, FUG7, F48, F6, FUG5, F4, F59, F26, Mysore, Raichur, and F36, exhibited a 100% drop in seedling vigour, whereas F55, W3-2, FUG2, F33, and F2 exhibited a reduction in vigour in the range of 65 to 99.5% (Supplementary Table 5). While the in vitro pathogenicity of the isolates was determined by their ability to diminish seedling vigour, the virulence of the field-level evaluation was determined by the severity of the disease. Pathogenicity evaluation of the 60 isolates during Kharif 2020 reported 12 virulent isolates with disease severity of more than 50% including F21 (52 ± 0.58), F18 (52 ± 0.58), FUR15 (52 ± 0.58), F13 (52 ± 0.58), F1 (55 ± 0.58), F25 (55 ± 0.58), FUR12 (55 ± 1.15), F59 (59 ± 1.15), Chokhla (59.3 ± 1.15), F32 (59.3 ± 0.58), FUR 11 (63.0 ± 0.58), and F35 (66.7 ± 1.15). During the Rabi 2020-21 season experiment of pathogenicity evaluation, only five isolates exhibited disease severity above 50%. Those include F13 (52 ± 0.58), F1 (52 ± 1.15), Davanagere (52 ± 0.58), Chokhla (55.6 ± 1.15), and Raichur (67 ± 0.02) (Supplementary Table 5). Based on their performance in in-vitro, Kharif, and Rabi field studies, the ten most virulent isolates were selected for resistance evaluation of inbred lines. These isolates were F10, FUR11, Davanagere, F59, Raichur, F21, F18, Chokhla, FUR15 and FUG9 (Figure 8).
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FIGURE 8
Box plot showing disease severity levels of Fusarium spp. isolates during (A) Kharif 2020 and (B) Rabi 2020-21; Within each box horizontal black line denote median values.




Molecular characterization of Fusarium spp. isolates

The Tef 1α partial gene sequences of the ten most virulent isolates were searched for closest homologies in the NCBI. Based on the reference sequences of the closest species a phylogenetic tree was constructed. The ten most virulent isolates were identified as strains of Fusarium acutatum (FUR11, F10), Fusarium verticillioides (Syn. Gibberella fujikuroi var. moniliformis) (Davanagere, Raichur, FUG9, F13, FUR15, F21, and F59), and Fusarium andiyazi (F18). The deposited GenBank accession numbers of the respective isolates (or strains) were OP725849, OP748381, ON385434, OP748380, ON385437, ON457741, OP748376, OP748376, OP748382, OP748383, and OP651068. The phylogenetic tree demonstrated that the virulent strains recovered from different locations in India with similar species identity clustered together, and confirmed the homology-based identification by forming three distinct clades with Fusarium verticillioides Fusarium verticillioides (Reference species: MW402103 CBS 181.31 strain, KF499582 CBS 218.76 strain), F. andiyazi (Reference species: MN533989 CBS119856 strain, OP486865 LLC1194 strain), and F. acutatum (Reference species: KR071754 CBS 402.97 strain, MW401971 CBS 113964 strain) (Figure 9).
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FIGURE 9
Phylogenetic analysis of Fusarium spp. virulent strains based on translation elongation factor (Tef-1α) sequences by MEGA X software using neighbour joining method with 1,000 bootstrap replication. Accessions in bold are strains characterized in the present experiment. Reference sequences were obtained from Crous et al. (2021). Two reference strains for each species are: Fusarium verticillioides (Reference species: MW401977 CBS 117.28 strain, MW402080 CBS 141.59 strain), F. andiyazi (Reference species: MN533989 CBS 119856 strain, MN193854 NRRL 31727 strain), and F. acutatum (Reference species: MW402124 CBS 401.97 strain, MW402125 CBS 402.97 strain). The Alternaria burnsii isolate Alt-MP6 (Sequence ID: ON993391) was used as an outgroup. [image: image] Fusarium verticillioides; [image: image] Fusarium andiyazi; [image: image] Fusarium acutatum.






Discussion

Fusarium spp. are major pathogen of maize causing symptoms at different growth stages such as crown root rot, seedling rot, stalk rot, wilt, and ear rot of maize in many countries. Among various growth-stage diseases, PFSR which include Fusarium stalk rot, charcoal rot, and late wilt is a major threat to the cultivation of maize crop that affects crop just after tasselling and cob-filling stage in different parts of the world including India, leading to severe yield losses and reduction in grain quality (Payak and Sharma, 1983; Krishna et al., 2013). Frequent incidences of this disease have been reported in many Indian states such as Rajasthan, Gujarat, Madhya Pradesh, Karnataka, Telangana, and Andhra Pradesh. Moreover, recent incidences of PFSR are also observed in Punjab and Maharashtra. Due to the increasing incidences of this fungal pathogen and the extent of pathogenicity in maize crops, we designed a study to thoroughly investigate the morphological diversity and screen the pathogenic potential of Fusarium spp. causing PFSR in various Indian states having different agro-climatic conditions.

Changes in agro-climatic conditions alter the attributes of the fungus and can drive the emergence of novel, and climate-resilient fungal species with negative consequences for food security (Shekhar and Singh, 2021). Our study began with a survey of different PFSR-infected maize fields to cover diverse locations with different agro-climatic conditions of Indian states where 71 Fusarium spp. were isolated from symptomatic maize stalks from five agro-climatic zones viz. Eastern plateau and hills, Central Plateau and hills, Western plateau and hills, Southern plateau and hills, and Gujarat plain and hills. Variations in colony appearance were observed between the isolates, such as mycelial variations such as fluffy and sparse white growth, and white and purple mycelial growth having a range of colour vacations such as violet, light violet, light pink, and light pink to light violet, dark violet, and filthy white. In a previous study, authors also observed pink, violet, purple, and brown mycelial colours at later stages on PDA plates (Pavlovic et al., 2016). Harleen et al. (2016) investigated the morphological characteristics and distribution of 56 Fusarium isolates from various maize-growing locations in Punjab. Ramesha and Naik (2017) examined the colony morphology and pathogenicity of Fusarium isolates from Karnataka. Mamatha et al. (2020) surveyed 13 Telangana villages and evaluated the incidence of post-flowering stalk rot and the morphological variety of Fusarium spp. Traditional studies of cultural characteristics and microscopic features of micro and macroconidia and chlamydospores as well as the presence or absence of other morphological structures assist in taxonomic classification and identification of Fusarium species. The morphological characteristics of complex Fusarium spp. are challenging to observe. Thus, from the phenotype dendrogram (Figure 3) the F. verticillioides strains were observed to spread throughout the various clades. Moreover, the F. acutatum and F. verticillioides strains appeared in the same clades.

Considering these variations in morphological features among strains it is very difficult to identify strains. Molecular techniques help in a more reliable identification of species, but it is pertinent to complement classical methods. Sporulation of micro and macroconidia was observed on SNA media in the range of sickle- or tapering-shaped, pointy, and blunted ends. Nevertheless, several researchers obtained comparable results (Varela et al., 2013; Shin et al., 2014; Zhang et al., 2021). Ramesha and Naik (2017) found that macro-conidia was sickle-shaped, pedicellate, and distributed, with a high degree of morphological variation in terms of the shape of the micro and macroconidia, as well as variation in the number of septa in each strain and micro conidiophore branching.

Fusarium verticillioides which was predominantly isolated from the stalk rot tissues formed long slender macroconidia having a curved apical cell to a tapered point with basal cell notched hill bearing 2–5 septa. Sempere and Santamarina (2009) also observed similar conidial features with false head formation. Based on multivariate cluster analysis of morphological characteristics, 71 isolates were grouped in 9 clusters. Some of the virulent isolates were molecularly characterized and confirmed the identity. In our investigations, out of the ten most virulent isolates, 7 were identified as F. verticillioides. This showed that F. verticillioides is the major pathogen causing PFSR. Our results support the previous finding that F. verticillioides is the dominant Fusarium spp causing PFSR in India (Swamy et al., 2019; Jambhulkar et al., 2022). Among the virulent strain F. verticillioides (Davanagere, Raichur, F13, FUG9, FUR15, F21, and F59), except the FUG9 and FUR 15, remaining strains had purple to dark purple pigmentation. FUG9 and FUR15 were in close proximity but differ in sub-clade due to change in pigmentation and shape of conidia. Davanagere, Raichur and F59 had light pink to light purple colony colour, remaining strains had white to dull white colony colour. Largest among seven F. verticillioides strain was F13 and smallest was F21. Maximum number of septa were observed in F13 and FUR15 while minimum number observed was in F21. Two strains of F. acutatum harboured variation in morphology and micrometry still molecular characterization identified them as one strain of F. acutatum. These variations in cultural morphology and micrometry did not lead to accurate identification of species. Such variation in the cultural morphology of F. verticillioides was reported by previous researchers (Prasad and Padwick, 1939; Patil et al., 2007; Harleen et al., 2016).

The pathogenicity of 71 isolates was evaluated in an in-vitro test and subsequently, 60 isolates in Kharif and Rabi field experiments. The present study was the first nationwide evaluation of the pathogenic variability of Fusarium spp. isolated from six states and five agroclimatic zones of India. Pathogenic variabilities among isolates of Fusarium spp. were ascertained based on each isolate causing lesions at the inoculated node and temporal variations in appearance lesions. Fusarium isolates exhibit brown to black discoloration, whereas sterile toothpicks are less infected (Yu et al., 2017). Mesterhazy et al. (2020) evaluated resistance to F. graminearum, F. culmorum, and F. verticillioides through toothpick inoculation and toxin response. The toothpick inoculation technique yielded accurate and efficient pathogenicity results, and discovered more genotypic diversity. The results of the pathogenicity tests revealed that Fusarium spp. isolates were less virulent to highly virulent against cv. Pusa Composite 4. Kharif 2020 had the highest infection rate of the two experimental years, possibly due to meteorological conditions. Similar to our findings, pathogenic potentials of 56 F. verticillioides isolates during Kharif and spring seasons on maize were documented in Punjab (Harleen et al., 2016). Ramesha and Naik (2017) proved the pathogenicity of Fusarium isolates to produce disease symptoms with the development of blackening of vascular bundles in Karnataka. There are claims that Fusarium spp. inoculums enhance root growth without compromising germination (Roman et al., 2020), but we noticed a reduction in root growth using the paper towel approach. There are reports of a constant decline in maize root length following Fusarium spp. inoculation (Ye et al., 2013; Kuhnem et al., 2015). Hassani et al. (2019) discovered that natural infection with Fusarium spp. decreases shoot and root length. Similar outcomes were reported under in-vitro circumstances in the present study. In vitro pathogenicity evaluation reported 30 virulent isolates with seedling vigour index in the range of 0 to 822.2 which suggested that there was a 65 to 100% reduction in seedling vigour index. Only 8 percent of the isolates with a vigour index of more than 1,500 remained avirulent. Significant differences in stalk rot index were observed among 71 isolates. In vitro inoculation with F. moniliforme and Aspergillus niger showed not only a pathogenic effect on the germination of maize seeds but also retarded seedling growth (Hussain et al., 2013).

The pathogenic effect of Fusarium spp. isolates from different agroclimatic zones showed variable pathogen virulence in field experiments which ultimately led to symptoms such as drooping, wilting, drying of leaves, empty cob development, and increased angle between stalks and cobs in the field. The virulence of Fusarium species isolates Raichur (66.6%), and F35 (66.7%) were the highest. Under in vitro conditions, FUR15, F35, F59, Raichur, and F21 were considered highly virulent isolates. In the Kharif season, FUR11 (62.9%), Chokhla (59.3%), F59 (59.2%), F1 (55.5%), F18 (51.8 %), F21 (51.8%), F13 (51.8%), and in Rabi season Raichur (66.6%) and Chokhla (55.6%) were reported as most virulent. In this regard, some reports suggest that virulency may differ in different agroclimatic zones (Olowe et al., 2018). The most virulent isolates were from the eastern side of the Central Plateau and hills, the northern part of the Western plateau, and hills. The eastern side of the Central Plateau and hills is a hot, humid zone of southern Rajasthan. Therefore, the greatest observed incidence of the pathogen virulence was predominant in southern Rajasthan, suggesting that PFSR is the most important disease in maize. High temperature and relative humidity of southern Rajasthan than in other Rabi maize-growing states make it a hot spot for PFSR in maize. Thus, such climatic conditions are responsible for causing significant economic loss by PFSR in the eastern side of the Central Plateau and hills, the northern part of the Western plateau and hills, and southern plains and hills as compared to other agroclimatic zones (Czembor et al., 2015; Jambhulkar et al., 2022).

Taken together, in the present study, we compared the disease index upon inoculations with 60 isolates of Fusarium spp. collected from geographically diverse states of India, in vitro and in the Kharif and Rabi seasons. Ten isolates recorded the highest disease index during pathogenicity evaluations and were considered the most virulent isolates. Those isolates were molecularly identified as strains of Fusarium acutatum (FUR11, F10), Fusarium verticillioides (Davanagere, Raichur, FUG9, F13, FUR15, F21, and F59), and Fusarium andiyazi (F18). Due to the pronounced intraspecies morphological variabilities and the presence of multiple species within the F. fujikuroi Species Complex (Yilmaz et al., 2021), sequencing of Tef 1-α is recommended to reliably identify Fusarium pathogens, and future studies should include this information as a baseline before making recommendations in guiding pathologists for disease management. Moreover, the respective Fusarium isolates will be used in our program to evaluate the resistance of different maize inbred lines as a critical component of PFSR disease management.
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Fusarium head blight (FHB), caused mainly by the fungus Fusarium graminearum, is one of the most devastating diseases in wheat, which reduces the yield and quality of grain. Fusarium graminearum infection of wheat cells triggers dynamic changes of gene expression in both F. graminearum and wheat, leading to molecular interactions between pathogen and host. The wheat plant in turn activates immune signaling or host defense pathways against FHB. However, the mechanisms by which F. graminearum infects wheat varieties with different levels of host resistance are largely limited. In this study, we conducted a comparative analysis of the F. graminearum transcriptome in planta during the infection of susceptible and resistant wheat varieties at three timepoints. A total of 6,106 F. graminearum genes including those functioning in cell wall degradation, synthesis of secondary metabolites, virulence, and pathogenicity were identified during the infection of different hosts, which were regulated by hosts with different genetic backgrounds. Genes enriched with metabolism of host cell wall components and defense response processes were specifically dynamic during the infection with different hosts. Our study also identified F. graminearum genes that were specifically suppressed by signals derived from the resistant plant host. These genes may represent direct targets of the plant defense against infection by this fungus. Briefly, we generated databases of in planta-expressed genes of F. graminearum during infection of two different FHB resistance level wheat varieties, highlighted their dynamic expression patterns and functions of virulence, invasion, defense response, metabolism, and effector signaling, providing valuable insight into the interactions between F. graminearum and susceptible/resistant wheat varieties.
Keywords: transcriptome, gene expression, Fusarium head blight, resistance, susceptibility, F. graminearum, wheat
INTRODUCTION
Wheat is a major cereal crop that feeds more than 35% of the global population (Zhu et al., 2021). However, its productivity and quality are drastically limited by many fungus-associated diseases such as Fusarium head blight (FHB). FHB is mainly caused by the pathogen Fusarium graminearum, a hemibiotrophic and plant pathogenic ascomycete fungus causing diseases in many cereal crops (Khan et al., 2020). The average global wheat yield loss caused by FHB is reported to be second only to that caused by wheat leaf rust (Savary et al., 2019). Serious FHB epidemics usually occur every 4, 5 years in wheat-growing areas worldwide (Figueroa et al., 2018). Infection with F. graminearum leads to shriveled, discolored kernels or total failure of kernel development, which affects crop yield and quality (Trail, 2009). Moreover, F. graminearum-secreted mycotoxins, especially deoxynivalenol (DON), strongly adversely affect mammal health (Scudamore, 2008). To ensure the safety of food, most countries have strict limits on the level of it in grain, food, and feed (Ji et al., 2014; Bianchini et al., 2015).
In the early stage of infection, F. graminearum germ tubes produced by spores extend and branch on the surface of host cells, and then develop into hyphal networks under high-moisture and high-temperature conditions (Kang et al., 2004). The extended fungal hyphae penetrates host tissues through wounds or natural floret openings such as the inner surfaces of glume, lemma, palea, and the upper part of the ovary (Lewandowski et al., 2006). Infection cushions are usually formed during the process of infection (Boenisch and Schafer, 2011), which are agglomerations of fungal hyphae secreting various hydrolyzing enzymes, such as cutinases, pectinases, cellulases, xylanases, and lipases. These in turn degrade components of the epidermal plant cuticle and the plant cell wall (Cuomo et al., 2007; Walter et al., 2010). Although no visible symptoms of infection are observed at this stage, many genes related to pathogenicity and virulence are known to be expressed, which mostly encode fungal intracellular proteins, including transcription factors, protein kinases, phosphatases, and primary metabolism enzymes (Son et al., 2011; Yun et al., 2015). Some genes involved in secondary metabolite biosynthesis (SMB) have a strong toxic effect on wheat (Sieber et al., 2014; Macheleidt et al., 2016). These genes are usually organized into clusters, such as the fg3-54 cluster, with many of them encoding classic SMB-related enzymes such as non-ribosomal peptide synthetases (NRPS), polyketide synthases, and terpene cyclases (Jia et al., 2019). The trichothecene toxin DON is particularly crucial for F. graminearum infection. DON allows the invading fungus to spread through the rachis from infected to adjacent spikelet, and suppresses cell wall thickening at the rachis node as a translational inhibitor (Boenisch and Schafer, 2011). TRI5 (FGSG_03537) from F. graminearum is essential for DON biosynthesis, as loss-of-function mutations have been shown to result in a lack of DON production and reduced virulence (Jansen et al., 2005). Many genes related to pathogenicity, virulence, or growth in the early infection period have also been reported in previous studies. An example of this is NPS6, which encodes a non-ribosomal peptide synthetase involved in virulence and hypersensitivity to H2O2 (Oide et al., 2006). Another example is FGL1 (FGSG_05906), which encodes a lipase releasing free fatty acids to inhibit innate immunity-related callose (Blumke et al., 2014).
When plants are infected by pathogens, a large number of pattern recognition receptors on the surface of host cells, including receptor-like proteins and receptor-like kinases, can recognize pathogen-associated molecular patterns (PAMPs), which induces plant PAMP-triggered immunity (PTI) (Zhou and Zhang, 2020). To overcome the host’s PTI, fungi secrete a range of molecules that contribute to their infection, called effectors, which play important roles in pathogen–host interactions (Gorash et al., 2021). Plants in turn activate effector-triggered immunity upon sensing effectors through the hypersensitive cell death (HR) response (Gorash et al., 2021). Instead, HR-induced cell death may provide nutrition for necrotrophic pathogens that feed on dead cells (Zhou and Zhang, 2020). Fusarium graminearum is a hemibiotroph combining certain features of both biotrophic and necrotrophic pathogens, which may possess a particularly complicated mechanism to penetrate and parasitize plant cells, making it difficult to control (Duba et al., 2018). Using a large number of genetic screenings, several varieties, such as Sumai3 and Wangshuibai, have been revealed to be highly resistant to FHB, which carries the Fhb1 QTL (Lin et al., 2004; Cuthbert et al., 2006). The candidate gene Fhb1 has recently been cloned from Sumai3 and Wangshuibai, which encodes a histidine-rich calcium-binding protein, but the resistance mechanism remains unknown (Li et al., 2019; Su et al., 2019). Owing to the complicated mechanism by which F. graminearum infects host cells, the interaction between pathogen and wheat during FHB is still largely limited.
Transcriptomic analysis is a highly sensitive and comprehensive strategy for evaluating gene expression. In recent years, transcriptomic analysis based on RNA sequencing has been widely used to dissect key genes and underlying mechanisms involved in host–F. graminearum interactions (Kazan and Gardiner, 2018). Most studies have focused on comparing the expression of genes during the infection of a single plant host, including F. graminearum genes and plant host genes, or comparing the expression of host genes between different plant hosts (Boedi et al., 2016; Chetouhi et al., 2016; Puri et al., 2016; Mentges et al., 2020; Yang et al., 2022; Yin et al., 2022). However, the mechanistic interplay between F. graminearum and different wheat varieties during FHB infection, especially for susceptible and resistant varieties, needs further analysis. In this study, a comparative transcriptomic analysis was conducted to examine in planta gene expression of F. graminearum in susceptible and resistant wheat heads at different stages of infection. Overall, 6,106 F. graminearum genes expressed in susceptible and resistant wheat varieties were identified. Our study showed that the expression pattern of the F. graminearum genes was regulated by hosts with different genetic backgrounds and provided valuable insights into the interactions between F. graminearum and susceptible/resistant wheat varieties. This work also provides potential targets for the pharmaceutical control of FHB.
MATERIALS AND METHODS
Plant materials and growth conditions
Seeds of wheat varieties Fielder (FHB-susceptible) and Sumai3 (FHB-resistant) were placed on sterile filter paper, which was then placed inside a sterile Petri dish with 5 mL of sterile water. All seeds were incubated in the dark for 5 days at 4°C before transplanting into 4 L pots in a greenhouse under optimal conditions to allow tillering and synchronized flowering. An artificial watering system was installed, and the daily photoperiod was set at 16 h of daylight at a temperature of 20°C and 8 h of darkness at 18°C.
Fusarium graminearum inoculation
Spikes showing the same ontogeny on the same day (midanthesis) were used for F. graminearum inoculation. Ten microliters of F. graminearum strain Fg1312 at a concentration of 105 spores per ml was injected into one floret at intermediate positions of spikes and covered with a plastic bag for 3 days to ensure moisture retention. Plants were inoculated with water as a control (mock). The inoculated spikelets were collected at three infection timepoints (12, 24, and 36 h after inoculation (HAI)), and stored at −80°C. Three biological replicates were performed.
RNA isolation and RNA-Seq
Spikelets from 12, 24, and 36 HAI were used for RNA-Seq. Total RNA was extracted using TRIzol reagent from flash-frozen spikelets, in accordance with the manufacturer’s instructions (Invitrogen), and were then sent to Qing Lian Bio (Beijing, China) for further purification and sequencing. Library preparation was performed using 1 μg of high-integrity total RNA (RIN >8) with the NEBNext® Ultra™ RNA Library Prep Kit (NEB), followed by sequencing using Illumina HiSeq in paired-end mode with a read length of 150 bp. The quality of raw sequencing reads for all samples was examined using FastQC (http://www.bioinformatics.bbsrc.ac.uk/projects/fastqc/). Raw reads were filtered by removing adapters and clean reads were aligned to the PH-1 RefSeq assembly using HISAT2 (version 2.1.0). The expected number of fragments per kilobase of transcript sequence per million base pairs sequenced (FPKM) of each gene was calculated based on the length of the gene and read count mapped to the gene.
Identification of expressed genes and differentially expressed genes
Identification of expressed genes and differentially expressed genes was performed using the FPKM value. The original FPKM was statistically analyzed using SPSS software, including principal component analysis and correlation analysis among three biological repeats. Genes with log2 (fold change) ≥1 and Padj < 0.05 between fungus-inoculated samples and mock-inoculated samples were considered to be expressed.
Genes with |log2 (foldchange)| ≥1 and Padj < 0.05 between different timepoints were identified as being differentially expressed. Bar diagrams were created with GraphPad Prism 9.0.0. Venn diagrams were created at https://www.bioinformatics.com.cn. All bar and venn diagrams were modified using Adobe Illustrator 2020 software (https://www.adobe.com/cn/products/illustrator.html). Heatmaps were produced using TBtools software (Chen et al., 2020).
Bioinformatics and statistical analysis
The DEGs were subjected to Gene Ontology (GO) functional enrichment analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway enrichment analysis using an online database (https://fungidb.org/fungidb/app). All user-defined parameters were set to the program’s default settings. GO terms and KEGG pathways with a p-value of <0.05 were considered to be significantly enriched. The interactions between DEG-encoded proteins were analyzed using the online database STRING (https://cn.string-db.org/). The input gene set was set as the DEGs, and the species was set as F. graminearum PH-1. The predicted PPI network was built using Cytoscape software (https://cytoscape.org/). The CytoNCA module in Cytoscape was used to analyze the network topology properties of the nodes. Through ranking the score of each node, the important nodes of the PPI network were obtained. The predicted DEGs were also subjected to GO and KEGG enrichment analyses. The enriched important DEGs were displayed in different colors in the network. Putative effector proteins within the refined secretome were predicted using EffectorP 3.0 (Sperschneider and Dodds, 2022). Phenotypic data of all published studies on single-gene deletion of F. graminearum were retrieved from PHI-base (Urban et al., 2020).
qRT-PCR analysis
Differentially expressed genes (DEGs) were randomly selected and analyzed by quantitative reverse transcription PCR (qRT-PCR) to verify the reliability of the sequencing data. The first-strand cDNAs were synthesized using the PrimeScript first strand cDNA Synthesis Kit (Takara Bio, Dalian, China). qRT-PCR was performed using a Roche thermal cycler 96 with the SYBR Green reagent (Takara Bio, Dalian, China), including 2 μL of cDNA, 5 μL of TB Green® Premix Ex Taq™ II reagent and 1 μL of each primer (10 mM) in a final volume of 10 μL reaction solution. The PCR procedure was performed as described previously (He et al., 2020), which started at 95°C for 30 s, followed by 45 cycles of 95°C for 5 s, 60°C for 20 s, and 72°C for 10 s. Melting curve analysis included 95°C for 10 s, 65°C for 15 s, and heating to 95 °C at a rate of 0.1 °C/s with continuous readings of fluorescence for each amplification. The F. graminearum gene FgEF1A was used as the internal control. The primers used in this study are listed in Supplementary Table S1.
RESULTS
In planta identification of expressed Fusarium graminearum genes during infection
The first 36 h after infection (HAI) was the key time for F. graminearum to colonize wheat, as the macroconidia germinated with germ tubes within 12 HAI, and expanded on the surfaces of the lemma and ovary with invasive hyphae which had already secreted trichothecene toxins within 36 HAI (Kang et al., 2004). To get a comprehensive view of the in planta gene expression of F. graminearum in susceptible and resistant wheat heads within 36 HAI, we profiled the transcriptome analysis using RNA-Seq in wheat spikes of susceptible and resistant varieties, Fielder and Sumai3, respectively (Figure 1A). In contrast to most in vitro global gene expression assays of F. graminearum, we used the plant tissues for infection and subsequent RNA-Seq, while the reads were mapped to the F. graminearum genome. Thus, the results present highly reliable genes of F. graminearum expressed in planta during the infection period. A total of 11,314 genes were detected at 12, 24, and 36 HAI (Figure 1B; Supplementary Table S2). To confirm the reproducibility of the sequencing data, correlation analysis was conducted among the three biological replicates, and all showed a high correlation (Supplementary Figure S1A; Supplementary Table S2). In principal component analysis, samples undergoing the same treatment were found to be clustered together, while susceptible variety Fielder showed a wider variation than resistant variety Sumai3, which explained 25.43% of the variation of PC1 (Supplementary Figure S1B; Supplementary Table S2).
[image: Figure 1]FIGURE 1 | Inoculation procedure and transcriptomics of Fusarium graminearum in planta. (A) Schematic workflow of Fusarium graminearum transcriptomic analysis in planta. Briefly, the FHB-susceptible wheat variety Fielder and FHB-resistant wheat variety Sumai3 were cultivated to midanthesis under standard conditions. Then, six spikelets on three spikes of each variety were point-inoculated using Fusarium graminearum strain Fg1312 inoculum or water (Mock). At 12, 24, and 36 HAI, these inoculated materials were harvested separately and used for RNA-Seq. The reads generated by RNA-Seq in planta were then mapped to the Fusarium graminearum genome. (B) Number of genes mapped to the Fusarium graminearum PH-1 genome. (C) Number of in planta-expressed genes identified at three timepoints after inoculation. Log2 (foldchange) ≥1 and Padj < 0.05 between Fusarium graminearum-inoculated samples and mock-inoculated samples were used as the criteria to identify Fusarium graminearum genes expressed in planta, which can eliminate the interference of the wheat genome. (D) Dynamic distribution of genes expressed in the different varieties. (E) Venn diagrams of all genes expressed in the different varieties. Most genes (∼81%) were expressed in both varieties, while a few genes were specifically expressed in Fielder (∼3%) or Sumai3 (∼16%). FgFL, F. graminearum genes expressed in Fielder; FgSU, F. graminearum genes expressed in Sumai3.
To avoid the wheat genome interference from wheat, genes with log2 (foldchange) ≥1 and Padj < 0.05 between F. graminearum-inoculated samples and mock-inoculated samples were considered to be in planta-expressed (Figure 1C; Supplementary Table S2). In Fielder, the number of expressed genes increased with increasing infection duration, while in Sumai3, the number decreased significantly at 24 HAI (Figure 1C). Most genes were found to be expressed at two or three timepoints after inoculation, while a few were detected at only a single timepoint (Figure 1D). In total, 11,314 genes were detected in at least one timepoint, and 6,106 were identified as expressed in F. graminearum with high confidence based on foldchange and Padj criteria, of which 5,118 were identified in Fielder and 5,929 in Sumai3, with 80.9% (4,941 genes) of them being expressed in both varieties (Figure 1E).
Dynamic distribution of Fusarium graminearum in planta DEGs in different wheat varieties
To further catalog the genes with significant changes among all expressed genes, DEG analysis was conducted between different timepoints after inoculation (Supplementary Table S2). Upon comparisons of 24 HAI vs. 12 HAI, 36 HAI vs. 24 HAI, and 36 HAI vs. 12 HAI, 300, 49, and 414 genes were identified as DEGs in the three comparisons, respectively, and a total of 533 DEGs were identified in Fielder (Figure 2A; Supplementary Table S2). In Sumai3, 1,046 DEGs were identified, and the numbers of DEGs in the three comparisons were 200, 291, and 887, respectively (Figure 2B; Supplementary Table S2). We further analyzed the distribution of DEGs between resistant and susceptible varieties, and found that 456, 331, and 1,103 DEGs were identified in the three comparisons, respectively (Figures 2C–E). In the early stage of infection, more DEGs were detected in Fielder, but with an increasing duration of infection, more were detected in Sumai3. Most of the DEGs in Fielder or Sumai3 were identified in the comparison of 36 HAI vs. 12 HAI (Figure 2E). In summary, a total of 1,317 DEGs were identified in Fielder and Sumai3, but many DEGs were Sumai3-specific (Figure 2F; Supplementary Table S2). These in planta DEGs caused by F. graminearum infection differed in their response timing and expression patterns, which likely depends on the pathogen’s interactions with susceptible and resistant hosts. Together, our data indicate that wheat varieties showing different abilities to resist FHB may influence F. graminearum infection through regulating the pathogen’s gene expression.
[image: Figure 2]FIGURE 2 | Dynamic distribution of Fusarium graminearum DEGs in hosts. (A) and (B) Venn diagrams showing the dynamic distribution of differentially expressed Fusarium graminearum genes during infection of the wheat varieties Fielder (A) and Sumai3 (B). All of the DEGs were identified from the three comparisons. (C–E). Venn diagrams showing the distribution of Fusarium graminearum genes differentially expressed between Fielder and Sumai3. (F) Venn diagram of the distribution of all differentially expressed Fusarium graminearum genes identified in Fielder and Sumai3 within 36 HAI.
Functional enrichment of F. graminearum DEGs reveals different F. graminearum infection mechanisms in susceptible and resistant hosts
To obtain insights into the DEGs between susceptible and resistant hosts, we first divided all DEGs into two categories: upregulated upon infection [log2 (foldchange) ≥1, padj < 0.05)] and downregulated upon infection [log2 (foldchange) ≤ −1, padj < 0.05]. Among the 533 DEGs identified in Fielder, 372 were upregulated and 168 were downregulated upon infection in the different comparisons, and the identified changes in expression mainly occurred in the comparisons of 24 HAI vs. 12 HAI and 36 HAI vs. 12 HAI (Figure 3A; Supplementary Table S3). In contrast, among 1,046 DEGs identified in Sumai3, 683 were upregulated and 396 were downregulated, and a majority of the DEGs were identified in the comparison of 36 HAI vs. 12 HAI (Figure 3B; Supplementary Table S3). This contrasts with the changes of expression pattern observed in Fielder, which further indicates the different mechanisms of F. graminearum infection in susceptible and resistant varieties.
[image: Figure 3]FIGURE 3 | Temporal expression patterns and GO analysis of differentially expressed Fusarium graminearum genes in Fielder and Sumai3 (A) and (B) The numbers of significant DEGs in Fielder and Sumai3 within 36 HAI. Genes with log2 (foldchange) ≥1 and padj < 0.05 were identified as upregulated, while those with log2 (foldchange) ≤−1 and padj < 0.05 were identified as downregulated. (C) and (D) Heatmaps of significantly enriched GO categories associated with Fusarium graminearum genes upregulated in Fielder and Sumai3. (E) and (F) Heatmaps of significantly enriched GO categories associated with Fusarium graminearum genes downregulated in Fielder and Sumai3.
We then conducted GO enrichment analysis of the upregulated DEGs. In the process of infecting Fielder, we identified transcriptional response categories related to growth, reproduction, and host invasion as the most enriched processes for the upregulated genes (Supplementary Table S3). The 10 most significantly enriched GO terms were associated with basic catabolism, metabolism after inoculation, including carbohydrate metabolic process, and metabolic process (Figure 3C). The significantly enriched processes related to catabolism and metabolism without visible symptoms on wheat spikelets supported the biotrophic lifestyle of F. graminearum in the early period of infection (Gorash et al., 2021). There was also enrichment of DEGs associated with defense response processes and host invasion items such as obsolete oxidation–reduction and small-molecule metabolic processes (Figure 3C). Similar GO items in Sumai3 were found when compared to Fielder. Specifically, 136 and 140 significantly enriched biological process categories were identified in Fielder and Sumai3, respectively, including catabolism, metabolism, and defense response (Supplementary Table S3). The similarity of enriched categories suggested that there were no significant differences between susceptible and resistant varieties after infection in terms of growth and development, but there was a higher level of transcript abundance at 24 HAI in Fielder and 36 HAI in Sumai3 (Figures 3C, D). We hypothesize that this may underpin the resistance of Sumai3 to F. graminearum and was further supportive of a different temporal response between susceptible and resistant hosts.
To identify biological processes that were suppressed in each host over the time course of infection, we also conducted GO enrichment analysis of downregulated DEGs. As illustrated in Figure 3E, 168 DEGs were identified in Fielder, which were particularly associated with 101 biological process categories, while transmembrane transport, localization, as well as acid metabolism were significantly enriched terms (Figure 3E; Supplementary Table S3). Meanwhile, 396 downregulated DEGs and 84 enriched categories were identified in Sumai3. Among these, some processes were similar to those in Fielder, such as “localization” and “transport,” while some were involved in response to host immunity, such as “obsolete oxidation–reduction process,” “response to toxic substance,” and “response to fungicide” (Figure 3F; Supplementary Table S3). Taking the findings together, our analyses emphasized the functional differences of DEGs in susceptible and resistant hosts.
Differential patterns of infection responses in Fielder and Sumai3
To determine the difference of temporal expression pattern of the same DEGs between resistant and susceptible hosts, upregulated and downregulated DEGs were divided into three categories depending on whether they were Fielder-specific, Sumai3-specific, or their differential expression occurred in both hosts (Supplementary Table S4). As shown in Figure 4A, we identified 880 significantly upregulated DEGs, with 508 being specifically upregulated in Sumai3, while only 197 were specifically upregulated in Fielder. Meanwhile, 175 were upregulated in both hosts after infection (Figure 4A; Supplementary Table S4). To further explore the biological processes associated with the list of classified DEGs, GO enrichment analysis was conducted in six categories (Supplementary Table S4). DEGs that were specifically upregulated in Fielder were particularly associated with “obsolete oxidation–reduction process,” “cellular amino acid catabolic process,” and “glycine metabolic process” (Supplementary Table S4). DEGs that were upregulated in both hosts were particularly associated with “carbohydrate metabolic process,” “metabolic process,” and “cellular carbohydrate metabolic process” (Supplementary Table S4). However, DEGs that were upregulated and specific to Sumai3 were particularly associated with “polysaccharide catabolic process,” “carbohydrate catabolic process,” and “macromolecule catabolic process” (Figure 4B; Supplementary Table S4). Interestingly, a large number of enriched GO terms related to catabolism and metabolism of host cell wall components, such as polysaccharides, xylan, and cellulose metabolism, were specifically upregulated in the resistant host. Although these genes related to cell wall degradation were significantly upregulated in the resistant host, the expression of these genes was lower than that in the susceptible host at an earlier stage (Figure 4B).
[image: Figure 4]FIGURE 4 | Temporal expression pattern and function analyses of DEGs that were specifically upregulated or downregulated in resistant host (A) Distribution of DEGs that were upregulated in different hosts. (B) GO terms significantly associated with DEGs specifically upregulated in resistant host. (C) Distribution of DEGs that were downregulated in different hosts. (D) GO terms significantly associated with DEGs specifically downregulated in resistant host. (E) Heatmap of DEGs that were upregulated in susceptible host but downregulated in resistant host.
We also identified 489 significantly downregulated DEGs. Among them, 321 were specifically downregulated in Sumai3, only 93 were specifically downregulated in Fielder, while 75 were downregulated in both hosts (Figure 4C; Supplementary Table S4). DEGs specifically downregulated in Fielder were particularly associated with processes related to fatty acids and lipids, including biosynthetic process and metabolic process (Supplementary Table S4). We further identified processes particularly associated with the DEGs downregulated in both Fielder and Sumai3, including “transmembrane transport,” “localization,” and “amino acid transport” (Supplementary Table S4). Meanwhile, DEGs specifically downregulated in Sumai3 were particularly associated with “obsolete oxidation–reduction process,” “aldonic acid catabolic process,” and “response to cocaine” (Figure 4D; Supplementary Table S4). Additionally, we evaluated F. graminearum GO enrichments related to virulence and pathogenicity during infection of Sumai3, and observed decreases in the expression of F. graminearum genes involved in “response to toxic substance” and “response to fungicide” (Figure 4D). Taken together, these results highlighted the difference of F. graminearum infection between susceptible and resistant hosts.
To evaluate the effects of host resistance on the metabolic pathways of F. graminearum, KEGG pathway analyses were conducted with a p-value cutoff of <0.05. As shown in Supplementary Table S4, we observed that the DEGs specifically upregulated in Sumai3 were significantly associated with “starch and sucrose metabolism,” “isoflavonoid biosynthesis,” and “glutathione metabolism,” among others, while the DEGs specifically downregulated in Sumai3 were associated with “nitrogen metabolism,” “chloroalkane and chloroalkene degradation,” “ascorbate and aldarate metabolism,” and the metabolism of many other amino acids (Supplementary Table S4).
To determine the effect of the host on the expression pattern of F. graminearum, we further focused on the DEGs specifically downregulated in the resistant host. We first identified the DEGs that were upregulated in the susceptible host but downregulated in the resistant host. As shown in Figure 4E, 12 DEGs were identified as being upregulated in Fielder but downregulated in Sumai3 in the three comparisons, of which 7 DEGs were annotated to encode hypothetical proteins, while 5 DEGs were annotated to encode proteins with known functions, including “oxoglutarate iron-dependent oxygenase” (FGSG_00048), “major facilitator superfamily transporter” (FGSG_02343), “S-(hydroxymethyl) glutathione dehydrogenase” (FGSG_10200), “transporter MCH2” (FGSG_03015), and “intradiol ring-cleavage core” (FGSG_03349) (Supplementary Table S5). The GO terms “dioxygenase activity,” “transition metal ion binding,” and “oxidoreductase activity” were dominant in the main category of molecular function, while “organic hydroxy compound metabolic process” and “obsolete oxidation–reduction process” were significantly enriched in the main category of biological process (Supplementary Table S5). KEGG pathway analysis showed that FGSG_00048 and FGSG_03349 were significantly enriched in “Chlorocyclohexane and chlorobenzene degradation” (Supplementary Table S5). Only three DEGs were identified in the comparison of 36 HAI vs. 12 HAI (Supplementary Table S5). Based on the analysis of the potential function of these three DEGs, we found that FGSG_06307 may be related to “N-acetyltransferase activity,” while FGSG_03015 was involved in “Sphingolipid metabolism,” which is reasonable given that sphingolipids have been proven to play important roles in fungal growth and pathogenesis, and to act as receptors for some antifungal plant defensins (Supplementary Table S5) (Ramamoorthy et al., 2009). Thus, these DEGs specifically suppressed in the resistant host may represent direct targets of the plant defense against F. graminearum infection, which may also provide new targets for the drug control of FHB.
DEGs related to pathogenicity and virulence were associated with different hosts
PHI-base (www.PHI-base.org) is a multispecies phenotype database of pathogen–host interactions, which is devoted to the identification and presentation of phenotypic information on pathogenicity and effector genes and their interactions with hosts (Urban et al., 2020). Here we applied our data to PHI-base to identify key genes related to pathogenicity and virulence. First, we curated the database of F. graminearum with the mutant phenotype, including 24 genes with “loss of pathogenicity,” 384 with “reduced virulence,” 4 with “increased virulence,” 999 with “unaffected virulence,” and 105 with “lethal” (Supplementary Table S6). When comparing these PHI-base genes with our transcriptomic data, we found that 732 PHI-base genes were expressed within 36 HAI, including 141 DEGs, of which 52 were related to “virulence” and “pathogenicity” (Supplementary Table S6).
TBtools software was used to draw a heatmap of all 52 DEGs, and then cluster analysis of these DEGs was conducted. According to the difference of timing and expression patterns, these DEGs were classified into three groups: clusters A, B, and C (Figures 5A–C; Supplementary Table S6). Genes in cluster A were associated with extracellular signal transduction (CPK1 and FgHXK1) and transcription factors (CON7, bZIP016, Crz1, and ZIF1), and their transcripts were highly abundant at 12 HAI in Fielder and Sumai3 and then decreased over time (Figure 5A). When compared with the levels in Fielder, DEGs in Sumai3 always exhibited lower transcript abundance in this cluster (Figure 5A). Among the 14 PHI-base DEGs in cluster B, FgERG3A and FgERG4 were involved in steroid biosynthesis (Liu et al., 2013; Yun et al., 2014), while PHS1 and FgEch1 were involved in fatty acid elongation (Yun et al., 2015; Tang et al., 2020), and they showed high transcript abundance at three timepoints in Fielder, but only at 36 HAI in Sumai3 (Figure 5B). In cluster C, most DEGs in Fielder and Sumai3 exhibited low transcript abundance at 12 HAI and continuously increased over time (Figure 5C). This cluster included genes involved in DON biosynthesis (TRI5 and TRI14) (Dyer et al., 2005; Alexander et al., 2009) and SMB (NRPS5, NPS6, and NRPS9) (Oide et al., 2006; Jia et al., 2019) (Supplementary Table S6). The differential expression patterns of these DEGs related to virulence and pathogenicity reveal the differences between the hosts with varying levels of resistance to the fungal pathogen.
[image: Figure 5]FIGURE 5 | Identification of DEGs related to virulence and pathogenicity in PHI-base. (A) DEGs that exhibited high transcript abundance at 12 HAI and continuously decreased transcript abundance over the time course of infection. (B) DEGs that exhibited high transcript abundance at three timepoints after infection in Fielder, but did not exhibit high transcript abundance until 36 HAI in Sumai3. (C) DEGs that exhibited low transcript abundance at 12 HAI in both varieties and whose transcript abundance continuously increased over the time course of infection.
Dynamic expression of putative effectors in resistant and susceptible hosts
In the process of infecting plants, fungi secrete a range of effectors that contribute to their infection. In a previous study, a refined F. graminearum secretome of 574 proteins was predicted, 40% (231) of which were found in our RNA-Seq data (Brown et al., 2012) (Supplementary Table S7). Among the 231 genes encoding secreted proteins, 153 were differentially expressed in Fielder or Sumai3 within 36 HAI (Supplementary Table S7). EffectorP-fungi 3.0 software was subsequently used to determine whether these 153 encoded proteins were effectors, which finally identified 55 putative effectors (Figure 6A; Supplementary Table S7). Most of these putative effectors exhibited higher transcript abundance at 24 HAI in Fielder and at 36 HAI in Sumai3 (Figure 6A). Among them, 39 were described as apoplastic effectors, 4 as cytoplasmic effectors, 9 as apoplastic/cytoplasmic effectors, and 3 as cytoplasmic/apoplastic effectors (Supplementary Table S7). Three proteins, lipase FGL1 (FGSG_05906), phosphatase ISC1 (FGSG_03365), and hydrophobin Fghyd1 (FGSG_01763), were predicted being associated with reduced virulence in PHI-base (Supplementary Tables S7, S8) (Blumke et al., 2014; Yun et al., 2015; Quarantin et al., 2019). Twelve were predicted to be short peptides with 200 amino acids or less and cysteine content above 3%, among which FGSG_01763 (Fghyd1) has been proven to be a virulence gene (Supplementary Table S7). Further work is needed to determine whether the other 11 short peptides contribute to virulence. We also evaluated the expression of the previously reported putative effectors based on our data (Brown et al., 2017; Fabre et al., 2019; Miltenburg et al., 2022). Of all 236 expressed putative effectors, 72 were differentially expressed in Fielder or Sumai3, and 22 overlapped with our predictions (Figure 6B; Supplementary Table S7).
[image: Figure 6]FIGURE 6 | Putative fungal effectors during infection of Fielder and Sumai3 (A) Heatmap of 55 DEGs encoding putative effectors during infection of Fielder and Sumai3. (B) Evaluation of expression of 72 putative differentially expressed effectors in previous studies during infection of Fielder and Sumai3.
Protein–protein interaction network reveals important biological activities in the early stage of infection
To identify key genes from all of the DEGs during the course of infection, we constructed an F. graminearum protein–protein interaction (PPI) network. The online database String (Szklarczyk et al., 2015) was used to predict the PPI of proteins encoded by all 1,317 DEGs, and a network containing 366 proteins and 1,245 interaction events was identified (Supplementary Table S8). GO analysis revealed that these predicted DEGs were significantly associated with “carbohydrate metabolic process,” “organic substance metabolic process,” and “small-molecule metabolic process” (Figure 7A; Supplementary Table S8). The molecular function of 39 proteins in this network was annotated as “hydrolase activity,” including that of cellulase, xylanase, and pectinase, which may be involved in degradation of the host cell wall during infection (Figure 7B; Supplementary Table S8). KEGG analysis revealed the significant enrichment of “pyruvate metabolism,” “glycine, serine, and threonine metabolism,” and “galactose metabolism” (Supplementary Table S8). Eighty-two proteins were annotated to be involved in “biosynthesis of secondary metabolites,” including nine genes involved in “sterol biosynthetic process” (Figure 7B; Supplementary Table S8). We also found 28 putative effectors in this PPI network (Figure 7B; Supplementary Table S8), which may play important roles in invading host cells and overcoming plant immunity.
[image: Figure 7]FIGURE 7 | The PPI regulatory network of proteins encoded by in planta Fusarium graminearum DEGs (A) GO terms significantly associated with DEGs in the PPI regulatory network. (B) The Fusarium graminearum DEG regulatory network consists of 366 proteins. Each node represents a protein. Each line represents an interaction. Functions are color-coded. Green represents proteins involved in hydrolase activity, orange represents secondary metabolite proteins, and red represents putative effectors from this and previous studies.
Verification of the RNA-seq data by qRT-PCR
To verify the reliability of the sequencing data, 10 DEGs in Fielder or Sumai3 were randomly selected and analyzed by qRT-PCR. As shown in Figure 8, most of the selected DEGs were consistent with the transcriptome data, which indicates that the RNA-SEQ results of this study are reliable.
[image: Figure 8]FIGURE 8 | qRT-PCR analyses of ten randomly selected DEGs in Fielder and Sumai3. The left ordinate axis represents the relative expression level of DEGs by qRT-PCR, and the right ordinate axis represents the RNA-seq expression leve (log2(FPKM+1)). The Fusarium graminearum gene FgEF1A was used as internal reference and mean ± SD of data from three biological replicates was plotted.
DISCUSSION
FHB is a devastating fungal disease worldwide, which has a major impact on the sustainable production and food safety of cereals because of the lack of effective crop resistance and insensitivity to inherent fungicides of pathogens (Brown et al., 2017). Sumai3 is the most well-known FHB-resistant wheat variety, while Fielder is a wheat variety that is highly susceptible to FHB (Hofstad et al., 2016). Transcriptomic analysis is an effective way of studying plant–pathogen interactions (Kazan and Gardiner, 2018). In this study, we performed deep transcriptomic analyses on wheat spikes of Fielder and Sumai3, and identified and compared the F. graminearum gene expression profiles in susceptible and resistant wheat varieties. This transcriptomic study of F. graminearum genes in planta deepens our understanding of the differences in expression pattern of F. graminearum genes in susceptible and resistant wheat hosts, and reveals the effects of the specific molecular interactions between F. graminearum and different wheat varieties.
Through transcriptomic analysis, we identified a total of 6,106 genes expressed in Fielder or Sumai3 within 36 HAI. Most of the identified genes were expressed in both varieties. Of them, 1,317 were identified as DEGs at three timepoints during infection. GO analysis of the upregulated DEGs revealed great similarity of the enriched biological processes in both cultivars, mainly catabolism and metabolism. Moreover, GO analysis of the downregulated DEGs revealed that “transmembrane transport,” “localization,” and “acid metabolism” were terms that were significantly enriched in both varieties. We also observed some GO terms related to host immunity that were particularly associated with the DEGs downregulated in Sumai3, such as “response to toxic substance” and “response to fungicide” DEGs that were specifically upregulated in Sumai3 were particularly associated with “polysaccharide catabolic process,” “carbohydrate catabolic process,” and “macromolecule catabolic process,” and the significantly enriched KEGG pathways included “starch and sucrose metabolism,” “isoflavonoid biosynthesis,” and “glutathione metabolism”. Meanwhile, DEGs that were specifically downregulated in Sumai3 were particularly associated with “obsolete oxidation-reduction process,” “aldonic acid catabolic process,” and “response to cocaine,” and the significantly enriched KEGG pathway terms were “nitrogen metabolism,” “chloroalkane and chloroalkene degradation,” “ascorbate and aldarate metabolism,” and some other amino acid metabolism-related categories. Only 12 DEGs were identified as being upregulated in Fielder but downregulated in Sumai3 in the RNA-Seq comparisons. Of these, FGSG_03015 was shown to be involved in “sphingolipid metabolism,” which had been proven to play important roles in fungal growth and pathogenesis (Ramamoorthy et al., 2009). Overall, our data highlight the difference in expression patterns of F. graminearum genes during infection of susceptible and resistant wheat hosts.
Fusarium graminearum genes closely related to pathogenicity and virulence are key to successful infection (Xu et al., 2022). Although some genes were previously described as being involved in pathogenicity or virulence, their patterns of expression during the infection of hosts with different levels of resistance remained unknown. PHI-base is a multispecies phenotype database for pathogen–host interactions, which integrates multiple genes related to virulence and pathogenicity (Urban et al., 2020). In this study, we compared our transcriptomic data with PHI-base and identified 53 DEGs with the mutant phenotype of “loss of pathogenicity” or “reduced virulence.” Compared with the levels in Sumai3, most of these DEGs exhibited higher transcript abundance in Fielder at one or more timepoints after infection. We also constructed an F. graminearum PPI network of all 1,317 DEGs. Our results revealed that, in the early stage of infection, “cell wall degradation,” “synthesis of secondary metabolites,” and “expression of virulence-related proteins” is dynamically regulated by hosts with different genetic backgrounds.
In the process of infection, pathogens secrete proteins named effectors into the plant apoplast or directly into plant cells to manipulate plant physiology and inhibit host defense responses (Gorash et al., 2021; Wang et al., 2022). Fusarium graminearum is a hemibiotroph combining certain features of biotrophic pathogens and necrotrophic ones and may possess a broad arsenal of effectors (Duba et al., 2018). The identification of pathogen effectors can contribute to the understanding of host–pathogen interactions, and may also provide a novel approach for crop resistance breeding (Gorash et al., 2021). For pathogens within the oomycete class, rapid detection of effectors by the presence of specific sequence motifs or “fingerprints” shared by effector families has speeded up the identification of resistance genes in potato (Solanum tuberosum L.) and Arabidopsis (Vleeshouwers et al., 2008; Vleeshouwers et al., 2011; Goritschnig et al., 2012). However, application of this method in identifying fungal pathogen effectors is still challenging because such specific sequence motifs or “fingerprints” are uncommon for effectors of fungal pathogens (Gorash et al., 2021). For F. graminearum, effectors are usually predicted using several criteria, such as whether or not they are secreted proteins, have a small size, or are enriched in cysteines (Gorash et al., 2021). In this study, we predicted 55 effectors from among the 1,317 DEGs, 22 of which were previously reported as putative effectors. Of these 55 putative effectors, 12 were predicted to be short peptides with 200 amino acids or less and a cysteine content above 3%, which are typical features of apoplastically accumulating effectors (Brown and Hammond-Kosak, 2015). Most of the predicted effectors were differentially expressed in Sumai3 and exhibited high transcript abundance at 36 HAI. As shown in previous studies, mutations of coding genes of three predicted effectors lead to reduced virulence, namely, a phosphatase gene (FGSG_03365) (Yun et al., 2015), a gene encoding Hydrophobin 1 (FGSG_01763) (Quarantin et al., 2019), and a gene encoding lipase (FGSG_05906) (Blumke et al., 2014). To date, few effectors have been demonstrated in F. graminearum during FHB infection in wheat (Miltenburg et al., 2022; Xu et al., 2022). Therefore, the 55 putative effectors identified in this study will help to mine new effectors and provide a reference for further functional studies of effectors.
In summary, we drew different gene expression profiles of F. graminearum in the process of infecting Fielder and Sumai3, and identified and compared the potential functions of these genes. Our results provide insights into the study of the interaction between FHB and susceptible/resistant wheat varieties, and also provide a large number of candidate genes which might be used as new targets for F. graminearum control and HIGS in wheat breeding for resistance to FHB in the future.
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Inoculation with plant growth-promoting rhizobacteria (PGPR) is an eco-friendly sustainable strategy for improving crop productivity in diverse environments under different conditions. Our earlier study demonstrated that Pseudomonas sivasensis 2RO45 significantly stimulated canola (Brassica napus L. var. napus) growth. The aim of the present study was to investigate the structural and functional dynamics in the canola rhizosphere microbiome after inoculation with PGPR P. sivasensis 2RO45. The results based on alpha diversity metrics showed that P. sivasensis 2RO45 did not significantly alter the diversity of the native soil microbiota. However, the introduced strain modified the taxonomic structure of microbial communities, increasing the abundance of plant beneficial microorganisms, e.g., bacteria affiliated with families Comamonadaceae, Vicinamibacteraceae, genus Streptomyces, and fungi assigned to Nectriaceae, Didymellaceae, Exophiala, Cyphellophora vermispora, and Mortierella minutissima. The analysis of community level physiological profiling (CLPP) revealed that microbial communities in the P. sivasensis 2RO45 treated canola rhizospheres were more metabolically active than those in the non-treated canola rhizosphere. Four carbon sources (phenols, polymers, carboxylic acids, and amino acids) were better metabolized by the microbial communities from the rhizosphere of plants inoculated with the P. sivasensis 2RO45 than non-inoculated canola rhizospheres. Based on the community-level physiological profiles, the functional diversity of the rhizosphere microbiome was altered by the P. sivasensis 2RO45 inoculation. Substrate utilization Shannon diversity (H) index and evenness (E) index were significantly increased in the treated canola plants. The study provides new insight into PGPR-canola interactions for sustainable agriculture development.

KEYWORDS
PGPR, Pseudomonas, rhizosphere diversity, metabolic functions, canola microbiome


1. Introduction

The rhizosphere is a hotspot around the roots where numerous important processes related to the nutrition, growth, and fitness of plants occur (Sugiyama et al., 2014; Zuluaga et al., 2021). Rhizosphere microorganisms, such as PGPR, are regarded as prominent components of sustainable agriculture due to their positive influence on plant growth through alleviation of biotic and abiotic stresses, providing nutrients and secretion of phytohormones (Zuluaga et al., 2021).

The native rhizosphere microbial communities are altered by numerous interactions, including interfering in root exudation patterns, exchange of genetic material, and transformation of nutrients. Rhizosphere microbiome may be also modified by PGPR inoculation (Bhattacharyya and Lee, 2016). Therefore, before the use of PGPR as bioinoculants in the field, it is necessary to determine the changes occurring in the resident soil microorganisms structure after PGPR inoculation. It was reported that PGPR inoculation can lead to transient or even permanent alterations in the abundance of microbial communities and their function, which can finally contribute to promoting plant growth and its fitness (Bhattacharyya and Lee, 2016; Kong and Liu, 2022).

Because rhizosphere microbial communities are important for plant growth promotion; an increasing number of studies pay more attention to the next generation sequencing (NGS) methods to better understand how PGPR inoculation affects the structure of rhizosphere microbiomes (Sugiyama et al., 2014). Moreover, it was reported that the effect of PGPR inocula on the functional diversity of the native rhizosphere microbial community should receive more attention (Di Salvo et al., 2018a). Some researchers analyzed the changes in microbial communities’ metabolic activity and function after PGPR inoculation using the community-level physiological profiling (CLPP) method. However, the analyses on different crops, such as rice, tomato, maize and wheat have been performed (Naiman et al., 2009; de Salamone et al., 2010; Di Salvo et al., 2018a; Zuluaga et al., 2021).

Our earlier results showed that the bacterization of canola (Brassica napus L. var. napus) seeds with Pseudomonas sivasensis 2RO45 significantly promoted growth of plant (Świątczak et al., unpublished). This study aimed to determine whether the bacterization of canola seeds with P. sivasensis 2RO45 alters the structural and functional diversity of microbial communities in the rhizosphere. The taxonomic structure changes in bacterial and fungal communities were evaluated using NGS, while the function of the microbial community was investigated by CLPP method using Biolog EcoPlates. The analyzes of interactions between canola plants and their associated microbiota after PGPR inoculation can provide new approaches for canola growth management.



2. Materials and methods


2.1. Rhizobacterium Pseudomonas sivasensis 2RO45

The Pseudomonas sivasensis 2RO45 was originally isolated from the canola (Brassica napus L. var. napus) rhizosphere taken from the field in Ostroda, Poland (53°41′38″N 19°57′58″E). The 2RO45 was selected based on its PGP traits, and its ability to promote canola growth under sterile and non-sterile conditions. The 2RO45 was able to produce indole-3-acetic acid (IAA), sequester siderophores, solubilize phosphates, and to produce 1-aminocyclopropane-1-carboxylic acid (ACC) deaminase.



2.2. Experimental design and rhizospheric soil sampling

Pseudomonas sivasensis 2RO45 cells were harvested in LB broth (10 ml) with 0.05 g carboxymethyl cellulose (CMC) to yield 108 colony forming units (CFU)/ml. Seeds of canola were sterilized by soaking for 30 min in 1% sodium hypochlorite, followed by three rinses with sterile distilled water and incubation with 2RO45 inoculum for 30 min in a shaker incubator. Control seeds were incubated in LB broth (10 ml) with 0.05 g CMC under the same conditions (Rudolph et al., 2015). Four seeds were sowed in pots containing soil taken from the field in Ostroda, Poland (53°41′38″N 19°57′58″E). The bacterized and non-bacterized rhizospheres samples (total of 24 samples) were collected from the canola roots by scraping the adhering soil after 0 (T0), 22 (T22), and 44 days (T44). Four replicate pots were maintained for each time-point (Supplementary Figure 1). The “time” was considered as a main factor for establishing the groups of samples, in which the changes in microbiota structure and function were evaluated.



2.3. Colonization efficiency of Pseudomonas sivasensis 2RO45

To test if P. sivasensis 2RO45 can colonize the canola rhizosphere, sterilized canola seeds were inoculated with 2RO45 (108 CFU/ml) under sterile soil conditions. Canola plants were maintained in a growth chamber in a day-night cycle of 16 h light (100 μmol/m2/s) and a temperature of 22°C. Root samples were collected after 0 (T0), 22 (T22), and 44 days (T44). The plant roots were vortexed for 30 min in PBS solution (Ke et al., 2019) and the number of P. sivasensis 2RO45 were counted on PCA medium after incubating at 28°C for 48 h.



2.4. DNA extraction and sequencing

Rhizosphere samples collected from the replicate pots of each treatment were pooled separately (Supplementary Figure 1; Bhattacharyya et al., 2018) and total genomic DNA was extracted from 0.25 g of fresh rhizosphere samples using a DNeasy Power Soil Kit (Qiagen, Hilden, Germany), following the manufacturer’s protocol. DNA concentration was determined using Qubit dsDNA HS Assay Kit (Thermo Fisher Scientific, Waltham, MA, USA). Then, each sample was sent for (NGS) at the University of Łódź (Biobank), Poland.

Bacterial and fungal communities were determined by the amplification of V3-V4 hyper-variable regions of the 16S rRNA gene and Internal Transcribed Spacer (ITS2), respectively. For bacteria, the following primers were used: 5′ CCTACGGGNGGCWGCAG (forward) and 5′ GACTACHVGGGTATCTAATCC (reverse) (Klindworth et al., 2013). For fungi, a forward primer was used: 5′GCATCGATGAAGAACGCAGC (ITS3, without overhangs) with the reverse primer 5′ TCCTCCGCTTATTGATATGC (ITS4, without overhangs) (White et al., 1990). The methodology for library preparation followed the protocol available from Illumina Support Center (ISC) with a slight modification (2 × Phanta Max Master Mix, Vazyme Biotech, Nanjing City, China was applied instead of Kapa Hifi Hot Start Ready mix). The products were verified after each PCR using the electrophoretic separation. Libraries were normalized based on band luminescence intensity on a 1.5% agarose gel and pooled. Sequencing was performed on a MiSeq (Illumina, San Diego, CA, USA) using MiSeq Reagent Kit v2 (500-cycles) 2 × 250 bps paired-end format.



2.5. Amplicon sequence analysis

In the present study, the merging of sequence sets was performed, and the analysis of 16S rRNA amplicons was carried out using mothur v1.44.3 (Schloss et al., 2009). The quality processing, taxonomic assignments, and operational taxonomic unit (OTU) picking were done according to the MiSeq SOP of mothur (Kozich et al., 2013) with a 97% similarity threshold. The ‘make.contigs’ command was executed with a deltaq value of 10, and the analysis excluded ambiguous base calls and reads shorter than 300 nt or longer than 500 nt. The end of the sequences was trimmed to remove the primers using trim.seqs (pdiffs = 2, checkorient = T). The pre.cluster command was utilized for denoising, and chimeric reads were filtered out using VSEARCH in mothur. The sequence set was further processed by discarding the singleton reads as per Kunin et al. (2010). The read alignment and taxonomic assignment were carried out using the ARB-SILVA SSU Ref NR 138 reference database (Quast et al., 2013) with a minimum bootstrap confidence score of 80. Reads assigned to non-primer-specific taxonomic groups (“Chloroplast,” “Mitochondria,” and “unknown”) were excluded from the dataset. Finally, a random subsampling was performed based on the sample with the lowest sequence number.

Fungal ITS analysis was performed through the following steps. The merging and quality filtering of sequences were carried out using mothur, as described for the 16S rRNA gene amplicons. The ITS2 region was extracted from the sequences with the ITSx 1.1-beta software (Bengtsson-Palme et al., 2013) based on the findings of Nilsson et al. (2010). Taxonomic assignment was performed using mothur’s classify.seqs (cutoff = 80) and the UNITE v8.3 database (Abarenkov et al., 2020) as reference. Sequences that were not assigned to any fungal phyla were discarded from the amplicon set with the remove.lineage (taxon = k__Fungi_unclassified) command of mothur. Finally, the clustering of ITS2 reads into OTUs was performed using VSEARCH with a 97% similarity threshold.

The sequences were uploaded to the GenBank-Sequence Read Archive under Bioproject PRJNA876229.



2.6. Functional potential of microbial communities

The effect of Pseudomonas sivasensis 2RO45 inoculation on the microbial community function and diversity in the canola rhizosphere were analyzed by the CLPP method using Biolog EcoPlates (Biolog Inc., Hayward, CA, USA). Rhizosphere samples (10 g) were collected after 44 days of P. sivasensis 2RO45 inoculation. Samples were added to 90 ml of 0.85% sterile saline solution and shaken for 30 min at 200 rpm (Sun et al., 2010). Samples were diluted to a 10–2 gradient and 150 μl suspension of the dilution obtained from each rhizosphere sample was applied to Biolog EcoPlates wells. The plates were incubated at 28°C and the optical density (OD) was measured at 595 nm using a microplate absorbance spectrophotometry (Multiskan EX, Thermofisher Scientific, Waltham, MA, USA) at 24 h intervals up to 7 days incubation. Three replicates were performed for each treatment.

The microbial activity was calculated by the average well color development (AWCD) using the following equation: AWCD = Σ (C–R)/31, where C is the absorbance value of each well, and R is the absorbance value of the control (Bhattacharyya and Lee, 2016). The 31 substrates were divided into six kinds of carbon sources: phenols (pyruvic acid methyl ester, glucose phosphate, glycerol phosphate), polymers (tween 40, tween 80, cyclodextrin), carbohydrates (cellobiose, lactose, b-methyl-d-glucoside, d-xylose, erythritol, mannitol), carboxylic acids (glucosaminic acid, b-galactonic acid, galacturonic acid, hydroxybenzoic acid, 4 hydroxybenzoic acid, hydroxybutyric acid, itaconic acid, keto butyric acid, malic acid), amino acids (L-arginine, asparagine, phenylalanine, serine, threonine. glycyl glutamic acid) and amines/amides (phenylethylamine, putrescine). The AWCD for each carbon substrate group was determined using the following formula: AWCD = Σ (C–R)/N, where C is the absorbance value of each well, R is the absorbance value of the control and N is the number of substrates in the category (Bhattacharyya and Lee, 2016; Zuluaga et al., 2021). The functional diversity of microbial communities was expressed as the substrate utilization Shannon diversity index (H), substrate utilization Shannon evenness index (E) and substrate utilization Simpson diversity index (D) (Ge et al., 2018; Koner et al., 2021). The absorbance values on the 7th day of incubation were used for the calculation of metabolic functional diversity indices.



2.7. Microbial community structure

Richness estimators and diversity indices were calculated with mothur. LEfSe (Linear discriminant analysis effect size) pipeline, available at http://huttenhower.sph.harvard.edu/galaxy/ was used to identify taxonomic bacterial and fungal groups that were differentially abundant (p < 0.05) in the untreated and Pseudomonas sivasensis 2RO45 treated plants at each time of the inoculation (T0, T22, and T44). This analysis was performed for the 50 most abundant OTUs.



2.8. Data analysis and statistics

Rarefaction curves were generated using phyloseq in R v 4.0.3. Differences in microbial alpha diversity [observed OTU richness, Shannon (H’), and Simpson index (1-D)] were estimated using Past v 3.08. Two different statistical analyses in terms of microbial alpha diversity were performed: (i) t-test for equal means to detect differences between non-treated and Pseudomonas sivasensis 2RO45 treated canola plants; (ii) one-way analysis of variance (ANOVA) followed by post-hoc test (Tukey’s HSD test; p-values ≤ 0.05) to evaluate differences in the rhizosphere of Pseudomonas sivasensis 2RO45 treated and untreated plants according to time. Normality and homogeneity of variance assumptions were performed by the Shapiro-Wilk and Levene’s tests. Principal coordinates analysis (PCoA) and analysis of similarities (ANOSIM) were performed using R (v 4.0.3).




3. Result and discussion

The bioinformatic data processing resulted in 2,198,786 and 2,121,080 high quality bacterial and fungal sequence reads, respectively. Datasets covered 16,443 bacterial and 2,760 fungal OTUs. The rarefaction curves indicated a high coverage of the estimated bacterial and fungal diversity in the canola rhizosphere samples (Supplementary Figure 2).

Different alpha biodiversity indices for bacteria, e.g., OTU richness, Shannon, and Inv Simpson significantly increased over time, both in non-treated and treated with Pseudomonas sivasensis 2RO45 rhizosphere samples (Supplementary Table 1). Whereas, fungal alpha-diversity based on the OTU richness and Shannon diversity index were the highest in non-treated samples on 44th day (Supplementary Table 2). Rhizosphere bacterial and fungal communities were altered by various environmental factors such as climate and soil properties (Li et al., 2021), as well as host factors such as plant genotype and plant age (Fazal et al., 2021). Our results indicated that microbial richness and diversity increase with time and plant development. Previous studies also confirmed that the abundance and structure of the soil microbial community can differ depending on the plant growth stage (Liu et al., 2015; Wang et al., 2017).

Plant growth-promoting rhizobacteria inoculants can be a suitable option to developing sustainable agriculture, reducing or even eliminating the use of agrochemicals without yield loss (Kong and Liu, 2022). Nonetheless, understanding the effect of PGPR inoculation on the structure and functional dynamics in the rhizosphere microbiome is essential for better exploitation of PGPR potential in improving plant health and fitness (Zuluaga et al., 2021; Kong and Liu, 2022). Therefore, we studied biodiversity of the microbial community in the canola rhizosphere after inoculation with Pseudomonas sivasensis 2RO45 which features the ability to improve canola growth.

There were no significant differences, given the alpha diversity metrics between non-treated and P. sivasensis 2RO45 treated canola plants (Figure 1), indicating that the 2RO45 strain did not significantly alter the diversity of the native soil microbiota. These results were also supported by PCoA (Figure 2) and ANOSIM (Table 1). No significant bacterial, archaeal, and diazotrophic enrichments were observed in the rhizosphere of maize (Zea mays L.) after Pseudomonas stutzeri A1501 inoculation (Ke et al., 2019). There are reports demonstrating that PGPR inoculation increases the microbial diversity in the rhizosphere, simultaneously promoting Kimchi cabbage (Brassica rapa L. ssp. pekinensis) growth (Yu and Lee, 2013; Bhattacharyya et al., 2018). However, if the PGPR inoculants are unable to survive in the competition with indigenous bacterial communities, minor or no changes would happen in terms of rhizosphere microbiome structure or diversity (Piromyou et al., 2011; Touceda-González et al., 2015). Although PGPR inoculation caused only minor changes in the rhizosphere microbial community, plant growth promotion has been observed (Piromyou et al., 2011; Touceda-González et al., 2015). Jiménez et al. (2020) showed that PGPR Pseudomonas fluorescens LBUM677 influences the rhizosphere microbiome of three different oilseed crops: canola (Brassica napus L.), soybean (Glycine max L.), and corn gromwell (Buglossoides arvensis L.). Interestingly, P. fluorescens LBUM677 inoculation decreased diversity of these rhizosphere microbiomes (Jiménez et al., 2020). According to Kong and Liu (2022) the effectiveness of inoculated PGPR is associated with their ability to being efficient rhizosphere colonizers. Our results showed that based on the relative abundance of the Pseudomonas phylotype (OTU00038) in the total bacterial community (Supplementary Figure 3) one can conclude that some Pseudomonas bacteria were already present in the soil before the treatment, and the inoculation of Pseudomonas sivasensis 2RO45 did not necessarily cause the substantial proliferation of this bacteria in the soil. Moreover, colonization of the inoculated Pseudomonas sivasensis 2RO45 in the rhizosphere in sterile conditions, measured as CFU was determined. The results showed that the strain was able to survive up to 44 days (Supplementary Table 3). The viability of the strain ranged from 6.6 × 106 CFU/ml at T0 to 5.5 × 106 CFU/ml at T44. Nevertheless, according to Chen et al. (2022), neither the colonization of roots by PGPR inoculants, nor modifications in the rhizosphere microbiome were necessary for the plant growth promotion process. The authors demonstrated that PGPR-induced DNA methylation modifications in roots mediated the long-term impact on plant growth promotion (Chen et al., 2022).
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FIGURE 1
OTU richness and diversity indices (Shannon H’ and Inv Simpson) for the bacterial (A) and fungal (B) communities in Pseudomonas sivasensis 2RO45 treated canola rhizospheres and untreated rhizospheres samples according to treatment based on NGS sequencing; vertical bars represent standard deviation (n = 3).



[image: image]

FIGURE 2
Principal coordinates analysis of bacterial (A) and fungal (B) distributions in canola plants inoculated with Pseudomonas sivasensis 2RO45 (PS) or uninoculated (C); T0, T22, and T44–time after inoculation in days.



TABLE 1    Analysis of similarities (ANOSIM) for microbial communities in the canola rhizosphere.
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Pseudomonas sivasensis 2RO45 treatment did not alter the overall microbial diversity, but changed the proportions of some bacterial (Figure 3) and fungal (Figure 4) taxa. The introduced strain modified microbial communities, particularly increasing the abundance of microorganisms beneficial for a plant growth. Initially at T0, P. sivasensis, 2RO45 increased the abundance of genus Streptomyces, then at T22 bacterial families Comamonadaceae and Vicinamibacteraceae were more abundant in the P. sivasensis 2RO45 treated soil. Whereas, at T44 P. sivasensis 2RO45 strain did not cause any changes in the bacterial community structure. Numerous studies reported that Streptomyces has beneficial associations with plants, improving their growth and protecting them against bacterial and fungal diseases through the production of antibiotics and bioactive compounds (Amaresan et al., 2018; Suárez-Moreno et al., 2019; Vergnes et al., 2020; Le et al., 2021). Bacteria belonging to the Vicinamibacteraceae family are degraders of organic matter and chitin (Whitton et al., 2022), while members of the family Comamonadaceae are able to control Fusarium wilt disease by secreting more organic acids (Wen et al., 2020). The changes in taxonomic structure until 22 days after P. sivasensis 2RO45 bacterization indicated a transient and short-term perturbation in the taxonomic structure of bacterial communities. The results also indicate that the taxonomic structure of bacterial communities in young canola plants was more dynamically influenced by P. sivasensis 2RO45 bacterization compared to that in older plants. Similar results were obtained by Bhattacharyya and Lee (2016).
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FIGURE 3
Linear discriminant analysis effect size (LEfSe) analysis showing bacterial taxonomy changes between canola plants inoculated with Pseudomonas sivasensis 2RO45 (PS) and uninoculated (C); T0, T22, and T44–time after inoculation in days.
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FIGURE 4
Linear discriminant analysis effect size (LEfSe) analysis showing fungal taxonomy changes between canola plants inoculated with Pseudomonas sivasensis 2RO45 (PS) and uninoculated (C); T0, T22, and T44–time after inoculation in days.


After P. sivasensis 2RO45 inoculation into the soil, the highest changes in fungal communities in comparison to the control were observed at T22. Initially at T0, Cyphellophora vermispora was more abundant in P. sivasensis 2RO45 treated soil, then at T22 P. sivasensis 2RO45 increased the abundance of the fungal family of Nectriaceae, genus Exophiala and species Mortierella minutissima. Whereas, at T44 P. sivasensis 2RO45 increased the abundance of the Didymellaceae family. Species of Didymellaceae were found as plant fungal pathogens causing fruit, leaf, stem, and root lesions on a wide variety of crops (Hou et al., 2020). However, Didymellaceae is the largest family within the order Pleosporales with more than 5 400 taxon names, including also saprobic, endophytic, and clinically relevant species (Hou et al., 2020; Yuan et al., 2021). Exophiala has been effectively used in a agricultural biotechnology. For instance, Exophiala pisciphila stimulated maize growth (Xu et al., 2020) and suppressed Fusarium-wilt disease in strawberries (Harsonowati et al., 2020), while Exophiala sp. promoted cucumber growth under abiotic stresses (Khan et al., 2011). Cyphellophora vermispora was isolated from a natural environment such as plant stems, roots, and leaves (Gao et al., 2015). Members of the Nectriaceae family have been reported as plant opportunistic pathogens; however, several species belonging to the Nectriaceae have been also used as biocontrol agents and biodegraders for developing sustainable agriculture (Lombard et al., 2015). The genus Mortierella includes numerous PGP fungi degrading biopolymers, e.g., M. minutissima isolated from the root surface had a strong chitinolytic activity (Ozimek and Hanaka, 2020).

The community-level physiological profiling (CLPP) using Biolog EcoPlates was estimated to analyze the changes in the canola rhizosphere metabolic profile and functional diversity in response to P. sivasensis 2RO45 introduction. The alterations in the metabolic profile of microbial communities from non-treated and P. sivasensis 2RO45 treated rhizospheres were analyzed on the 44th day. This time point was chosen to reveal if P. sivasensis 2RO45 inoculation has a long-term impact on the functional diversity of the canola rhizosphere microbiome.

The metabolic functional diversity indices, except substrate utilization Simpson index (D), had significant differences (p < 0.05) between non-treated and P. sivasensis 2RO45 treated canola rhizospheres (Table 2). Substrate utilization Shannon diversity (H) index and evenness (E) were the highest in canola plants inoculated with P. sivasensis 2RO45, indicating that the functional diversity of the canola rhizosphere microbial community was altered by bacterization. The changes in the metabolic profiles of soil microbial communities after PGPR introduction is in line with previous studies on plants, such as wheat (Di Salvo et al., 2018b), maize (Di Salvo et al., 2018a), tomato (Zuluaga et al., 2021), and rice (de Salamone et al., 2010).


TABLE 2    Functional diversity indices based on Biolog EcoPlates results on the 7th day of incubation for the canola rhizosphere microbial communities.
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The average well color development (AWCD) curve of all carbon sources was plotted to check the metabolic activity of microbial communities (Figure 5). The microbial communities of the P. sivasensis 2RO45 treated canola rhizospheres samples exhibited higher AWCD values than the control samples, suggesting that microbiota associated with P. sivasensis 2RO45 were more active in their use of different types of carbon substrates during cell growth than the indigenous microbiota and the overall metabolic activity was increased by bacterization. Furthermore, the microbial activity in the canola rhizospheres was calculated by AWCD for six categories of carbon sources: phenols, carbohydrates, amino acids, carboxylic acids, polymers, and amines (Figure 6). The microbial communities in the P. sivasensis 2RO45 treated canola rhizospheres samples were found to utilize phenols, polymers, carboxylic acids, and amino acids more intensively than those in the non-treated samples. Whereas, carbohydrates and amines were better metabolized by the rhizosphere community from non-treated canola plants. The results are similar to the findings reported by previous research, where the metabolic profile of microbial communities was modified due to PGPR bacterization (Bhattacharyya and Lee, 2016; Zuluaga et al., 2021). According to Bhattacharyya and Lee (2016), an increase in the utilization of amino acids and a reduction in the utilization of carbohydrates in the bacterized rhizosphere could have a beneficial effect on Kimchi cabbage growth. Whereas, Zuluaga et al. (2021) found that carbohydrates, amines, polymers, and phenolic compounds were the main carbon substrate groups that contribute to the rhizosphere microbiome function between rhizosphere plants inoculated with PGPR Pseudomonas sp. and non-inoculated plants. The authors suggested that rhizobacterial inoculants can modulate the rhizosphere microbiome function by affecting the root exudation profile, consequently interfering in the plant-soil feedback and the shaping of the plant-associated microbial communities (Zuluaga et al., 2021).
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FIGURE 5
The average well color development (AWCD) of all carbon sources in Pseudomonas sivasensis 2RO45 treated and non-treated rhizosphere samples according to incubation time; vertical bars represent standard deviation (n = 3).
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FIGURE 6
The average well color development (AWCD) of six carbon source groups, including phenols, polymers, carbohydrates, carboxylic acids, amino acids, and amines/amides in Pseudomonas sivasensis 2RO45 treated and non-treated rhizosphere samples; vertical bars represent standard deviation (n = 3); significant differences (*p < 0.05).




4. Conclusion

Plant growth-promoting rhizobacteria Pseudomonas sivasensis 2RO45 inoculation altered the taxonomic structure of canola rhizosphere microbial communities by increasing the abundance of plant beneficial microorganisms: bacteria affiliated with families Comamonadaceae, Vicinamibacteraceae, genus Streptomyces, and fungi assigned to the Nectriaceae, Didymellaceae, Exophiala, Cyphellophora vermispora, and Mortierella minutissima. Moreover, P. sivasensis 2RO45 induced perturbations in the rhizosphere microbiome by increasing metabolic activity and functional diversity of microbial communities. Phenols, polymers, carboxylic acids, and amino acids were the major classes of carbon substrates that contributed to the function of the rhizosphere microbiome after inoculation with P. sivasensis 2RO45. The results provide new insight and future perspectives into PGPR-canola interactions for sustainable agriculture development. The introduction of P. sivasensis 2RO45 is beneficial to development of a sustainable agriculture because it changes the native microbiota crucial for the proper functioning of the soil. The minor changes that are observed are positive, especially the increase of metabolic activity which may increase the possibility of detoxification of the environment (decomposition of phenols and polymers) or the elements circulation (e.g., carbon and nitrogen).
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Eight Gram-negative, aerobic, motile with paired polar flagella and rod-shaped bacteria were isolated from six tobacco fields in Yunnan, PR China. 16S rRNA gene sequence analysis revealed that all the strains belonged to the genus Ralstonia. Among them, strain 22TCCZM03-6 had an identical 16S rRNA sequence to that of R. wenshanensis 56D2T, and the other strains were closely related to R. pickettii DSM 6297T (98.34–99.86%), R. wenshanensis 56D2T (98.70–99.64%), and R. insidiosa CCUG 46789T (97.34–98.56%). Genome sequencing yielded sizes ranging from 5.17 to 5.72 Mb, with overall G + C contents of 63.3–64.1%. Pairwise genome comparisons showed that strain 22TCCZM03-6 shared average nucleotide identity (ANI) and digital DNA–DNA hybridization (dDDH) values above the species cut-off with R. wenshanensis 56D2T, suggesting that strain 22TCCZM03-6 is a special strain of the R. wenshanensis. Five strains, including 21MJYT02-10T, 21LDWP02-16, 22TCJT01-1, 22TCCZM01-4, and 22TCJT01-2, had ANI values >95% and dDDH values >70% when compared with each other. These five strains had ANI values of 73.32–94.17% and dDDH of 22.0–55.20% with the type strains of the genus Ralstonia individually, supporting these five strains as a novel species in the genus Ralstonia. In addition, strains 21YRMH01-3T and 21MJYT02-11T represent two independent species. They both had ANI and dDDH values below the thresholds for species delineation when compared with the type species of the genus Ralstonia. In strains 21YRMH01-3T and 21MJYT02-10T, the main fatty acids were summed features 3, 8, and C16:0; however, strain 21MJYT02-11T contained C16:0, cyclo-C17:0, and summed features 3 as major fatty acids. The main polar lipids, including diphosphatidylglycerol, phosphatidylglycerol, and phosphatidylethanolamine, were identified from strains 21YRMH01-3T, 21MJYT02-10T, and 21MJYT02-11T. The ubiquinones Q-7 and Q-8 were also detected in these strains, with Q-8 being the predominant quinone. Based on the above data, we propose that the eight strains represent one known species and three novel species in the genus Ralstonia, for which the names Ralstonia chuxiongensis sp. nov., Ralstonia mojiangensis sp. nov., and Ralstonia soli sp. nov. are proposed. The type strains are 21YRMH01-3T (=GDMCC 1.3534T = JCM 35818T), 21MJYT02-10T (=GDMCC 1.3531T = JCM 35816T), and 21MJYT02-11T (=GDMCC 1.3532T = JCM 35817T), respectively.
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 Burkholderiaceae, Ralstonia, sp. nov., phylogeny, taxonomy, average nucleotide identity, digital DNA–DNA hybridization (dDDH)


Introduction

The genus Ralstonia, a member of the family Burkholderiaceae within the class Betaproteobacteria, was named in honor of the American bacteriologist Ericka Ralston (Yabuuchi et al., 1995). According to the List of Prokaryotic names with Standing in Nomenclature1 (Parte et al., 2020), the genus Ralstonia comprises eight species with validly published names at present, including R. mannitolilytica, R. insidiosa, R. pickettii (the type species), R. pseudosolanacearum, R. solanacearum, R. syzygii, R. wenshanensis and a recently proposed novel species R. nicotianae (Safni et al., 2014; Meier-Kolthoff et al., 2022; Lu et al., 2022a; Liu et al., 2023). R. solanacearum was initially placed in the genus Bacillus and then reclassified multiple times before being named the current species (Yabuuchi et al., 1995; Paudel et al., 2020). R. solanacearum strains have been classified into five races based on their pathogenicity toward different hosts (Buddenhagen and Kelman, 1964), three biovars based on a strain’s ability to oxidize three hexose alcohols and three disaccharides (Hayward, 1964), four phylotypes based on internal transcribed spacer (ITS) sequence analysis (Fegan and Prior, 2005), and at least 60 sequevars based on endoglucanase (egl) gene sequence similarities (Fegan and Prior, 2005). In 2014, phylotype II strains of the R. solanacearum species complex were classified as R. solanacearum, phylotypes I and III clustered into R. pseudosolanacearum, the phylotype I strains were named as a novel species R. nicotianae (Liu et al., 2023), and the phylotype IV strains were classified as R. syzygii in Safni et al. (2014). R. syzygii was initially proposed as Pseudomonas syzygii by Yabuuchi et al. (1995) before being transferred into the genus Ralstonia in 2004 and further sub-classified into three subspecies, R. syzygii subsp. syzygii, R. syzygii subsp. indonesiensis and R. syzygii subsp. celebesensis (Safni et al., 2014).

Bacteria in the genus Ralstonia are common pathogens in animals and plants (Paudel et al., 2020). The type strains of R. pickettii, R. insidiosa, and R. mannitolilytica are pathogenic to humans (Ralston et al., 1973; De Baere et al., 2001; Coenye et al., 2003). R. pseudosolanacearum and R. solanacearum are common pathogens causing soil-borne diseases in diverse crops, such as tobacco, tomato, and clove (Yabuuchi et al., 1995; De Baere et al., 2001; Coenye et al., 2003; Remenant et al., 2010, 2011; Safni et al., 2014; Zulperi et al., 2014; Lu et al., 2021). Bacteria belonging to the species R. syzygii are the causal agents of Sumatra disease of clove, blood disease of banana, and bacterial wilt of tobacco (Roberts et al., 1990; Ray et al., 2021; Lu et al., 2022a).

Although several species of the genus Ralstonia causing human and plant diseases have been studied widely, the non-pathogenic soil Ralstonia spp. have rarely been described. In the present study, 16S rRNA gene sequencing was performed on isolates from six tobacco-planting soils sampled in Yunnan, PR China, which identified eight Ralstonia strains. Combining genetic comparisons and phenotypic and chemotaxonomic characterizations, we provide evidence that these strains represent one known species R. wenshanensis and three novel Ralstonia species, proposed as Ralstonia chuxiongensis sp. nov. (type strain 21YRMH01-3T), Ralstonia mojiangensis sp. nov. (21MJYT02-10T), and Ralstonia soli sp. nov. (21MJYT02-11T).



Materials and methods


Sampling sites and bacterial strains

The eight strains were isolated from tobacco-planting soils collected from six sites in Yunnan, PR China: strain 21YRMH01-3T was isolated from a tobacco field (101.550269 E, 26.071688 N; 1713 m above sea level) in Yongren, Chuxiong in May 2021; strains 21MJYT02-10T and 21MJYT02-11T were obtained from a tobacco field (101.47583 E, 23.18469 N; 1,630 m above sea level) in Mojiang, Puer in June 2021; strain 21LDWP02-16 was isolated from a tobacco field (103.548778 E, 27.137706 N; 2009.3 m above sea level) in Ludian, Zhaotong in May 2021; strain 22TCCZM01-4 was isolated from a tobacco field (98.661811 E, 24.825125 N; 1,192 m above sea level) in Tengchong, Baoshan in June 2022; strains 22TCJT01-1 and 22TCJT01-2 were isolated from a tobacco field (98.627645 E, 25.408019 N; 1,474 m above sea level) in Tengchong, Baoshan in June 2022; and strain 22TCCZM03-6 isolated from a tobacco field (98.682637 E, 24.858838 N; 1,222 m above sea level) in Tengchong, Baoshan in June 2022 (Supplementary Table S1). Previously described soil bacteria isolation and cultivation methods were employed (Lu et al., 2022a). The isolates were streaked onto trypticase soy agar (TSA, BD Difco, San Jose, CA, USA) at 28°C and purified three times by further plating. The isolates were then routinely cultured on TSA plates and stored for long-term preservation in 20% (v/v) glycerol at −80°C. For phenotypic and chemotaxonomic characteristic comparisons, four type strains, including R. wenshanensis 56D2T, R. pickettii JCM 5969T, R. mannitolilytica JCM 11284T, and R. insidiosa LMG 21421T, were used as references. Strains 21YRMH01-3T, 21MJYT02-10T, and 21MJYT02-11T have been deposited at the Guangdong Microbial Culture Collection Center with the accession numbers GDMCC 1.3534T, GDMCC 1.3531T and GDMCC 1.3532T, respectively, and at the Japan Collection of Microorganisms, with accession numbers JCM 35818T, JCM 35816T, and JCM 35817T, respectively.



Phylogenetic and genomic analyses

Total DNA was extracted using a bacterial DNA isolation kit (catalog number D3107; GBCBIO Technologies Inc., Guangzhou, China). The 16S rRNA gene was amplified using the universal primer pair 27F/1492R (Clayton et al., 1995). The amplicons were ligated separately into vector pMD19-T (Takara, Dalian, China), sequenced following the Sanger method at Sangon Biotech Inc. (Shanghai, China), and assembled using SnapGene v6.0.2.2 The 16S rRNA gene sequences were compared with data in the EzBiocloud database (Yoon et al., 2017). The 16S rRNA gene sequences from each type species of the genera Ralstonia and Cupriavidus were collected from the GenBank database (Sayers et al., 2021), aligned using the MUSCLE program in Unipro UGENE v33.0 and trimmed to the same length for sequence identity calculation using the Clustal Omega tool in the EMBL-EBI database (Edgar, 2004; Sievers et al., 2011; Okonechnikov et al., 2012; Madeira et al., 2022). Phylogenetic trees were constructed using the neighbor-joining (NJ), maximum-likelihood (ML), and maximum-parsimony (MP) algorithms in the MEGA v11.0.13 software (Kumar et al., 2016). Bootstrap analysis was performed using 1,000 replications.

The EZNA Bacterial DNA Kit (Omega Bio-tek, Winooski, VT, USA) was employed for genomic DNA extraction. Genome sequencing, assembly, and annotation were conducted as detailed in our previous report (Lu et al., 2022b). We retrieved the assembly numbers for 649 genomic sequences of the genus Ralstonia from the GenBank database (collected on 2022-09-10) (Sayers et al., 2021). For quick detection, FastANI v1.33 (Jain et al., 2018) was used (kmer 16, fragment length of 3,000, and the minimal fraction was 0.2) to test the average nucleotide identity (ANI) values between the eight isolated strains and the above collected genomic sequences by employing the webserver genome taxonomy database (GTDB) (Parks et al., 2021). The ANIb (based on the BLAST algorithm), ANIm (based on the MUMmer algorithm), and digital DNA–DNA hybridization (dDDH) values between the eight isolated strains and their closely related species were calculated by using the webserver JSpecies WS v3.9.6 (Richter et al., 2015) and the Genome-to-Genome Distance Calculator v3.0 (Meier-Kolthoff et al., 2022), respectively. In addition, the Type (Strain) Genome Server (TYGS) was employed for phylogenomic analysis (Meier-Kolthoff et al., 2022).

To clarify the taxonomic position of the genus Ralstonia, all genome sequences of the validly published type species within the family Burkholderiaceae and those of closely related species were used for phylogenomic analysis. We collected a set of 288 genome sequences from the GenBank database, including 280, 6, and 2 genomes from the order Burkholderiales, Neisseriales, and Rhodocyclales of the class Betaproteobacteria, respectively. In addition, four genome sequences from the classes Alphaproteobacteria and Gammaproteobacteria were used as outgroups. Protein-coding sequences were predicted using the Prokka program (Seemann, 2014) and used to generate single-copy genes by employing proteinortho6 (Lechner et al., 2011). We used the diamond program for sequence alignment with the e-value cut-off set at 1e-5, a minimum aligned sequence length coverage of 50%, and an identity of 50% of the query sequence (Buchfink et al., 2021). A set of 92 single-copy gene clusters was concatenated using MUSCLE (Edgar, 2004). FastTree v2.0.0 with the default model Jones-Taylor-Thornton was used to construct the phylogenomic tree (Price et al., 2010), which was visualized and edited using FigTree v1.4.4.3

For gene content analysis, we identified the orthologous gene clusters in the genome sequences of seven non-plant pathogenic Ralstonia strains using the OrthoVenn2 web server (last accessed February 2023) with default settings (e-value 1e-5, inflation value 1.5) (Xu et al., 2019). The secondary metabolites and antibiotic gene clusters were analyzed in silico using the online web server antiSMASH bacterial v6.1.1, with detection strictness set as “relaxed” (Blin et al., 2021). Potential antibiotic resistance genes were identified using the Resistance Gene Identifier software against the Comprehensive Antibiotic Resistance Database using the protein homolog model (Alcock et al., 2022).



Phenotypic and chemo-taxonomic characteristics

Several media, including casamino acid peptone glucose (CPG) agar (Kelman, 1954), Kelman’s tetrazolium chloride (TZC) (García et al., 2019), Luria-Bertani (LB) agar (LA), modified selective medium South Africa (mSMSA) agar (Elphinstone et al., 1996), nutrient agar (NA), potato dextrose agar (PDA), and TSA, were used for cell growth analysis at 28°C for 5 days. For strains’ antimicrobial susceptibility testing, antibiotics were supplemented in TSB at the following concentrations: ampicillin (100 μg/mL), bacitracin (10 μg/mL), chloromycetin (30 μg/mL), ciprofloxacin (1 μg/mL), cycloheximide (10 μg/mL), gentamicin (100 μg/mL), kanamycin (50 μg/mL), polymyxopeptide (10 μg/mL), rifamycin (25 μg/mL), streptomycin (100 μg/mL), and tetracycline (15 μg/mL). Cells grown on TSA at 28°C for 48 h were subjected to morphological observation using transmission electron microscopy (HT7700; HITACHI, Tokyo, Japan). The motilities of the tested strains were detected on modified semi-solid motility media (SMM) containing 0.35% agar (Kelman and Hruschka, 1973). A staining kit (D008-1-1; Nanjing Jiancheng Bioengineering Institute, Nanjing, China) was used for Gram-staining, which was detected under a light microscope (Axio imager.Z2; Zeiss, Oberkochen, Germany). For the oxygen requirement assay, strains were streaked on TSA slopes covered with mineral oil and incubated at 28°C for 5 days (Lu et al., 2022b).

Strains cultured on TSA were collected to compare their physiological and biochemical features. Substrate utilization and enzymatic activities were tested according to the manufacturer’s instructions for the API 20NE and API ZYM kits (bioMérieux, Marcy-l’Étoile, France). Oxidase activities of strains were tested using 1% (w/v) tetramethyl-p-phenylenediamine, with a color change to dark blue within 90 s regarded as positive. The production of bubbles detected catalase activity after adding a drop of 3% (v/v) H2O2 (Lu et al., 2022a). According to the manufacturer’s instructions, carbon source utilization and chemical sensitivity were determined using the Biolog GEN III Microplate system (Biolog, Hayward, CA, USA). Cells of all tested strains that grew on TSA at 28°C for 48 h were harvested for fatty acid profile analysis, as described by Sasser (1990). Polar lipids of three proposed type strains were extracted and identified using a modified version of a previously published method (Minnikin and Abdolrahimzadeh, 1971). In brief, the cells were grown at 28°C in 2 L of nutrient broth (NB) for 48 h, collected by centrifugation at 6000 × g for 10 min, and washed 2–3 times with distilled water. Then, 1 g of wet bacteria was placed in a 40 mL centrifuge tube with a screw cap, added with 15 mL of methanol to suspend the pellet, and then heated in a water bath at 100°C for 10 min. After cooling to room temperature, 10 mL of chloroform was added into the tube, followed by the slow addition 2% (w/v) NaCl until stratification. The tube was shaken vigorously for 10 min and centrifuged at 8000 × g for 10 min to complete the phospholipid precipitation. The tube was left to stand vertically, and after phase separation, the liquid layer without impurities was removed into a round-bottom rotary evaporator flask and placed in a water bath at 30–40°C to accelerate drying. After drying, 400 μL of chloroform/methanol (2:1, v/v) was added to dissolve the lipids. Then the liquid was added into a microfuge tube (approximately 100–200 μL/tube) and centrifuged at 8000 × g for 10 min to remove the pellet. If the solution was layered, the layer with bubble was removed, and 5–15 μL of the sample was spotted at 1.5 × 1.5 cm from the bottom left-hand corner of a Silica gel 60 plate (Merck, Darmstadt, Germany). The plates were developed in two dimensions: The first dimension contained chloroform:methanol:distilled water (65,25:4, v/v/v), and the second dimension contained chloroform:acetic acid:methanol:distilled water (80,18,12:5,v/v/v/v). The first dimension was run from the spotting site to 1.5 cm away from the plate’s leading edge, after which the plate was allowed to dry at room temperature for about 30 min. The second dimension was run to 1.5 cm away from the top edge of the plate and then allowed to dry at room temperature for about another 30 min. Reagents, including ninhydrin, molybdenum blue, α-methyl naphthol and D reagent, were sprayed on the plates to identify lipid functional groups. The plates were sprayed with 10% (v/v) molybdophosphoric acid to show all polar lipids. The isoprenoid quinones of the three proposed type strains were extracted and analyzed as described previously (Collins and Jones, 1981).




Results and discussion


16S rRNA gene phylogeny

During a cultivation-based analysis of bacteria from tobacco-planting soils collected from four cities in Yunnan, PR China, eight closely related Ralstonia spp. strains were isolated (Supplementary Table S1). The 16S rRNA gene sequences of the eight strains (21YRMH01-3T, 21MJYT02-10T, 21LDWP02-16, 22TCCZM01-4, 22TCJT01-1, 22TCJT01-2, 21MJYT02-11T, and 22TCCZM03-6) were obtained for pair-wise comparisons. The analysis showed 98.34–100.0% similarity between each pair among the isolates. The 16S rRNA gene sequences were identical for strains 21MJYT02-10T, 22TCCZM01-4, and 22TCJT01-2, and were 99.30% similar to that of strain 21LDWP02-16, which shared an identical 16S rRNA gene with strain 22TCJT01-1, suggesting that these five strains might represent the same species. A sequence similarity search in the Ezbiocloud database showed that the eight isolated strains were closely related to the type species of the genus Ralstonia. Strain 22TCCZM03-6 shared an identical 16S rRNA gene sequence with R. wenshanensis 56D2T, indicating that these strains might be the same species. The other seven strains had the highest 16S rRNA gene sequence identities to those of R. wenshanensis 56D2T (98.70–99.64%), R. pickettii K-288T (Daligault et al., 2014) (98.34–99.86%), R. insidiosa LMG 21421T (97.34–98.56%), and R. mannitolilytica LMG 6866T (98.35–98.49%). The 16S rRNA gene sequence similarities between the eight isolated strains and other type species of the genus Ralstonia were below the species cut-off value of 98.50% (Chun et al., 2018; Supplementary Table S2). The ML phylogenetic tree showed that the eight isolated strains fell within the clade comprising species of the genus Ralstonia and were closely related to R. wenshanensis 56D2T, R. pickettii K-288T, R. insidiosa LMG 21421T, and R. mannitolilytica LMG 6866T (Figure 1 and Supplementary Figures S1, S2).
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FIGURE 1
 Maximum-likelihood phylogenetic tree based on 16S rRNA sequences (1,397 bp) showing the relationship between soil strains isolated in this study and their closely related taxa within the genus Ralstonia. The tree was generated using MEGA 11.0. Bootstrap values (≥50) are shown at branching points as percentages of 1,000 replicates. T indicates the type strain. Closed circles indicate that the corresponding nodes are also recovered in the trees generated with neighbor-joining and maximum-parsimony. Sequences from soil strains isolated in this study are indicated in bold. Cupriavidus necator N-1T (Poehlein et al., 2011) is used as an outgroup. The NCBI accession numbers are shown in parentheses. Bar, 0.01 substitutions per nucleotide position.




Genome features

The draft genome lengths of the eight isolated strains ranged from 5.17 to 5.72 Mb and contained 4,712–5,191 annotated protein-coding genes. The overall G + C contents of the eight genomes were 63.3–64.1%, which were close to three related species type strains of R. wenshanensis 56D2T (63.7%), R. insidiosa LMG 21421T (63.7%), and R. pickettii K-288T (63.9%), but markedly lower than those of R. mannitolilytica LMG 6866T (65.8%) and plant-pathogenic Ralstonia species including R. syzygii subsp. indonesiensis LMG 27703T (66.3%), R. syzygii LLRS-1 (66.3%), R. solonacearum K60-1T (Remenant et al., 2012) (66.4%), R. syzygii subsp. syzygii LMG 10661T (66.5%), R. syzygii subsp. celebesensis UGMSS_Db01 (Prakoso et al., 2022) (66.6%), and R. pseudosolanacearum LMG 9673T (66.6%) (Supplementary Table S3).

Genomic comparisons based on ANI and dDDH values were calculated between the eight isolated strains and their close relatives within the genus Ralstonia (Table 1). When compared with strain 22TCCZM03-6, R. wenshanensis 56D2T shared ANIb, ANIm, and dDDH values of 98.08, 98.29, and 84.80%, respectively, showing that these strains are the same species, which was consistent with the results from the 16S rRNA gene analysis. When compared with strain 21YRMH01-3T, Burkholderiaceae bacterium 26, isolated from soil in 2010 in the USA (Roco et al., 2017), had ANIb, ANIm, and dDDH values of 97.22, 97.65, and 78.90%, respectively. Both ANI and dDDH values estimated for other tested strains were less than 94.5 and 55.5%, which are below the proposed species cut-off values of 95–96% for ANI and 70% for dDDH, indicating that strains 21YRMH01-3T and Burkholderiaceae bacterium 26 represent a novel species in the genus Ralstonia. When strain 21MJYT02-11T was compared, the ANI and dDDH values were 73.75–88.33% and 22.10–33.20%, respectively, supporting the inclusion of this strain as a novel species separated from validated and published Ralstonia species. When strain 21MJYT02-10T was compared, four isolates, including 21LDWP02-16, 22TCJT01-1, 22TCCZM01-4, and 22TCJT01-2, had ANI values >95% and dDDH values >70% (yielded by formula 2). The ANI and dDDH values calculated for the other analyzed strains were 73.32–94.17 and 22.0–55.20, respectively, supporting the classification of 21MJYT02-10T, 21LDWP02-16, 22TCJT01-1, 22TCCZM01-4, and 22TCJT01-2 as a novel species in the genus Ralstonia.



TABLE 1 Genomic comparisons of Ralstonia spp. strains isolated in this study and their closely related type strains.
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The phylogenomic analysis revealed that the genomic tree was divided into two branches, one containing the eight isolated strains and their closely related species of R. wenshanensis, R. pickettii, R. mannitolilytica, and R. insidiosa; and the other one harboring three species of R. syzygii, R. pseudosolanacearum, and R. solanacearum. In branch one, strains 22TCCZM03-6 and R. wenshanensis 56D2T were positioned separately from the other species of the genus Ralstonia and formed a clade with a support value of 100%; five strains (21MJYT02-10T, 22TCJT01-1, 21LDWP02-16, 22TCJT01-2, and 22TCCZM01-4) formed a coherent cluster with strains 21YRMH01-3T and Burkholderiaceae bacterium 26, with a bootstrap value of 82%. In addition, strain 21MJYT02-11T was placed independently of the other Ralstonia species and formed a monophyletic clade with a bootstrap value of 75% (Supplementary Figure S3).

To clarify the taxonomic position of the genus Ralstonia, a total of 92 conserved single-copy genes were identified among 288 tested genomes. Phylogenomic analysis showed that all strains isolated in this study and the type species in the genus Ralstonia formed a single branch containing two subbranches, consistent with the results obtained from the above phylogenomic analysis. Interestingly, the bacteria from the genera Cupriavidus and Polynuclearbacter, along with those from the genus Ralstonia formed a coherent super branch with other genera of the family Burkholderiaceae (Figure 2), suggesting that strains within the former group might present a novel family.
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FIGURE 2
 The phylogenomic tree based on the concatenation of 92 single-copy genes clusters showing the relationship between the genus Ralstonia and other genera within the order Burkholderiales. Protein-coding sequences were predicted by the Prokka program (Seemann, 2014) and used to generate single-copy genes by employing proteinortho6 (Lechner et al., 2011). The diamond program was run for sequence alignment with a set e-value cut-off of 1e-5, a minimum aligned sequence length coverage of 50%, and an identity of 50% of the query sequence (Buchfink et al., 2021). A set of 92 single-copy gene clusters was concatenated with MUSCLE v5.1 (Edgar, 2004). FastTree v2.0.0 with the default model Jones-Taylor-Thorton (Price et al., 2010) was used to construct the phylogenomic tree, which was visualized and edited by the FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). The tree is rooted at the midpoint. Bootstrap values (>50) are shown at branch nodes as percentages of 1,000 replications. T indicates the type strain. Sequences from soil strains obtained in this study are indicated in bold. The Rhodanobacter thiooxydans LCS2T, Xanthomonas translucens DSM 18974T and Pseudomonas indica NBRS 103045T of the class Gammaproteobacteria, and Oceanibacterium hippocampi CECT 7691T of the class Alphaproteobacteria are used as outgroups. Genomic accession numbers are shown in parentheses. The scale bar indicates the number of substitutions per site.


In addition, evolutionary analyses revealed that several genera belonging to the family Burkholderiaceae were clustered with the members of the other families in the class Betaproteobacteria. The type species Paucimonas lemoignei DSM 7445T was clustered with Noviherbaspirillum malthae CC-AFH3T of the family Oxalobacteraceae, which was consistent with the results obtained from a previous report (Ludwig et al., 2021). Five type strains of the family Burkholderiaceae, including Limnobacter alexandrii LZ-4T, Limnobacter humi NBRC 111650T, Quisquiliibacterium transsilvanicum DSM 29781T, Zeimonas arvi CC-CFT501T, and Lautropia mirabilis NCTC12852T, were posited in the family Alcaligenaceae. All three genome-sequenced type strains, including Chitinimonas taiwanensis DSM 18899T, Chitinimonas koreensis DSM17726T, and Chitinimonas arctica R3-44T, were clustered with members of the family Chromobacteriaceae in the order Neisseriales, which was consistent with a previous report (Chen et al., 2021), in which the type species Chitinimonas taiwanensis was assigned to the family Chitinibacteraceae. Furthermore, three recently proposed type strains, including Ephemeroptericola cinctiostellae F02T (Kim et al., 2019), Hydromonas duriensis DSM 102852T (Vaz-Moreira et al., 2015), Formosimonas limnophila KCTC 32501T (Chen et al., 2017), formed an independent branch in the order Burkholderiales (Figure 2). The above data suggested that these species might need to be reclassified to other families or orders.



Pan-genome and accessory genes analysis

The genome sequence predictions showed that seven non-plant pathogenic Ralstonia strains had a set of 35,382 protein-coding genes (average 5,055 genes/species). Pairwise genome comparisons using the OrthoVenn2 web server identified 5,828 gene clusters, including 2,761 orthologous clusters and 3,067 single-copy gene clusters. Further analysis showed that 3,112 orthologous genes were shared by all tested strains, indicating their conservation in the lineage after speciation. These core orthologous genes potentially participate in critical metabolic processes for nitrogen compounds, cellular aromatic compounds, nucleobase-containing compounds, organic acids, heterocyclic compounds, macromolecules, phosphorus, and cellular lipids. In addition, the data showed that strain 21YRMH01-3T shared 123 specific gene clusters with 21MJYT02-10T, 171 distinct clusters from strain 21MJYT02-11T were shared with R. insidiosa CCUG 46789T, and 87 unique gene clusters from R. wenshanensis 56D2T were shared with 21YRMH01-3T, suggesting that these strains are closely related to each other.

Furthermore, protein-coding genes of four Ralstonia strains isolated from tobacco planting soils, including 21YRMH01-3T, 21MJYT02-10T, 21MJYT02-11T, and R. wenshanensis 56D2T, were compared. The diagram showed that these four strains shared 3,594 core orthologous gene clusters, and there were 11, 7, 67, and 7 gene clusters specific to strains 21YRMH01-3T, 21MJYT02-10T, 21MJYT02-11T, and R. wenshanensis 56D2T, respectively. In strain 21YRMH01-3T, one out of 11 gene clusters encoded two proteins that shared sequence similarity to the iron–sulfur subunit SdhB of succinate dehydrogenase, which is used in aerobic growth in Escherichia coli K-12 (Darlison and Guest, 1984); however, the functions for other 10 gene clusters (encoding 20 proteins) remain unknown. In strain 21MJYT02-10T, there were three and two proteins that might be involved in the regulation of DNA-templated transcription (GO:0006355) and ethanol oxidation (GO:0006069), respectively; the other five gene clusters (encoding 11 proteins) shared no sequence similarity with the proteins deposited in the Swiss-Prot database (Figure 3). In strain 21MJYT02-11T, there were 67 unique gene clusters encoding 150 proteins, which are mainly involved in the biological process, metabolic process, cellular metabolic process, and cellular process; however, the functions of 50 of these proteins are unknown.
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FIGURE 3
 Venn diagram displays the distribution of shared orthologous clusters among the four soil Ralstonia strains. Protein-coding sequences were predicted by the Prokka program (Seemann, 2014). The orthologous gene clusters were identified using the OrthoVenn2 web server, with a threshold e-value of 1e-5 and inflation of 1.5 (Xu et al., 2019).




In silico prediction of secondary metabolites

Genome sequence scanning showed that gene clusters encoding secondary metabolites, such as terpene, unspecified ribosomally synthesized and post-translationally modified peptide product (RiPP-like), aryl polyene, siderophore, beta-lactone containing protease inhibitor (betalactone), and redox-cofactor, were present in most analyzed strains (Supplementary Table S4). The first five putative secondary metabolite-encoding clusters were conserved in two completely sequenced strains, R. wenshanensis 56D2T and R. pickettii K-288T. These gene clusters might also be widespread among other non-plant pathogenic Ralstonia strains. Only RiPP-like gene clusters were identified from the megaplasmid of the completely sequenced strains, suggesting that other gene clusters were obtained through vertical transfer. Certain strains even contained two homologs of putative metabolite synthetic gene clusters, such as R. mannitolilytica LMG 6866T, 21MJYT02-10T, and 21MJYT02-11T, which had two copies of the aryl polyene cluster in each strain; and strains 21YRMH01-3T and 21MJYT02-10T, which had two copies of the betalactone and siderophore clusters, respectively. The putative redox-cofactor gene clusters, with a sequence similarity of 13% to that of lankacidin C, were identified in all analyzed strains, except R. pickettii K-288T. However, a type I polyketide synthase gene cluster, shared 8% sequence similarity with the lipopolysaccharide cluster, was identified in R. pickettii strain K-288T.



Resistome and antibiotic susceptibility

Antibiotic-resistance gene analysis identified 46 antibiotic-resistance genes in 10 tested strains. More resistance genes were found in the genomes of non-plant pathogenic Ralstonia (average 5.14 genes per strain) than in plant pathogenic strains (average 3.33 genes per strain) (Supplementary Table S5). Antimicrobial susceptibility analysis confirmed that most non-phytopathogenic bacteria of the Ralstonia were resistant to all tested antibiotics except ciprofloxacin (Supplementary Table S6). By contrast, plant pathogenic Ralstonia species were only resistant to four tested antibiotics, such as bacitracin, chloromycetin, cycloheximide, and polymyxopeptide. The adeF efflux pump genes, which contribute to fluoroquinolone and/or tetracycline resistance (Coyne et al., 2010), were conserved among the type strains. Non-plant pathogenic strains had two copies of a protein, one shared about 79% sequence similarity, and another one had 43% sequence similarity to AdeF protein (antibiotic resistance gene ontology (ARO) No. 3000777), except for R. wenshanensis 56D2T, which harbored three copies of this gene. However, the genomes of all tested plant pathogenic Ralstonia strains had three copies of AdeF. Interestingly, all tested strains were susceptible to ciprofloxacin in antibiotic-sensitive assay. Furthermore, the tetD gene, encoding a tetracycline resistance protein (ARO No. 3000168, about 43% protein sequence identity), was found in strains including 21YRMH01-3T, 21MJYT02-10T, R. insidiosa CCUG 46789T, and R. wenshanensis 56D2T, and the resistance phenotype of these strains to tetracycline was confirmed in antimicrobial susceptibility assay.

Notably, one or two copies of genes, whose encoded proteins showed more than 86% sequence similarity, encoded OXA (oxacillin-hydrolyzing) beta-lactamases (ARO No. 3001417, 3003599, 3003600, 3005793, 3005326, 3005325, 3005795, 3001808, and 3005093) confer resistance to amino- and ureidopenicillin (Evans and Amyes, 2014) and were present in all non-plant pathogenic strains. The R. soli 21MJYT02-11T genome revealed the presence of a unique glycopeptide resistance protein VanH (ARO: 3002942, 38.54% protein sequence identity). In addition, the small multidrug resistance (SMR) antibiotic qacG/J efflux pump genes (ARO No. 3007014 and 3007015, about 44% protein sequence identity) were identified from R. syzygii subsp. indonesiensis PSI 7T, R. insidiosa CCUG 46789T, and R. mannitolilytica LMG 6866T (Supplementary Table S5).

Antimicrobial susceptibility testing showed that all tested strains of the genus Ralsotnia were resistant to polymyxopeptide, cycloheximide, bacitracin, and chloromycetin. However, most phytopathogenic strains of Ralstonia were susceptible to kanamycin, tetracycline, streptomycin, rifamycin, ampicillin, and gentamicin. In addition, 50% of tested non-plant pathogenic strains were sensitive to tetracycline. Interestingly, strain 21MJYT02-11T was susceptible to kanamycin, tetracycline, streptomycin, and gentamicin; however, other non-plant pathogenic strains of the Ralstonia were resistant or partially tolerant to these antibiotics (Supplementary Table S6).



Morphology and physiology

All strains could grow on CPG, LB, mSMSA, NA, PDA, TSA, and TZC, with better growth on CPG and TZC. Colonies were round, opaque, and raised, with glistening surfaces with entire edges and were 1.0–1.5 mm in diameter on TSA plates after 48 h of incubation at 28°C. Strains grew on 0–5% NaCl, but not on 6% (optimum 0%), and at 10–40°C, but not at 45°C (optimum 25°C). All strains were aerobic and motile on SMM, positive for catalase activities, and negative for oxidase tests. The cells were Gram-stain negative, aerobic, non-sporulating, motile with two polar flagella, and rod-shaped (Figure 4).
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FIGURE 4
 Transmission electron microscopy images showing the morphologies of three novel type strains of the genus Ralstonia. Cells grown on TSA media at 28°C for 48 h were subjected to morphological observation using transmission electron microscopy (HT7700; HITACHI, Tokyo, Japan). R. chuxiongensis 21YRMH01-3T (A); R. mojiangensis 21MJYT02-10T (B); R. soli 21MJYT02-11T (C). The bar represents 1 μm.


In the API 20NE and API ZYM tests, all tested strains were positive for the hydrolysis of esculin; for the enzymatic activities of esterase (C4), esterase lipase (C8), and leucine arylamidase, for the assimilation of D-glucose, potassium gluconate, and trisodium citrate; and negative for indole production; for the enzymatic activities of arginine dihydrolase, urease, trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase, and for the assimilation of D-mannose and D-maltose. For many of the phenotypic characteristics, the eight isolated strains were more similar to each other, such as being negative for fermentation of glucose, hydrolysis of gelatin, and enzymatic activity of cystine arylamidase; and positive for the assimilation of malic acid. However, strains 21YRMH01-3T and 21MJYT02-11T had several distinct phenotypic characteristics, such as being positive for alkaline phosphatase and acid phosphatase activities, and negative for the reduction of nitrate to nitrite. By contrast, most other strains had the opposite phenotypic characteristics. Strain 21YRMH01-3T also had several unique phenotypic features that differed from strain 21MJYT02-11T. For example, strain 21YRMH01-3T could not assimilate adipic acid and phenylacetic acid, but could assimilate L-arabinose and D-mannitol, and was positive for lipase activity (C14) (Table 2).



TABLE 2 Phenotypic traits differentiating strains obtained in this study and their closely related type strains of the genus Ralstonia.
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In the Gen III assays, all tested strains were positive or weakly positive for the utilization of the carbon sources α-D-glucose, D-fructose, D-galactose, D-fructose-6-PO4, L-aspartic acid, L-glutamic acid, L-histidine, β-hydroxy-D, L-butyric acid, acetoacetic acid, and acetic acid; were resistant to the inhibitory chemicals 1% NaCl, rifamycin SV, lincomycin, vancomycin, tetrazolium violet, tetrazolium blue, potassium tellurite and aztreonam; could not use carbon sources such as D-maltose, sucrose, stachyose, D-raffinose, α-D-lactose, β-methyl-D-glucoside, N-acetyl-D-galactosamine, N-acetyl neuraminic acid, inosine, D-sorbitol, Myo-inositol, D-serine, gelatin, glycyl-L-proline, and D-malic acid; and were unable to grow in the presence of several sensitive chemicals including 4 and 8% NaCl, minocycline, lithium chloride, sodium butyrate, and sodium bromate. In addition, the eight isolated strains shared several phenotypic features, such as being positive for growth under growth conditions of pH 6 or supplementation with N-acetyl-D-glucosamine, D-fucose, L-fucose, 1% sodium lactate, niaproof 4, L-lactic acid, α-keto-glutaric acid, L-malic acid, nalidixic acid, and tween 40. In addition, they could not use D-turanose and pectin as substrates. However, strain 21MJYT02-11T had unique features, such as the utilization of L-arginine and D-serine, and the inability to use L-galactonic acid lactone (Table 2).



Chemotaxonomic profiles

The major polar lipids present in strains of 21YRMH01-3T, 21MJYT02-10T, and 21MJYT02-11T were phosphatidylethanolamine, diphosphatidylglycerol, phosphatidylglycerol, and an unidentified aminophospholipid; however, strain 21YRMH01-3T contained more lipids than the other strains. In addition to the main polar lipids, one phosphatidylglycerol and several unidentified lipids, including three aminolipids, two aminophospholipids, a glycolipid, two lipids, and four phospholipids, were also present in strain 21YRMH01-3T (Supplementary Figure S4).

Isoprenoid quinone analysis showed that ubiquinones Q-7 and Q-8 were present in all tested strains, and the latter was the predominant quinone. In strain 21YRMH01-3T, Q-8 represented 70.73% of isoprenoid quinones, which was 78.20% for strain 21MJYT02-11T, and 73.90% for strain 21MJYT02-10T. The results differ from R. wenshanensis 56D2T, which has Q-8 as the sole respiratory quinone (Lu et al., 2022a).

The fatty acid profiles from gas chromatography analysis showed that conserved components for all Ralstonia strains were C14:0, C16:0, C18:0, summed features 2 (C14:0 3-OH/C16:1 iso I), summed features 3 (C16:1 ω7c and/or C16:1 ω6c), and summed features 8 (C18:1 ω6c and/or C18:1 ω7c), as shown in Table 3. In addition, the primary fatty acids (>10% of the total fatty acids) of strain 21YRMH01-3T were identified as summed features 3 (C16:1 ω7c and/or C16:1 ω6c), summed features 8 (C18:1 ω7c and/or C18:1 ω6c), and saturated fatty acid C16:0, which were the same as those of strains 21MJYT02-10T, 21LDWP02-16, 22TCCZM01-4, 22TCJT01-1, 22TCJT01-2, 22TCCZM03-6 and the four reference strains. However, they were different from strain 21MJYT02-11T, whose primary fatty acids were identified as C16:0, summed features 3 (C16:1 ω7c and/or C16:1 ω6c) and cyclo-C17:0. Notably, saturated cyclo-C17:0 was absent in strain 21YRMH01-3T, but present in the other tested strains, and hydroxy C16:1 2-OH was not identified in strain 21MJYT02-11T, but was present in all other analyzed strains. The data further supported the separate species status of strains 21YRMH01-3T and 21MJYT02-11T.



TABLE 3 Cellular fatty acid profiles of the soil strains isolated in this study and their closely related type strains of the genus Ralstonia.
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Conclusion

Based on the above data, we concluded that strains 21YRMH01-3T, 21MJYT02-10T, and 21MJYT02-11T represent three novel species in the genus Ralstonia, for which the names Ralstonia chuxiongensis sp. nov., Ralstonia mojiangensis sp. nov., and Ralstonia soli sp. nov. are proposed, respectively.


Description of Ralstonia chuxiongensis sp. nov.

Ralstonia chuxiongensis (chu. xiong. en’sis. N.L. fem. adj. chuxiongensis, referring to Chuxiong city in China, where the type strain was isolated).

Cells are Gram-stain negative, aerobic, non-sporulating, motile with two polar flagella, and rod-shaped, 0.79–1.14 μm wide, and 1.70–2.86 μm long (avg. 0.95 ± 0.09 μm × 2.22 ± 0.38 μm; n = 20). The species grows on NA, LB, TSA, PDA, mSMSA, CPG, and TZC agars, with a better growth on the latter two media. Colonies on TSA plates after incubation for 2 days at 28°C are round, opaque, raised, and smooth-surfaced, with an entire edge and 1.5 mm in diameter. Cells grow at 10–40°C (optimum, 25°C), 0–5% NaCl (w/v; optimum, 0%), and pH 5.0–9.0 (optimum, pH 7.0). Catalase and oxidase are positive. In the API 20NE assays, the strain was positive for glucose, arabinose, mannitol, N-acetylglucosamine, potassium gluconate, capric acid, malate, and trisodium citrate assimilation; negative for nitrate reduction, indole production, glucose fermentation, arginine dihydrolase, urease, and β-galactosidase activities, gelatin hydrolysis, mannose, maltose, adipic acid, and phenylacetic acid assimilations. In the API ZYM tests, the strain was positive for alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, acid phosphatase, naphthol-AS-BI-phosphohydrolase; and negative for valine arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase. In the Gen III analysis, the strain is positive for the use of D-fructose, D-galactose, D-fucose, L-fucose, D-fructose-6-PO4, L-alanine, L-aspartic acid, L-glutamic acid, L-histidine, L-pyroglutamic acid, L-serine, D-galacturonic acid, L-galactonic acid lactone, D-glucuronic acid, glucuronamide, mucic acid, quinic acid, D-saccharic acid, L-lactic acid, α-keto-glutaric acid, tween 40, β-hydroxy-D, L-butyric acid, acetoacetic acid, propionic acid, and acetic acid; and is resistant to pH 5 and 6, 1% NaCl, 1% sodium lactate, fusidic acid, troleandomycin, rifamycin SV, lincomycin, guanidine HCl, niaproof 4, vancomycin, tetrazolium violet, nalidixic acid, tetrazolium blue, potassium tellurite and aztreonam. The major polar lipids of strain 21YRMH01-3T are diphosphatidylglycerol, phosphatidylethanolamine, and an unidentified aminophospholipid. The bacterium has two ubiquinones, Q-7 and Q-8, with the latter being predominant. The major fatty acids are summed features 3 (C16:1 ω7c and/or C16:1 ω6c), summed features 8 (C18:1 ω7c and/or C18:1 ω6c) and C16:0.

The type strain is 21YRMH01-3T (=GDMCC 1.3534T = JCM 35818T), isolated from tobacco-planting soil in 2021 in Chuxiong, Yunnan, PR China. The GenBank accession number for the 16S rRNA gene sequence of the type strain is ON844322.1. The draft genome sequence was submitted to DDBJ/ENA/GenBank under the Bioproject number PRJNA839150 with the accession JAMYWC000000000. The genomic DNA G + C content of the type strain is 63.5%.



Description of Ralstonia mojiangensis sp. nov.

Ralstonia mojiangensis (mo. jiang. en’sis. N.L. fem. adj. mojiangensis, referring to Mojiang town in China, where the type strain was isolated).

Cells are Gram-stain negative, aerobic, non-sporulating, motile with two polar flagella, rod-shaped, 0.77–0.94 μm wide, and 1.92–3.25 μm long (avg. 0.89 ± 0.05 μm × 2.53 ± 0.40 μm; n = 20). The species grows on LB, TSA, PDA, mSMSA, TZC, CPG, and NA agars, and most strains grow better on the latter two media. Colonies on TSA plates after incubation for 2 days at 28°C are round, raised, with glistening surfaces with entire edges, and 1.2 mm in diameter. Cells grow at 10–40°C (optimum, 25°C), 0–5% NaCl (w/v; optimum, 0%), and pH 5.0–9.0 (optimum, pH 6.0–7.0). Both catalase and oxidase are positive. In the API 20NE assays, the strain was positive for the hydrolysis of esculin; the assimilation of glucose, arabinose, mannitol, N-acetylglucosamine, potassium gluconate, malate, and trisodium citrate; and negative for the production of indole; the fermentation of glucose; the hydrolysis of gelatin; the enzymatic activities of arginine dihydrolase, urease, and β-galactosidase; and the assimilation of mannose, maltose, adipic acid, and phenylacetic acid. In the API ZYM tests, the strain was positive for the enzymatic activities of esterase (C4), esterase lipase (C8), lipase (C14), and leucine arylamidase; negative for alkaline phosphatase, cystine arylamidase, trypsin, α-chymotrypsin, acid phosphatase, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase. In the Gen III analysis, the strain could use D-fructose- 6-PO4, L-glutamic acid, D-galacturonic acid, L-galactonic acid lactone, D-glucuronic acid, glucuronamide, α-keto-glutaric acid and tween 40 as carbon sources, but were unable to utilize carbon sources such as D-maltose, sucrose, D-turanose, stachyose, D-raffinose, α-D-lactose, β-methyl-D-glucoside, N-acetyl-D-galactosamine, N-acetyl neuraminic acid, D-mannose, inosine, D-sorbitol, Myo-inositol, D-serine, gelatin, glycyl-L-proline, L-arginine, pectin, D-malic acid, and α-hydroxybutyric acid. The strain is resistant to inhibitory chemicals such as 1% NaCl, 1% sodium lactate, rifamycin SV, lincomycin, niaproof 4, vancomycin, tetrazolium violet, tetrazolium blue and nalidixic acid, and sensitive to 4 and 8% NaCl, minocycline, lithium chloride, sodium butyrate, and sodium bromate.

The bacterium has two ubiquinones, Q-7 and Q-8, with the latter being predominant. The predominant fatty acids are summed features 3 (C16:1 ω7c and/or C16:1 ω6c), summed features 8 (C18:1 ω7c and/or C18:1 ω6c) and C16:0.

The type strain is 21MJYT02-10T (=GDMCC 1.3531T = JCM 35816T), isolated from tobacco-planting soil in 2021 from Mojiang town, Puer, Yunnan, PR China. The GenBank accession number for the 16S rRNA gene sequence of the type strain is ON797091.1. The genome sequence was submitted to DDBJ/ENA/GenBank under the Bioproject number PRJNA839150 with the accession JAMXHU000000000. The genomic DNA G + C content of the type strain is 63.6%.



Description of Ralstonia soli sp. nov.

Ralstonia soli (so’li. L. gen. neut. n. soli, of soil, the source of the type strain).

Cells are Gram-stain negative, aerobic, non-sporulating, motile with two polar flagella, and rod-shaped, 0.81–1.00 μm wide, and 1.85–2.84 μm long (avg. 0.90 ± 0.06 μm × 2.22 ± 0.33 μm; n = 13). The strain grows on LB, NA, PDA, TSA, mSMSA, CPG, and TZC agars. Colonies on TSA plates after incubation for 2 days at 28°C are round, opaque, raised, with glistening surfaces with entire edges and 1.5 mm in diameter. Cells grow at 10–40°C (optimum, 25°C), 0–5% NaCl (w/v; optimum, 0%), and pH 5.0–10.0 (optimum, pH 7.0). Catalase and oxidase are positive. In the API 20NE assays, the strain was positive for the hydrolysis of esculin; the assimilation of glucose, arabinose, mannitol, N-acetylglucosamine, potassium gluconate, capric acid, malate, and trisodium citrate; and negative for the reduction of nitrates; the production of indole; the fermentation of glucose; the hydrolysis of gelatin; for arginine dihydrolase, urease, and β-galactosidase activities; and the assimilation of mannose, maltose, adipic acid, and phenylacetic acid. The API ZYM test results showed that the strain is positive for enzymatic reactions of alkaline phosphatase, esterase (C4), esterase lipase (C8), lipase (C14), leucine arylamidase, acid phosphatase, and naphthol-AS-BI-phosphohydrolase; and negative for valine arylamidase, cystine arylamidase, trypsin, α-chymotrypsin, α-galactosidase, β-galactosidase, β-glucuronidase, α-glucosidase, β-glucosidase, N-acetyl-β-glucosaminidase, α-mannosidase, and α-fucosidase. In the Gen III analysis, the strain could utilize L-glutamic acid, L-histidine, L-pyroglutamic acid, L-serine, D-galacturonic acid, L-galactonic acid lactone, D-glucuronic acid, glucuronamide, mucic acid, quinic acid, D-saccharic acid, L-lactic acid, α-keto-glutaric acid, tween 40, β-hydroxy-D, L-butyric acid, acetoacetic acid, propionic acid and acetic acid as carbon sources, and was resistant to pH 5 and 6 conditions and inhibitory chemicals such as 1% NaCl, 1% sodium lactate, fusidic acid, troleandomycin, rifamycin SV, lincomycin, guanidine HCl, niaproof 4, vancomycin, tetrazolium violet, tetrazolium blue, nalidixic acid, potassium tellurite, and aztreonam. The major polar lipids of strain 21MJYT02-11T are phosphatidylethanolamine, diphosphatidylglycerol, and two unidentified aminophospholipids. The bacterium has two ubiquinones, Q-7 and Q-8, with the latter being predominant. The predominant fatty acids are C16:0, summed features 3 (C16:1 ω7c and/or C16:1 ω6c) and cyclo-C17:0.

The type strain is 21MJYT02-11T (=GDMCC 1.3532T = JCM 35817T), isolated in 2021 from bulk soil sampled from Mojiang town, Puer, Yunnan, PR China. The GenBank accession number for the 16S rRNA gene sequence of the type strain is ON797092.1. The genome sequence was submitted to DDBJ/ENA/GenBank under the Bioproject number PRJNA839150 with the accession JAMXHT000000000. The genomic DNA G + C content of the type strain is 64.1%.
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Introduction: The lack of systematic investigations of arbuscular mycorrhizal fungi (AMF) community composition is an obstacle to AMF biotechnological applications in antimony (Sb)- and arsenic (As)-polluted soil.

Methods: Morphological and molecular identification were applied to study the AMF community composition in Sb- and As-contaminated areas, and the main influencing factors of AMF community composition in Sb- and As-contaminated areas were explored.

Results: (1) A total of 513,546 sequences were obtained, and the majority belonged to Glomeraceae [88.27%, 193 operational taxonomic units (OTUs)], followed by Diversisporaceae, Paraglomeraceae, Acaulosporaceae, Gigasporaceae, and Archaeosporaceae; (2) the affinity between AMF and plants was mainly related to plant species (F = 3.488, p = 0.022 < 0.050), which was not significantly correlated with the total Sb (TSb) and total As (TAs) in soil; (3) the AMF spore density was mainly related to the available nitrogen, available potassium, and total organic carbon; (4) The effect of soil nutrients on AMF community composition (total explanation: 15.36%) was greater than that of soil Sb and As content (total explanation: 5.80%); (5) the effect of TAs on AMF community composition (λ = −0.96) was more drastic than that of TSb (λ = −0.21), and the effect of As on AMF community composition was exacerbated by the interaction between As and phosphorus in the soil; and (6) Diversisporaceae was positively correlated with the TSb and TAs.

Discussion: The potential impact of As on the effective application of mycorrhizal technology should be further considered when applied to the ecological restoration of Sb- and As-contaminated areas.

KEYWORDS
arbuscular mycorrhizal fungi, antimony, arsenic, bioremediation, community composition


1. Introduction

Antimony (Sb) and arsenic (As) have similar chemical characteristics (Anawar et al., 2011; Yu et al., 2021) and occur ubiquitously in the environment at trace levels (Johnston et al., 2020; Xu et al., 2020; Li Y. et al., 2021). Both Sb and As have been listed as priority pollutants by the European Union and the Environmental Protection Agency of the USA and restricted pollutants by China (Wei et al., 2015a; Chang et al., 2022; Yang et al., 2022; Zhou et al., 2022). Sb is carcinogenic and excessive Sb exposure can damage the respiratory, cardiovascular, and urinary systems (Nishad and Bhaskarapillai, 2021; Liu et al., 2022; Zhou et al., 2022). China is the world’s largest producer of Sb, especially southwest China, which accounts for 80% of global Sb production (Xu et al., 2020). Sb is typically accompanied by As in sulfide ores in Sb mining areas, which are found worldwide (Li et al., 2017; Chang et al., 2022). As is also a metalloid and a primary environmental pollutant and carcinogen (Li B. et al., 2021; Ozturk et al., 2022; Wu et al., 2022). The Qinglong Sb mine is a typical Sb mining area in southwest China, where the concentrations of soil Sb and As reach as high as 5,447 and 472 mg/kg, respectively, which are much higher than the Chinese background soil value of Chinese values (Mao et al., 2022), which has affected the residents living near the Qinglong Sb mine. The consumption of contaminated foods or drinking water was found to be the dominant dietary intake source of Sb and As for the residents near an Sb mining area, for whom the total dietary intakes were 554 and 306 μg/day, respectively (Wu et al., 2011; Chang et al., 2022). Reducing Sb and As exposure and the subsequent harm to the human body urgently need to be addressed.

There are a variety of microorganisms in the ecosystem that can mutualism with plants and play a role in the resistance of plants to biotic and abiotic stresses (Xiao et al., 2022; Yan et al., 2022). Arbuscular mycorrhizal fungi (AMF) are ubiquitous in soil environments and interact with most plants through mycorrhizal structures (Xiao et al., 2022). The application of AMF to enhance plant resistance to heavy metal toxicity and improve phytoremediation efficiency is an ecologically friendly soil remediation technology that has been widely researched (Gu et al., 2017; Bi et al., 2019; Riaz et al., 2021). Currently, there are two common strategies for the application of AMF to reduce human exposure to Sb or As. The first strategy is to use AMF to enhance the Sb and As enrichment of plants (Wei et al., 2016; Liu et al., 2020) or to improve the Sb or As tolerance of plants (Zhang and Chen, 2021; Xi et al., 2022), so as to reduce the content or toxicity of Sb or As in soil, and finally realize the ecological restoration of Sb- or As-polluted areas. Another strategy is to use AMF to reduce Sb or As migration into agricultural products or to convert Sb or As into less toxic forms to reduce human exposure to Sb or As (Alam et al., 2019; Li et al., 2022). Therefore, the rational application of AMF has great significance for ecological restoration and food security around Sb- and As-contaminated areas.

Considering the key role of AMF in soil ecosystems, it is important to understand the community composition and diversity distribution of AMF in Sb- and As-contaminated areas and the effects of Sb and As on AMF for ecological restoration and food security around Sb- and As-contaminated areas. Wei et al. (2015a) investigated the AMF of a typical Sb mining area in China and concluded that Sb contamination was the dominating factor influencing the AMF community composition in the Sb mining area. However, this study ignored the potential effect of As in the Sb mining area. Schneider et al. (2013) studied AMF communities in an As-contaminated area of Brazil, and they found that As contamination reduced the AMF species richness, but the effects of other soil factors on the AMF community composition were not systematically discussed. Parvin et al. (2019) conducted a detailed analysis of the effects of As pollution on the AMF community composition in paddy fields in Bangladesh. However, the results of this study have little significance for the application of AMF in the ecological restoration of Sb and As mining areas. The lack of research on AMF community composition and its influencing factors in Sb- and As-co-contaminated areas is an obstacle to the effective implementation of ecological remediation technology in Sb- and As-contaminated areas.

The Qinglong Sb mine in Guizhou Province is one of the main Sb mining areas in China, and it has been exploited for nearly 60 years. Historical mining and smelting activities in the Qinglong Sb mine have caused serious Sb and As pollution that threatens the health of nearby residents (Liu et al., 2011). The preliminary survey found that AMF was widely distributed in this area, thus making the study area an ideal system for the evaluation of AMF community composition in Sb- and As-contaminated soil systems. In this study, the AMF community composition was characterized using high-throughput sequencing technology in three sites with different Sb and As concentrations. The study aimed to (1) identify the factors affecting the AMF-plant symbiosis in Sb- and As-contaminated areas and explore the effects of Sb and As pollution on the AMF colonization rate and spore density; (2) investigate the relationship between the soil properties and the AMF community composition and identify the main factors affecting the AMF community composition in Sb- and As-contaminated areas; and (3) screen the dominant AMF in Sb- and As-contaminated areas for ecological restoration in Sb- and As-contaminated areas.



2. Materials and methods


2.1. Study area and soil sampling

Samples were collected in the Qinglong Sb mining area, which is situated in Qinglong County, Qianxinan Buyei and Miao Autonomous Prefecture, Guizhou Province, China. This area belongs to a karst landform with abundant groundwater, and has a plateau subtropical climate, with a mean annual temperature of 14.1°C and mean annual rainfall of 1,500 mm.

Samples were collected in August 2021. Based on the preliminary investigation, three sampling sites were selected according to the mining function, namely S1, S2, and S0. S1 was the smelting area with a total Sb (TSb) of 3,800–27,300 mg/kg and total As (TAs) of 193–1,160 mg/kg. S2 was the tailings pond with a TSb of 2,640–48,000 mg/kg and TAs of 1,090–2,980 mg/kg. The undisturbed site S0 was located over 1 km away from the mining area. The sampling point information is shown in Figure 1 and Supplementary Table 1. The TSb of S0 (405.89 mg/kg) was slightly higher than the second type of land control value limit specified in the risk control standard for soil contamination of development land of China (360 mg/kg) (Ministry of Ecology and Environment of the People’s Republic of China, 2018), and the TAs of S0 (85.03 mg/kg) was lower than the first type of land control value limit specified in the risk control standard for the soil contamination of development land of China (120 mg/kg) (Ministry of Ecology and Environment of the People’s Republic of China, 2018). Four 20 m × 20 m plots were selected at S1 and S2, and three plots were selected at S0. Dominant plant and 1 kg rhizosphere soil samples were collected from the topsoil (0–10 cm) associated with Artemisia argyi (Aa), Rumex acetosa (Ra), Boehmeria nivea (Bn), Buddleja lindleyana (Bl), and Carpesium abrotanoides (Ca). Three well-grown individuals of each plant species were collected from each plot and mixed into one sample. The dominant plants selected at each sampling site are shown in Supplementary Table 1. Each sample was then divided into two subsamples, with one refrigerated in liquid nitrogen and sent immediately to the laboratory for molecular analysis and the other was used to analyze the spore density and soil properties after air-drying. The roots of plants were used to measure the AMF colonization rate.
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FIGURE 1
Geographic location of the sampling sites in Qinglong County, Qianxinan Buyei and Miao Autonomous Prefecture, Guizhou Province.




2.2. Measurement of soil properties, AMF colonization rate, and spore density

The alkali N-proliferation method was used to measure available nitrogen (AN). Briefly, 2 g of air-dried soil was alkalized with 10 ml 1.8 mol/L NaOH solution and the alkalized products were absorbed with 3 ml 20 g/L H3BO3 indicator and titrated with 0.01 mol/L HCl solution. Extraction with NH4F-HCl solution (pH < 6.5) or NaHCO3 solution (pH > 6.5) and estimation using the molybdenum-antimony colorimetric method was utilized to determine available phosphorus (AP). The total calcium (TCa) was measured with an inductively coupled plasma optical emission spectrometer (ICP-OES, 5110, Agilent Technologies, Santa Clara, CA, USA), and the available potassium (AK) was estimated with the ammonium acetate method and flame photometry (AA-6880, Shimadzu, Shanghai, China). The soil total organic carbon (TOC) was measured using a TOC analyzer (Vario TOC Select, Elementar, Beijing, China). The soil pH and electrical conductivity (EC) were estimated with a pH meter (FE28, Mettler Toledo, Shanghai, China) after adding 25 ml of water to 10 g of air-dried soil.

The TSb and TAs were extracted by adding 6 ml of aqua regia (1.5 ml HCl and 4.5 ml HNO3) to 0.1 g dry soil sample and were digested using a microwave digestion system (Mars 6 Classic 910980, CEM, Charlotte, NC, USA). The digestion procedure consisted of heating for 5 min and maintaining a temperature of 120°C for 2 min; heating for 4 min and maintaining 150°C for 5 min; and heating for 5 min and maintaining 185°C for 40 min. The extract was filtered through a 0.45-μm nylon filter, diluted to 50 ml with pure water, and analyzed using inductively coupled plasma mass spectrometry (ICP-MS, 7900, Agilent Technologies, Santa Clara, CA, USA). The diethylenetriamine pentaacetic acid (DTPA)-extractable Sb (DTPA-Sb) and DTPA-extractable As (DTPA-As) concentrations were determined by ICP-OES (5110, Agilent Technologies, Santa Clara, CA, USA) after a 10 g sample was dissolved using DTPA extraction agent [DTPA (0.005 M), CaCl2 (0.01 M), and triethanolamine (TEA, 0.1 M, pH 7.3)]. All of the soil data are shown in Table 1.


TABLE 1    Physicochemical properties of the sampling sites.
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The AMF colonization rates were measured according to Vierheilig et al. (2005). In brief, roots were cleaned and cut into 2-cm segments. Then the root segments were transferred to 10% potassium hydroxide (KOH) and heated in a 90°C water bath for 1 h. The root segments were stained with 5% ink-vinegar for 5 min, cleaned with tap water that contained several drops of acetic acid, and observed under a microscope (NSZ-810, Beijing East-Bio Technology Co. Ltd., Beijing, China). Spores were isolated from approximately 20 g of a soil sample via wet sieving, decanting, and centrifugation (3,000 rpm, 2 min) through a 60% (weight/volume) sucrose cushion. Spores were counted using a microscope (NSZ-810, Beijing East-Bio Technology Co. Ltd., Beijing, China).



2.3. DNA extraction, polymerase chain reaction (PCR) amplification, and sequencing

Total DNA was extracted from 0.25 g soil with an E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Beijing, China) according to the manufacturer’s instructions. The 18S rRNA of AMF was subjected to two-step nested PCR. The PCR program and reaction system components are shown in Supplementary Table 2. AML1: 5′-ATCAACTTTCGATGGTAGGATAGA-3′ and AML2: 5′-GAACCCAAACACTTTGGTTTCC-3′ were used as primers in the first-round PCR, and AMV4.5NF: 5′-AAGCTCGTAGTTGAATTTCG-3′ and AMDGR: 5′-CCCAACTATCCCTATTAATCAT-3′ were used as primers in the second-round PCR. The PCR products were purified using an AxyPrep DNA Gel Extraction Kit (Axygen Biosciences, Union City, CA, USA) and quantified using QuantiFluor-ST (Promega, Beijing, China). Purified amplicons were sequenced using an Illumina MiSeq platform (Majorbio, Shanghai, China) via 2 × 250 bp paired-end sequencing. Raw reads have been submitted to the NCBI sequence read archive (SRA) database with the following accession number: PRJNA943530.

Sequences were demultiplexed as fastq files and quality-filtered using a QIIME pipeline (version 1.17) (Xiao B. et al., 2019). Sequences were clustered into operational taxonomic units (OTUs) at 97% sequence similarity, and the chimeric sequences were removed using the UPARSE program (version 7.1).1 The taxonomic classification of each 18S rRNA gene sequence was analyzed with the Ribosomal Database Project classifier2 against the MaarjAM 18S rRNA database (Amato et al., 2013).



2.4. Statistical and data analysis

Data analyses were performed with the SPSS 17.0 software package. Differences between the means of soil properties were assessed using analysis of variance (ANOVA) tests, and the Duncan test was used to compare the homogeneity of variance at the 0.05 probability level (p = 0.05). The observed richness (Sobs), Shannon, Shannoneven, and Coverage indexes were calculated using Mothur (Version 1.80.2).3 The AMF colonization rate, spore density, and the Sobs, Shannon, Shannoneven, and Coverage index box plots were constructed using R, and the significance of the differences were tested using an ANOVA test. The significance levels (F values) of the effects of plants, sampling sites, and their interactions on the AMF colonization rate, spore density, and AMF community index were tested using multi-way ANOVA analysis. The AMF community bar plot at the family level was plotted with R. Principal coordinates analysis (PCoA) was employed to illustrate AMF community composition clustering using the R package based on the Bray–Curtis distance. Permutational multivariate ANOVA (PERMANOVA) and analysis of similarities (ANOSIM) based on the Bray–Curtis distance were conducted to analyze the significant difference in the AMF community compositions among the sampling sites. The rarefaction curve was performed using R. Heat trees were generated using the log2 ratios of the median counts for each taxon and the Wilcox rank-sum test followed by a Benjamini and Hochberg correction for multiple testing using the “Metacoder” package in R (Foster et al., 2016). The variance inflation factor (VIF) was calculated in SPSS 17.0 and used to diagnose multicollinearity, environmental factors with VIF > 10 were screened for canonical correlation analysis (CCA) analysis (Guzman et al., 2021). The correlation between soil properties and AMF communities was elucidated through CCA using the R package. Variation partitioning analysis (VPA) was conducted in R using the “vegan” package to partition the influences of soil nutrients, heavy metals, and pH and TCa on AMF community composition. A Mantel test was used to compare the correlations between soil properties and the AMF colonization rate, spore density, and the Sobs, Shannon, and Shannoneven indexes, and between soil properties and AMF families in R using the “ggcor” package. The correlations between the soil properties and the AMF colonization rate, spore density, and the Sobs, Shannon, and Shannoneven indexes were obtained based on the Pearson correlation coefficient. Two-factor correlation network analysis was performed using Gephi 0.9.7. The heatmaps were created using the R package and the correlations were obtained based on the Pearson correlation coefficient. To estimate the direct and indirect effects of the soil properties on the AMF richness and diversity and spore density, a structural equation model (SEM) was fitted to the data using AMOS (IBM SPSS AMOS 26). The soil nutrients were synthetic variables derived from the first principal components generated by the principal component analysis (PCA) of AN, AK, and TOC (total explainable variance = 81.5%); the AMF richness and diversity were synthetic variables derived from the first principal components generated through PCA of the Sobs, Shannon, and the Shannoneven indexes (total explainable variance = 86.5%).




3. Results


3.1. AMF colonization rate of plant and AMF spore density in soil

The AMF infection structures in different plants are shown in Supplementary Figure 1. AMF within A. argyi roots produced numerous external hyphae, and vesicles formed at the tips of the external hyphae. AMF associated with R. acetosa and C. abrotanoides roots produced numerous internal hyphae and vesicles. AMF within B. nivea roots produced twining hyphae without vesicles. R. acetosa and B. lindleyana had relatively high AMF colonization rates (Figure 2A). There were significant differences in the colonization rates among S1 plants, with S1_Ra (sampling site_plant species) detecting the highest colonization rate (58.25 ± 6.41%). However, there were no significant differences among the sampling sites. The influence of different plant species (F = 3.488, p = 0.022 < 0.050) on the AMF colonization rate was greater than that of different sampling sites (F = 1.301, p = 0.291) (Supplementary Table 3).
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FIGURE 2
Arbuscular mycorrhizal fungi (AMF) colonization rate (A), spore density (B), and the Sobs (C), Shannon (D), Shannoneven (E), and Coverage (F) indexes of different plants in different sampling sites. The line in the box represents the median value, box boundaries indicate values in the 25–75th percentile range, and whiskers indicate the 95% confidence intervals. Different letters indicate significant differences at p < 0.05. The absence of the same letter labels between any two boxes indicates that there is a significant difference.


There were 15 to 111 spores/g soil in the rhizosphere of different plants in different sampling sites (Figure 2B). The spore density in the rhizosphere soil of S1 was significantly higher than those of S0 and S2. The influence of different sampling sites (F = 33.978, p < 0.001) on the spore density was greater than that of different plant species (F = 0.982, p = 0.436) (Supplementary Table 3).



3.2. Overall sequencing results and AMF community composition

DNA was extracted from the 33 soil samples and amplified via PCR using the AML1 and AML2 primers in the first round and the AMV4.5NF and AMDGR primers in the second round. All of the reads assigned to AMF were aligned against the AMF sequences in the MaarjAM database. After leveling out according to the minimum number of sample sequences, 513,546 sequences were obtained. Overall, 268 AMF OTUs were detected, and a greater number of OTUs belonged to the Glomeraceae (88.27%, 193 OTUs, 453,321 sequences). Others belonged to the Diversisporaceae (6.09%, 16 OTUs, 31,293 sequences), Paraglomeraceae (3.81%, eight OTUs, 19,548 sequences), and Acaulosporaceae (1.47%, 14 OTUs, 7,571 sequences), while only a small number belonged to Gigasporaceae (0.22%, seven OTUs, 1,127 sequences) and Archaeosporaceae (0.03%, 11 OTUs, 160 sequences). In addition, 0.10% of all of the sequences were unclassified at the family level. Detailed information on the OTUs in each sampling site is provided in Supplementary Table 4. The AMF community composition at the family level across different plants from the three investigated sampling sites was explored (Supplementary Figure 2). Glomeraceae was the dominant family in all of the groups of samples, and the relative abundance of each sample ranged from 78.41% in S1_Ra to 96.39% in S0_Ra.

The β-diversity of the AMF communities across different sampling sites and different plants based on the Bray–Curtis distance (Supplementary Figure 3). The total explanatory degree of the first two principal components of AMF community composition was 27.38%. The distribution of points in S0 was the most concentrated, and S2 was the most dispersed. The influence of different plants and different sampling sites on the AMF community was analyzed using PERMANOVA (Supplementary Table 5). The results showed that different plants (R2 = 0.163, p = 0.028 < 0.05) and different sampling sites (R2 = 0.189, p < 0.001) significantly affected the AMF community. The AMF communities between S0 and S1, S0 and S2, and S1 and S2 showed significant dissimilarities, which was confirmed by ANOSIM based on the Bray–Curtis distance (p < 0.001) (Supplementary Table 5). Among them, S1 and S2 had the lowest dissimilarity, followed by S0 and S1 (Supplementary Figure 3 and Supplementary Table 5).

The AMF richness, diversity, evenness, and coverage on the OTU level among the different sampling sites were estimated using the Sobs, Shannon, Shannoneven, and Coverage indexes (Figures 2C–F). Most rarefaction curves tended to saturate (Supplementary Figure 4). As shown in Figure 2, the Sobs index of different sampling sites indicated no significant differences in the richness of S0 and S1, but they were both higher than those of S2, and S0_Aa and S1_Aa had significantly higher richness than S2_Ra. The order of the Shannon index values among the three sampling sites was S0 > S1 > S2, and the diversity of S0 and S1_Aa was significantly higher than S2_Aa and S2_Ra. The Shannoneven index of S0 was higher than that of S1 and S2. The influence of different sampling sites (F = 6.041, p = 0.007 < 0.010 for Sobs; F = 8.198, p = 0.002 < 0.010 for Shannon; F = 5.987, p = 0.008 < 0.010 for Shannoneven) on the AMF richness, diversity, and evenness was greater than that of different plant species (F = 0.593, p = 0.671 for Sobs; F = 0.912, p = 0.468 for Shannon; F = 1.153, p = 0.356 for Shannoneven) (Supplementary Table 3).

A heat tree was used to compare differences in AMF community composition between sampling sites (Figure 3). Several species of Glomus were enriched in S0. Paraglomerales and Acaulosporaceae were enriched in S1. With the increase of Sb and As concentrations at the sampling sites, the Diversisporaceae genus Glomus was gradually enriched.
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FIGURE 3
Taxonomic tree for taxa identified in samples. The gray tree on the lower left provides a key for the unlabeled, colored tree matrix. The color of each taxon represents the log2 ratio of median proportions of reads between different sampling sites. Brown taxa are more abundant in the sampling sites depicted in columns and blue taxa are more abundant in the sampling sites in the rows. The size of each node represents the number of operational taxonomic units in the taxon.




3.3. Correlation analysis between AMF community composition and soil properties

To eliminate multicollinearity, soil properties with VIF > 10 were screened before CCA analysis. The VIF values of the retained soil properties are shown in Supplementary Table 6. CCA was employed to determine the most significant soil properties that shaped the AMF community composition in three sampling sites using retained soil properties (Figure 4A). All of the variables explained 33.75% of the variation in the AMF communities, and only DTPA-As did not affect AMF community composition (Supplementary Table 7). In addition, AN, AK, TOC, pH, TCa, TSb, and TAs extremely significantly affected the community composition of AMF. According to the results of CCA, the soil properties that had a significant impact on the AMF community composition were divided into three groups, namely soil nutrients (including AN, AK, and TOC), heavy metals (including TAs, TSb, and DTPA-Sb), and pH and TCa. Then, VPA was conducted to compare the effects of soil nutrients, heavy metals, and pH and TCa on the AMF community composition (Figure 4B). Totals of 15.36, 5.80, and 1.50% of the variation could be assigned to soil nutrients, heavy metals, and pH and TCa independently.
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FIGURE 4
Canonical correspondence analysis (CCA) ordination plots of communities of arbuscular mycorrhizal fungi (AMF) from three sampling sites (A) and variation partition analysis (VPA) of the effects of three groups of soil properties on the community composition of arbuscular mycorrhizal fungi (B). The red arrows represent soil properties. The arrow length indicates the degree of influence of soil properties on the AMF community composition. The angles between the arrows of soil properties represent a positive or negative correlation. The circles represent soil samples from different sites. AN, available nitrogen; AK, available potassium; TOC, total organic carbon; TSb, total antimony; DTPA-Sb, diethylenetriamine pentaacetic acid-extractable antimony; TAs, total arsenic; DTPA-As, diethylenetriamine pentaacetic acid-extractable arsenic; TCa, total calcium.


A Mantel test was used to calculate the correlation between soil properties and the AMF colonization rate, spore density, and the Sobs, Shannon, and Shannoneven indexes (Figure 5A), and between soil properties and AMF families (Figure 5B). TAs was significantly negatively correlated with AN, but positively correlated with AP, EC, TCa, TSb, and DTPA-Sb. TSb was significantly positively correlated with AP, EC, DTPA-Sb, and TAs (Figure 5). The AMF colonization rate correlated with AP (R = 0.166, p = 0.034) and TSb (R = 0.220, p = 0.015); spore density was correlated with AN (R = 0.401, p = 0.003), AK (R = 0.337, p = 0.004), and TOC (R = 0.230, p = 0.043); the Sobs index was correlated with AP (R = 0.412, p = 0.001), EC (R = 0.461, p = 0.001), TSb (R = 0.185, p = 0.028), and TAs (R = 0.339, p = 0.003); the Shannon index was correlated with AP (R = 0.462, p = 0.001), EC (R = 0.377, p = 0.003), TCa (R = 0.152, p = 0.050) TSb (R = 0.279, p = 0.017), DTPA-Sb (R = 0.254, p = 0.034), and TAs (R = 0.339, p = 0.003); and the Shannoneven index was correlated with AP (R = 0.318, p = 0.007) and TAs (R = 0.214, p = 0.039) (Figure 5A). Diversisporaceae was correlated with EC (R = 0.240, p = 0.042); Glomeraceae was correlated with AP (R = 0.383, p = 0.003), EC (R = 0.293, p = 0.016), TSb (R = 0.416, p = 0.007), DTPA-Sb (R = 0.321, p = 0.034), TAs (R = 0.285, p = 0.017), and DTPA-As (R = 0.257, p = 0.038); Paraglomeraceae was correlated with AK (R = 0.330, p = 0.023); and unclassified Glomeromycetes was correlated with AN (R = 0.436, p = 0.006) and TOC (R = 0.731, p = 0.013) (Figure 5B). The Pearson correlation coefficient showed that the AMF colonization rate was positively correlated with AP; spore density was extremely significantly positively correlated with the AN, AK, and TOC and extremely significantly negatively correlated with EC; the Sobs index was positively correlated with AN and negatively correlated with AP, EC, TSb, DTPA-Sb, and TAs; and the Shannon and Shannoneven indexes were negatively correlated with AP, EC, TCa, TSb, DTPA-Sb, and TAs (Supplementary Table 8).
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FIGURE 5
Correlation analysis between soil properties and the AMF colonization rate, spore density, and the Sobs, Shannon, and Shannoneven indexes (A), and between soil properties and AMF families (B). Pairwise comparisons of environmental factors are shown with a color gradient denoting the Pearson correlation coefficients. The edge width corresponds to Mantel’s R statistic for the corresponding distance correlations, and the edge color denotes the statistical significance. AN, available nitrogen; AP, available phosphorus; AK, available potassium; TOC, total organic carbon; TSb, total antimony; DTPA-Sb, diethylenetriamine pentaacetic acid-extractable antimony; TAs, total arsenic; DTPA-As, diethylenetriamine pentaacetic acid-extractable arsenic; EC, electrical conductivity; TCa, total calcium; CR, AMF colonization rate; SD, spore density, Arc, Archaeosporaceae; Aca, Acaulosporaceae; Div, Diversisporaceae; Gig, Gigasporaceae; Glo, Glomeraceae; Par, Paraglomeraceae; unclassified, unclassified Glomeromycetes. *p < 0.05; **p < 0.01; ***p < 0.001.


Two-factor network analysis result showed that a total of 39 OTUs were correlated with TAs, indicating that TAs was particularly important for the distribution of the AMF community composition, followed by AN (37 OTUs), TCa (30 OTUs), EC (29 OTUs), pH (28 OTUs), TSb (24 OTUs), AK (22 OTUs) and TOC (22 OTUs) (Figure 6). A correlation heatmap was used to demonstrate the correlation between soil properties and AMF richness at the family level (Supplementary Figure 5). The richness of Diversisporaceae was positively correlated with the TSb and TAs. AMF that was unclassified at the family level was positively correlated with DTPA-Sb and DTPA-As.
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FIGURE 6
Two-factor network analysis of the association between arbuscular mycorrhizal fungi (AMF) OTUs and environmental factors. The different colors of the species represent the family they belong to. Lines between the points represent a significant correlation (p < 0.05) as shown by the Pearson correlation coefficient. Operational taxonomic units (OTUs) were the top 200 species in terms of abundance. AN, available nitrogen; AP, available phosphorus; AK, available potassium; TOC, total organic carbon; TSb, total antimony; DTPA-Sb, diethylenetriamine pentaacetic acid-extractable antimony; TAs, total arsenic; DTPA-As, diethylenetriamine pentaacetic acid-extractable arsenic; EC, electrical conductivity; TCa, total calcium.




3.4. Integrated responses of the effects of soil properties on AMF richness and diversity

The SEM was employed to investigate the integrated responses of the effects of soil properties on AMF richness and diversity (Figure 7). The final model was found to be a good fit to the data (χ2 = 6.7, p = 0.878; CFI = 1.00, GFI = 0.95, RMSEA < 0.001), accounting for 48, 43, and 13% of the variation in the AMF richness and diversity, the spore density, and the colonization rate, respectively. TAs had a significant direct effect on AMF richness and diversity (λ = −0.96), but the direct effect of TSb on AMF richness and diversity was not significant (λ = −0.21). In addition to the strong direct correlation between TSb and TAs (λ = 0.51), there is also a strong direct correlation between TAs and TCa (λ = 0.77). Moreover, TAs directly affected the content of soil nutrients (λ = −0.53) initially and then indirectly affected AMF spore density (λ = 0.58).
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FIGURE 7
Structural equation model (SEM) showing the hypothesized causal relationships between soil total antimony (TSb), soil total arsenic (TAs), soil total calcium (TCa), pH, soil nutrients, AMF richness and diversity, spore density, and colonization rate. The red and blue arrows indicate positive and negative significant correlations among the indexes, respectively (p < 0.05). The arrow width indicates the strength of significant standardized path coefficients. Paths with insignificant coefficients are represented by gray lines. Numbers above the arrows indicate path coefficients. *p < 0.05; **p < 0.01; ***p < 0.001.





4. Discussion


4.1. Plant species but not soil properties influenced AMF colonization rate

Arbuscular mycorrhizal fungi (AMF) can colonize the majority of terrestrial plants and form mycorrhizal structures (Kohout et al., 2014; Jiang et al., 2020; Guzman et al., 2021), even in heavy metal-contaminated areas (Sanchez-Castro et al., 2017; Zhan et al., 2019; Riaz et al., 2021). In this study, the roots and rhizosphere soils of five different plants, namely A. argyi, R. acetosa, C. abrotanoides, B. nivea, and B. lindleyana were collected from areas with different levels of Sb and As contamination, and obvious mycorrhizal infection structures were detected in the roots of these plants (Supplementary Figure 1).

The results showed that the infection structures and colonization rates of these five plants were different (Figure 2A). Multi-way ANOVA analysis showed that the influence of different host plant species on AMF colonization rates was greater than the differences in soil properties caused by spatial heterogeneity (Supplementary Table 3), which was consistent with the results of previous studies (Spruyt et al., 2014; Sanchez-Castro et al., 2017; de Fatima Pedroso et al., 2018). Some studies have suggested that the host plant species is a decisive factor in the colonization of particular AMF species (Teodoro et al., 2020). This may be due to differences in root structure or plant nutrient requirements (Karanika et al., 2008). It was interesting to find that Sb and As contamination did not significantly affect the AMF colonization rates (Figure 5A), which was different from the results of Yang et al. (2016). However, a large number of previous studies were consistent with the results of the present study (Ruotsalainen et al., 2007; Schneider et al., 2016). Teodoro et al. (2020) indicated that differences in the frequency and intensity of colonization were found for different plant species, but that the concentrations of Zn, Pb, As, and Cd in rhizospheres and plants were poorly correlated with AMF colonization. Malcová et al. (2003) conducted a cultivation experiment and found that the addition of Pb at different concentrations did not change the percentage of root colonization.



4.2. Spore density was not directly affected by soil Sb and As content

The AMF spore density varied greatly in different sampling sites (Figure 2B). Unlike the colonization rates, the AMF spore density was mainly affected by soil properties rather than the host plants (Supplementary Table 3), which was consistent with previous studies (Birhane et al., 2017; Coutinho et al., 2019; Guo et al., 2020). However, the results showed that Sb and As content in soil was still not the main factor affecting the AMF spore density. At present, there are different opinions about the effect of heavy metals on AMF spore density, including a positive correlation (Krishnamoorthy et al., 2015), a negative correlation (Zarei et al., 2008, 2010; Schneider et al., 2013), and no correlation (Yang et al., 2015). This phenomenon may be caused by the different sensitivities of different AMFs to different heavy metals (Pawlowska and Charvat, 2004). In addition, the effects of heavy metals on the sporulation process of AMF may depend on other environmental factors (Yang et al., 2015). In this study, it was found that the AMF spore density was positively correlated with AN, and TOC (Figures 5A, 7), which is consistent with the results of previous studies (Bhat et al., 2014; de Araujo Pereira et al., 2018; Amir et al., 2022). It is generally believed that the AMF spore density is positively correlated with soil nitrogen and organic matter when the soil nutrient content is low (Moradi et al., 2017). For example, Zhang et al. (2021) indicated that increasing the C:N ratio favored sporulation. Another reason for this phenomenon may be related to the glomalin secreted by AMF spore, which is one of the major sources of soil organic carbon and nitrogen (Guo et al., 2020). However, TAs most likely affects soil spore density by affecting soil N, TOC, and other nutrients. In the present study, TAs was found to be negatively correlated with soil AN, AK, and TOC (Figures 5, 7). Previous studies have shown that As contamination can significantly reduce soil microbial biomass nitrogen and microbial biomass carbon, which are important sources of soil nitrogen and organic carbon (Ghosh et al., 2004). In addition, a large number of studies have confirmed that soil As pollution reduces soil biodiversity (Yu et al., 2021; Jia et al., 2022) and then affects the cycling of C, N, and other elements in the soil.



4.3. As had a stronger effect on AMF community composition than Sb

It was found that the AMF community composition was significantly affected by different plant species and sampling sites (Supplementary Figure 3 and Supplementary Table 5). There was no significant difference in AMF community composition between A. argyi and R. acetosa rhizosphere soils, the differences were mainly in the rhizosphere soils of C. abrotanoides, B. nivea, and B. lindleyana. This difference may have been because these plants were located at different sampling sites, and the differences in the AMF community composition between sampling sites led to the differences in the AMF community composition in these plant rhizosphere soils. In this study, the AMF community composition was different among sampling sites (Supplementary Figure 3 and Supplementary Table 5). Because all of the sampling sites were located in Qinglong County, Qianxinan Buyei and Miao Autonomous Prefecture, Guizhou Province, the differences in climate between the sampling sites could be ignored. Therefore, such differences in AMF community composition were more likely to be related to differences in soil properties. Many studies have demonstrated that soil properties can significantly affect the AMF community composition (Wu et al., 2020; Silva et al., 2022). The Sobs, Shannon, Shannoneven, and Coverage indexes were used to evaluate the AMF richness, diversity, evenness, and coverage at different sampling sites, respectively (Figures 2C–F). The results showed that the order of AMF richness and diversity of the three sampling sites was S0 > S1 > S2. Multi-way ANOVA analysis showed that the variation of soil properties was the dominant factor influencing AMF diversity (Supplementary Table 3), which was consistent with the results on spore density (Supplementary Table 3) and AMF community composition (Supplementary Table 5). Previous studies have also supported these phenomena (Faggioli et al., 2019; Faghihinia et al., 2021).

To further understand which soil properties were the main influencing factors for AMF community composition, CCA analysis was performed after multivariate collinear screening (Figure 4 and Supplementary Table 6). CCA analysis showed that eight soil properties had significant effects on the AMF community composition, namely AN, AK, TOC, pH, TCa, TSb, DTPA-Sb, and TAs. It should be noted that AP and EC were removed due to multicollinearity with other environmental factors (Supplementary Table 6). The Pearson correlation coefficient showed that there was an extremely strong correlation between AP, EC, and TAs (Pearson’s R > 0.8) (Supplementary Table 9), and the effect of AP and EC on the AMF community composition could be approximated by TAs. All the soil properties that significantly affected AMF community composition were divided into three groups according to their attributes, namely soil nutrients, heavy metals, and pH and TCa. VPA analysis was used to compare the effects of these three groups of soil properties on the AMF community composition (Figure 4B). The results showed that soil nutrients were the most important factors affecting the AMF community composition. The effects of soil nutrient content (Yan K. et al., 2021; Yan T. et al., 2021; Emery et al., 2022), pH (Van Geel et al., 2018; Xiao et al., 2022), and heavy metal content (Zarei et al., 2010; Faggioli et al., 2019) on the AMF community composition have been extensively demonstrated. However, few studies have discussed which group of soil properties has a greater impact on AMF community composition. Stefanowicz et al. (2020) indicated that although heavy metal pollution was a meaningful agent shaping soil microbial communities, the toxic effect of heavy metals was weaker than the organic matter content, which was consistent with the present results. In contrast, Zhang et al. (2019) found that the soil pH and EC were more important than the available N, P, and K drivers of the variation of AMF diversity in saline-sodic soils, which was different from the results of this study. This may be due to the complex interrelationship between soil properties, groups, models, and soil types will affect the analysis results. Understanding the dominant factors that induce changes in the AMF community composition is of great practical significance for the design of AMF application techniques.

A Mantel test was used to investigate the effects of soil properties on the richness, diversity, and evenness of AMF, AP, EC, TCa, TSb, DTPA-Sb, and TAs, which significantly affected the AMF richness and diversity (Figure 5). Thirty-nine and 24 OTUs were closely related to TAs and TSb (Figure 6), respectively, thus indicating that both TSb and TAs greatly affected the AMF community composition, but TAs had a greater effect than TSb. As expected, both TAs and TSb were significantly negatively correlated with AMF richness and diversity (Supplementary Table 8), which confirmed the majority view that heavy metal pollution would reduce AMF richness and diversity (Faggioli et al., 2019; Parvin et al., 2019). Excessive heavy metal concentrations are toxic to most AMFs. Only AMFs that exhibit strong heavy metal tolerances can survive, which reduces AMF diversity (Pawlowska and Charvat, 2004; Faggioli et al., 2019). Although Schneider et al. (2013) concluded that As contamination reduced the AMF species richness in an investigation of the AMF community composition in a gold mining area in Minas Gerais State, Brazil, they did not systematically analyze the correlation between soil As content and other properties and AMF diversity. The results of the present study provide direct evidence for this conclusion. Wei et al. (2015a) also investigated the AMF community composition in an Sb mining area and preliminarily concluded that Sb dominated the distribution of the AMF community composition. However, their study only considered the effects of Sb, P, N, pH, and organic matter on the AMF community composition, and it did not take the As content into account. Sb and As often co-occur in landscapes impacted by mining activities (Johnston et al., 2020); therefore, the influence of As pollution in Sb mining areas cannot be ignored. The present study provides direct evidence that although Sb has a significant effect on the AMF community composition, As is the more important factor affecting the AMF community composition in Sb and As mining areas.

It is worth noting that there was a strong positive correlation between AP, TAs, and EC (Figure 5 and Supplementary Table 9). AP has been widely confirmed to be an important factor affecting AMF community composition (Zarei et al., 2010). There is competitive adsorption between As and P in soil (Gunes et al., 2008). P can be desorbed by As due to a mass action effect of high As concentrations (Anawar et al., 2018), and it can then improve the availability of P. Numerous studies have shown that interactions between As and P in the soil can significantly affect the availability of As and P (Wu et al., 2022). There are reciprocal reward mechanisms between AMF and host plants (Kiers et al., 2011), wherein AMF can provide mineral nutrients to host plants (especially P) and other benefits, including protection against biotic and abiotic stresses (Smith et al., 2009; Huang et al., 2019). In exchange, plants supply AMF with carbohydrates, which are essential and necessary for fungal survival and growth (Parniske, 2008). High soil P content allows plants to take up P without resorting to mycorrhizal symbionts, which in turn reduces the supply of carbohydrates from the host plants to the symbiotic AMF (Johnson et al., 2013). Therefore, this study indicated that the effect of soil As on AMF community composition cannot be simply attributed to the toxic effect of As on AMF, but should be caused by the joint effect of As and P.

In addition, the present study found that AMF richness was positively correlated with AN, while AMF richness and diversity were negatively correlated with TCa (Supplementary Table 8). Some genera of AMF need to obtain more organic acids from microbial metabolism when microbial biomass increases, thus leading to a significant correlation between the AMF richness and microbial biomass N (Xiao D. et al., 2019). Xiao et al. (2022) found that the decreases in microbial motility caused by high Ca resulted in the decline of some AMF groups and the selection of certain AMF species (Tang et al., 2019), leading to a significantly negative correlation between the AMF diversity and Ca content.

Glomeraceae was detected as the dominant family in all of the groups of samples in this study (Supplementary Figure 2). Numerous studies have suggested that Glomeraceae exhibits strong ecological adaptability and it is the dominant family in areas under heavy metal stress (Zarei et al., 2008; Long et al., 2010; Yang et al., 2015; Sanchez-Castro et al., 2017; Faggioli et al., 2019), including areas contaminated with Sb (Wei et al., 2015a) or As (Parvin et al., 2019). One possible reason is that Glomeraceae can repair damaged hyphae in stressful environments, which helps to improve the ability of these fungi to adapt to environmental stresses (de la Providencia et al., 2005; Huang et al., 2019). Another reason is that plants harbor Glomeraceae that can benefit their growth and improve their competitiveness under specific environmental conditions (Wei et al., 2015b; Huang et al., 2019), thereby promoting the dominance of Glomeraceae in soil ecosystems. Other studies suggest that the predominant detection of Glomeraceae might be explained by their high sporulation rate (Sanchez-Castro et al., 2017). Previous studies have demonstrated that Glomeraceae can form beneficial symbiotic relationships with various plants, and enhance the efficiency of the ecological restoration of heavy metal-contaminated soil by promoting the growth or heavy metal absorption of plants (Riaz et al., 2021). Glomeraceae is widely distributed, even in Sb- and As-polluted soil, and it seems to be a potential option to promote ecological remediation efficacy in Sb- and As-contaminated areas. In addition, the present study found that TSb and TAs significantly affected the community structure of the Glomeraceae (Figures 3, 5B, 6). This phenomenon indicates that even AMFs of the same family have different sensitivities to heavy metals (Faggioli et al., 2019). Interestingly, the study found that the richness of Diversisporaceae was positively correlated with the TSb and TAs (Figure 3 and Supplementary Figure 5). Parvin et al. (2019) found three AMF families that predominated in most As-contaminated soils, namely Glomeraceae, Claroideoglomeraceae, and Diversisporaceae. The results of this study supported this research phenomenon and directly confirmed that there was a positive linear correlation between Diversisporaceae and soil TSb and TAs. This finding may be due to the high Sb and As tolerance of Diversisporaceae itself, leading to its high relative abundance in soil with high concentrations of Sb and As.

The SEM demonstrated the relationship between soil environmental factors and the AMF richness and diversity, spore density, and the colonization rate in the system examined in this study (Figure 7). It has been well documented that Sb and As often co-exist and co-contaminate adjacent regions (Okkenhaug et al., 2012; Li Y. et al., 2021). Therefore, TSb and TAs are positively correlated, and together they negatively affect AMF richness and diversity, with TAs having an extremely significant effect on AMF richness and diversity. There was a negative correlation between soil nutrients (mainly AN, AK, and TOC) and TAs. High levels of As contamination decrease soil nutrition cycling by inhibiting the growth of soil animals, plants, and microbes (Jiao et al., 2016). In addition, Yu et al. (2021) found that high Sb and As stress inhibited the microbial carbon mineralization and nitrification processes in the plant rhizosphere soils and further reduced soil enzymatic activities, carbon mineralization, and nitrification potential, of which the disruption caused by As was more obvious. The positive relationship between soil nutrients and spore density was mainly because soil C and N promoted AMF sporulation (Zhang et al., 2021).




5. Conclusion

The present study identified the AMF community composition and its main influencing factors in Sb- and As-contaminated areas. Glomeraceae was the dominant family in Sb and As mining areas. In Sb- and As-polluted areas, the affinity between AMF and plants is mainly affected by plant species, and less affected by soil Sb and As content. Spore density is mainly affected by soil nutrients, such as AN, AK, and TOC, but soil TAs contamination may be important environmental property sleading to low soil nutrient content. The effect of soil nutrients on AMF community composition was also greater than that of TSb and TAs contamination. However, soil contamination with Sb and As also had a significant effect on AMF community composition, with the effect of TAs being significantly greater than that of TSb. The effect of TAs on AMF community composition cannot be attributed to the toxic effect of As on AMF alone, and the interaction of As and P is also an important reason for the reduction of soil AMF richness and diversity. Therefore, the potential impact of As on the effective application of mycorrhizal technology should be further considered when this technology is applied to the ecological restoration of Sb- and As-contaminated areas.
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Alternaria is often one on the most abundant fungal genera recovered from a wide array of plant hosts and environmental substrates. Many species within the sub-generic Alternaria section Alternaria are common plant pathogens that cause pre-harvest losses due to reduced productivity and post-harvest losses due to spoilage and contamination with mycotoxins. As certain species of Alternaria may have distinct mycotoxin profiles, and very broad host ranges, understanding the distribution of species by geography and host is critical for disease prediction, toxicological risk assessment, and guiding regulatory decisions. In two previous reports, we performed phylogenomic analyses to identify highly informative molecular markers for Alternaria section Alternaria, and validated their diagnostic ability. Here, we perform molecular characterization of 558 section Alternaria strains, collected from 64 host genera in 12 countries, using two of these section-specific loci (ASA-10 and ASA-19) along with the RNA polymerase II second largest subunit (rpb2) gene. The majority of strains (57.4%) originated from various cereal crops in Canada, which formed the main focus of our study. Phylogenetic analyses were used to classify strains into section Alternaria species/lineages, demonstrating that the most common species on Canadian cereal crops are Alternaria alternata and A. arborescens. Further population genetic analyses were consistent with A. alternata being a widely distributed species with relatively low levels of geographic isolation (i.e., Canadian isolates did not form distinct clades when compared to other regions). Our expanded sampling of A. arborescens has greatly increased the known diversity of this group, with A. arborescens isolates forming at least three distinct phylogenetic lineages. Proportionally, A. arborescens is more prevalent in Eastern Canada than in Western Canada. Sequence analyses, putative hybrids, and mating-type distributions provided some evidence for recombination events, both within and between species. There was little evidence for associations between hosts and genetic haplotypes of A. alternata or A. arborescens.

KEYWORDS
 Alternaria alternata, A. arborescens, ASA-10, ASA-19, RPB2, species complex


Introduction

Members of the widespread fungal genus Alternaria are commonly found in a broad diversity of niches and environmental substrates (Lawrence et al., 2013; Woudenberg et al., 2013). Several recent surveys of various plant microbiomes have demonstrated that Alternaria is often one on the most abundant fungal genera recovered (e.g., Johnston-Monje et al., 2021; Latz et al., 2021; Morales Moreira et al., 2021; Hafez et al., 2022; Yan et al., 2022). While some species may be saprobes or harmless endophytes, many other species are economically significant pathogens of important agricultural crops (Thomma, 2003). Hundreds of different crops are affected by Alternaria diseases, with infections occurring on a wide range of plant structures such as stems, leaves, seeds, and fruits (Rotem, 1994; Woudenberg et al., 2013; United States Department of Agriculture National Fungus Collections Fungus-Host Dataset, 2021). Several prominent plant pathogenic species fall within the sub-generic Alternaria section Alternaria (Lawrence et al., 2013; Woudenberg et al., 2015a), including one of the most widely distributed and commonly found species, A. alternata.

In addition to pre-harvest problems that reduce primary production, Alternaria can cause further post-harvest losses via food spoilage or synthesis of dangerous mycotoxins (e.g., alternariol and tenuazonic acid) that can contaminate food and consumer end-products (Mujahid et al., 2020; Aichinger et al., 2021). International regulatory agencies such as the European Food Safety Authority have highlighted the public health risks of Alternaria mycotoxins, particularly in grain and grain-based products, and have concluded that much more targeted research on toxicity and occurrence is needed (EFSA, 2011; EFSA, 2016). In Canada, surveys of main cereal crops have shown that Alternaria-associated toxins are commonly detected (Tittlemier et al., 2019; Kelman et al., 2020), however, the taxonomic identity of the causal Alternaria species often remains unclear.

As certain species of Alternaria may have distinct and unique mycotoxin profiles (Meena et al., 2017; Tralamazza et al., 2018), reliable methods of detection and identification based on a stable biosystematics framework are critical for toxicological risk assessment and guiding regulatory and quarantine decisions. Confidently identifying species within Alternaria section Alternaria is challenging for two reasons: (1) “diagnostic” morphological characteristics tend to be phenotypically plastic and overlap between species and (2) molecular markers typically used in fungal phylogenetics are not sufficiently informative to distinguish among section Alternaria species (Andrew et al., 2009; Armitage et al., 2015; Woudenberg et al., 2015a; Armitage et al., 2020). To address this problem, we recently performed comprehensive phylogenomic analyses of section Alternaria and scanned genomes for genes that were top candidates for development into informative and phylogenetically accurate molecular markers (Dettman and Eggertson, 2021). In a subsequent report, we developed locus-specific primer sets for three of these candidate markers and demonstrated they were able to consistently classify section Alternaria strains to species/lineage (Dettman and Eggertson, 2022).

Here, we assess the species diversity and molecular variation of a large sample of Alternaria section Alternaria strains by analyzing sequences from two of our recently developed section-specific markers (ASA-10 and ASA-19), along with the RNA polymerase II second largest subunit (rpb2) gene. Sequence data were generated for 385 newly characterized strains and combined with corresponding sequences from 173 other section Alternaria strains that were examined previously or available in public sequence repositories. In total, our final data matrix consisted of 558 strains and three loci, representing, to our knowledge, the largest multi-locus dataset for section Alternaria to date. Although a wide diversity of isolation sources were represented in our sample (e.g., 64 host genera, 12 countries), the majority of strains (320, 57.4%) originated from cereal crops in Canada, the main focus of our study. We perform phylogenetic analyses to classify strains into species/lineages within section Alternaria and find that the most prevalent taxon in Canada is A. alternata, followed by A. arborescens. Further detailed analyses were performed to examine patterns of within-lineage variation, association of genetic haplotypes with host and geography, and evidence of recombination.



Materials and methods


Fungal strains

The 385 newly characterized section Alternaria strains (Supplementary Table S1) were obtained from mycological research collections held by Agriculture & Agri-Food Canada (AAFC) in Ottawa, Canada. The 99 strains with KAS or SLOAN prefixes are from the collection of Keith Seifert, whereas the 286 strains with DET prefixes are part the Dettman laboratory collection. Details of geographic source, substrate, and year of collection are provided in Supplementary Table S1. To maximize the representation of non-Canadian strains, we included the widest possible range of existing section Alternaria strains we could obtain from AAFC culture collections (and genome sequence databases – see below). For geographic source, Eastern Canada was defined as Ontario and all provinces to the east, whereas Western Canada was defined a Manitoba and all provinces to the west.



DNA extraction

Fungal strains were grown on potato dextrose agar (potato extract, 4 g/L; dextrose, 20 g/L; agar 15 g/L) at 25°C and tissue was harvested into lysis buffer and 25 uL of Proteinase K in sterile 2.0 mL o-ring tubes containing 0.25 mL of 1 mm zirconia beads (BioSpec Products, Bartlesville, OK, United States). Tissue was homogenized at 6000 rpm for 40 s using a Precellys 24 homogenizer (Bertin Instruments, Montigny-le-Bretonneux, France). Genomic DNA was then extracted using the Macherey-Nagel NucleoMag 96 Trace kit (Macherey Nagel, Düren, Germany) and a KingFisher Flex magnetic particle processor (Thermo Fisher Scientific, Waltham, MA, United States) following the manufacturer’s suggested protocols.



PCR and Sanger sequencing

PCR protocols, sequencing methods, and primer sequences were as described in Dettman and Eggertson (2022). Thermocycler profiles were as follows: initial denaturation at 94°C for 2 min, followed by 35 cycles of 94°C for 30 s, annealing for 30 s (58°C for ASA-10, 55°C for ASA-19, 53°C for rpb2), extension at 72°C for 1 min, with a final extension at 72°C for 10 min. In some cases, 45 PCR cycles were performed for ASA-10 amplification. When using rpb2 primers from Liu et al. (1999), denaturation was at 95°C for 2 min, followed by 40 cycles of 95°C for 1 min, annealing at 55°C for 2 min, extension at 72°C for 2 min, with a final extension at 72°C for 10 min. Pre-sequencing amplification was done with BigDye™ Terminator v3.1 Cycle Sequencing Kits (Applied Biosystems, Waltham, MA, USA) with an initial denaturation of 95°C for 3 min, followed by 40 cycles of 95°C for 30 s, annealing for 20 s (58°C for ASA-10, 55°C for ASA-19, and 50°C for all rpb2), with an extension for 60°C for 2 min. DNA sequence data were generated using an 3130xl Genetic Analyzer (Applied Biosystems) in the Molecular Technologies Laboratory (Agriculture & Agri-Food Canada). Geneious Prime (2022.01.01; Biomatters, Auckland, New Zealand) was used to visualize sequence data and determine consensus sequences. Mating-type idiomorphs were determined by multiplex PCR amplification with two sets of idiomorph-specific primers described by Gannibal and Kazartsev (2013). Primers for MAT1-1 were Amat1cF (5’-AAGCARATGGTTCARTTGTTCC-3′) and Amat1R (5’-GACCAGGCTTTCGYCATC-3′) and primers for MAT1-2 were ATENF1 (5’-AGCCCTTCTCACTTGCACTG-3′) and MCHMG2 (5’-CTGGGRGTRTACTTGTAGTCRGG-3′). Thermocycler profiles were as follows: initial denaturation of 94°C for 3 min, followed by 30 cycles of 92°C for 50 s, annealing at 55°C for 50 s, with an extension for 72°C for 60 s. PCR products were electrophoresed on agarose gels and scored for the idiomorph-specific product sizes (MAT1-1 ~ 300 bp; MAT1-2 ~ 500 bp).



Previously released sequence data

To build on our previous work, we include here 86 section Alternaria strains from Dettman and Eggertson (2022) for which sequences for all three loci (ASA-10, ASA-19, and rpb2) were available. Thirty-nine of these strains were sequenced via Sanger methodology (accession numbers in Supplementary Table S2) and locus sequences for the remaining 47 strains were extracted from whole genome assemblies (accession numbers in Supplementary Table S3) as described in Dettman and Eggertson (2022). Although much of this information can be found in our previous reports, we include it here to allow for ease of cross-comparison of strain metadata. Locus sequences were also extracted from an additional 87 section Alternaria genome assemblies that became publicly available after our last study, and from A. solani (section Porri) strain HWC-168-2012p to represent an outgroup (Supplementary Table S3). We incorporated all genomes from section Alternaria strains that were available at project initiation (October 1, 2022).



Sequence analyses and phylogenetic methods

Sequences were aligned with MUSCLE (3.8; Edgar, 2004) using default parameters, then alignments were verified by visual inspection and statistics were calculated with AMAS (Borowiec, 2016). Selection of substitution models and construction of maximum likelihood (ML) phylogenies were performed with IQ-TREE (2.0; Nguyen et al., 2015). The MODELFINDER module was used to determine the best substitution model for each locus and the optimal partitioning scheme for multi-locus datasets (−m MFP + MERGE). ML trees were constructed under best-fit substitution models and partitions, with branch support being assessed with 1,000 non-parametric bootstrap replicates (−b 1,000). MrBayes (3.2.6; Ronquist and Huelsenbeck, 2003) was used for Bayesian phylogenetic inference of the combined dataset with a GTR substitution model, gamma-distributed rate variation across sites, and a proportion of invariable sites (nst = 6, rates = invgamma, ploidy = haploid). Default priors were used for all analyses, the starting trees were random (starttree = random), and each locus was treated as a separate partition with independent parameter estimation. Two runs with four chains each were run for two million generations (ngen = 2,000,000) with a sampling frequency of every 100 generations (samplefreq = 100), and the first 25% of sampled trees were discarded as burn-in. Nucleotide diversity was calculated with MEGA (11.0.13; Tamura et al., 2021). POPART (1.7.2; Leigh and Bryant, 2015) was used to generate and display TCS haplotype networks. Recombination analyses were performed with RDP (4.101; Martin et al., 2015) using six different detection methods: RDP, GENECONV, BootScan, MaxChi, Chimaera, SiScan and 3Seq. The value of p was set to 0.05 with Bonferroni correction applied, breakpoints were polished, and only events detected by two or more methods of detection were reported.




Results


Alternaria section Alternaria strain sampling

We investigated the molecular variation and species diversity of a total of 558 Alternaria section Alternaria strains. The majority (429, 76.9%) are live, cultured strains from Agriculture and Agri-Food Canada mycological research collections and the remaining (129, 23.1%) strains are represented by sequences extracted from their genome assemblies. Overall, 84.6% of these strains (472; 385 live strains and 87 genomes) were not included in any of our previous studies. The geographic and substrate/host diversity of the strain sample was quite broad, with isolation sources in 12 countries from 64 plant host genera, as well as non-plant substrates such as soil and indoor biomes. As the central focus of our study, the majority of strains (320, 57.4%) originated from Canadian cereal crops such as wheat, oats, and barley (Triticum, Avena, and Hordeum, respectively; Figure 1).
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FIGURE 1
 (A) Geographic sources of the Alternaria section Alternaria strains, with strain counts in parentheses. The “Other” category includes Germany, South Korea, Malawi, and the United Kingdom combined. The 97 strains with genome assemblies that lacked a declared geographic source are not included. (B) Most common substrate/host sources for the Alternaria section Alternaria strains, with strain counts in parentheses. Only categories with >5 samples are shown. Substrate sources of all strains can be found in Supplementary Tables S1–3.




Molecular markers

For molecular characterization, we chose two of our recently developed markers, ASA-10 and ASA-19, which are diagnostic for the main phylogenetic lineages within Alternaria section Alternaria. ASA-10 encodes an F-box-domain-containing protein and ASA-19 encodes a histone-fold-containing protein. For comparison to a more commonly used molecular marker, the housekeeping gene RNA polymerase II second largest subunit (rpb2) was also included. Genomic DNA was extracted and these three loci were sequenced from the 385 newly characterized section Alternaria strains using standard Sanger methodologies. These data were combined with corresponding sequences from 173 other strains obtained in our previous work or extracted from genome assemblies. For the sake of data matrix completeness, we included only strains with sequence data for all three loci. Summary statistics for the final alignments for each locus are shown in Table 1. Consistent with previous results, the ASA loci were highly variable and had greater proportions of phylogenetically informative sites than rpb2.



TABLE 1 Summary information for single-locus alignments.
[image: Table1]



Lineage assignment via phylogenetic analyses

The full, 559-taxon maximum likelihood (ML) trees constructed from each of the three loci are shown in Figure 2, with expanded, higher resolution versions shown Supplementary Figures S1–3. Using the 86 previously characterized section Alternaria strains as references, we used our phylogenetic approach (Dettman and Eggertson, 2022) to assign the 472 newly analyzed strains to a species/lineage. Consistent with previous work, the ASA-10 and ASA-19 loci both performed well at species diagnostics and recovering the main phylogenetic lineages within section Alternaria. While the main lineages tended to be monophyletic and well supported in the ASA-10 and ASA-19 trees, there were some exceptions. First, in the ASA-10 tree, one strain of A. alternata (DET2202) was closely related and basal to the arborescens lineage (Supplementary Figure S1). Second, in the ASA-19 tree, the alternata lineage was non-monophyletic and divided into three sub-clades, but with generally low levels of bootstrap support (Supplementary Figure S2). However, the three other main lineages (arborescens, gaisen, longipes) were monophyletic and well supported.

[image: Figure 2]

FIGURE 2
 Maximum likelihood phylograms constructed from the single-locus alignments for (A) ASA-10, (B) ASA-19, and (C) rpb2 (RNA polymerase II second largest subunit). The 559 taxa are color-coded to indicate placement within phylogenetic lineages, as determined by combined analyses of the three loci together (see Figure 3). In the color legend, numbers of strains within grouping are shown in parentheses. The actual length of the branch leading to A. solani (outgroup) is twice as long as shown. Major branches with ≥70% bootstrap percentages are marked by an asterisk.


The rpb2 locus recovered only two of the main lineages (longipes and gaisen) as monophyletic, but neither received significant bootstrap support. Furthermore, the alternata lineage was paraphyletic and broken in multiple clades, and the monotypic A. burnsii strain was not unique (Figure 2, Supplementary Figure S3). The most notable conflict with the ASA loci was the placement by rpb2 of two alternata strains (DET2290 and DET2310) within the arborescens lineage, and the mixing of three arborescens strains (DET2289, DET2306, and DET2323) within alternata sub-clades. This rpb2-specific pattern suggests these strains are potential arborescens/alternata hybrids.

The three loci were combined and the ML tree constructed under the best-fit partition model is shown in Figure 3. As expected, the four main lineages were recovered, with significant support for the arborescens, gaisen, and longipes lineages. The large alternata clade (+ KAS6097, putative undescribed species) received only moderate support (52% ML bootstrap, not present in Bayesian consensus tree), likely due to the putative arborescens/alternata hybrids. When the strains with evidence of a hybrid origin were removed from the dataset and the analyses were performed again, that same clade received significant bootstrap support (88%, results not shown).
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FIGURE 3
 Maximum likelihood tree constructed from the three loci combined (ASA-10, ASA-19, and rpb2). The 559 taxa labels are color-coded to indicate placement within phylogenetic lineages. Maximum likelihood bootstrap percentages and Bayesian posterior probabilites are shown on major branches (MLBP/BPP). A dash indicates the branch was not present in the Bayesian consenses tree. Taxon labels followed by “_genome” indicate sequences that were extracted from genome assemblies. The actual length of the branch leading to A. solani (outgroup) is 5X as long as shown.




Diversity by lineage/species


Alternata lineage

The vast majority (83%, n = 464) of our sample fell within the alternata lineage, which is currently represented by one large species, A. alternata. Combined analyses revealed the presence of a few sub-clades, most of which were not significantly supported. Two small, basal sub-clades (Figure 3) appeared to be fairly divergent from the rest of the species. Sub-clade 1 was composed of 17 strains whose placements varied slightly between the three loci. Sub-clade 2 was composed of 14 strains and was well supported, but this result was driven mainly by the fact that these strains all shared the same highly divergent allele at the ASA-19 locus (Figure 2).



Arborescens lineage

The arborescens lineage was the second most common but it still accounted for only 10.6% (n = 59) of our sample. Despite the limited sample size, multiple sub-clades were identified within this lineage (sub-clades 1, 2, and 3) based on significant support in combined analyses (Figure 3) and concordant support from single-locus analyses (Supplementary Figures S1–3). Remarkably, all strains reported by other authors fall within sub-clade 2, indicating that our sampling of new strains has greatly expanded the known diversity of the arborescens lineage. Even though the sample size of the alternata lineage was 7.85X greater than the arborescens lineage, the mean nucleotide diversity of arborescens was 1.54X greater than that of alternata (0.0064 versus 0.0041, respectively; Figure 4).
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FIGURE 4
 Mean nucleotide diversity values (Tamura-Nei model). Numbers in parentheses indicate number of strains within grouping. The “3-locus mean” is the unweighted mean of the mean values for the three separate loci.




Gaisen lineage

The gaisen lineage (=A. gaisen) was represented by 25 strains (4.5%) and displayed relatively low levels of molecular diversity. For example, all 25 strains shared the identical sequence at the ASA-19 locus, despite ASA-19 being most variable locus overall (Figure 2B, Figure 4).



Longipes lineage

Only 8 strains (1.4%) fell within the longipes lineage, which is composed of A. longipes and A. gossypina, typically associated with tobacco and tangerines, respectively. The strains isolated from tangerine did not form distinct groups in phylogenetic analyses, suggesting that A. gossypina may not be separate from A. longipes. Interestingly, our three KAS strains, all sampled from Astronium in Costa Rica, did form a distinct, well-supported clade.



Monotypic lineages

The single strain of A. burnsii (CBS107.38) and the undescribed species (KAS6097) each formed a distinct lineage in the ASA-10 and ASA-19 trees, however, their relationships with the other lineages were not consistent among loci.

To ensure that our potential within-lineage diversity did not actually correspond to other previously described species, we downloaded and analyzed reference rpb2 sequences from the twelve section Alternaria species (sensu Woudenberg et al., 2015a), including the six that were not present in our sample: A. alstroemeriae, A. betae-kenyensis, A. eichhorniae, A. iridaustralis, A. jacinthicola, and A. tomato. Phylogenetic analyses (Supplementary Figure S4) confirmed our original findings and demonstrated that none of the newly characterized strains belonged to any of these six other species.




Population genetic analyses: geographic source

A TCS (statistical parsimony) network was constructed from the multi-locus haplotype data and trait states for geography were mapped onto the network (Figure 5A). Due to the large imbalance in sample size by continent, we divided the intensively sampled North America into three regions: Western Canada, Eastern Canada, and non-Canada. For the lineages with sufficient sampling, the general pattern was a lack of geographic partitioning of haplotypes. For example, the most frequently recovered haplotype of A. alternata was found in Asia, Africa, Europe, and all three regions of North America. The arborescens lineage was found in Asia, Africa, South America and North America, but smaller sub-clades were restricted to certain geographic areas (e.g., sub-clade 3 in Eastern Canada only). A. gaisen strains were not found outside of Asia, which was expected because this species is typically associated with Asian pear.
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FIGURE 5
 TCS (statistical parsimony) networks for multi-locus haplotypes. Mutations are indicated on branches as hatch marks. Node circle size is proportional to number of strains with the haplotype. Mapped onto the networks are (A) geographic source and (B) host/substrate source.


Within Canada, some differences were observed in species/lineage prevalence between the Western and Eastern regions. In Eastern Canada, 12.7% (n = 46) of the 362 section Alternaria strains were from the arborescens lineage, sampled from 14 different host genera. In Western Canada, only 2.2% (n = 1) of the 46 strains were arborescens, and that one strain was collected from an indoor biome (built environment). This difference is statistically significant (chi-square, p < 0.038), suggesting the distribution of the arborescens lineage in Canada is heavily biased towards the Eastern regions.



Population genetic analyses: host/substrate source

Trait states for host/substrate isolation source were also mapped onto the haplotype network (Figure 5B). The 64 host genera were grouped into higher level taxonomic ranks to observe overall trends, but the main grass host genera were kept separate to explore potential associations. Similar to geography, there was a general lack of host partitioning of haplotypes of the more common species/lineages. For example, the alternata lineage was associated with all eight of the host sources, and the three most frequently recovered haplotypes were each sampled from seven host sources. The arborescens lineage was found on most hosts, with some smaller sub-clades showing potential host affinities (e.g., sub-clade 2 not sampled from monocots). No clear differences were observed between haplotypes sampled from wild plants versus agricultural crops. Strains collected from non-plant substrates, such as indoor biomes and soil, did not form distinct clusters in the haplotype network either.



Recombination

Next, we searched for molecular signatures of within-lineage recombination in the sequence alignments for the alternata and arborescens lineages. No significant evidence of intra-locus recombination was found within any loci in either lineage. When the three loci were concatenated and analyzed together, some evidence for inter-locus recombination was observed: three and two recombination events were detected in the alternata and arborescens datasets, respectively (Supplementary Table S4). The peaks in probability distributions of breakpoints overlapped with the boundaries between loci, for both datasets, consistent with recombination between physically unlinked loci. The highly reticulate nature of the haplotype network for A. alternata (Figure 5) is suggestive of recombination as well. Finally, the mating-type idiomorph was determined for 166 of our newly characterized A. alternata strains (Supplementary Table S5). The ratio of MAT1-1 versus MAT1-2 was 72:94, which was not significantly different from the 50% split expected for a recombining population (chi-square, p > 0.22).




Discussion

The central focus of this study was the species diversity and distribution of plant-associated Alternaria section Alternaria strains collected from within Canada. While 408 (73.1%) of the 558 analyzed strains originated from this country, strains from other countries were included to place Canadian diversity within the context of international diversity. In our large sample of strains from Canada, we recovered only two described section Alternaria species, with A. alternata (n = 360) being more common than A. arborescens (n = 47). One strain (KAS6097) represents an undescribed species that will be characterized in a future taxonomic study. Given that our Canadian strains were sampled from 46 different plant genera, and multiple indoor biomes, it may at first seem surprising that they all fell within only two described species. However, inspection of the descriptions of the numerous other known species within section Alternaria reveals that most of them are reported from tropical regions only, or from hosts that are not found in the temperate regions of North America (see Simmons, 2007; Woudenberg et al., 2015a). Even the absence from Canada of the moderately common lineages, such as gaisen and longipes, can be explained; the hosts typically associated with the gaisen (Asian pear) and longipes (tobacco, tangerines) lineages are not conventionally grown in Canada and therefore were not sampled.

Our report is the first to examine the diversity of section Alternaria strains from Canada using molecular markers that were specifically designed to distinguish between the closely related and morphologically similar species within this section. Our results are similar to previous reports from various other countries; many of these studies also found a high prevalence of A. alternata (or synonyms such as A. tenuissima), indicating this pattern may be quite general (Woudenberg et al., 2015b; Gao et al., 2021; Habib et al., 2021; Nichea et al., 2022). If we restrict our analyses to just Canadian strains from our top three cereal crops (Triticum, Avena, and Hordeum), 89.9% of these 317 strains were identified to A. alternata. If we narrow the focus to just Canadian strains from Triticum (n = 167), similar values are obtained (89.2% A. alternata). For direct comparison, recent studies of wheat-associated Alternaria have found A. alternata frequencies of 50–67% (Ramires et al., 2018; Somma et al., 2019; Masiello et al., 2020). Here, we found significant differences in species/lineage prevalence between Western and Eastern Canada, with A. arborescens being much more common in the Eastern regions. This finding is consistent with recent studies of Alternaria on wheat and other hosts (Kelman et al., 2020; Hafez et al., 2022), in which A. arborescens was not reported from any samples collected in Western Canada. Given that strains of A. arborescens may produce mycotoxin profiles that are different from A. alternata (Andersen et al., 2002, 2015; da Cruz Cabral et al., 2017; Kelman et al., 2020), information on the distribution of species, both by geography and host, is essential for predictive toxicological risk assessment.

Overall, our results are aligned with A. alternata being a globally widespread, genetically diverse species with little evidence for differentiation by geography or host association. Although some sub-clades appear in the combined tree (Figure 3), they were typically poorly supported and their separation was driven mainly by a single locus (e.g., alternata sub-clade 2 possessing a unique ASA-19 allele). Characterization of additional loci, or full genome sequencing, will help to determine how consistently this sub-clade is recovered. Interestingly, all alternata sub-clade 2 strains were sampled from North America, but the strains were collected from eight different genera and the indoor biome. None of these strains were analyzed by us previously, or included in our marker development work.

The presence of multiple, well-supported sub-clades within the arborescens lineage (Figure 3) is consistent with the existence of multiple independent species. Previous work has referred to this group as the “A. arborescens species complex” (Woudenberg et al., 2015a; Dettman and Eggertson, 2021) which we use interchangeably with the “arborescens lineage” or “A. arborescens.” The seven strains with genomes reported by other authors have a limited breadth of diversity and are all restricted to arborescens sub-clade 2. Sub-clade 1, the largest, and sub-clade 3 are composed entirely of strains characterized by our research group. Thus, our sampling of new section Alternaria strains, mainly from Canada, has discovered novel sub-lineages and has significantly increased the known biodiversity of the main arborescens lineage. Here, the genetic diversity observed within the arborescens lineage was actually greater than that for the alternata lineage, despite the latter having a much greater sample size. At this point, we are not proposing any formal taxonomic or nomenclatural changes. While we do conclude that the arborescens lineage represents multiple species, further work is needed to determine if each sub-clade represents a single or multiple species. The inclusion of more internationally collected strains, and ex-type strains from described species in this complex, would also help to resolve this question. In contrast to alternata, the arborescens lineage displayed some evidence for uneven distribution by geography, but more comprehensive sampling is needed to explore further the host association patterns and potential sub-clade specificity.

To assess species diversity from large-scale plant pathology or biodiversity surveys, we require accurate and reliable tools with sufficient discriminatory power. The commonly employed internal transcribed spacer (ITS) of the rDNA region does not fulfill this requirement for very closely related taxa, such as those in Alternaria section Alternaria. Therefore, it is important to acknowledge that ITS-based metagenomic studies do not have the ability to resolve section Alternaria taxonomy down to the species level, and all species may be lumped into a single operational taxonomic unit (likely identified as “A. alternata”). Recognizing that the discriminatory power of standard molecular markers may be limited (Andrew et al., 2009; Armitage et al., 2015, 2020; Woudenberg et al., 2015a), we identified molecular markers whose evolutionary histories were congruent with phylogenomic relationships (Dettman and Eggertson, 2021) and demonstrated that they were informative and specific enough for routine diagnostics of the main lineages of section Alternaria (Dettman and Eggertson, 2022). Here, we further tested if the reliability of these diagnostic markers breaks down as they are challenged by larger strain samples that may contain previously undiscovered diversity. Overall, the ASA-10 marker performed the best in terms of diagnostic ability (Figure 2, Supplementary Figure S1). The ASA-19 locus was reliable for most lineages, however, the alternata lineage was divided into three clades (Figure 2, Supplementary Figure S2). Remarkably, the ASA-10 and ASA-19 markers had no direct conflicts between lineage assignment for any of the 558 strains. Given the non-monophyly of alternata in ASA-19, the ASA-10 marker would be our clear choice for future single-locus diagnostic applications.

We characterized the rpb2 locus for comparison to a reference gene that is already well represented in fungal molecular systematics datasets. Despite being one of the most informative standard housekeeping genes for systematics of section Alternaria (Woudenberg et al., 2015a; Dettman and Eggertson, 2021), here we found that rpb2 had limited ability to distinguish lineages and its reliability continues to diminish as more strains are tested. Based on the results from the ASA-10 and ASA-19 markers, the rpb2 locus placed five strains in the “incorrect” lineage (alternata versus arborescens). Given that ASA markers were chosen due to their congruence with phylogenomic relationships, we are inferring that rpb2 is the anomalous locus. Regardless, the clear conflict between rpb2 and ASA markers suggests that rare events of hybridization and recombination are occurring between lineages, resulting in alternata-arborescens hybrids. All five of these putative hybrid strains were isolated from wheat in regions of Ontario where alternata and arborescens lineages co-occur, demonstrating that the requirement of physical proximity for hybridization is met. Interestingly, two of the five putative hybrids (DET2289 and DET2290) were collected from the same field site. We acknowledge that conflict between locus genealogies could also be caused by incomplete sorting of ancestral polymorphism prior to lineage divergence, as explored previously for section Alternaria (Dettman and Eggertson, 2021). This process typically obscures the resolution of the phylogenetic relationships of the diverged taxa, and shared alleles tend to accrue mutations through time after the divergence event. However, the fact that the rpb2 alleles in the putative hybrids are identical in sequence to an allele in the alternative lineage, for four of the five putative hybrids (Supplementary Figure S3), indicates that recent hybridization/recombination is the more plausible explanation. In our previous reports, we also found molecular evidence for potential hybrids between alternata and gaisen lineages, raising the questions: How common is inter-lineage hybridization? How does it affect the evolution and genomic composition of the species? More detailed analyses of these putative hybrids are required to answer these questions.

No sexual state has been documented, either in nature or the laboratory, for any species in section Alternaria. Similar to other putatively asexual fungi, investigations using a molecular genetic approach have consistently suggested that recombination does in fact occur (Andrew et al., 2009; Stewart et al., 2013, 2014; Meng et al., 2015; Adhikari et al., 2021, Dettman and Eggertson, 2021). In addition to the rare between-lineage hybridization mentioned above, further detailed investigation of our multi-locus molecular datasets revealed signatures of recombination within lineages. The three analyzed loci were located on different chromosomes (ASA-10 on chr. 04; ASA-19 on chr. 10; rpb2 on chr. 05) and were therefore genetically unlinked. Evidence for between-locus recombination was observed within the alternata and arborescens lineages. The aforementioned putative hybrids were not contributing to the signatures of within-lineage recombination: none of the between-lineage hybrids were identified as within-lineage recombinants (Supplementary Table S4). Furthermore, in A. alternata, we found near equal frequencies of the two mating-type idiomorphs (MAT1-1 and MAT1-2) that interact to facilitate sexual reproduction in heterothallic Ascomycetes. This pattern suggests that the population undergoes sexual recombination often enough to allow frequency dependent selection to maintain a balanced distribution of the two idiomorphs. On a finer scale, no evidence of within-locus recombination was observed. Our ability to detect within-locus recombination may be limited because these diagnostic markers can have very little molecular variation within lineages (eg. ASA-10 in alternata lineage) and recombination between identical alleles is not detectable. Whole-genome polymorphism analyses, combined with population-level sampling, is needed to reveal the full patterns of recombination in these taxa. Understanding the reproductive mode, and potential for adaptive evolution, of fungal pathogens is critical for disease prediction and management.

Although our sample size for section Alternaria is quite large, our sampling methodology was not systematic or standardized, so conclusions regarding species frequencies from particular sites or hosts may be affected by an unknown sampling bias. Strain isolation performed in our laboratory was blind and did not preferentially retain certain species over others. However, sampling bias may be greater for the strains with genomes that were sequenced and released into the public domain. Regardless, we believe our sampling of Canadian strains was comprehensive enough to reveal general patterns of species frequencies and distributions, at least for cereal crops. Here we report only on section Alternaria, so it should be noted that isolation attempts from various Canadian substrates/hosts have recovered strains from other sections, including sections Infectoriae, Pseudoalternaria, Ulocladium, Pseudoulocladium, Ulocladioides, and Embellisia. Of these sections, the most prevalent appears to be section Infectoriae, which is phylogenetically divergent from section Alternaria but similar in terms of taxonomically important characters such as asexual spore morphology. Other surveys of Alternaria diversity from cereal crops (Ramires et al., 2018; Somma et al., 2019; Hafez et al., 2022) have reported that section Infectoriae is common, and the unique mycotoxin profile of this section has been well established (Andersen et al., 2002; Patriarca et al., 2019). Further characterization of section Infectoriae strains sampled from Canadian crops is ongoing.

In conclusion, our analyses of the largest multi-locus sequence dataset for Alternaria section Alternaria to date provide new insights into species diversity and distributions. First, despite having at least 12 described species in the section, only A. alternata and A. arborescens were found in Canada, with the former being the most common. Significant differences in species prevalence were observed between Western and Eastern Canada, with A. arborescens being very rare in the Western regions. Second, our results indicate that A. alternata is a single, genetically diverse, globally distributed species with little differentiation by host or geography. In contrast, the arborescens lineage appears to be a species complex with multiple distinct sub-lineages and our sampling of new Canadian strains has greatly increased its breadth of characterized biodiversity. Third, rare events of recent inter-lineage hybridization may be occurring, producing apparent hybrid strains with mixed ancestry and genomic composition. Furthermore, observed molecular signatures of recombination suggest that cryptic sexual reproduction is occurring within these putatively asexual fungal species.
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Verticillium dahliae (V. dahliae) is a notorious soil-borne pathogen causing Verticillium wilt in more than 400 dicotyledonous plants, including a wide range of economically important crops, such as cotton, tomato, lettuce, potato, and romaine lettuce, which can result in extensive economic losses. In the last decade, several studies have been conducted on the physiological and molecular mechanisms of plant resistance to V. dahliae. However, the lack of a complete genome sequence with a high-quality assembly and complete genomic annotations for V. dahliae has limited these studies. In this study, we produced a full genomic assembly for V. dahliae VD991 using Nanopore sequencing technology, consisting of 35.77 Mb across eight pseudochromosomes and with a GC content of 53.41%. Analysis of the genome completeness assessment (BUSCO alignment: 98.62%; Illumina reads alignment: 99.17%) indicated that our efforts resulted in a nearly complete and high-quality genomic assembly. We selected 25 species closely related to V. dahliae for evolutionary analysis, confirming the evolutionary relationship between V. dahliae and related species, and the identification of a possible whole genome duplication event in V. dahliae. The interaction between cotton and V. dahliae was investigated by transcriptome sequencing resulting in the identification of many genes and pathways associated with cotton disease resistance and V. dahliae pathogenesis. These results will provide new insights into the pathogenic mechanisms of V. dahliae and contribute to the cultivation of cotton varieties resistant to Verticillium wilt.
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Introduction

Verticillium dahliae (V. dahliae), a soil-borne fungus, can cause severe damage to many economically important crops (Klosterman et al., 2009), such as lettuce, tobacco, cotton, tomato, and romaine lettuce (Figure 1). Due to its unique microsclerotia structure, V. dahliae can survive in extreme temperatures from 80°C to −30°C and can survive in non-ideal conditions for more than 10 years (Fradin and Thomma, 2006; Inderbitzin and Subbarao, 2014). More worryingly, V. dahliae has a high degree of genetic diversity and widely varying pathogenicity and can co-evolve with its hosts to produce new and highly pathogenic physiological strains (Atallah et al., 2010; Song et al., 2020). Although there exist many control strategies for V. dahliae, including crop rotation, soil fumigation, biological controls, and chemical sterilization (Acharya et al., 2020; Ingram et al., 2020; Zhang Y. L. et al., 2021), the disease caused by V. dahliae still results in significant crop yield reductions and even cases of total loss each year (Zhang et al., 2023). Breeding V. dahliae-resistant varieties is a promising strategy for the effective control of V. dahliae infection.
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FIGURE 1
Phenotypes of five economic crops (lettuce, tobacco, cotton, tomato, and romaine lettuce) after inoculation with Verticillium dahliae VD991.


The genomes of V. dahliae play an important role in studying the pathogenicity of V. dahliae and in revealing the interaction between the pathogen and its host. To date, a total of 43 different versions of the V. dahliae genome have been published,1 with genome assembly sizes ranging from 31.97 to 40.17 Mb and GC contents ranging from 53.20 to 56.4%. A total of 15 V. dahliae genomes have been assembled to the contig level, 19 V. dahliae genomes have been assembled to the scaffold level, and only 4 V. dahliae genomes (Getta, Gwydir1A3, VDLs.17, and VDJR2) (Klosterman et al., 2011; de Jonge et al., 2013) have been assembled to the chromosome level. The Getta and Gwydir1A3 genomes were assembled using Illumina HiSeq data, and the VDLs.17 and VDJR2 genomes were assembled using PacBio data, all of which were assembled into eight chromosomes. Unfortunately, these four genomes do not provide gene annotation results, which greatly limits the scope of the investigation into V. dahliae pathogenicity and the breeding of crop varieties resistant to V. dahliae infection (Supplementary Table 1).

Cotton is one of the most economically important crops in the world, primarily as a key source of fiber and oil (Rong et al., 2004; Ma et al., 2018; Yang et al., 2023). However, cotton is also one of the most common hosts for V. dahliae, which can cause great economic loss by reducing cotton yields (Yang et al., 2015; Song et al., 2021). To date, transcriptome sequencing has been used extensively to study mechanisms of resistance in cotton to V. dahliae infection. For example, Zhu et al. (2021) used transcriptomic analysis to reveal the gene regulatory network of resistance by comparing the resistant variant L38 with the susceptible variety J1 after V. dahliae infection. Xiong et al. (2021) showed that the GhGDH2 gene regulates cotton resistance to Verticillium wilt through the JA and SA signaling pathways. Transcriptomic studies to date have mainly focused on changes in gene expression levels of cotton before and after inoculation with V. dahliae, further identifying disease-resistance genes and pathways, however, there are no studies on gene interactions between cotton and V. dahliae.

In this study, we performed whole-genome Nanopore sequencing of V. dahliae and assembled a high-quality reference genome. Gene prediction and functional annotation of the V. dahliae genome were carried out using multiple databases. The secreted proteins and effector proteins were also predicted because they were important pathogenic factors of V. dahliae. In addition, we obtained transcriptomic data for both cotton and V. dahliae by sequencing cotton root tips after inoculation with V. dahliae to investigate interacting genes and pathways.



Materials and methods


DNA extraction and genome sequencing

Strain VD991 of V. dahliae was grown on potato dextrose agar (PDA) until sufficient spores were produced for sample collection. DNA was extracted from the spores using a cetyl-trimethyl ammonium bromide (CTAB) method (Biel and Parrish, 1986; Wang et al., 2022). The DNA obtained was then quality tested (Nanodrop and 0.35% agarose gel electrophoresis) and quantified (Qubit). Large fragments of genomic DNA were recovered via the BluePippin automatic nucleic acid recovery system, and DNA libraries were prepared using the SQK-LSK109 Ligation Sequencing Kit. Sequencing was performed using the PromethION Flow Cell (R9 Version) (Oxford Nanopore Technologies) (Deamer et al., 2016; Lu et al., 2016).



Genome assembly

The assembly of the V. dahliae VD991 was carried out using the following process: longer reads and high-quality reads were extracted using Filtlong v0.2.02; the filtered Nanopore reads were assembled using NECAT v0.01 (Chen et al., 2021); quality control of Illumina short reads was conducted using Trimmomatic v0.30 (Bolger et al., 2014); the reads obtained were used for polishing of the sequences assembled from Nanopore reads; six rounds of assembly polishing were carried out on Illumina reads using Pilon v1.23 (Walker et al., 2014) to correct base-calling and insertion/deletion errors. Hi-C fragment libraries were constructed and Illumina HiSeq sequencing was performed. Clean reads were mapped to the V. dahliae genome using BWA v0.7.9 (Li and Durbin, 2009). Paired-end reads were mapped to the genome separately and filtered, followed by the collection of unique, mapped paired-end reads using HiC-Pro v2.10 (Servant et al., 2015). The order and direction of scaffolds/contigs were clustered into super scaffolds using LACHESIS, based on the relationships among valid reads. Finally, the data were assembled onto eight chromosomes. By aligning next-generation sequencing data for V. dahliae VD991 against the fully assembled genome, genome quality was assessed based on the percentage and coverage of mapped reads. In addition, the BUSCO (Benchmarking Universal Single-Copy Orthologs) method (based on 290 conserved core genes for fungi) was used to further assess assembly completeness and quality (Simao et al., 2015).



Genome component analysis

As repetitive sequences tend to be poorly conserved among species, a species-specific repeat database was developed for V. dahliae VD991 using de novo and structural prediction as implemented in LTR_FINDER v1.05 (Xu and Wang, 2007), MITE-Hunter (Han and Wessler, 2010), PILER-DF v2.4 (Smith et al., 2007), and RepeatScout v1.0.5 (Price et al., 2005); PASTEClassifier v2.0 (Wicker et al., 2007) was then used to classify the repeated elements in the database. The newly constructed database was merged with the Repbase database (Bao et al., 2015), and repeated sequences were predicted for the V. dahliae VD991 genome using RepeatMasker v4.0.6 (Tarailo-Graovac and Chen, 2009).

Prediction of gene structure was performed using de novo prediction, homologous protein-based prediction, and transcriptome-based prediction. De novo prediction was conducted using Augustus v2.4 (Stanke and Waack, 2003), GeneID v1.4 (Blanco et al., 2007), Genscan (Burge and Karlin, 1997), GlimmerHMM v3.0.4 (Majoros et al., 2004), and SNAP v2006-07-28 (Korf, 2004), while homologous protein-based prediction was implemented in GeMoMa v1.3.1 (Keilwagen et al., 2016). The transcriptomic data were assembled using Hisat2 v2.0.4 (Pertea et al., 2016) and Stringtie v1.2.3 (Pertea et al., 2016), and unigene sequences predicted using PASA v2.0.2 (Campbell et al., 2006) and TransDecoder v2.0 (Tian et al., 2018). Finally, EVM v1.1.1 (Haas et al., 2008) was used to integrate the results from all three prediction methods.

Non-coding RNAs are RNAs that do not encode proteins, including RNAs with known functions such as microRNAs, rRNAs, and tRNAs. Using known structural characteristics of non-coding RNAs, tRNAs were predicted for the V. dahliae genome using tRNAscan-SE (Lowe and Eddy, 1997); rRNAs and other ncRNAs (i.e., not rRNAs and tRNAs) were predicted using Infernal v1.1 (Nawrocki and Eddy, 2013) and the Rfam database (Nawrocki et al., 2015).

Pseudogenes are similar in sequence to functional genes, but have become nonfunctional due to mutations such as insertions and deletions. To identify homologous gene sequences in the V. dahliae VD991 genome, predicted protein sequences were compared with protein sequences from the Swiss-Prot database using GenBlastA v1.0.4 (She et al., 2009). To identify pseudogenes, GeneWise (Birney et al., 2004) was used to find premature stop codons and frameshift mutations in known gene sequences.



Genome annotation

The predicted gene sequences were aligned to functional databases [e.g., KEGG (Kanehisa et al., 2004), KOG (Tatusov et al., 2000), Nr (Deng et al., 2006), Swiss-Prot (Boeckmann et al., 2003) and TrEMBL (Boeckmann et al., 2003)] using BLAST v2.2.26 (Altschul et al., 1997) to annotate functional genes. Based on the Nr database annotation results, gene ontology (GO) annotation was performed using Blast2GO v5.2.5 (Conesa et al., 2005) and the GO database (Ashburner et al., 2000), while Pfam annotation was performed using hmmer v3.3.2 (Eddy, 1998) and the Pfam database (Finn et al., 2016). In addition, GO and Kyoto Encyclopedia of Genes and Genomes (KEGG) metabolic pathway enrichment analyses were also performed.

Protein sequences for predicted genes were annotated via alignment to functional databases such as the Pathogen-Host Interaction Factor Database (PHI) (Winnenburg et al., 2006) and the Transporter Taxonomy Database (TCDB) (Saier et al., 2006). In addition, functional annotation of carbohydrate-related enzymes based on the Carbohydrate-Associated Enzyme Database (CAZy) (Cantarel et al., 2009) was performed using hmmer v3.3.2 (Eddy, 1998).

Signal peptides are short peptide chains (usually 5–30 amino acids in length) that guide the transfer of newly synthesized proteins to the secretory pathway. The protein sequences of all predicted genes were analyzed using SignalP v4.0 (Petersen et al., 2011) and tmhmm v2.0 (Krogh et al., 2001) to identify proteins containing signal peptides and/or transmembrane helices (i.e., transmembrane proteins), respectively. To verify the accuracy of the annotated genes obtained by bioinformatics prediction, two highly expressed genes that are both secreted and effector proteins were selected for sequencing. We designed primers (Supplementary Table 2) based on the gene sequences, extracted RNA from V. dahliae and reverse transcribed it into cDNA. cDNA was then used as a template for gene amplification and sanger sequencing.



Transcriptome sequencing and analysis

Three varieties of cotton with varying degrees of disease resistance were selected for transcriptomic analysis: the susceptible variety Jimian11 (JM11), the resistant variety Zhongzhimian2 (ZZM2), and Zhongmiansuo24 (ZM24). Seedlings from each strain were grown in the greenhouse for 15 days and transferred into V. dahliae broth upon emergence of the first true leaf (Li et al., 2021). Seedling roots were sampled at 0, 6, 12, and 24 h after transfer into V. dahliae broth (The time point of 0 h represented that the roots had not yet been inoculated with V. dahliae, and we sampled and sequenced the roots and V. dahliae separately). Root samples from two seedlings were combined to form a single sample, and there were three biological replicates for each strain. Root samples were sent to Beijing Biomarker Company for transcriptome sequencing.

The previously published TM-1 genome (Yang et al., 2019) and the newly assembled V. dahliae VD991 genome (obtained in this study) were used as reference genome. Transcriptome sequencing data were mapped to the reference genome, and count matrices and FPKM (Fragments Per Kilobase Million) values were obtained using previously described methods (Ding et al., 2019). The values from roots and V. dahliae separately at 0 h were combined as a control group. Differentially expressed genes (DEGs) were identified as those with a P-value < 0.05 and | log2-FoldChange| > 1.2. Gene ontology (Ashburner et al., 2000) and KEGG (Kanehisa et al., 2004) enrichment analyses were performed using the R-package “clusterProfiler”. In addition, a weighted gene co-expression network analysis (WGCNA) was performed using the R package “WGCNA” (Langfelder and Horvath, 2008; Duan et al., 2022), with the FPKM values as input, as described previously (Schurack et al., 2021).



Whole-genome resequencing analysis

Eighty-seven V. dahliae resequencing datasets were downloaded from the NCBI SRA database3; the V. dahliae VD991 genome, newly assembled in this study, was then used as the reference genome for resequencing analysis (Yang et al., 2019). After calling SNPs, samples were grouped based on the results of a principal components analysis (PCA), population structure analysis and phylogenetic analysis. The population fixation index (FST) was calculated (based on the grouping results) using vcftools v0.1.13 (Danecek et al., 2011).




Results


Genome sequencing, assembly, and annotation

A total of 5.09 Gb of raw reads were obtained from Nanopore sequencing of V. dahliae VD991. After removing adapters, short fragments, and low-quality data, a total of 4.92 Gb (∼137.4 ×) of clean reads were obtained for use in whole genome assembly. The final assembled genome for V. dahliae VD991 consisted of nine scaffolds and a scaffold N50 length of 4,119,679 bp, with the longest scaffold having a length of 7,830,508 bp and a GC content of 53.41%. Roughly 35.77 Mb of sequence data were anchored onto eight pseudochromosomes, with 99.92% of the sequences oriented (Table 1 and Figure 2A).


TABLE 1    Summary statistics of Verticillium dahliae VD991 assembly genome compared with that of V. dahliae VD.Ls17 and V. dahliae VDJR2.
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FIGURE 2
Characterization of the Verticillium dahliae VD991 genome. (A) i: length of each chromosome; ii: transposable element (TE) density in each chromosome; iii: gene density in each chromosome; iv: indel density in each chromosome; v: SNP density in each chromosome; vi: syntenic blocks in each chromosome. (B) The gene expression levels in the 10 kb region near TEs and not near TEs. ****P < 0.0001. (C) The effect of different types of TEs (Class I represents genes near Class I TEs only and Class I+II represents genes near Class I and Class II TEs) on gene expression. **P < 0.01. (D) The distribution of TEs in the region near the indel.


Assembly completeness was assessed by alignment with Illumina reads and BUSCO analysis. More than 99.17% of Illumina reads mapped properly to the new assembly. Furthermore, 98.62% of 290 core conserved genes (from the fungi_odb9 database) were classified as complete in the BUSCO analysis.

Roughly a tenth (9.33%) of the assembled genome was classified as repetitive sequences (Supplementary Table 3). Class I transposable elements (TEs) constituted the predominant repeat type, accounting for 8.77% of the total genome length. A total of 10,455 genes were predicted (Supplementary Table 4) by combined de novo, homologous protein-based, and transcriptome-based prediction; of these, 10,441 (99.86%) genes were supported by both homologous protein-based and transcriptome-based predictions, suggesting these are well-supported genes (Supplementary Figure 1). The average gene length was 2,142 bp, with an average of 2.94 exons, 1.94 introns, and 2.87 CDS per gene. Prediction results for non-coding RNA identified 125 rRNAs, 247 tRNAs, and 36 additional unclassified non-coding RNAs. The secreted and effector proteins are considered important pathogenic factors of V. dahliae. In this study, 854 secreted proteins (Supplementary Table 5) and 128 effector proteins (Supplementary Table 6) were predicted. To validate the accuracy of the gene prediction, cDNA amplification and sequencing were performed on the predicted effector and secretory protein genes, and the amplified gene sequences were found to be consistent with the predicted sequences (Supplementary Figures 2, 3), confirming the accuracy of our gene prediction results.



Effects of TEs on the genome of Verticillium dahliae

Gene expression levels were significantly lower in the 10-kb region surrounding each TE vs. other regions (Figure 2B). To assess how TE type affected gene expression, genes located in the vicinity of TEs were divided into those near Class I TEs only and those near Class I and Class II TEs. Genes affected only by Class I TEs showed significantly lower expression as compared to genes affected by both Class I and Class II TEs (Figure 2C). Thus, Class I TEs might suppress gene expression, while Class II TEs counteract this effect (to some extent). Transposable elements are an important source of mutations and genetic polymorphism. Many TE families are still actively transposable, and this process is highly mutagenic. In animals, plants, and microorganisms, many mutations (and the resulting phenotypic variation) are caused by transposition of these elements (Bourque et al., 2018). By calculating the density of TEs near indels (Figure 2A), more TEs were found in the vicinity of indels vs. other regions, and the density of TEs increased as the distance to the indel decreased (Figure 2D).



Evolutionary analysis of the Verticillium dahliae genome

The genomes of 25 closely related species to V. dahliae, including 18 Colletotrichum species, two Plectosphaerella (ascomycetes), one Sodiomyces and Verticillium fungicola (four genomes), were used to construct a phylogenetic tree. In the tree, V. dahliae diverges early within this evolutionary lineage. Computational analysis of gene family evolution (CAFE) was used to estimate the number of gene families that have experienced historical expansion or contraction; 53 gene families were found to have expanded and 285 gene families to have contracted in V. dahliae (Figure 3A). A collinearity analysis revealed that the genomes of Plectosphaerella cucumerina and Verticillium alfalfae partially overlapped with the genome of V. dahliae, suggesting that a whole genome duplication (WGD) event occurred in V. dahliae (Figure 3B). Searching for further genome duplication events, both V. dahliae and Verticillium alfalfae showed peaks at 4DTV = 0.05 (Figure 3C), and this finding was further supported by the Ka/Ks analysis (Figure 3D).
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FIGURE 3
Phylogenetic and evolutionary analysis of the Verticillium dahliae VD991 genome. (A) Phylogenetic tree and gene family contraction (red) and expansion (blue) results for closely related species of Verticillium dahliae. (B) Many collinear blocks were found when comparing either the Plectosphaerella cucumerina or Verticillium alfalfae genome with the Verticillium dahliae genome. (C,D) 4DTV and ka/ks analyses revealed that the Verticillium dahliae genome may have undergone one WGD event.




Identification of pathogenicity-related genes in Verticillium dahliae

Using 87 V. dahliae genomes downloaded from the NCBI database, including both deciduous and non-deciduous types, pathogenicity-related genes were explored for V. dahliae: 302,949 single nucleotide polymorphisms (SNP) were identified. Phylogenetic and structural analyses based on the SNP data divided the 87 accessions into two subgroups (Figure 4A), and this division was further supported by the PCA (Figure 4B). Linkage disequilibrium (LD) analysis was used to quantify the genetic diversity within populations. Linkage disequilibrium decayed more slowly in the high-toxicity population (G2) than in the low-toxicity population (G1), indicating less genetic diversity in the high-toxicity population (Figure 4C).
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FIGURE 4
Resequencing analysis of Verticillium dahliae populations. (A) Phylogenetic tree and population structure analysis of Verticillium dahliae populations showed that all populations could be divided into a low-toxicity group (G1) and a high-toxicity group (G2). (B) PCA analysis of Verticillium dahliae populations was consistent with the phylogenetic tree and population structure. (C) Genome-wide average LD decay estimated from accessions G1, G2, and G1 + G2. (D) Genome-wide SNP annotation results. (E) Population divergence (FST) among the two groups showed only partial results. (F) KEGG enrichment results of genes within the top 5% FST values.


Most SNPs were located in intergenic regions, suggesting they do not directly affect gene structure (Figure 4D). V. dahliae VD991 as a reference genome is a highly virulent strain. SNP density was measured for both subgroups (see above), and a lower SNP density was found in the high-toxicity population (Supplementary Figure 4), further reinforcing the accuracy of the grouping. To identify pathogenicity-related genes in V. dahliae, FST values were calculated between the high- and low-toxicity populations; selecting sites with the top 5% FST values, a significant region was located on chromosome 6 (Supplementary Figure 5). Annotation of this region revealed five potentially pathogenic genes, including a glucose/galactose transporter gene (Vd06G0684, Vd06G0688, Vd06G0691, Vd06G0693, and Vd06G0694) (Figure 4E and Supplementary Table 7). In addition, a KEGG analysis of all genes located within this region found significant enrichment of a number of pathways associated with disease resistance, such as yeast cell cycling and glycosaminoglycan degradation (Figure 4F).



WGCNA analysis of transcriptome data after inoculation with Verticillium dahliae

To investigate the interactions between V. dahliae and cotton, three cotton varieties (a susceptible variety JM11, resistant variety ZZM2, and ZM24) were inoculated with V. dahliae VD991 and transcriptome sequencing was performed. A total of 153.46 Gb of raw sequencing data were obtained containing 59,730 genes with large changes in expression. A WGCNA was used to investigate gene expression (in the genes with large changes in expression) at different times after V. dahliae inoculation, resulting in twelve genetic modules (Figures 5A, B). Effector proteins are known to play an important role in V. dahliae infection (Stergiopoulos and Wit, 2009; Feng et al., 2018; Wang et al., 2020); therefore, the cyan module containing the most effector protein genes was selected for subsequent analysis. By examining genes in V. dahliae important for interactions with cotton, pairs of interacting genes were obtained with weights greater than 0.25. A hub gene mining analysis was then performed using the MCODE package in Cytoscape; this resulted in a network containing 19 hub genes that may interact with cotton genes (Figure 5C). GO and KEGG enrichment analyses were performed of all the cotton genes interacting with V. dahliae. A total of 216 significantly enriched GO entries were obtained using P < 0.01. The top 10 entries were selected (with the smallest P-values, as shown in Figure 5D). In addition, the top 10 KEGG pathways were selected with P-values < 0.01 and gene counts (Figure 5D). In the GO and KEGG analyses, several terms and pathways were associated with resistance to V. dahliae, including the response to oxidative stress (GO:0006979) and phenylalanine metabolism (ko00360).
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FIGURE 5
Weighted gene co-expression network analysis (WGCNA) analysis of cotton after inoculation with Verticillium dahliae VD991. (A) Gene co-expression network gene clustering number and modular cutting. Dynamic tree cut is the module divided according to clustering results. Merged dynamic is the module division of merged modules with similar expression patterns according to module similarity. The subsequent analysis was conducted by merged modules. In the case of phylogenetic trees, the vertical distance represents the distance between two nodes (between genes), while the horizontal distance is arbitrary. (B) Association analysis of gene co-expression network modules with physiological and biochemical traits. The horizontal axis represents different characteristics, and the vertical axis represents each module. The red lattice represents a positive correlation between the physiological traits in the module, while the blue lattice represents a negative correlation. (C) Visualization of interacting genes in the cyan module. Red circles represent Verticillium dahliae genes, green circles represent cotton genes and the lines represent interactions between them. (D) KEGG and GO enrichment results of all cotton genes interacting with Verticillium dahliae in the cyan module.


The darkslateblue module was positively correlated with V. dahliae post-inoculation time points (0, 6, 12, and 24 h); therefore, 5,000 gene pairs (with the highest weights) were selected from this module for analysis, resulting in a network containing 176 hub genes (Supplementary Figure 6). Ubiquitination plays an important role in plant resistance to pathogen invasion (Gao et al., 2022; Li et al., 2022). Here, 10 cotton hub genes (Gh_A08G270200, Gh_A09G093700, Gh_A09G208700, Gh_A09G238700, Gh_A10G060400, Gh_A13G194800, Gh_A13G255500, Gh_D03G157000, Gh_D03G170700, and Gh_D13G260100) were associated with ubiquitination. Two cotton hub genes (Gh_A12G006900 and Gh_D12G006300) were related to autophagy. In addition, a number of cotton genes associated with disease resistance were identified, such as genes involved in the jasmonic acid pathway (Gh_A06G223900) and catalase hydrogen peroxide (Gh_D06G205800).



Gene expression in disease-resistant cotton after inoculation with Verticillium dahliae

For each post-inoculation timepoint, DEGs were identified between JM11 and ZZM2; DEGs were also identified between adjacent time points for JM11 and ZZM2 (individually). The greatest number of DEGs between JM11 and ZZM2 occurred at 6 h post-inoculation, with more up-regulated DEGs than down-regulated DEGs. By 12 h and 24 h, the number of DEGs had declined, and there were fewer up-regulated DEGs vs. down-regulated DEGs (Figure 6A). In V. dahliae, the number of DEGs initially increased to 6 h post-inoculation, then decreased significantly by 12 h before again increasing to a maximum at 24 h. Most of the DEGs in V. dahliae were down-regulated at 6 h, with almost all of the DEGs being down-regulated by 12 and 24 h (Figure 6A and Supplementary Figure 7). The common genes at these three time points and 0 h were removed (Figure 6B), leaving the remaining DEGs associated with disease resistance. A KEGG enrichment analysis of the common DEGs identified the following enriched pathways: ubiquinone and other terpenoid quinone biosynthesis, phenylpropanoid biosynthesis, and phenylalanine metabolism (Figure 6C). One of the pathways associated with disease resistance (phenylalanine metabolism) was illustrated to show the expression of DEGs in this pathway. As shown in Figure 6D, six genes were differentially expressed between JM11 and ZZM2, suggesting they may underlie the variation in disease resistance among the cotton varieties.


[image: image]

FIGURE 6
Disease resistance pathway mining of resistant and susceptible cotton. (A) Differential gene analysis of susceptible material JM11 and resistant material ZZM2 at different stages. Blue represents the Verticillium dahliae genes and red represents the cotton genes. The upward arrows indicate upregulated genes and the downward arrows indicate downregulated genes. (B) Venn diagram of the DEGs. (C) KEGG enrichment results of the common DEGs at each time point. (D) Visualization of the phenylalanine metabolism pathway. The expression heat map is displayed next to the corresponding gene. The purple triangle represents the susceptible material JM11 and the orange triangle represents the resistant material ZZM2.





Discussion

As a pathogenic fungus with multiple hosts, V. dahliae can infect a wide range of crops resulting in huge economic losses. However, the genetic interactions between V. dahliae and its hosts remain poorly understood, and more studies are still needed to better understand resistance pathways. While a large number of genomes are currently available for V. dahliae, these are limited by poor assembly quality and a lack of gene annotations. In this study, the genome of V. dahliae strain VD991 was sequenced using Nanopore and assembled into eight pseudochromosomes with a GC content of 53.41%. The genome assembly was of high quality and relatively complete (BUSCO alignment: 98.62%; Illumina reads alignment: 99.17%), with a total of 10,455 predicted genes. It has been shown previously that secretory proteins and effector proteins are important components of the toxic properties of V. dahliae (Duplessis et al., 2011). For example, PITG_04097, an effector protein of the oomycete Phytophthora infestans, is required for the inhibition of the host defense responses underlying P. infestans’ virulence (Helm et al., 2021). Here, 854 genes involved in secreted protein synthesis and 128 genes involved in effector protein synthesis were identified in the assembled genome of V. dahliae strain VD991. The above results will provide useful genetic information for the study of the pathogenesis of V. dahliae.

Whole genome duplication events play an important role in the evolution of new species (Wu et al., 2020). It has been reported extensively in plants (Li and Barker, 2020) and has also been found in fungi (Corrochano et al., 2016). In this study, the evolution of V. dahliae VD991 was analyzed by comparative genomics, and one WGD event was identified in the genome of V. dahliae VD991. TEs are one source of mutation and genetic polymorphism that can disperse a large number of promoters, enhancers, transcription factor binding sites, insulator sequences, and repressive elements throughout the genome, thereby potentially modulating gene expression (Bourque et al., 2018). Although fungi have fewer TEs than plants, TEs still play an important role in fungal genomes (Depotter et al., 2022). For example, Urquhart et al. (2022) discovered that a large TE in Paecilomyces variotii could regulate its tolerance to chromium, mercury, and sodium ions. In this study, we found that the gene expression levels in the 10 kb region near the TEs were significantly lower than those not near TEs, primarily caused by Class I TEs. In addition, we detected that the density of the TE distribution was higher in the region near indels than in other regions, and the density of TEs increased with decreasing distance to the indel. Our results were similar to the findings of Viviani et al. (2021) and provide useful information for future studies of TEs in fungi.

We analyzed resequencing data of V. dahliae containing both deciduous and non-deciduous types. A total of 87 samples were divided into two subgroups, with the deciduous type samples contained in the high-toxicity population and the non-deciduous type samples contained in the low-toxicity population. LD results showed that the high-toxicity population had lower genetic diversity than the low-toxicity population, suggesting that the high-toxicity population may have been domesticated during evolution, resulting in a reduction in genetic diversity and increasing their virulence. We calculated FST values between the high-toxicity and low-toxicity populations and identified five genes including one glucose/galactose transporter gene (Vd06G0688) that are potential pathogenic genes in V. dahliae. The process of invasion in cotton by V. dahliae first requires the destruction of the cotton cell wall. Chen et al. (2016) demonstrated that knocking out the cellulose degradation gene of V. dahliae reduced its ability to disrupt the cell wall of cotton, thereby reducing its virulence. The expression of the glucose/galactose transporter gene resulted in the degradation of cellulose, thereby disrupting the cell wall structure, and we hypothesized that this could be related to the pathogenicity of V. dahliae. In addition, KEGG analysis significantly enriched many pathways associated with disease resistance, such as yeast cell cycle and glycosaminoglycan degradation pathways (Shaban et al., 2018).

The cyan module contained 19 hub genes, all of which were found to be genes of V. dahliae based on the gene interaction network between V. dahliae and cotton. Of these, 18 were predicted to be secreted protein genes, and beta-xylosidase (Vd08G0747), carbonate dehydratase (Vd03G0796), and cutinase (Vd01G2233) were among those associated with cell wall degrading enzymes and previously reported to be related to V. dahliae pathogenicity (Tzima et al., 2011; Chen et al., 2016; Yang et al., 2018). Additionally, cotton genes in this module were significantly enriched with oxidative stress response terms and phenylalanine metabolism pathways, which are associated with disease resistance (McFadden et al., 2001; Ahuja et al., 2012). In the darkslateblue module, two cotton hub genes related to autophagy were identified. Autophagy has been found to increase a plant’s resistance to pathogens (Zhang B. et al., 2021). Furthermore, the analysis also highlighted cotton genes associated with disease resistance, such as those involved in the jasmonic acid pathway (Gh_A06G223900) (Liu et al., 2019) and catalase hydrogen peroxide (Gh_D06G205800) (You et al., 2022). These results demonstrate the interaction between cotton and V. dahliae genes and provide a reference for studying disease resistance in cotton and the pathogenesis of V. dahliae.

Transcriptomic analysis showed that within 6 h of inoculation with V. dahliae, there was a strong defensive response in cotton, with a large number of DEGs significantly upregulated, while most DEGs in V. dahliae were downregulated. After 6 h, a large number of DEGs in cotton were significantly downregulated, while all DEGs in V. dahliae were upregulated. The above results indicated that V. dahliae was at a disadvantage at the initial stage of inoculation with V. dahliae in cotton and gained an advantage after 6 h. We performed GO and KEGG enrichment analysis for all cotton genes interacting with V. dahliae and found several terms and pathways associated with resistance to V. dahliae infection, including response to oxidative stress and phenylalanine metabolism. This is consistent with previous reports that the accumulation of reactive oxygen species and phenylalanine are related to resistance to Verticillium wilt in cotton (Zhang et al., 2022). These results may be key factors contributing to the differences in disease resistance in different strains of cotton.



Conclusion

In summary, we have sequenced and assembled a high quality genome of V. dahliae strain VD991 and provided a relatively complete annotation of the genome. The genes causing the differences in toxicity in V. dahliae VD991 were identified by resequencing analysis. We investigated the interaction between cotton and V. dahliae and identified many genes and pathways associated with cotton disease resistance and V. dahliae pathogenesis through transcriptome sequencing. These results will provide new insights into V. dahliae pathogenic mechanisms and contribute to the cultivation of cotton varieties resistant to Verticillium wilt.
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Introduction: Sugarcane is one of the most important sugar crops worldwide, however, sugarcane production is seriously limited by sugarcane red rot, a soil-borne disease caused by Colletotrichum falcatum. Bacillus velezensis YC89 was isolated from sugarcane leaves and can significantly inhibited red rot disease caused by C. falcatum.

Methods: In this study, the genome of YC89 strain was sequenced, its genome structure and function were analyzed using various bioinformatics software, and its genome was compared with those of other homologous strains. In addition, the effectiveness of YC89 against sugarcane red rot and the evaluation of sugarcane plant growth promotion were also investigated by pot experiments.

Results: Here, we present the complete genome sequence of YC89, which consists of a 3.95 Mb circular chromosome with an average GC content of 46.62%. The phylogenetic tree indicated that YC89 is closely related to B. velezensis GS-1. Comparative genome analysis of YC89 with other published strains (B. velezensis FZB42, B. velezensis CC09, B. velezensis SQR9, B. velezensis GS-1, and B. amyloliquefaciens DSM7) revealed that the strains had a part common coding sequences (CDS) in whereas 42 coding were unique of strain YC89. Whole-genome sequencing revealed 547 carbohydrate-active enzymes and identified 12 gene clusters encoding secondary metabolites. Additionally, functional analysis of the genome revealed numerous gene/gene clusters involved in plant growth promotion, antibiotic resistance, and resistance inducer synthesis. In vitro pot tests indicated that YC89 strain controlled sugarcane red rot and promoted the growth of sugarcane plants. Additionally, it increased the activity of enzymes involved in plant defense, such as superoxide dismutase, peroxidase, polyphenol oxidase, chitinase, and β-1,3-glucanase.

Discussion: These findings will be helpful for further studies on the mechanisms of plant growth promotion and biocontrol by B. velezensis and provide an effective strategy for controlling red rot in sugarcane plants.

KEYWORDS
 Bacillus velezensis
, biocontrol, sugarcane red rot, genome sequencing, biocontrol mechanism


1. Introduction

Sugarcane (Saccharum officinarum L.) is one of the most important sugar crops in the world. In China, the sugarcane planting area is >85% of the sugar crop planting area, and > 92% of the total sugar is obtained from sugarcane. China is a major sugarcane planting and sugar production and marketing country (Wu et al., 2017). In 2021, the sugarcane planting area exceeded 1.301 million hm2, and sugarcane sugar output reached 104.4043 million tons (National Bureau of Statistics). However, the frequent occurrence of sugarcane diseases affects yield and quality, and soil-borne diseases are particularly difficult to control due to their persistence and widespread. Sugarcane red rot is a fungal disease caused by Colletotrichum falcatum Went.; its sexual stage is Physalospora tucumanensis Speg. (Glomerella tucumanensis) (Nithya et al., 2012). Red rot was first reported in Java, Indonesia, in 1893, representing one of the first known sugarcane diseases, leading to outbreaks in many sugarcane-producing countries (Viswanathan et al., 2009). The pathogen overwinters as hyphae, conidia, and chlamydospores in sugarcane seeds and sugarcane plants, which is the primary infection source of the disease. Pathogenic spores can be transmitted by rain, airflow, insects, and mechanical damage. In addition, they can invade plants through borer holes and growth cracks (Peñaflor and Bento, 2019). Sugarcane red rot primarily damages the stem and leaf midrib of sugarcane, which can occur from seedling stage to adult plant stage and late harvest stage. The disease in the seedling stage prevents seedlings from germinating normally, which often causes serious loss of sugarcane plants. Meanwhile, disease in the adult stage not only affects the normal growth of sugarcane plants, but also causes decay and even death (Costa et al., 2021). Indeed, red rot disease is one of the most critical sugarcane diseases in many sugarcane-growing countries, including India, Pakistan, the United States, and Bangladesh, as it can result in 25–50% sugarcane yield loss (Saksena et al., 2013) and can reduce the sugar content and purity of sugarcane juice, thus, significantly impacting the productivity of the sugarcane industry (Bukhari et al., 2012).

The main prevention and control methods for sugarcane red rot disease include disease resistance breeding, chemical control, and biological control measures. The pathogen of sugarcane red rot is prone to mutation, with more than six known variants; a disease-resistant plant becomes susceptible within 4–5 years (Sumana and Singh, 2012). Currently, the prevention and control of sugarcane red rot mainly rely on chemical fungicides. However, excessive use of chemical fungicides can lead to fungicide resistance, environmental pollution, and pose a threat to human health (Mishra and Behera, 2009). Therefore, cost-effective, chemical-free, and eco-friendly strategies for controlling sugarcane red rot are urgently required. Using bioactive agents to control plant diseases is an attractive alternative and has significant potential in the future. In fact, microorganisms with antifungal activity have been used in many crop systems. For example, Pseudomonas spp. (Shair et al., 2021), Bacillus spp. (Amna et al., 2020), and Trichoderma spp. (Singh et al., 2014) have been used to control sugarcane red rot in the field. Among the microbial candidates used for biocontrol, Bacillus species are the most useful as they can produce spores and a series of bioactive compounds that allow them to survive in adverse environmental conditions. Therefore, Bacillus has become one of the most studied biocontrol bacteria (Li et al., 2021; Pang et al., 2021).

Biocontrol boasts certain advantages, including environmental friendliness, safety, and the lack of induction of pesticide resistance. Microorganisms, including Bacillus, Pseudomonas, and Paenibacillus spp., have been used to suppress soil-borne pathogens. The main mechanisms of biological control of plant diseases include the secretion of antimicrobial substances and competition for nutrients and niches with pathogens (Backer et al., 2018; Rodriguez et al., 2019). In this way, they can induce disease resistance by promoting plant growth. In addition to these effects, many biocontrol strains increase plant resistance to pathogens via induced systemic resistance (ISR), which is triggered by a range of secondary metabolites known as elicitors (Shi et al., 2017; Gilardi et al., 2021). Different signaling pathways, such as the jasmonic acid and ethylene pathways, are activated to induce plant resistance (Ryu et al., 2004). In addition, some phenolic substances and pathogenesis-related proteins, such as chitinase, β-l,3-glucanase (β-1,3-GA), peroxidase (POD), polyphenol oxidase (PPO), superoxide dismutase (SOD), and phenylalanine aminolysis, are involved in plant disease resistance.

Bacillus velezensis has been widely used in agricultural production owing to its environmental safety, straightforward industrial production, and good biocontrol efficacy (Sun et al., 2022). B. velezensis YC89 is a sugarcane endophyte isolated from sugarcane leaves and can inhibit 78% of the etiological pathogens of sugarcane red rot (Xie et al., 2020). However, the relative efficacy of B. velezensis YC89 against sugarcane red rot and its biological control mechanism remains unknown. The current study sought to investigate the mechanisms underlying the biocontrol ability of B. velezensis YC89 and determine its complete genome sequence. To this end, a greenhouse experiment was performed. Results revealed B. velezensis YC89 could serve as a potential biocontrol agent of sugarcane red rot and promote sugarcane plant growth. To understand the molecular mechanism involved in the plant–microbe interaction, high-quality genome assembly and annotation of B. velezensis YC89 was performed. Collectively, the results of the current study support the application of B. velezensis to sugarcane plants in the field to protect against red rot disease.



2. Materials and methods


2.1. Bacterial and fungal strains and growth conditions

The fungus C. falcatum Went., antagonistic bacterium B. velezensis YC89, and an unknown strain X22 used in this study were isolated from the leaves of infected sugarcane plants and healthy plants, respectively. B. velezensis YC89 was deposited as a reference strain (strain N°60,902) at the China General Microbiological Culture Collection Center. All bacteria were cultured on Luria-Bertani agar media and incubated at 28°C for 24 h. C. falcatum Went. was cultivated on a potato dextrose agar (PDA) at 28°C for 7 d.



2.2. DNA extraction, genome sequencing, and annotation

The genomic DNA of B. velezensis YC89 was extracted using the HiPure Bacterial DNA kit (Magen, Guangzhou, China) according to the manufacturer’s instructions. The quality of the extracted DNA was determined using Qubit (Thermo Fisher Scientific, Waltham, MA) and Nanodrop (Thermo Fisher Scientific, Waltham, MA) for the corresponding assays.

The whole genome was sequenced using the Pacific Biosciences platform (PacBio, Menlo Park, CA) and Illumina Miseq platform at Genedenovo Biotechnology (Guangzhou, China). Qualified genomic DNA was fragmented with G-tubes (Covaris, Woburn, MA, United States) and end-repaired to prepare SMRTbell DNA template libraries (with fragment size of >10 Kb selected by blue pippin system) according to the manufacturer’s specification (PacBio, Menlo Park, CA). Liraray quality was detected by Qubit® 2.0 Flurometer (Life Technologies, CA, United States) and average fragment size was estimated on a Bioanalyzer 2,100 (Agilent, Santa Clara, CA). SMRT sequencing was performed on the Pacific Biosciences Sequel (PacBio, Menlo Park, CA) according to standard protocols. The PacBio reads were de novo assembled using Microbial Assembly (smrtlink8), HGAP4, and Canu (v.1.6) software. The depth of genome coverage was analyzed using the pbalign (BLASR, v.0.4.1) tool. The complete genome sequence of B. velezensis YC89 was deposited in GenBank under the accession number CP0392499.

The genes were annotated by alignment with those deposited in diverse protein databases, including the NCBI non-redundant (NR) protein sequence database, UniProt/Swiss-Prot, Kyoto Encyclopedia of Genes and Genomes (KEGG), gene ontology (GO), and Cluster of Orthologous Groups of proteins (COG). Protein family annotation was performed using Pfam_Scan (version 1.6) based on the Pfam database (version 32.0) (Finn et al., 2014). Gene sequences annotated from the YC89 genome were basic local alignment search tool (BLAST)ed. using the carbohydrate-active enzyme (CAZyme) database.



2.3. Phylogenetic tree

To determine the taxonomic position of YC89 in the genus Bacillus, sequence analysis of YC89 and 30 other Bacillus strains was performed based on the 16S rDNA gene, and an evolutionary tree was constructed. Genome-wide comparative analysis was then performed for YC89 and B. velezensis FZB42, B. velezensis CC09, B. velezensis SQR9, B. velezensis GS-1, and B. amyloliquefaciens DSM7, and genes that were single copies in the whole genome were selected. The evolutionary tree was constructed using iqtree (version 1.6.3) (Lam-Tung et al., 2015).



2.4. Gene family analysis

All genomes used in this study were downloaded in the FASTA format from the NCBI database. Basic information on the reference strains is provided in Supplementary Table S1. For comparative analyses of the orthologous and exclusive genes between YC89 and the other closest genomes, the amino acid (or nucleotide) sequences of B. velezensis FZB42, B. velezensis CC09, B. velezensis SQR9, B. velezensis GS-1, and B. amyloliquefaciens DSM7 were filtered in FASTA format to remove low-quality sequences based on the length and percentage of stop codons. Diamond (version 2.0.7) was used to compare the amino acid (or nucleotide) sequences of all species investigated in the study (Buchfink et al., 2021). OrthoMCL (version 1.4) was used for similarity clustering, a list of homologous genes grouped into clusters was obtained, and the species distribution of each protein cluster was determined (Li et al., 2003). Subsequently, the Mauve software (version 2.3.1) was employed to analyze the genome collinearity of six Bacillus strains (FZB42, CC09, SQR9, GS-1, DSM7, YC89) (Darling et al., 2004).

Based on collinearity, Pyani was used to calculate the average nucleotide identity (ANI) of the pairwise genome alignment region between the target genome and closely related reference genome (Pritchard et al., 2016). The ANI value is an index for comparing two genomic relatives at the nucleotide level and is defined as the average base similarity between homologous segments of two microbial genomes, which is characterized by a high degree of discrimination between closely related species. Usually, an ANI value of 95% is set as the classification threshold to distinguish species.



2.5. Secondary metabolic genes and mining for genes related to beneficial plant traits

The genome of B. velezensis YC89 was analyzed using antiSMASH 4.0 (version 4.1.0) with web server1 to predict putative secondary metabolites (Blin et al., 2017). Functional genes involved in plant growth promotion, such as those responsible for indole acetic acid (IAA) production, phosphate solubilization, nitrogen fixation, and genes related to the induction of resistance substance synthesis, were searched in the KEGG database according to the methods described by Kumar et al. (2019) and Shi et al. (2017), and gene similarity was compared using BLAST.



2.6. Analysis of the biocontrol characteristics


2.6.1. Siderophore production test

The ability of the YC89 strain to produce siderophores was determined according to the method of Schwyn and Neilands (1987). The activated strain was inoculated on Chrome Azurol S (CAS) medium and incubated at 28°C for 7 d to observe whether a yellow transparent aperture was produced. All experiments were performed in triplicate.



2.6.2. Detection of cellulase activity

Carboxymethyl cellulose agar (Zheng et al., 2011) was used to detect cellulase activity. The strains were inoculated in carboxymethyl cellulase identification medium and incubated at 28°C for 3 d. The plates were then dyed with Congo red (1 mg/mL) for 15 min and rinsed with NaCl (1 mol/L) for several minutes (Guo et al., 2016). The plates were then examined to determine whether cellulose hydrolysis circle was produced around the colonies; the presence of a cellulose hydrolysis circle indicates that the strain can produce carboxymethyl cellulase. All experiments were performed in triplicate.



2.6.3. Phosphate solubilization assay

The strains were inoculated on a solid phosphate solubilization medium with tricalcium phosphate and calcium phytate as substrates (Kumar et al., 2013). The formation of transparent halo zones around the bacterial colonies after 7 d of incubation at 28°C was considered an indication of phosphate solubilizing activity. All experiments were performed in triplicate.




2.7. Biocontrol effect of YC89 on sugarcane red rot in the greenhouse


2.7.1. Bacterial inoculation and treatments

One single colony on the medium was picked and inoculated into Luria-Bertani broth and incubated at 28°C for 24 h under shaking conditions (180 rpm). The fermented liquid was centrifuged at 10,000 rpm for 10 min, and the supernatant was discarded, suspended in sterile water, and adjusted to a concentration of 1 × 108 CFU/mL for further experiments.



2.7.2. Preparation of the pathogen spore suspension

Colletotrichum falcatum Went. was inoculated onto solid PDA medium and incubated at 28°C for 7 d. A sterile punch (d = 5 mm) was used to remove a plug from the edge of the pathogen colony and transfer it to the potato liquid culture solution. The culture was then incubated for 7 d at 28°C with shaking at 180 rpm, and filtered through a double layer of sterile gauze to obtain a suspension of pathogen spores. The spores were enumerated under a microscope with a hemocytometer plate, and diluted with sterile water to a concentration of 1 × 107 conidia/mL.



2.7.3. Experimental design

For the greenhouse experiment, the sugarcane cultivar (ROC 22) was the test plant. Two sugarcane endophytes, YC89 and X22, were used for the pot experiments. Five treatments were applied: (1) water (control), (2) carbendazim (1 mg/mL, positive control), (3) YC89, (4) X22, and (5) YC89 + X22. All experiments had six replicates, with 12 seedlings per treatment. From seedling emergence to six leaves, the plants in treatment groups 3, 4, and 5 were treated with three applications of bacterial suspension, while group 2 was treated twice with carbendazim. Water was applied as a control. At 15 d after the final bacterial treatment, the seedlings in each treatment group were inoculated with 1 L of C. falcatum spore suspension (1 × 107 conidia/mL).



2.7.4. Sample collection

After inoculation with C. falcatum, sugarcane leaves were collected on Days 0, 1, 3, 5, and 7 to detect the changes in related defense enzyme activities in sugarcane at different time points. The leaves were stored in a deep freezer at −80°C for further biochemical analysis.

Disease incidence and severity were recorded within 7–10 d of the appearance of the first symptoms. Disease severity was rated on a scale from 0 to 5 according to the symptoms of plant disease in each plant: 0, no symptoms; 1, appearance of small red spots; 2, enlargement of red spots; 3, spots extend along the midrib to form strips of red to brown parallel to the vein; 4, breakage of blade; 5, spear leaf and growth point rot to death. The disease index and disease control effects were calculated as follows:

Disease index = [∑(The number of diseased plants in this grade × Disease grade)/(Total number of plants investigated × the highest disease grade)] × 100.

Control efficacy (%) = [(Disease index of control – Disease index of treated group)/Disease index of control] × 100.



2.7.5. Analysis of plant defense-related enzymes

The activities of plant defense-related enzymes (SOD, PPO, chitinase, and β-1,3-GA) were assessed during the process of B. velezensis YC89-triggered ISR against C. falcatum in sugarcane. The activities of SOD, PPO, chitinase, and β-1,3-GA in plant leaves were measured using the corresponding test kits as described in the study by Jiang et al. (2019) (Nanjing Jiancheng Biological Engineering Institute, Nanjing, China), according to the manufacturer’s instructions.




2.8. Statistical analyses

All data were analyzed by analysis of variance in IBM SPSS Statistics 25 (IBM Corp., Armonk, NY, United States). Differences between means were compared using the LSD test (Fisher’s protected least significant difference test) at p = 0.05. p < 0.05 was considered statistically significant.




3. Results


3.1. Genomic features and annotation of Bacillus velezensis YC89

The complete genome sequence of B. velezensis YC89 was composed of a 3.95 Mb circular chromosome that included 3,711 coding sequences (CDS) with an average length of 922.05 bp and an average G + C content of 46.62% (Figure 1). The chromosome contained 27 rRNAs, 86 tRNAs, and two genomic islands, with an average length of 39.39 kb. Among the 3,711 CDS, 3698 were annotated functionally, and the remaining 13 were hypothetical. Of the predicted genes, 3,696 (99.60%), 3,380 (91.08%), 2,785 (75.05%), and 2,278 (61.38%) matched in the NR, Swiss-Prot, COG, and KEGG databases, respectively. The features of the YC89 genome and a comparison with other closely related Bacillus genomes are presented in Table 1. In comparison, the entire genome size of the five B. velezensis strains ranged from 3.92–4.16 Mb, the G + C content ranged from 46.1–47.06%, and the predicted coding genes ranged from 3,711–4,187. The YC89 strain and the other five strains contained one circular chromosome without a plasmid. The genome size and protein-coding genes of strains YC89 and FZB42 were smaller than those of the other strains.
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FIGURE 1
 Circular genome map of Bacillus velezensis YC89. From the innermost to the outermost: ring 1 GC skew positive (Orange) and negative (purple); ring 2 for GC content, Orange is greater than the average, blue is less than the average; ring 3 for distribution of rRNAs (red) and tRNAs (black); ring 4 COG classifications of protein-coding genes on the reverse strand; ring 5 COG classifications of protein-coding genes on the forward strand; ring 6 for genome size (black line).




TABLE 1 Genomic features of Bacillus velezensis YC89 and its close-related strains.
[image: Table1]

According to GO annotation, the genes were classified into 59 functional groups, and the genes involved in biological processes were the most abundant (Supplementary Figure S1). Among the biological process groups, the number of genes related to cellular processes was the highest (2708) (Supplementary Table S2). Based on the COG database, 3,380 genes were assigned to 21 COG categories (Figure 2). The general function prediction-only category represented the largest group (443 genes, 11.94% of all CDS), followed by amino acid transport and metabolism (346 genes, 9.32% of all CDS). According to KEGG annotation, 2,172 genes (58.52% of all CDS) were assigned to 23 KEGG pathways, and the largest number of identified genes were classified into metabolic pathways. Among these pathways, the most represented pathways included carbohydrate metabolism (242 genes, 6.52% of all CDS), followed by amino acid metabolism, and metabolism of cofactors and vitamin pathways (Supplementary Figure S2).

[image: Figure 2]

FIGURE 2
 Distribution of genes across COG functional categories in the chromosome of YC89.




3.2. Identification of strain YC89

These results indicate that YC89 is closely related to B. velezensis FZB42 and B. amyloliquefaciens 6B (Supplementary Figure S3A). For an in-depth analysis of the taxonomic status of YC89 strain, a genome-wide phylogenomic tree was constructed. The results revealed that strain YC89 formed a close genetic relationship with strain B. velezensis GS-1 (Supplementary Figure S3B).

ANI is a powerful approach for assessing the evolutionary distance among bacterial species based on digital whole-genome comparisons, with values closer to 1 indicating higher similarity. Based on ANI values, the genome sequence of YC89 displayed the highest similarity with B. velezensis with ANI values >97%; however, the ANI values between YC89 and B. amyloliquefaciens were < 95% (Figure 3). Strains being compared having ANI values >96% are typically regarded as the same species. Therefore, YC89 does not belong to B. amyloliquefaciens.

[image: Figure 3]

FIGURE 3
 Heatmap of pairwise average nucleotide identity (ANI) values for whole genomes of YC89 and five other Bacillus species.




3.3. Comparison of YC89 with Bacillus spp. strains

To evaluate the evolutionary distance among these sequenced strains in relation to several Bacillus strains, the genome sequence of YC89 was compared with that of four sequenced B. velezensis strains (GS-1, FZB42, CC09, and SQR9) and one B. amyloliquefaciens strain (DSM7). Alignments of Bacillus strains are presented in Figure 4A. Eight LCBs representing chromosomal similarity regions among the six strains were identified. Except for B. velezensis CC09, the collinearity level among the genomes of other strains was high, with only a few insertions, deletions, and inversions. The nucleotide similarity between B. velezensis YC89 and B. velezensis GS-1 was significantly higher than that between the other strains. Additionally, a pangenome analysis to compare YC89 with five other strains was performed. As presented in Figure 4B, 3,157 orthologous protein-coding genes constituted the core genome; 42 genes were unique to strain YC89. Annotation revealed that these specific genes encode a large number of transcriptional regulators, helicase domain proteins, hypothetical proteins, aminotransferases, transposases, drug resistance transporters, and chloramphenicol resistance proteins (Supplementary Table S3).

[image: Figure 4]

FIGURE 4
 Comparison of B. velezensis YC89 genome sequences against five other Bacillus species genome sequences. (A) Synteny analysis of B. velezensis YC89, B. velezensis FZB42, B. velezensis CC09, B. velezensis SQR9, B. velezensis GS-1 and B. amyloliquefaciens DSM7 genomes. Pairwise alignments of the genomes were generated using MAUVE. The genome of strain YC89 was used as the reference genome. Boxes with the same color indicate syntenic regions. Boxes below the horizontal strain line indicate inverted regions. Rearrangements are shown and by colored lines. Scale is in nucleotides. (B) Venn diagram showing the number of clusters of orthologous genes shared and unique genes.




3.4. Analysis of CAZyme genes for Bacillus velezensis YC89 genome

CAZyme prediction of the B. velezensis YC89 strain revealed that 547 CAZyme genes; 5 had auxiliary activity, 87 were carbohydrate-binding modules (CBM), 46 carbohydrate esterases, 156 glycoside hydrolases, 250 glycosyl transferases, and three polysaccharide lyase genes (Figure 5). After a detailed classification of these six enzyme groups, 547 genes in the B. velezensis YC89 strain were assigned to 118 CAZyme families; the most abundant of these families was GT2 (108 members), which is responsible for transferring nucleotide bisphosphate sugars to substrates, such as polysaccharides and lipids. The CBM50 family contains 47 members that promote the antifungal activity of the enzyme by binding to the chitinous component of the fungal cell wall (Supplementary Table S4). Glucosidases (GH4 and GH13_29), chitinases (GH23 and GH18), and glucanases (GH5_2 and GH16) exhibited potential antifungal activities. These results suggested that CAZymes in YC89 played a significant role in antifungal activity.

[image: Figure 5]

FIGURE 5
 CAZymes gene classification in YC89 genome. GH, Glycoside Hydrolases; GT, Glycosyl Transferases, CE, Carbohydrate Esterases, AA, Auxiliary Activities, CBM, Carbohydrate-Binding Modules; PL, Polysaccharide Lyase.




3.5. Analysis of genes related to secondary metabolic and plant resistance induction

The YC89 genome was predicted using the online secondary metabolite gene cluster prediction tool antiSMASH; 12 secondary metabolite clusters were predicted, accounting for 18.62% of the whole genome (Table 2). These included two Transatpks gene clusters, two Transatpks-NRPS heterozygous gene clusters, two Terpene gene clusters, one NRPS gene cluster, one OtherKS gene cluster, one Lantipeptide gene cluster, one T3pks gene cluster, one Bacteriocin-NRPS gene cluster, and one Other gene cluster. Cluster 1 had 82% similarity to the surfactin synthesis gene cluster from BGC0000433; Cluster 2 had 7% similarity to the butirosin A/butirosin B synthesis gene cluster from BGC0000693; Cluster 5 had 7% similarity to the Macroprotein A/butirosin B synthesis gene cluster from BGC0000181; Cluster 6 had 100% similarity with the bacillaene synthetic gene cluster from BGC0001089; Cluster 7 had 100% similarity with the fengycin synthetic gene cluster from BGC0001095; Cluster 10 had 100% similarity with the bacillibactin synthetic gene cluster from BGC0000176; Cluster 11 had 100% similarity with the bacillibactin synthetic gene cluster from BGC0000309. Clusters 3, 4, 8, and 9 were functionally unknown, with no homologous sequences matched in the MIBiG accession database, suggesting that these secondary metabolic gene clusters may encode secondary metabolites that generate novel structures and warrant further isolation and identification.



TABLE 2 Putative gene clusters that encoded for secondary metabolites in YC89.
[image: Table2]

Based on numerous reported examples of elicitors, genes encoding resistance inducers were selected for comparison among strains YC89, FZB42, and GS-1 using BLAST. As presented in Table 3, the genes encoding several elicitors, such as 2, 3-butanediol, acetoin, peptidoglycan, and EF-Tu, were detected in YC89, FZB42, and GS-1. However, the sequence identity between YC89 and GS-1 was higher than that between YC89 and GS-1. This finding indicates that although all three strains exhibited similar effects on inducing resistance, they may have certain differences in their efficiency to induce plant disease resistance owing to different gene similarities.



TABLE 3 Comparison of genes involved in synthesis of resistance inducers in strain YC89, FZB42, and GS-1.
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3.6. Genes related to plant growth promotion in the Bacillus velezensis YC89 genome

Beneficial bacteria promote plant growth by influencing nutrient uptake, most genes related to plant growth promotion and protection were detected in B. velezensis YC89 (Table 4). IAA is an important phytohormone that controls cell enlargement and tissue differentiation in plants; eight genes related to IAA biosynthesis have been identified in strain YC89. Nitrogen, phosphorus, and potassium are essential for plant growth and development. One gene cluster, nar (H–K), nasD, and nirD, was predicted to be involved in nitrate transport and reduction. A gene cluster consisting of three genes, pst (ABC), was found in the YC89 genome and was predicted to be involved in phosphate solubilization. KtrC and yugO were found in the YC89 genome and predicted to be involved in potassium uptake. In addition, two genes, mgtE and corA, were predicted to be involved in Mg transport.



TABLE 4 Genes related to plant growth promotion in the B. velezensis YC89 genome.
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3.7. Determining the biological activity of Bacillus velezensis YC89 strains

To investigate the biocontrol mechanism of YC89, siderophore production, phosphate solubilization, and cellulase production of the YC89 strain were determined. The results revealed that the strain inoculated on the CAS plate produced a yellow transparent aperture; however, the strain inoculated on a solid phosphate solubilization medium with tricalcium phosphate and calcium phytate as substrate media produced transparent apertures, and a cellulose hydrolysis circle was formed in the carboxymethyl cellulase identification medium. This indicated that YC89 could produce siderophores, dissolve phosphorus, and produce cellulase (Figure 6).

[image: Figure 6]

FIGURE 6
 Determination of biological activity of B. velezensis YC89. (A): siderophore, (B): cellulase, (C): Monkina, (D): NBRIP.




3.8. Biocontrol activity of YC89 against Colletotrichum falcatum


3.8.1. Analysis of plant defense-related enzymes

In order to determine the effect of biocontrol bacteria on the activity of disease resistance-related enzymes, C. falcatum was inoculated after inoculation of biocontrol bacteria, and the activities of SOD, β-1,3-GA, chitinase and PPO were measured at different times after inoculation of C. falcatum. The results are shown in Figure 7. Compared with the control treatment group, the biocontrol bacteria treatment group could increase the activities of SOD, β-1,3-GA, chitinase and PPO in sugarcane leaves and maximize their activities to cope with the invasion of C. falcatum. The SOD enzyme activity of sugarcane leaves reached the highest value 5 days after inoculation of C. falcatum, at this time, the enzyme activity difference was the largest. The enzyme activity of the biocontrol bacteria treatment group was significantly higher than the CK, in which the enzyme activity of YC89 treatment group was 41.90% higher than the CK, and 16.32% higher than the carbendazim treatment group (Figure 7A). The β-1,3-GA enzyme activity peaked on day 1 and 5 after inoculation of the C. falcatum, and the difference in enzyme activity between treatments was not significant on day 1, but was significantly higher than the CK. On the fifth day, the enzyme activity of biocontrol bacteria treatment group was significantly higher than the carbendazim treatment group and CK treatment group (Figure 7B). The effect of each treatment group on the chitinase activity was not significant from 0 to 3 days after inoculation with C. falcatum, and the difference between treatments was not significant. However, after the fifth day, the difference in chitinase activity was significant, with the YC89 treatment group and YC89 + X22 treatment group having significantly higher enzyme activity than the CK and carbendazim treatment groups (Figure 7C). PPO enzyme activity reached its peak three days after inoculation of C. falcatum, at this time, the enzyme activity difference was the largest, and the enzyme activity of YC89 treatment group was significantly higher than the CK and carbendazim treatment group (Figure 7D).

[image: Figure 7]

FIGURE 7
 Plant Defense-Related Enzyme Analysis. (A) Superoxide dismutase activity (SOD), (B) β-1-3- glucase activity, (C) chitinase activity, (D) Polyphenol oxidase activity (PPO).




3.8.2. Evaluation of Bacillus velezensis YC89 for biocontrol potential and growth promotion under greenhouse conditions

The pot-control effects of the biocontrol strains were also determined (Table 5). The results revealed that strains YC89 and X22 had certain control effects on sugarcane red rot and that the control effect was greater than that of carbendazim. The control effect of strain YC89 on sugarcane red rot disease was 61.91%. The control effect of the X22 strain on sugarcane red rot was worse than the YC89; however, the relative control effect of the mixed inoculation of the two strains was slightly different from that of YC89 alone. In addition, the plant growth-promoting capabilities of YC89 were evaluated using greenhouse experiments. As presented in Table 5, the growth parameters (plant height, stem diameter, and root length) of sugarcane subjected to the YC89 treatment were significantly higher than the control treatment. Collectively, the potted results indicated that the YC89 strain could control the red rot disease of sugarcane and promote the growth of sugarcane plants (Supplementary Figure S4).



TABLE 5 Evaluation of biocontrol efficacy of B. velezensis YC89 and its effect on plant growth parameters in sugarcane in greenhouse.
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4. Discussion

The genus Bacillus covers a large number of species with a high degree of similarity among many Bacillus species (in terms of the current classification), making it difficult to effectively determine the taxonomic status of strains using traditional classification methods (Hamdache et al., 2013). Several B. amyloliquefaciens are now reported as B. velezensis, such as type strain B. amyloliquefaciens FZB42 (Schilling et al., 2018), B. amyloliquefaciensvb7 (Saravanan et al., 2021), B. amyloliquefaciens SQR9 (Feng et al., 2018) so on. To determine the relationship between YC89 and Bacillus spp. strains, phylogenetic trees based on 16S rRNA gene sequences were constructed. These results indicate that YC89 is closely related to B. velezensis FZB42 and B. amyloliquefaciens. In order to be more accurate, we constructed a genome-wide phylogenomic tree, the phylogenetic analysis showed that the YC89 strain and B. velezensis GS-1 were in the same branch with the highest similarity.

Biological control, which has become an effective measure, is one of the safest and most environmentally friendly methods of plant disease control. Among biological control bacteria, Bacillus spp. are believed to be effective. The primary mechanisms used by Bacillus to control plant diseases include antagonism, competition, and induction of disease resistance in plants, however, they can also enhance their resistance by promoting plant growth, which is usually synergistic (Backer et al., 2018; Rodriguez et al., 2019). However, endophytic bacteria can promote the uptake and utilization of nutrients, such as nitrogen, phosphorus, and potassium, by host plants, promote plant growth and enhance their resistance, and produce certain plant growth hormones, such as IAA and indoleacetonitrile, which can directly promote plant growth (Pii et al., 2015). Pot experiments using YC89 to treat sugarcane plants revealed an increase in shoot height and root length. In this study, the YC89 genome annotation demonstrated that a large number of YC89 genes are involved in plant growth by enhancing nutrient uptake and availability. In the YC89 genome, the nitrate transporter nark and the nitrate reductases narH-narI-narJ, nirD, and nasD were found. These gene clusters were predicted to be involved in nitrate transport and reduction (Wray et al., 1994). Additionally, genes involved in potassium transport were identified in the YC89 genome; two genes, ktrC and yugO, that have been identified and characterized as potassium transporters in Bacillus spp., were identified in the YC89 genome. In a recent full-genome analysis of B. velezensis FZB42, mgtE, and corA were predicted to be involved in Mg uptake and detoxification of heavy metal ions in host plants (Schilling et al., 2018). Hence, MgtE and corA likely have similar roles in YC89. Biocontrol bacteria can compete with pathogens for iron to inhibit pathogen growth; in this study, strain YC89 was able to produce siderophores. In addition, a cluster (bacillibactin) was found in the YC89 genome that predicted putative iron availability.

In recent years, research has focused on investigating the ability of B. velezensis to produce various secondary metabolites and enzymes with broad-spectrum resistance to plant pathogens (Wang et al., 2021). Antimicrobial cyclic lipopeptides synthesized by the NRPS and polyketides synthesized by the polyketide synthesis pathway form the basis of their broad-spectrum antibacterial activity. Cyclic lipopeptides primarily include the three families of surfactin, iturin, and fengycin, all of which can induce systemic resistance to enhance plant defense against pathogens (Jourdan et al., 2009; Wu et al., 2018). However, the gene cluster encoding iturin was not found in the YC89 genome. Polyketides, including macrolactin, bacillaene, and diffidin, can be used as antibiotics, antifungals, or natural insecticides. The main polyketides identified in Bacillus are derived from B. subtilis and B. velezensis, among which B. velezensis is particularly abundant in polyketides (Baek, 2020). Using whole genome sequencing, Zhang et al. (2022) found that B. velezensis GS-1 was able to produce the lipopeptide compounds, surfactin, fengycin, and plantazolicin, and confirmed the inhibitory effect of lipopeptide compounds on M. oryzae. Meanwhile, eight secondary metabolite-related gene clusters were identified in the Bacillus velezensis VB7 genome, the Bacillus velezensis VB7 was a potential antagonist for managing carnation infection by Sclerotinia sclerotiorum, cotton infection by tobacco streak virus, and groundnut bud necrosis infection of tomato (Saravanan et al., 2021). In the current study, the YC89 genome was predicted using the online secondary metabolite gene cluster prediction tool antiSMASH, which predicted 12 gene clusters, including four of unknown function and seven antibiotic synthesis gene clusters with high similarity (surfactin, macrolactin H, bacillaene, fengycin, difficidin, bacillibactin, and bacilysin). One antibiotic gene cluster (butirosin) showed only 7% similarity. Butirosin is an aminoglycoside antibiotic that is particularly effective against gram-negative bacteria (Kudo and Eguchi, 2009). Although 12 secondary metabolite gene clusters were identified by whole-genome sequencing, the isolation and extraction of secondary metabolites and their inhibitory effects requires further investigation.

The main component of the cell wall in most pathogenic fungi is chitin. Chitinase catalyzes chitin hydrolysis to produce N-acetylglucosamine, which destroys the structural integrity of the fungal cell wall (Zhang et al., 2018). Endophytic bacteria can also produce hydrolases, such as chitinase, cellulase, and glucanase. These hydrolases can destroy fungal cell structure and dissolve the cell wall, thereby inhibiting fungal growth (Verma and Gange, 2014). Indeed, plant cell walls are composed of a complex network of carbohydrates, such as cellulose, hemicellulose, pectin, proteins, and glycoproteins. CAZymes cleave polysaccharides and other structural compounds associated with similar microorganisms into oligomers and simple monomers for nutrient uptake by microorganisms (Stafford and Satur, 2017). CAZyme analysis showed that the B. velezensis YC89 genome contained 547 CAZyme genes, including those associated with cell wall degrading enzymes, such as β-1,3-glucanase, and chitinase; it was hypothesized that degradation of the cell wall of pathogenic fungi serves as an inhibitory mechanism of B. velezensis YC89. Thus, the CAZymes in B. velezensis YC89 strain likely have an important role in spatial competition and nutrient acquisition and play an integral part in suppressing the virulence of the sugarcane red rot pathogen.

Additionally, endophytes can induce systemic resistance in plants to resist pathogen infestation and reduce disease incidence. Plant-induced resistance is synthesized by a combination of physiological and biochemical factors, such as defense enzyme activity, lignin, disease-course-associated proteins, and multi-post compounds. SOD, PPO, gibberellinase, and β-1,3 glucanase (β-1,3-GA) resistance enzymes in plants play an important role in the defense against foreign pathogens, and their enzyme activity level is often used to indicate the strength of disease resistance in plants (Song et al., 2006). To understand the mechanism of B. velezensis F21-mediated ISR in Fusarium wilt, Jiang et al. (2019) determined the expression levels of defense-related genes and the activities of defense-related enzymes (CAT, POD, and SOD) in the roots of watermelon inoculated with Fusarium oxysporum f. sp. niveum (Fon) only and in those pretreated with B. velezensis F21 before inoculation with Fon. The results indicated that compared with the control treatment, B. velezensis F21 could increase the activities and prepare the defense-related enzymes for maximum activity in advance of Fon invasion. In this study, we measured the activity and relative efficacy of sugarcane leaf resistance enzymes in a pot test and identified that YC89 and X22 in the biocontrol solution increased SOD, PPO, gibberellinase, and β-1,3-GA activities. In fact, the relative efficacy of the treatment groups with a biocontrol solution was higher than that of the water and carbendazim groups. In addition, ten genes related to ISR were identified in B. velezensis YC89. These results demonstrate that B. velezensis YC89 induces similar systemic resistance in plants.

Although the optimal method for controlling sugarcane red rot includes the application of chemical fungicides, long-term use can lead to the development of resistance by the pathogenic bacteria, resulting in a decrease in treatment efficacy. Moreover, the frequent use of high-concentration chemical fungicides can cause the formation of pesticide residues, which pollute the environment and pose a severe threat to human health. As an alternative, various biocontrol agents have been implemented. In particular, Pseudomonas spp., Trichoderma spp., Bacillus spp., and Streptomyces spp. are the most effective biocontrol agents against sugarcane red rot (Wu et al., 2015). In this study, the relative efficacy of B. velezensis YC89 against sugarcane red rot was determined using a pot test, and the results showed that B. velezensis YC89 had a relative efficacy of 61.91% against sugarcane red rot, in addition to promoting the growth of sugarcane plants. Although the greenhouse pot experiment simulates the field environment to a large extent, compared to the field environment, greenhouse pots have controlled characteristics and less interference than plants in the field, so that the effects of the strain on the plant would be more pronounced in the greenhouse pots. The induction of biocontrol agents is easily affected by various factors in the field, including environment, temperature, climate, and terrain; therefore, further research is required in field trials of strain YC89.

The colonization of a single biocontrol bacterium in the soil is unknown and has a limited effect on the control of soil pathogens, thus affecting the promotion of their use. However, the synergistic effects among different biocontrol agents and strains are difficult to predict and may reduce the control effect (Xu et al., 2011; Pertot et al., 2017). In this study, strain YC89 was mixed with strain X22 to control sugarcane red rot; although the effect did not differ significantly from that of YC89 alone, it was superior to that of X22 alone, indicating that the biological control ability of strain YC89 was not inhibited by strain X22 after combined inoculation. Hence, given that many biocontrol agents are being used to control plant diseases, the effects of combining B. velezensis YC89 with other beneficial microorganisms warrants further investigation.



5. Conclusion

Our study findings indicate that B. velezensis YC89 could serve as a potential biocontrol agent for sugarcane red rot and promote sugarcane plant growth. Whole-genome and phylogenetic analyses revealed that YC89 belongs to B. velezensis and is closely related to B. velezensis GS-1. Genome analysis demonstrated that YC89 harbors multiple genes related to IAA production, nitrogen fixation, phosphate solubilization, antifungal activity, and resistance inducer biosynthesis. The underlying biocontrol mechanisms can be inferred as follows: (1) production of active antibacterial substances, such as antibiotics and hydrolases; (2) significant promotion of plant growth through nitrogen fixation, phytohormone synthesis, and phosphorus augmentation; and (3) induction of ISR in plants for defense against pathogenic bacterial infection. Overall, the features of B. velezensis YC89 make it a potential biocontrol agent and biofertilizer. These results will contribute to in-depth research on sugarcane plant growth promotion and biocontrol mechanisms.
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A corrigendum on
 Complete genome sequence of biocontrol strain Bacillus velezensis YC89 and its biocontrol potential against sugarcane red rot

by Xie, L., Liu, L., Luo, Y., Rao, X., Di, Y., Liu, H., Qian, Z., Shen, Q., He, L., and Li, F. (2023). Front. Microbiol. 14:1180474. doi: 10.3389/fmicb.2023.1180474




In the published article, there was an error regarding the affiliations for Lufeng Liu. As well as having affiliation 2, they should also have “1 College of Agronomy and Biotechnology, Yunnan Agricultural University, Kunming, China” and “3 Sugarcane Research Institute, Yunnan Agricultural University, Kunming, China.”

In the published article, there was an error regarding the affiliations for Yining Di. As well as having affiliations 2 and 3, they should also have “1 College of Agronomy and Biotechnology, Yunnan Agricultural University, Kunming, China.”

In the published article, there was an error regarding the affiliations for Lilian He. As well as having affiliation 1, they should also have “3 Sugarcane Research Institute, Yunnan Agricultural University, Kunming, China.”

In the published article, there was an error regarding the affiliations for Fusheng Li. As well as having affiliation 1, they should also have “3 Sugarcane Research Institute, Yunnan Agricultural University, Kunming, China.”

A correction has been made to Results, “3.1. Genomic features and annotation of Bacillus velezensis YC89”, paragraph two. The sentence previously stated:

“Among these pathways, the most represented pathways included carbohydrate metabolism (242 genes, 6.52% of all CDS), followed by amino acid metabolism, and metabolism of cofactors and vitamin pathways (Supplementary Figure S3).”

The corrected sentence appears below:

“Among these pathways, the most represented pathways included carbohydrate metabolism (242 genes, 6.52% of all CDS), followed by amino acid metabolism, and metabolism of cofactors and vitamin pathways (Supplementary Figure S2).”

A correction has been made to Results, “3.2. Identification of strain YC89”, paragraph one. The sentence previously stated:

“These results indicate that YC89 is closely related to B. velezensis FZB42 and B. amyloliquefaciens 6B (Supplementary Figure S3). For an in-depth analysis of the taxonomic status of YC89 strain, a genomewide phylogenomic tree was constructed. The results revealed that strain YC89 formed a close genetic relationship with strain B. velezensis GS-1 (Supplementary Figure S4).”

The corrected sentence appears below:

“These results indicate that YC89 is closely related to B. velezensis FZB42 and B. amyloliquefaciens 6B (Supplementary Figure S3A). For an in-depth analysis of the taxonomic status of YC89 strain, a genome-wide phylogenomic tree was constructed. The results revealed that strain YC89 formed a close genetic relationship with strain B. velezensis GS-1 (Supplementary Figure S3B).”

A correction has been made to Results, “3.8.2. Evaluation of Bacillus velezensis YC89 for biocontrol potential and growth promotion under greenhouse conditions”, paragraph one. The sentence previously stated:

“Collectively, the potted results indicated that the YC89 strain could control the red rot disease of sugarcane and promote the growth of sugarcane plants (Supplementary Figure S5).”

The corrected sentence appears below:

“Collectively, the potted results indicated that the YC89 strain could control the red rot disease of sugarcane and promote the growth of sugarcane plants (Supplementary Figure S4).”

In the published article, there were errors in Figures 1–6 as published. The order of images was incorrect, such that the captions appeared alongside the wrong images. The corrected Figures 1–6 and their captions appear below.


[image: Figure 1]
FIGURE 1
 Circular genome map of Bacillus velezensis YC89. From the innermost to the outermost: ring 1 GC skew positive (Orange) and negative (purple); ring 2 for GC content, Orange is greater than the average, blue is less than the average; ring 3 for distribution of rRNAs (red) and tRNAs (black); ring 4 COG classifications of protein-coding genes on the reverse strand; ring 5 COG classifications of protein-coding genes on the forward strand; ring 6 for genome size (black line).
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FIGURE 2
 Distribution of genes across COG functional categories in the chromosome of YC89.
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FIGURE 3
 Heatmap of pairwise average nucleotide identity (ANI) values for whole genomes of YC89 and five other Bacillus species.
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FIGURE 4
 Comparison of B. velezensis YC89 genome sequences against five other Bacillus species genome sequences. (A) Synteny analysis of B. velezensis YC89, B. velezensis FZB42, B. velezensis CC09, B. velezensis SQR9, B. velezensis GS-1 and B. amyloliquefaciens DSM7 genomes. Pairwise alignments of the genomes were generated using MAUVE. The genome of strain YC89 was used as the reference genome. Boxes with the same color indicate syntenic regions. Boxes below the horizontal strain line indicate inverted regions. Rearrangements are shown and by colored lines. Scale is in nucleotides. (B) Venn diagram showing the number of clusters of orthologous genes shared and unique genes.
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FIGURE 5
 CAZymes gene classification in YC89 genome. GH, Glycoside Hydrolases; GT, Glycosyl Transferases, CE, Carbohydrate Esterases, AA, Auxiliary Activities, CBM, Carbohydrate-Binding Modules; PL, Polysaccharide Lyase.
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FIGURE 6
 Determination of biological activity of B. velezensis YC89. (A): siderophore, (B): cellulase, (C): Monkina, (D): NBRIP.


The authors apologize for these errors and state that they do not change the scientific conclusions of the article in any way. The original article has been updated.
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A bacterial strain, designated T173T, was previously isolated from a root-nodule of a Melilotus albus plant growing in Canada and identified as a novel Ensifer lineage that shared a clade with the non-symbiotic species, Ensifer adhaerens. Strain T173T was also previously found to harbour a symbiosis plasmid and to elicit root-nodules on Medicago and Melilotus species but not fix nitrogen. Here we present data for the genomic and taxonomic description of strain T173T. Phylogenetic analyses including the analysis of whole genome sequences and multiple locus sequence analysis (MLSA) of 53 concatenated ribosome protein subunit (rps) gene sequences confirmed placement of strain T173T in a highly supported lineage distinct from named Ensifer species with E. morelensis Lc04T as the closest relative. The highest digital DNA–DNA hybridization (dDDH) and average nucleotide identity (ANI) values of genome sequences of strain T173T compared with closest relatives (35.7 and 87.9%, respectively) are well below the respective threshold values of 70% and 95–96% for bacterial species circumscription. The genome of strain T173T has a size of 8,094,229 bp with a DNA G + C content of 61.0 mol%. Six replicons were detected: a chromosome (4,051,102 bp) and five plasmids harbouring plasmid replication and segregation (repABC) genes. These plasmids were also found to possess five apparent conjugation systems based on analysis of TraA (relaxase), TrbE/VirB4 (part of the Type IV secretion system (T4SS)) and TraG/VirD4 (coupling protein). Ribosomal RNA operons encoding 16S, 23S, and 5S rRNAs that are usually restricted to bacterial chromosomes were detected on plasmids pT173d and pT173e (946,878 and 1,913,930 bp, respectively) as well as on the chromosome of strain T173T. Moreover, plasmid pT173b (204,278 bp) was found to harbour T4SS and symbiosis genes, including nodulation (nod, noe, nol) and nitrogen fixation (nif, fix) genes that were apparently acquired from E. medicae by horizontal transfer. Data for morphological, physiological and symbiotic characteristics complement the sequence-based characterization of strain T173T. The data presented support the description of a new species for which the name Ensifer canadensis sp. nov. is proposed with strain T173T (= LMG 32374T = HAMBI 3766T) as the species type strain.

KEYWORDS
 Ensifer canadensis sp. nov. T173T, complete genome sequence, phylogenetics, symbiosis plasmid, horizontal gene transfer, type IV secretion system (T4SS), plasmid conjugation systems


Introduction

The genus Ensifer consists of diverse species of soil bacteria and includes bacterial predators and agriculturally important species capable of fixing nitrogen in symbiotic association with legume plants such as alfalfa (Medicago sativa). This bacterial genus is currently divided into two major clades based on phylogenetic analysis of multiple housekeeping (core) genes (Martens et al., 2008; Kumar et al., 2017; Fagorzi et al., 2020; Kuzmanović et al., 2022). One of these clades is represented by the non-symbiotic species, Ensifer morelensis (Wang et al., 2002) and the predatory species, Ensifer adhaerens (Casida, 1982), and the other clade by symbiotic nitrogen fixing species such as Ensifer meliloti (de Lajudie et al., 1994) and Ensifer medicae (Rome et al., 1996). Based on comprehensive genomic and phenotypic data, Kuzmanović et al. (2022) proposed the recognition of these two clades as separate genera named Ensifer and Sinorhizobium, respectively. However, this proposal was not adopted by the Judicial Commission of the International Committee on Systematics of Prokaryotes (Oren and Garrity, 2022) and the genus Ensifer (Casida, 1982) remains intact.

In previous studies (Bromfield et al., 2001, 2010), bacteria were isolated from root-nodules of alfalfa and sweet clover (Melilotus albus) plants grown at a Canadian field site without a history of cultivation. Characterization of these bacterial isolates by phylogenetic analysis of four house-keeping gene sequences (Bromfield et al., 2010) resulted in the identification of several lineages that were assigned to the genus Ensifer. One of these lineages, represented by a bacterial strain designated T173T, was found to be novel and closely related to the type strain of E. morelensis. Strain T173T was also found to possess a plasmid harboring nodulation (nod) and nitrogen fixation (nif) genes and to be able to elicit nodules on the roots of several Medicago and Melilotus species but not fix nitrogen.

In the present study our purpose was to use genomic, phylogenetic and phenotypic analyses to further characterize and verify the taxonomic status of strain T173T. Based on the results presented here a novel bacterial species named Ensifer canadensis sp. nov. is proposed.



Materials and methods


Bacteria

Novel strain T173T was isolated from a root-nodule of a Melilotus albus plant grown at a field site in Ottawa, Ontario, Canada that had no known history of agriculture as described by Bromfield et al. (2001). Reference strains used in phylogenetic and genomic analyses are listed in Supplementary Table S1; reference strains used in different phenotypic tests are listed in relevant Tables and Figures in the main text or Supplementary material section. Bacterial strains were routinely grown on yeast extract-mannitol (YEM) agar medium (Tang et al., 2012) or modified tryptone yeast-extract (TY) agar medium with the following composition (g/L): tryptone (Oxoid, United States), 0.5; yeast-extract (Oxoid, United States), 1.0; calcium chloride dihydrate, 0.1; Bacteriological agar no. 1 (Oxoid, United States), 15.0. Bacteria were maintained at −80°C in 20% w/v glycerol. Strain T173T was deposited in the BCCM/LMG Bacteria Collection, University of Ghent, Belgium as LMG 32374T and in the HAMBI Microbial Culture Collection, University of Helsinki, Finland as HAMBI 3766T.



Phenotypic characterization

Assessment of Gram-stain reaction of bacteria was done using the KOH method of Buck (1982).

Multiple tests including carbon source utilization and chemical sensitivity assays were carried out using BIOLOG GEN III MicroPlates (Biolog, United States) according to manufacturer’s instructions.

For analysis of fatty acids, bacteria were grown for 2–4 days on TY agar medium (Beringer, 1974) at 28°C. Bacteria were harvested and fatty acids extracted as described by Sasser (1990). Fatty acid identification was carried out using the Sherlock Microbial Identification System (MIDI) version 6.0 and the RTSBA6 database.

Electron microscopy was used to investigate cell morphology employing bacteria grown in modified TY broth at 28°C. For transmission electron microscopy (model, H-7000; Hitachi), bacterial samples were adsorbed to formvar coated copper grids and negatively stained with 1% phosphotungstic acid (pH 7.0). For scanning electron microscopy (model, Hitachi SU7000 FESEM), bacteria were adsorbed to Poly-L-Lysine coated silicon wafers (Ted Pella Inc., CA, United States). Samples were fixed using 3% glutaraldehyde in 0.1 M sodium Cacodylate buffer pH 7.2, dehydrated in a graded ethanol series and critical point dried in an Autosamdri-931 critical point dryer (Tousimis Research Corp, MD, United States). Wafers were mounted on aluminum stubs coated with a 6.5 nm layer of platinum in an Emitech K550V sputter coater (EM Technologies Ltd., Kent, United Kingdom).

Tests of ability to “track” bacterial prey cells to detect potential bacterial predatory activity of strain T173T were carried out using plates of 0.1x Heart Infusion (BD Difco, United States) agar medium supplemented with 0.1% glucose as detailed by Martin (2002). Plates were incubated at 28°C for 7 days and any spreading growth of predator strains over cells of the prey strain was recorded. Bacterial test strains were Micrococcus luteus JCM 1464T (as prey), Escherichia coli (EZ competent cells, Qiagen, Netherlands) (resistant to predation; negative control), Ensifer adhaerens Casida AT (as predator) and E. morelensis (as predator).

Tests of acid production by bacteria grown on YEM agar medium for 21 days at 28°C were carried out as described previously (Bromfield et al., 2010).

The ability of bacteria to grow in LB broth medium at 30°C was assessed using 96-well microplates as detailed by Fagorzi et al. (2020). Growth was estimated (over a 48 h period) on the basis of optical density (595 nm) by taking readings at hourly intervals using a FLUOstar OPTIMA plate reader (BMG LABTECH, Germany).

Plant tests of nodulation and nitrogen fixation using seedlings from surface sterilized seed were done using Leonard jar assemblies (Vincent, 1970) (three replicate jars, two plants per jar) as described previously (Bromfield et al., 2010).



Analyses of partial gene sequences

Sequences of 16S rRNA, atpD, glnII, gyrB, recA, and rpoB housekeeping genes were extracted from genome sequences and used for phylogenetic analyses. Sequence accession numbers are shown in Supplementary Table S1. Alignment of 16S rRNA gene sequences was done using the fast, secondary-structure aware Infernal aligner implemented in the online Ribosomal Database Project version 11.5 (Cole et al., 2014). Sequences of protein-encoding housekeeping gene sequences (atpD, glnII, gyrB, recA, and rpoB) were aligned using MUSCLE (Edgar, 2004).

Best fit substitution models were selected using ModelTest-NG (Darriba et al., 2020) implemented in CIPRES Science Gateway version 3.3 (Miller et al., 2010). Bayesian phylogenetic analyses were performed using MrBayes version 3.2.1 with default priors (Altekar et al., 2004) as previously described (Yu et al., 2014). Maximum-likelihood (ML) phylogenetic analyses (Guindon et al., 2010) were carried out using 1,000 non-parametric bootstrap replications to assess support as described by Tang et al. (2012). Phylogenetic trees from Bayesian and ML analyses exhibited similar topologies and therefore only Bayesian trees are shown in this work.



Genome analyses

Bacterial cells for genomic DNA preparation were grown on modified TY agar plates for 2 days at 28°C. Genomic DNA was extracted from bacterial cells (washed twice in sterile water) using the Promega Wizard SV Genomic DNA Purification System (Promega, United States). The genomic DNA was purified using the DNeasy PowerClean Pro Cleanup Kit (Qiagen, Netherlands) according to manufacturer’s instructions.

Complete genome sequencing of strain T173T was carried out at the Genome Quebec Innovation Centre, Montreal, Canada, using the Pacific Biosciences (PacBio) Sequel single-molecule real-time (SMRT) platform (Ardui et al., 2018) as described previously (Nguyen et al., 2018). Assembly of sequence reads was done using SMRTLink (v.7.0.0.63985) software (Pacific Biosciences of California, Inc.) and circularization was carried out using Circlator v.1.5.5 (Hunt et al., 2015).

Methods for estimating overall genome relatedness such as digital DNA–DNA hybridization (dDDH) and average nucleotide identity (ANI) have replaced the outdated and error prone DNA–DNA hybridization (DDH) method for bacterial species delineation (Chun et al., 2018; Meier-Kolthoff and Göker, 2019; Meier-Kolthoff et al., 2022). We calculated dDDH values for strain T173T and reference strains of the genus Ensifer using the suite of algorithms implemented in the web-based Type Strain Genome Server (TYGS) (Meier-Kolthoff et al., 2013; Meier-Kolthoff and Göker, 2019; Meier-Kolthoff et al., 2022). The established dDDH threshold of 70% was used to delineate species boundaries (Meier-Kolthoff and Göker, 2019). ANI values were estimated using the FastANI method (Jain et al., 2018) implemented in the K base web server (Arkin et al., 2018). The established ANI threshold of 95–96% was employed for species circumscription (Richter and Rosselló-Móra, 2009; Lee et al., 2016; Ciufo et al., 2018).

To investigate horizontal transfer of symbiosis and related genes to strain T173T, comparative analysis of the complete sequence of the symbiosis plasmid (pT173b; accession no., CP083372) with the symbiosis megaplasmid (pWSM1115_2; accession no. CP088111) of E. medicae strain WSM1115 (Reeve et al., 2014), was done using GenomeMatcher (Ohtsubo et al., 2008) and Geneious Prime 2023.0.41 software.

The BV-BRC web-based platform (Olson et al., 2023) was used to search for antibiotic resistance genes in the genomes of strain T173T and reference strains.

Ribosomal multilocus sequence typing employing 53 full-length gene sequences encoding bacterial ribosome protein subunits (rps) was used to assess phylogenetic relationships between novel strain T173T and 17 type strains of Ensifer species (Jolley et al., 2012). The Genome Comparator tool in the bacterial domain genome database of the BIGSdb software platform (Jolley and Maiden, 2010) was used to retrieve aligned concatenated sequences of rps genes from the genome sequences of novel strain T173T and reference strains. The best-fit substitution model was selected using ModelTest-NG (Darriba et al., 2020).

A phylogenomic tree of strain T173T and species type strains of the genus Ensifer was inferred with FastME 2.1.6.1 (Lefort et al., 2015) from Genome Blast Distance Phylogeny (GBDP) distances calculated from whole genome sequences using the suite of algorithms implemented in the TYGS (Type Strain Genome Server) web-based server (Meier-Kolthoff and Göker, 2019).




Results and discussion


Analyses of partial gene sequences

The 16S rRNA gene is universally present in all bacteria and sequences of this gene represent the most common house-keeping genetic marker that has been used in studies of bacterial taxonomy (Janda and Abbott, 2007). To reconstruct a 16S rRNA gene tree of type strains of all described Ensifer species (Supplementary Table S1) it was necessary to trim aligned sequence lengths to 1,401 bp. The Bayesian phylogenetic tree of 16S rRNA gene sequences (Figure 1) confirms placement of novel strain T173T in the genus Ensifer and shows division of species type strains into two highly supported clades (labelled 1 and 2) represented by the type strains of E. adhaerens and E. meliloti, respectively. These two clades correspond to the “non-symbiotic” and “symbiotic” clades defined by Fagorzi et al. (2020) and Kuzmanović et al. (2022) on the basis of genomic and phenotypic analyses. Figure 1 further shows that novel strain T173T is placed in the clade represented by E. adhaerens (clade 1), with the type strain of E. morelensis as closest relative.
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FIGURE 1
 Bayesian phylogenetic tree of 16S rRNA gene sequences (1,401 bp) of Ensifer canadensis sp. nov. T173T and reference taxa (HKY + G + I substitution model). Only posterior probabilities ≥90% are shown. Scale bar represents expected number of substitutions per site.


As a cautionary note, it should be pointed out that the 16S rRNA gene is highly conserved and as such has limited usefulness as a taxonomic tool for delineating bacterial species (Richter and Rosselló-Móra, 2009; de Lajudie et al., 2019).

Phylogenetic analysis of multiple protein encoding (house-keeping) partial gene sequences (Multiple Locus Sequence Analysis, MLSA) has often been used to facilitate bacterial species delineation (e.g., Martens et al., 2008; de Lajudie et al., 2019). The topology of the Bayesian tree of five concatenated protein encoding (atpD, glnII, gyrB, recA, and rpoB) gene sequences (Figure 2), confirms the division of 18 species type strains of the genus Ensifer into two highly supported clades. Figure 2 also confirms placement of strain T173T in a highly supported lineage that is distinct from type strains of Ensifer species with E. morelensis as closest relative.

[image: Figure 2]

FIGURE 2
 Bayesian phylogenetic tree (GTR + G + I substitution model) of atpD-glnII-recA-gyrB-rpoB concatenated partial housekeeping gene sequences (6,096 bp) of Ensifer canadensis sp. nov. T173T and reference taxa of the genus Ensifer. Only posterior probabilities ≥90% are shown. Bar, expected substitutions per site.


As one or more housekeeping gene sequences of several type strains of Ensifer species are not available in public databases, we used sequences of the glnII gene (the only protein encoding house-keeping gene for which sequences are available for type strains of 21 Ensifer species) in a supplementary phylogenetic analysis to verify the uniqueness of strain T173T. To include all 21 type strains in the phylogenetic tree it was necessary to trim the aligned lengths of glnII gene sequences to 615 bp. Consistent with the topology of trees of 16S rRNA (Figure 1) and five protein encoding (Figure 2) gene sequences, the tree of partial glnII sequences (Supplementary Figure S1) shows placement of strain T173T in a highly supported lineage distinct from all 21 described species of the genus Ensifer.



Genome analyses

A complete circularized genome sequence of strain T173T was generated in this study using PacBio Sequel technology. Estimated genome coverage was 419-fold with 96,490 polymerase reads and an average read length of 37,345 bp. Data for genome characteristics of strain T173T and reference strains of Ensifer for which complete genome sequences are available are shown in Table 1. The size of the complete genome sequence of strain T173T is 8,094,229 bp with an average DNA G + C content of 61.0 mol%. Six circularized replicons corresponding to a chromosome and five plasmids (pT173a through pT173e) were detected in the genome sequence of T173T. All plasmids harboured repABC genes encoding proteins involved in plasmid replication and segregation (Pinto et al., 2012); plasmid pT173c harboured two complete repABC gene copies. The six replicons of strain T173T have the following sizes (bp): 195,834 (pT173a); 204,278 (pT173b); 782,207 (pT173c); 946,878 (pT173d); 1,913,930 (pT173e), and 4,051,102 bp (chromosome). These data for plasmid number and size are consistent with the results of plasmid profile analysis (horizontal agarose gel electrophoresis) of strain T173T in our earlier study (Bromfield et al., 2010): four plasmid bands were clearly resolved with the fourth band (exhibiting greatest mobility) likely representing a doublet consisting of co-migrating plasmids pT173a and pT173b with closely similar sizes.



TABLE 1 Characteristics of complete genome sequences of Ensifer canadensis sp. nov. T173T and reference strains.
[image: Table1]

In many bacterial genomes the ribosomal RNA (rrn) operon (encoding 16S, 23S, and 5S rRNAs) exists in multiple copies that are usually restricted to the chromosome (Acinas et al., 2004; Pei et al., 2010; Espejo and Plaza, 2018). Consistent with these reports multiple rrn copies were found on the chromosome of strain T173T and all Ensifer reference strains listed in Table 1. Of the five rrn copies detected in strain T173T, three were on the chromosome and single copies were on the large plasmids (megaplasmids), pT173d and pT173e. The closely related strain E. adhaerens Casida AT also possessed single rrn copies on megaplasmids (pCasidaAA and pCasidaAB) as well as three copies on the chromosome. The presence of rrn copies on both bacterial chromosomes and plasmids is not without precedence and has been found in Vibrio parahaemolyticus (Yamaichi et al., 1999), Bacillus megaterium (Kunnimalaiyaan et al., 2001) and soil isolates of Paracoccus species (Battermann et al., 2003). Moreover, in one unusual case a strain of Aureimonas sp. was reported to have its sole rrn operon on a small (9.4 kb) plasmid instead of the chromosome (Anda et al., 2015).

The occurrence of genetic heterogeneity among multiple rrn operons within genomes is well documented in bacteria (Yap et al., 1999; Tourova et al., 2001; Acinas et al., 2004).

Of the seven Ensifer strains in Table 1, only strain T173T and E. medicae strain WSM115 were found to exhibit intra-genomic variation in rrn copies. For strain T173T the two rrn copies on megaplasmids pT173d and pT173e differed (at the 23S rRNA locus) from the three copies on the chromosome whereas of the three rrn copies on the chromosome of E. medicae WSM115, one copy differed at the 16S rRNA locus and a second copy differed at the 23S rRNA locus. In all cases there were < 1% nucleotide differences between operons which is consistent with the levels of intra-genomic divergence reported for most bacteria (Acinas et al., 2004).

The finding that the very large megaplasmid, pT173e, of strain T173T exhibited a G + C content value (61.2%) that was similar to the chromosome (61.8%), together with the presence of repABC genes and housekeeping genes (rrn operon) (Table 1) suggests that this plasmid may represent a “chromid” (secondary chromosome) as defined by Harrison et al. (2010). Consistent with other studies (Nishida, 2012), smaller plasmids in the genome of strain T173T (i.e., plasmids other than the “chromid”) as well as those in the genomes of Ensifer reference strains (Table 1), consistently show G + C contents (58.0–60.25%) that are lower than that of the respective chromosomes (61.5–62.8%), suggesting that these plasmids may have been acquired from external sources by horizontal genetic exchange (Garcia-Vallvé et al., 2000).

To further verify the taxonomic status of strain T173T relative to type strains of Ensifer species, we carried out phylogenetic analyses based on: (1) MLSA of 53 concatenated full-length house-keeping gene sequences encoding bacterial ribosome protein subunits (rps) (Jolley et al., 2012), and, (2) TYGS analysis of whole genome sequences (Meier-Kolthoff and Göker, 2019). The topology of the phylogenetic tree of rps gene sequences (Supplementary Figure S2) as well as the TYGS tree of whole genome sequences (Figure 3) corroborate our findings that strain T173T is consistently placed in a highly supported lineage distinct from type strains of described species of Ensifer with E. morelensis as closest relative.
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FIGURE 3
 Phylogenomic tree based on Type Strain Genome Server (TYGS) implementation showing E. canadensis sp. nov. T173T and reference taxa (species type strains) of the genus Ensifer. The tree was inferred with FastME 2.1.6.1 (Lefort et al., 2015) from GBDP distances calculated from genome sequences. The branch lengths are scaled in terms of GBDP distance formula d5. The numbers above branches represent GBDP pseudo-bootstrap support values ≥70% from 100 replications, with an average branch support of 95.7%. Leaf labels are annotated by affiliation to species (1), genomic G + C content (2), delta values (3), overall genome sequence length (4), and number of proteins (5). Delta statistics permit assessment of accuracy in terms of tree-likeness; the lower the delta value, the greater the accuracy.


Data for dDDH and ANI values for pair-wise comparisons of genome sequences of novel strain T173T with the three closest relatives (i.e., all species in the E. adhaerens clade) are presented in Supplementary Table S2. The highest dDDH and ANI values (35.7 and 88.6%, respectively) obtained in these comparisons are well below the respective threshold values of 70% and 95–96% for bacterial species circumscription. Based on these data, strain T173T is unambiguously classified as a novel Ensifer species with E. morelensis as closest relative.

Consistent with our earlier study (Bromfield et al., 2010), key nodulation (nod) and nitrogen fixation (nif) genes were detected on plasmid pT173b, representing the symbiosis plasmid (or pSym). To investigate the evolutionary history of symbiosis genes on pT173b we reconstructed Bayesian phylogenetic trees of concatenated nodABC and nifHDK full length gene sequences of strain T173T and 16 species type strains of the genus Ensifer. The topologies of the nodABC and nifHDK gene trees (Figures 4A,B) are closely similar with strain T173T and the type strain of E. medicae (possessing almost identical nod and nif gene sequences) placed together in the same lineage. These results suggest that strain T173T placed in the E. adhearens clade in the house keeping gene and genome trees (e.g., Figures 2, 3), has acquired its symbiosis genes by horizontal transfer from E. medicae placed in the phylogenetically distant E. melitoti clade in Figures 2, 3.
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FIGURE 4
 Bayesian phylogenetic trees (HKY + G + I substitution model) of (A) nodABC concatenated gene sequences (2,352 bp), and (B) nifHDK concatenated gene sequences (3,828 bp) of Ensifer canadensis sp. nov. T173T and reference taxa of the genus Ensifer. Only posterior probabilities ≥90% are shown. Bar, expected substitutions per site.


To further investigate the apparent horizontal acquisition of symbiosis and related genes by strain T173T we compared the complete sequence of symbiosis plasmid pT173b with the symbiosis gene region of the pSymA megaplasmid (=pWSM1115_2) of E. medicae WSM1115, for which a complete genome sequence is available; pWSM1115_2 was selected based on the best BLAST hit using the complete sequence of pT173b as query. Figure 5A shows that five regions of the pT173b sequence contain symbiosis and related genes that exhibit high sequence similarity (>98%) to genes on pWSM1115_2. Regions 1, 2, 3, and 5 consist of nodulation (nod, noe, and nol) and nitrogen-fixation (nif and fix) genes that were apparently acquired from E. medicae (Figure 5B). However, key genes required for nitrogen-fixation such as nifA, nifB, fixLJ, fixK, and fixGHIS (Lindström and Mousavi, 2020) present in the sequence of pWSM1115_2 (E. medicae) were not found in the sequence of pT173b. Therefore, it was not unexpected to find that that strain T173T did not fix nitrogen in association with any of the host legumes tested in this and in the previous study (Bromfield et al., 2010). Region 4 of the pT173b sequence (Figure 5B), apparently acquired from E. medicae, contains genes encoding a conjugative type IV secretion system (T4SS) (Alvarez-Martinez and Christie, 2009; Rudder et al., 2014) that is incomplete and lacks a relaxase gene (Trokter and Waksman, 2018) necessary for conjugation. A second conjugative T4SS as well as plasmid replication and segregation (repABC) genes were detected on pT173b that are not shared with pWSM115_2. BLAST searches of the T4SS gene segment, virB1 through virB11 (pT173b co-ordinates: 23916–35,397 bp) and the repABC gene segment (pT173b co-ordinates 13,014–16,648 bp) against NCBI genome sequence databases (Supplementary Table S3) suggest that these genes are most closely related to replication and conjugation systems in Neorhizobium galegae.

[image: Figure 5]

FIGURE 5
 Comparison of the sequence of symbiosis plasmid pT173b with the symbiosis gene region of the pSymA megaplasmid (=pWSM1115_2) of Ensifer medicae WSM1115 showing (A) five regions of the pT173b sequence that exhibit high sequence similarity (>98%) with genes on pWSM1115_2 and (B) detail of regions 1 through 5 harbouring nodulation (nod, noe, and nol), nitrogen-fixation (nif and fix) and type IV secretion system (T4SS) genes.


Collectively, these findings suggest that symbiosis plasmid pT173b is a recombinant plasmid with plasmid replication and conjugative T4SS gene regions that have their closest relatives in species like N. galegae and large segments of DNA containing symbiosis and T4SS genes that apparently originated from a symbiosis megaplasmid of E. medicae. It is noteworthy that host plants of E. medicae (Medicago and Melilotus species) and N. galegae (Galega officinalis and Galega orientalis) are native to the same region of Eurasia (Mediterranean basin/Caucasus) (Quiros and Bauchan, 1988; Rome et al., 1996; Steele et al., 2010; Ramírez-Bahena et al., 2015; Darbyshire et al., 2021) suggesting that the hybrid symbiosis plasmid, pT173b, may have had its origins in Eurasia.

Plasmid conjugation systems represent important mechanisms for the horizontal transmission of genetic information such as symbiotic lifestyle and antibiotic resistance traits that facilitate the rapid evolution and adaptation of bacteria to new or changing environments (Chen et al., 2022). We detected genes involved in conjugation on four of the five plasmids in strain T173T (plasmids pT173a, b, c, and e). The plasmid conjugation systems in species of Rhizobium, Agrobacterium and Ensifer, as well as other members of the Rhizobiaceae, are classified into at least four different types (Ding and Hynes, 2009; Ding et al., 2013). Sequence comparisons of the conjugation systems and analysis of gene synteny in plasmids of strain T173T with well characterized members of each type of conjugation system show that pT173a carries a typical type I system, such as is found in Agrobacterium Ti plasmids, and is most likely regulated by quorum sensing as indicated by the presence of an autoinducer synthase gene (traI) and a traR orthologue (Gordon and Christie, 2014). The large plasmid or “chromid,” pT173e, was found to encode a complete type II system, similar to those found on plasmid pCFN42d of Rhizobium etli strain CFN42 and the pSymA plasmid of Ensifer meliloti strain 1021; it is common for this type of system, or a reduced version of it, to be present on megaplasmids or chromids of Ensifer species (Pérez-Mendoza et al., 2005; Blanca-Ordóñez et al., 2010). Two conjugation systems were detected on the symbiosis plasmid, pT173b, but one of these lacks a relaxase gene (as described above) and may not be functional. The second is similar to the system encoded on pT173c, and most closely resembles type IVb systems as described by Ding et al. (2013). We compared the relaxase (MobZ or TraA), coupling protein (usually designated TraG or VirD4) and best conserved protein from the T4SS (designated TrbE or VirB4, depending on the system) between these conjugation gene clusters on pT173b and pT173c and found that there is 62% identity between the relaxases (J3R84_28450 on pT173b and J3R84_31165 on pT173c), 77% identity between the coupling proteins (J3R84_28460 and J3R84_30945, respectively), and 91% identity between the VirB4/TrbE proteins (J3R84_28515 and J3R84_30995, respectively). These conjugation gene clusters on pT173b and pT173c are organized like those on plasmid pAtS4a of Agrobacterium vitis strain S4 and plasmid pSmed03 of Ensifer medicae strain WSM419 (Ding et al., 2013), which were among the earliest recognized members of the type IVb system (Giusti et al., 2012).

Based on our genome analyses, it seems likely that four of the plasmids of T173T are mobile. As such, strain T173T represents a valuable resource for studies on plasmid self transmissibility. Indeed, mobile plasmids are highly prevalent in the Rhizobiaceae, and there appears to be strong selection for mobility of symbiosis genes between strains (Wardell et al., 2022). This selection for transmission of plasmids harbouring symbiosis genes might explain the common occurrence of mosaic plasmids (Wardell et al., 2022), arising from recombination between segments of multiple plasmids, as seems to have been the case for the symbiosis plasmid, pT173b of strain T173T.



Phenotypic characterization

Colonies of strain T173T are raised, mucilaginous, circular and off-white coloured with diameters ~2–3 mm after 3 days growth at 28°C on yeast extract-mannitol (YEM) agar medium. Bacterial cells are Gram-stain-negative rods and based on electron microscopy exhibit multiple (peritrichous) flagella (Supplementary Figure S3).

Data for growth characteristics of strain T173T and seven reference strains of the genus Ensifer are shown in Supplementary Table S4. Strain T173T produces an acidic reaction on YEM agar after 21 days growth at 28°C typical of other members of the genus Ensifer. Strain T173T, like close relatives, E. morelensis Lc04T and E. adhaerens Casida AT, shows growth in the presence of 2% NaCl, at pH 5 and pH10, and, at temperatures of 10°C and 37°C on YEM agar after 2 days incubation. Strain T173T shows good growth in LB broth medium after 48 h at 30°C (Supplementary Table S4; Supplementary Figure S4) which is considered typical of members of the E. adhaerens clade (Fagorzi et al., 2020). Unlike E. adhaerens Cassida AT, novel strain T173T and closest relative, E. morelensis Lc04T, did not exhibit tracking activity (i.e., predation) (Martin, 2002) of Micrococcus luteus JCM 1464T grown on 0.1x heart infusion agar medium supplemented with 0.1% glucose at 28°C after 7 days.

The results of 70 carbon source utilization and 18 chemical sensitivity tests using phenotype microarrays (Biolog) are given in Supplementary Table S5. On the basis of multiple tests, strain T173T could be readily differentiated from all seven type strains of Ensifer species that we tested. In particular, T173T could be distinguished from its closest relative, E. morelensis Lc04T, based on differential utilization of 20 carbon sources and sensitivity to three chemical compounds. Moreover, in our previous study (Bromfield et al., 2010), strain T173T was shown to be unusual in that it was highly resistant to multiple antibiotics including carbenicillin (>1,000 μg ml−1), kanamycin (>100 μg ml−1) and neomycin (~100 μg ml−1), similar to its close relative, E. morelensis Lc04T (Wang et al., 2002). In this connection, multiple antibiotic resistance genes (Yoneyama and Katsumata, 2006) were detected in the genome of strain T173T (Table 1) including genes encoding enzymes that inactivate beta-lactam antibiotics (e.g., carbenicillin) and amino-glycoside antibiotics such as kanamycin and neomycin (Supplementary Table S6).

Data for the fatty acid profiles of T173T and reference strains are shown in Supplementary Table S7. Consistent with the results of other studies of the genus Ensifer (Tighe et al., 2000), fatty acids 16:0, 18:0, 18:0 3OH, 19:0 cyclo ω8c, 12:0 aldehyde/? (summed feature 2) and 18:1 ω6c/18:1 ω7c (summed feature 8) were common to strain T173T and reference strains of seven Ensifer species. Fatty acid 18:1 ω7c 11-methyl was predominant (>15%) only in strain T173T and close relatives, E. morelensis Lc04T and E. adhaerens Casida AT. It is noteworthy that the overall profile (24 fatty acids including minor fatty acids) distinguished strain T173T from all seven reference strains of Ensifer species.

Plant tests in this work and in the previous study (Bromfield et al., 2010) showed that strain T173T elicited numerous small white nodules on roots of Medicago sativa (alfalfa), Melilotus albus (white sweet clover), Medicago polymorpha (burr medic) and Macroptilium atropurpureum (siratro), but did not fix nitrogen.



Description of Ensifer canadensis sp. nov.

Ensifer canadensis sp. nov. ca.na.den’sis. N.L. masc./fem. Adj. canadensis, of or belonging to Canada, from where the organism was isolated.

Cells are Gram-stain-negative, aerobic, non-spore-forming rods with multiple flagella. The type strain produces colonies that are raised, mucilaginous, circular and off-white coloured with diameters ~2–3 mm after 3 days growth at 28°C on YEM agar medium.

Grows in the presence of 2% NaCl and at pH 5 and pH10 (optimum ~pH 6.0–7.0) after 2 days at 28°C on YEM agar medium. The type strain grows at temperatures of 10°C and 37°C (optimal at ~28°C) after 2 days on YEM agar. Grows in LB broth medium after 2 days at 30°C. Produces an acidic reaction on YEM agar after 21 days growth at 28°C. Does not show predatory activity against Micrococcus luteus after 7 days incubation at 28°C on 0.1x heart infusion agar medium supplemented with 0.1% glucose. Predominant fatty acids are 16:0, 18:0, 18:1 ω7c 11-methyl, 12:0 aldehyde/? (summed feature 2) and 18:1 ω6c/18:1 ω7c (summed feature 8).

The type strain utilizes 35 carbon sources including sucrose, D-raffinose, α-D-lactose, N-acetyl-β-D-mannosamine, D-mannose, L-fucose, glycerol, D-fructose- 6-PO4, D-aspartic acid, L-glutamic acid, pectin, D-gluconic acid, D-glucuronic acid, propionic acid and formic acid. Does not utilize 35 carbon sources including dextrin, stachyose, β-methyl-D-glucoside, D-salicin, N-acetyl-D-galactosamine, D-galactose, inosine, glycyl-L-proline, L-arginine, L-aspartic acid, L-histidine, L-serine, D-lactic acid methyl ester, L-lactic acid, and citric acid. Resistant to troleandomycin, rifamycin SV, lincomycin, tetrazolium violet, tetrazolium blue and aztreonam. Susceptible to 12 chemical compounds including 1% sodium lactate, guanidine HCl, niaproof 4, vancomycin, nalidixic acid and potassium tellurite. The type strain is highly resistant to carbenicillin (>1,000 μg ml−1), kanamycin (>100 μg ml−1) and neomycin (~100 μg ml−1).

The type strain elicits numerous small white nodules (ineffective for nitrogen fixation) on roots of Medicago sativa, Medicago lupulina, Medicago polymorpha, Melilotus albus, and Macroptilium atropurpureum.

The type strain, T173T (= LMG 32374T = HAMBI 3766T) was isolated from a root-nodule of a Melilotus albus plant grown at a field site in Ottawa, Ontario, Canada. The whole genome shotgun project for Ensifer canadensis strain T173T was deposited at DDBJ/ENA/GenBank under the accession numbers CP083370–CP083375. Raw PacBio data was deposited in the NCBI Sequence Read Archive under the BioProject accession number PRJNA713338. The genome of the type strain contains a chromosome and five plasmids one of which is a symbiosis plasmid harbouring nodulation and nitrogen fixation genes. The DNA G + C content of the type strain is 61.0 mol% and the genome size is 8,094,229 bp.
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There is a global need for identifying viral pathogens, as well as for providing certified clean plant materials, in order to limit the spread of viral diseases. A key component of management programs for viral-like diseases is having a diagnostic tool that is quick, reliable, inexpensive, and easy to use. We have developed and validated a dsRNA-based nanopore sequencing protocol as a reliable method for detecting viruses and viroids in grapevines. We compared our method, which we term direct-cDNA sequencing from dsRNA (dsRNAcD), to direct RNA sequencing from rRNA-depleted total RNA (rdTotalRNA), and found that it provided more viral reads from infected samples. Indeed, dsRNAcD was able to detect all of the viruses and viroids detected using Illumina MiSeq sequencing (dsRNA-MiSeq). Furthermore, dsRNAcD sequencing was also able to detect low-abundance viruses that rdTotalRNA sequencing failed to detect. Additionally, rdTotalRNA sequencing resulted in a false-positive viroid identification due to the misannotation of a host-driven read. Two taxonomic classification workflows, DIAMOND & MEGAN (DIA & MEG) and Centrifuge & Recentrifuge (Cent & Rec), were also evaluated for quick and accurate read classification. Although the results from both workflows were similar, we identified pros and cons for both workflows. Our study shows that dsRNAcD sequencing and the proposed data analysis workflows are suitable for consistent detection of viruses and viroids, particularly in grapevines where mixed viral infections are common.
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Introduction

Grape cultivation is of major economic importance in many countries, especially for wine production. In 2021, more than 7.3 million ha of various varieties were planted in vineyards around the world (International Organization of Vine and Wine, 2022). Nevertheless, an increase in the number of outbreaks of viral and viroid diseases, which have a negative impact on grapevine growth and yields, fruit quality, and vineyard lifespan, represent a serious threat to the grapevine industry (Martelli, 2017). A total of 95 viruses from 18 families and 38 genera, along with seven viroids from one family (Pospiviroidae) and four genera, have been identified in infected grapevines (Fuchs, 2020; Javaran et al., 2021; Read et al., 2022; Roy and Fuchs, 2022). In the absence of effective chemical compounds for controlling viral diseases, managing grapevine viruses is challenging (Armijo et al., 2016). Viruses are not only able to adapt to a variety of environmental situations and new hosts, but can evolve rapidly through mutation, genetic drift, and genetic recombination (Sanjuán and Domingo-Calap, 2021). A number of other factors, including long-term continuous monoculture, climate change, the global trade in plant materials, and the expanding geographical ranges of insect vectors, have also led to an increase in viral diseases (Elena et al., 2011, 2014; Lefeuvre et al., 2019; He et al., 2022). Consequently, growers need to identify viruses as early as possible in order to take timely action and implement the necessary sanitary measures (Wallingford et al., 2015; Fuchs, 2020; Javaran et al., 2021).

Although a number of advanced and traditional diagnostic methods are available for detecting grapevine viruses—including immunological techniques (Borges et al., 2020), nucleic acid amplification (Rowhani et al., 2017), microarrays (Engel et al., 2010), and hyperspectral imaging (Bendel et al., 2020; Nguyen et al., 2021)—the inability of these methods to simultaneously detect all known viruses as well as novel and unknown viruses is still one of their major limitations. The introduction of second-generation sequencing (SGS) has resulted in the detection and identification of many novel and known grapevine viruses, including grapevine Syrah virus 1 (GSV1), grapevine vein clearing virus (GVCV), grapevine pinot gris virus (GPGV), grapevine virus F (GVF), grapevine red blotch virus (GRBV), grapevine roditis leaf discoloration-associated virus (GRLDaV), grapevine virus N (GVN) and grapevine virus O (GVO) (Al Rwahnih et al., 2009; Calvi, 2011; Zhang et al., 2011; Maliogka et al., 2015; Fall et al., 2020; Read et al., 2022). Although SGS has been used to detect and discover known and unknown viruses and its great potential as a diagnostic tool has been recognized, its limitations make it slower to use in diagnostic laboratories than other methods. These limitations include laborious and expensive library preparation and data management techniques, expensive sequencing equipment, and the need for sophisticated technical expertise in order to analyze the data (Pop and Salzberg, 2008; Buermans and den Dunnen, 2014; Olmos et al., 2018; Maclot et al., 2020). Furthermore, in routine diagnostic laboratories, a small number of samples may need to be sequenced, and using SGS would not be economically viable (Pecman et al., 2022). Some of these limitations have been addressed by the introduction of third-generation sequencing (e.g., nanopore sequencing technology) (Mikheyev and Tin, 2014; van Dijk et al., 2018; Javaran et al., 2021).

A number of features of nanopore sequencing, such as the small size of the sequencer (MinION), ease of library preparation, low sequencing cost, possibility of long-read sequencing, and the rapid sequencing process, make it an excellent tool for the surveillance of viruses and other pathogens (Phannareth et al., 2020; Javaran et al., 2021; Sun et al., 2022). Various nanopore RNA and DNA sequencing kits have been used in plant virus detection, and this sequencing technology has shown potential in diagnostic applications. Since RNA viruses make up a majority of plant viruses, cDNA and native RNA-based kits (such as direct RNA sequencing, direct cDNA sequencing, and cDNA-PCR sequencing) are frequently used (Javaran et al., 2021; Sun et al., 2022). Because RNA viruses do not usually have poly(A) tails, library preparation requires a number of modifications when nanopore sequencing kits employing poly(T) adapters are used. Two options are available for sequencing poly(A)-tailed and non-poly(A)-tailed viruses: the use of random hexamer primers in cDNA synthesis, which requires the use of a cDNA sequencing kit, and the addition of several adenine nucleotides to the 3′ end of RNA with Escherichia coli poly(A) polymerase (Sun et al., 2022). In addition to RNA viruses, nanopore sequencing technology has also been used to detect a number of DNA viruses (both single and double stranded). For instance, a nanopore sequencing rapid barcoding kit, which can be used in the field, was able to detect the African and East African cassava mosaic viruses (Boykin et al., 2019).

Although different nucleic acid types (DNA or RNA) have been used in detecting plant viruses with nanopore sequencing (Bronzato Badial et al., 2018; Filloux et al., 2018; Boykin et al., 2019; Chalupowicz et al., 2019; Fellers et al., 2019; Naito et al., 2019; Della Bartola et al., 2020; Leiva Ana et al., 2020; Ben Chehida et al., 2021; Pecman et al., 2022), the use of double-stranded RNA (dsRNA), which is generated during the virus replication process, for nanopore sequencing has only been reported twice, and has involved single virus infections: new isolates of jasmine virus C (Amoia et al., 2022) and cucumber Bulgarian latent virus (Dong et al., 2022). Total RNA is generally used in plant virus detection (Liefting et al., 2021; Pecman et al., 2022), although it has a number of limitations. Most reads from total RNA sequencing derive from host transcripts, such as rRNA and mRNA. It is essential to remove host plant RNAs, particularly rRNA, before preparing total RNA libraries for virus detection. The poly(A)-based rRNA removal procedure does not work when capturing plant viruses without poly(A) tails, and alternative methods can are expensive, especially when using commercial kits (Thompson et al., 2020) such as the QIAseq FastSelect Plant Kit. This kit was utilized in this study because it was effective in depleting rRNA from grapevine samples, but its high cost makes it less cost-effective for large-scale diagnostics. A good alternative for detecting plant viruses is the use of dsRNA, (Al Rwahnih et al., 2015; Marais et al., 2018; Ma et al., 2019; Gaafar and Ziebell, 2020). Although negative-sense single-stranded RNA viruses (-ssRNA) were not initially proven to produce dsRNAs during replication (Weber et al., 2006), recent viromic studies have shown that these viruses generate dsRNAs in small amounts (Elbeaino et al., 2018; Samarfard et al., 2020; von Bargen et al., 2020). In our previous research, using dsRNA allowed us to detect not only RNA viruses and viroids, but also a DNA virus, the grapevine red blotch-associated virus (GRBV) (Fall et al., 2020; Xu et al., 2021; Lussier-Lepine et al., 2023). Therefore, dsRNA is a suitable starting material for the detection of viruses regardless of their genomic materials.

The aim of this study was to introduce a simple nanopore dsRNA (dsRNAcD) sequencing protocol, for utilization in both detection and evolutionary studies. We describe a step-by-step protocol that can be used in the diagnostic testing of infected grapevine samples with the Oxford Nanopore Technologies (ONT) MinION sequencing device. Grapevines were selected since this challenging plant is a host for multiple viruses, resulting in many mixed virus infections, as well as containing substances like polyphenols and polysaccharides, which can interfere with reverse transcription and enzymatic reactions during library preparation process. The dsRNA extraction and library preparation protocols for grapevines were optimized by taking into account the sequencing cost per sample. In these experiments, direct RNA and direct cDNA sequencing kits were used for library preparation, and the performance of each kit in detecting viruses was tested under various experimental conditions. In addition, the results were weighed against those from Illumina sequencing in order to compare the performance of the two sequencing technologies in detecting viruses. Moreover, a cost-effectiveness analysis was performed to determine when this technology should be used. Finally, two different bioinformatics workflows, which can be used for diagnostic purposes or evolutionary studies, were evaluated for suitability with our sequencing approach. Overall, dsRNAcD sequencing has considerable potential in plant virus and viroid detection and the genomic characterization of mixed infections. In addition, it can greatly reduce sequencing costs; multiple samples can be sequenced on the same flow cell simultaneously, which could lead to substantial cost savings compared to SGS.



Materials and methods


Plant materials

A total of 24 asymptomatic and symptomatic grapevine samples (a combination of leaves and petioles) were collected from a vineyard at Agriculture and Agri-Food Canada’s experimental farm in Frelighsburg, Quebec (latitude 45°03′12′′ N, longitude 72°51′42′′ W) (Supplementary File S1). Samples were collected from grapevine plants (Vitis vinifera ‘Vidal blanc’) over the course of July and September 2019 and placed in sterile 50-mL centrifuge tubes and transferred to cold storage at 20°C. The leaves were washed with distilled water, roughly crushed, and homogenized in liquid-nitrogen-cooled 50-mL conical centrifuge tubes with eight stainless-steel balls (8 mm) using a 600 MiniG® Tissue Homogenizer and Cell Lyser (SPEX® SamplePrep). Then, the powdered leaves (1.5–2 g) were transferred to sterile 50-mL centrifuge tubes and stored at −80°C to await nucleic acid extraction.



dsRNA extraction

A modified version of the dsRNA extraction protocols developed by Fall et al. (2020) and Kesanakurti et al. (2016) was used to extract dsRNA from 24 different grapevine samples. In brief, 12 mL of extraction buffer (200 mM Tris [pH 8.3], 10 mM EDTA, 300 mM lithium chloride, 55 mM lithium dodecyl sulfate, 25 mM deoxycholic acid, 2% PVP-40000, 1% Nonidet P-40, and 1% 2-mercaptoethanol) were added to 1.5 g of homogenized leaf samples. In addition, a positive control, Phaseolus vulgaris cv. Black Turtle Soup (BTS), known to be infected by Phaseolus vulgaris endornavirus 1 (PvEV1) and Phaseolus vulgaris endornavirus 2 (PvEV2) (Kesanakurti et al., 2016; Fall et al., 2020), was added at a final concentration of 1% (w/w) in each sample to assess the efficiency of the dsRNA extraction protocol. After 40 min of shaking at 300 rpm, the tubes were centrifuged at 1000 x g for 1 min at 10°C to remove the bubbles and debris. The supernatant was transferred to a new 50-ml tube, 12 mL of potassium acetate buffer (5.8 M) was immediately added, and the tubes were centrifuged at 14,000 x g for 15 min at 10°C. After the supernatant was transferred to another clean 50-ml centrifuge tube, 16 mL of 100% isopropanol was added, and the tubes were stored at −20°C for 20 min. Centrifugation was performed at 11,000 x g for 16 min at 4°C, the supernatant was discarded, and the pellet was dissolved in STE-18 buffer (10 mM Tris [pH 8.0], 100 mM NaCl, 1 mM EDTA [pH 8.0], and 18% ethanol). Next, 300 mg of Sigmacell Cellulose Type 101, dissolved in 2 mL of STE-18, was added to the solution. The tubes were shaken at 300 rpm for 15 min at room temperature and then centrifuged at 14,000 x g for 5 min, and the supernatant was discarded. To eliminate single-stranded RNAs and DNAs, two washing steps were performed using STE-18, the first with 40 mL and the second with 20 mL. The supernatant was removed by centrifuging at 14,000 x g for 5 min at 20°C between washing steps. Finally, to elute the extracted dsRNA, 6 mL of 1XSTE (10 mM Tris [pH 8.0], 1 mM EDTA [pH 8.0], and 100 mM NaCl) was added to the cellulose pellet and the solution was stirred for 15 min on the shaker. After centrifugation at 14,000 x g for 8 min at 20°C, the supernatant was transferred to a new 50-ml centrifuge tube, and 3 M sodium acetate (pH 5.2) and ethanol were used to precipitate the dsRNAs. The detailed protocol can be found on the protocols.io website.1



Extraction of total RNA

Three different samples were randomly selected from the 24 samples collected and the total RNAs were extracted from 100 mg of leaf material using the RNeasy Plant Mini Kit (Qiagen, Canada) in accordance with the MacKenzie et al. (1997) protocol. Quantitative and qualitative measurements of the total RNAs were performed using a NanoDrop 2000c spectrophotometer (Thermo Scientific, Canada) and a Qubit 4 FLuorometer (Life Technologies, Canada).



Preparation of dsRNAcD sequencing libraries

To ensure the complete removal of ssRNAs and DNAs, dsRNAs were digested with DNase I and RNase T1. Digestion was halted by adding 50 mM of EDTA and heating at 65°C for 10 min. The double-stranded RNA was denatured at 99°C for 5 min in the presence of 2 μL of 60 μm random primers, 1 μL of 10 mM deoxyribonucleotide triphosphate (dNTP), and 6 μL of water. Then, the tubes were immediately placed in ice water and a master mix (4 μl First-strand cDNA Synthesis Buffer, 1 μL RNaseOUT or RNasin® Ribonuclease inhibitor [40 u/μl], and 1 μL [200 units] of Maxima H minus) was added. The reverse transcription step was performed for 90 min at 55°C. One unit of Ribonuclease H was then used to hydrolyze the DNA–RNA duplex. The second strand of cDNA was synthesized by adding Klenow DNA Polymerase I and E. coli DNA Ligase I. Agencourt AMPure XP magnetic beads (Beckman-Coulter) were used to clean up the two-stranded cDNAs. The detailed protocol can be found on the protocols.io website.2

Using the direct cDNA sequencing kit (SQK-DCS109, ONT) and its associated protocols, two libraries of cDNA samples were generated. Initially, 24 cDNA samples from various infected grapevines were pooled to prepare a library (referred to as the pooled library) using the direct cDNA sequencing protocol (DCS_9090_v109_revO_14Aug2019) without multiplexing barcodes. Using the direct cDNA sequencing kit and native barcoding kits EXP-NBD104 and EXP-NBD114, the second library (referred to as the multiplexed library) was prepared for 23 different cDNA samples according to the manufacturer’s recommendations (Figure 1); one sample from the 24 samples collected failed. Since cDNA synthesis was performed using random primers, the library preparation process was started from the “end-prep” step of the aforementioned protocol using the NEBNext Ultra II End Repair/dA-tailing Module (New England Biolabs [NEB]). Blunt/TA Ligase Master Mix (NEB) was then used to ligate the sequencing adapter (AMX) to the pooled library. The multiplexed library was constructed by ligating a native barcode to each sample using Blunt/TA Ligase Master Mix. In order to pool the barcoded samples in equal proportions, the quantity of each sample was measured with a Qubit dsDNA HS Assay Kit and a Qubit 4.0 fluorometer. As a final step, the NEBNext Quick Ligation Module (NEB E6056) was used to ligate the sequencing adapter (AMII) to the multiplexed library. Following each enzymatic step of the protocol, AMPure XP magnetic beads were used to purify the samples.
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FIGURE 1
 Library preparation workflows for grapevine virus and viroid detection. Direct RNA sequencing (top): Initially, rRNAs were depleted from total RNA and then polyadenylated. Next, different custom reverse transcription adapters were ligated to polyadenylated transcripts, and after reverse transcription (RT), the sequencing adapter was ligated, and a pooled library was loaded on a R9.4.1 flow cell. Direct cDNA sequencing (left-down): Following dsRNA extraction, double-stranded cDNA was synthesized using random primers followed by Klenow polymerase and E. coli DNA ligase to create second strand cDNA. A commercial barcode was ligated to each sample after double-stranded cDNAs were end-prepared. The pooled library was made from 23 different barcoded samples, and after ligating the sequencing adapter, the pooled library was primed and loaded on another R9.4.1 flow cell. (The figure was designed by BioRender.com).




Preparation of direct RNA sequencing libraries

Since the direct RNA sequencing kit (SQK-RNA002) from ONT is optimized for poly(A)-tailed transcripts, several modifications were made to the direct RNA sequencing library preparation protocol to capture both poly(A)-tailed and non-poly(A)-tailed viral RNAs. After DNase I digestion and the removal of rRNAs from the total RNA using the QIAseq FastSelect -rRNA Plant Kit probe (QIAGEN), several adenine bases were tailed at the 3′ end of the remaining RNAs according to the protocol in Liefting et al. (2021). The samples were then multiplexed using three pre-annealed RT adapters obtained from Integrated DNA Technologies (IDT), using the DeePlexiCon method (Supplementary File S2). In brief, each custom RT adapter was ligated to 500 ng of rRNA-depleted and poly(A)-tailed RNA samples using T4 DNA Ligase (NEB M0202L), which was followed by reverse transcription using SuperScript III Reverse Transcriptase (Thermo Fisher Scientific). The cDNA/RNA hybrid complexes resulting from reverse transcription were purified using Agencourt RNAClean XP beads. The Qubit dsDNA HS Assay Kit was used to measure each sample’s concentration, and 65 ng of reverse-transcribed RNA was taken from each sample to pool the samples in equal concentrations. The RNA sequencing adapter (RMX) was ligated to the RNA-cDNA hybrid complex using T4 DNA Ligase (NEB M0202L) and subsequently purified with Agencourt RNAClean XP beads (Beckman-Coulter) at a 1X ratio according to the Direct RNA Sequencing protocol (Figure 1).



Priming and loading the R9 flow cell, sequencing, demultiplexing, and base-calling

Three different nanopore sequencing libraries (Table 1) were loaded on three MinION R9.4.1. (FLO-MIN106D) flow cells by using the Flow Cell Priming Kit (EXP FLP002) according to the manufacturer’s instructions. The sequencing step was carried out on a MinION Mk1B device, and the sequencing conditions were set up using MinKNOW software (v.21.11.8). Following 24 h of sequencing and raw data acquisition, the raw data were base-called and demultiplexed with Guppy software (v6.0.6). A score of seven was used as the minimum for quality, and reads below this score were removed. In the direct RNA sequencing experiment, raw data were base-called using Guppy software (v6.0.6), and demultiplexing was carried out using the DeePlexiCon software tool (Smith et al., 2020) according to the developer’s instruction.



TABLE 1 A description of the samples, sequencing kits, and library preparation information used in this study.
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Quality control and preprocessing of datasets

The raw sequencing data from the three nanopore sequencing libraries were evaluated for quality and descriptive statistics using NanoPlot (version 1.33.0) (De Coster et al., 2018). To trim each dataset individually, separate quality plots from the head and tail regions of reads were depicted by NanoQC (v0.9.4). The head and tail of each read were then trimmed using NanoFilt (v2.8.0) (De Coster et al., 2018). Host sequence contamination was removed by aligning the reads against the grapevine genome (GCF_000003745.3_12X) using Minimap2 software (v2.17-r941) (Li, 2021) for the nanopore sequencing datasets and bowtie2 (Langmead and Salzberg, 2012) for the MiSeq datasets, and host-related reads were excluded using SAMtools (v1.6) (Danecek et al., 2021) to increase data analysis speed and accuracy. Clustering, error correction, and polishing of the trimmed and filtered datasets were performed using the Rattel toolbox (v1.0) (De la Rubia et al., 2022) in accordance with the developer’s instructions for nanopore sequencing datasets. In the case of direct RNA sequencing, Rattle (De la Rubia et al., 2022) was run using the “-y rna” option.



Illumina library preparation and sequencing

We synthesized 23 cDNA samples using the same dsRNA materials that were used for dsRNAcD library preparation, according to the cDNA synthesis procedure described in the section on dsRNAcD library preparation. An Illumina Nextera XT DNA Library Preparation Kit (catalog number FC-131-1,096) was used for this process, using 1 ng of double-stranded cDNA as input. Paired-end sequencing was carried out using the MiSeq Reagent Nano Kit v2 in combination with an Illumina MiSeq sequencer as described in Fall et al. (2020).




Analysis of nanopore sequencing data


Strategy 1: Virus and viroid detection with the Centrifuge-Recentrifuge (Cent&rec) workflow

After quality control, read trimming, cleaning, clustering, error correction, and polishing (the preprocessing step in Figure 2), the long reads were taxonomically classified with a Centrifuge classifier (version 1.0.4) using an in-house workflow with a customized Centrifuge indexing database (CID) (Figure 2) (Kim et al., 2016). The CID was constructed using a local database (created in December 2021), which included GenBank, RefSeq, the TPA and PDB genomes, virus gene and transcript sequence data, as well as the Homo sapiens GRCh38p13 genome assembly, bacteria and archaea genome assemblies, and the genome assemblies in ViroidDB. First, the Centrifuge classifier performed taxonomic assignment using default values. Then, the Recentrifuge software (version 1.9.1) (Martí, 2019) was used to perform a comparative analysis of the classification results and to produce interactive HTML reports using the -y 50 option (Figure 2). To further curate the taxonomic results, BLASTn (Basic Local Alignment Search Tool) and BLASTx (Sayers et al., 2021) were also run this portion of the protocol.
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FIGURE 2
 Data analysis workflows for grapevine virus and viroid detection through nanopore sequencing. Preprocessing of raw data (left): The raw data were acquired through MinKNOW software, and then base-calling, filtering based on the quality score (<7), demultiplexing, trimming, the removal of host reads and clustering were performed, followed by error correction and polishing, using various software and software packages. Centrifuge and Recentrifuge strategy (Upper right): Preprocessed reads were taxonomically classified using Centrifuge, followed by a comprehensive analysis by Recentrifuge, which provided a visualization. DIAMOND+MEGAN strategy (Lower right): In addition, the same reads from the previous step were aligned against annotated protein sequences (NCBI-nr) using DIAMOND, and subsequently, MEGAN 6 was used to bin the sequences based on their taxonomy and function profiles. To further curate the taxonomic results, BLASTn and BLASTx were also run.




Strategy 2: Virus detection with the DIAMOND-MEGAN (DIA&MEG) workflow

The corrected and clustered reads were aligned against a database of annotated protein sequences (NCBI-nr) in order to carry out the taxonomic and functional binning of the sequences according to the procedure developed by Bağcı et al. (2021). However, some minor modifications were involved: instead of processing long-read datasets through a de-novo assembly step as described by Bağcı et al. (2021), we used the DIAMOND protein aligner (Buchfink et al., 2021) to align the corrected reads directly against NCBI-nr (thus eliminating the de-novo assembly step), and then MEGAN 6 to complete the taxonomic and functional binning steps (Gautam et al., 2022). One modification was made to the meganization step, with the “weighted” parameter selected instead of the “longReads” parameter. MEGAN 6 was also used to perform an interactive analysis of the results and to extract the comparative bar charts and taxonomic trees (Figure 2). To further curate the taxonomic results, BLASTn and BLASTx (Sayers et al., 2021) were run.



Illumina MiSeq data analysis

The short reads obtained from MiSeq sequencing were analyzed in two ways: (1) the Lazypipe pipeline (Plyusnin et al., 2020) was used for the de-novo assembly of the short reads, followed by taxonomic profiling by the Centrifuge classifier and then a comparative analysis by Recentrifuge; (2) the DIAMOND-MEGAN workflow described above was used to align the short reads against NCBI-nr and produce comparative bar charts and taxonomic trees.



Viral genome coverage

In order to measure genome coverage for detected viruses, the workflow began with removing host reads from short and long raw reads by Minimap2 v2.26 (Li, 2021), BWA-MEM2 v2.2 (Vasimuddin et al., 2019), and SAMtools v1.17 (Li et al., 2009). The viral and viroid genomes were downloaded from the Viral RefSeq database in order to create a local database. Next, filtered reads were mapped against each virus and viroid in the local database using Minimap2 (for long read mapping) and BWA-MEM2 (for short read mapping). We used SAMtools and BEDTools v2.31.0 (Quinlan and Hall, 2010) for format conversions, sorting, indexing, and coverage calculations. For each reference genome, key metrics such as coverage and depth of coverage were calculated and used for further analysis. In order to visualize the processed data in the form of a heat map, Python libraries including Pandas v2.0.1 (McKinney, 2010), Seaborn v0.12.2 (Waskom, 2021), Matplotlib v3.7.1 (Hunter, 2007), and Numpy v1.24.3 (Harris et al., 2020) were used after the read mapping and coverage calculations were completed. Color intensity in the heatmap, varying from light to dark, represents percentage coverage. In addition to the percentage coverage values, the visualization included the depth of coverage to assist in the interpretation of the data.




Results

All the raw reads (ONT nanopore and Illumina Miseq) are publicly available in the NCBI Sequence Read Archive (SRA): Bioproject: PRJNA944244, https://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA944244.


Library preparation and sequencing efficiency

The aim of this study was to develop and evaluate two types of nanopore sequencing strategies, rdTotalRNA sequencing and dsRNAcD sequencing, for detecting viruses and viroids in mixed-infected grapevine samples. The pooled dsRNA library from 24 different grapevine samples was sequenced using nanopore direct-cDNA sequencing, yielding a total of 1,754,037 reads in 24 h. The 23 barcoded samples were sequenced on another flow cell which yielded 2,921,438 reads (Supplementary File S3). In addition, to compare the use of dsRNAs and total RNAs as starting materials, three of the 23 aforementioned samples (CO-9-86 J, BV-12-16 J and BIO-15-56S) were selected at random and used for total RNA extraction and direct RNA sequencing library preparation. After the rdTotalRNA library was sequenced, the 541,972 reads produced were demultiplexed and base-called (Supplementary File S3). The dsRNA-MiSeq sequencing process also yielded 194,549, 340,946, and 460,909 sequences with quality scores above Q30 from the CO-9-86 J, BV-12-16 J, and BIO-15-56S samples, respectively. For sample processing and sequencing, rdTotalRNA sequencing (29.17 h) and dsRNAcD sequencing (37.58 h) proved to be faster than Illumina dsRNA-MiSeq sequencing (88.72 h). Nanopore rdTotalRNA sequencing was 1.3 and 3 times faster than nanopore dsRNAcD sequencing and dsRNA-MiSeq sequencing, respectively (Table 2). In terms of sequencing cost, nanopore dsRNAcD sequencing was significantly cheaper (Can$103 per sample) than nanopore rdTotalRNA sequencing (Can$350 per sample) and Illumina dsRNA-MiSeq sequencing (Can$412 per sample) (Supplementary File S4).



TABLE 2 Estimated duration of extraction, library preparation, and sequencing in each RNA extraction and sequencing method.
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Preprocessing, clustering and error correction of long reads

Three of the 23 samples sequenced using dsRNAcD and dsRNA-MiSeq were randomly chosen for additional rdTotalRNA sequencing (the results for the remaining 20 samples are available in Zenodo: 10.5281/zenodo.7764376). The statistics on the raw data revealed that, even though all the barcoded samples were pooled together in equal concentrations, the number of sequenced reads varied between samples (Table 3). Nanopore sequencing protocols are optimized for long reads. Because several bead purification steps were carried out at different ratios during library preparation, the samples containing short nucleic acid fragments lost more sequences, which resulted in fewer reads than those containing long fragments (Oxford Nanopore Technologies, 2016). The mean quality of reads in all samples was improved by trimming and filtering (Table 3 and Supplementary File S3). In addition, removing unwanted host-related reads from the rdTotalRNA datasets revealed a 47–67% proportion of host-related raw reads, while the proportion of host-related reads in the dsRNAcD datasets ranged from 21 to 65%. The error correction and clustering of reads also increased the mean quality of corrected reads in both types of nanopore sequencing datasets before taxonomic classification (Table 3).



TABLE 3 Overview of raw data preprocessing, filtering, trimming, clustering and error correction in nanopore sequencing.
[image: Table3]



Nanopore data analysis strategy 1: Centrifuge and Recentrifuge (Cent&rec)

For both dsRNAcD and rdTotalRNA sequencing datasets, a customized index database containing complete genome sequences of all possible viruses was used by the Centrifuge classifier for taxonomic classification (Kim et al., 2016). The Centrifuge classifier is a sensitive, high-speed classifier designed to classify sequences and accurately process millions of reads in a few minutes (Watts et al., 2019). The frequency of reads that could not be taxonomically assigned to subject reads in our customized index database varied between the dsRNAcD and rdTotalRNA libraries, ranging from 36.5 to 55% for the dsRNAcD libraries and from 1.5 to 16% for the rdTotalRNA libraries (Table 4). Some of the unassigned reads in the dsRNAcD libraries may have been related to novel virus species or known viruses that were not present in our database.



TABLE 4 Classification performance by Centrifuge for datasets obtained by dsRNAcD and rdTotalRNA sequencing, with the classified and the unclassified portion (%) of reads.
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Although different sequencing platforms and analysis workflows were used for nanopore and MiSeq sequencing, we used the same index database for the taxonomic classifications of the long- and short-read datasets. The Recentrifuge software (Martí, 2019) was used to perform a comparative analysis of the results of the taxonomic classification, with both the score-based visual results and statistical results extracted in the form of HTML charts (Figure 3) and Excel files (available in Zenodo: 10.5281/zenodo.7764376). Host-related reads were initially subtracted from all the libraries to improve the accuracy of the taxonomic classification and to increase the viral read portions. Several studies haves shown that subtracting host-coextracted sequences from the short- and long-read datasets reduces the CPU time required for taxonomic classification and helps to reveal and characterize viral sequences present at low titers (Daly et al., 2015; Miller et al., 2018). The viral portion of assigned reads in the dsRNA libraries sequenced by dsRNAcD and dsRNA-MiSeq were significantly higher (in the range of 85 to 95%) than those in the rdTotalRNA libraries (in the range of 6 to 21%) (available in Zenodo: 10.5281/zenodo.7764376).
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FIGURE 3
 Comparative analysis by Recentrifuge software of the Centrifuge results. Screenshots of the Recentrifuge HTML interface for different samples and sequencing technologies are shown. The virus superkingdom is drawn in the center, with a hierarchical pie chart. Depending on the confidence level associated with the taxonomic classification, the background color varies for each taxon. (For the results from the other 20 samples, see available in Zenodo: 10.5281/zenodo.7764376.)


The spiked positive control bean viruses (PvEV1, PvEV2 and PvEV3) were detected in all dsRNA samples. The dsRNAcD and dsRNA-MiSeq sequencing methods detected the same grapevine viruses in most of the samples. In contrast, rdTotalRNA sequencing failed to detect most of the viruses found by dsRNAcD and dsRNA-MiSeq (Table 4). However, it performed better on viruses found in large numbers (based on the number of reads) in a sample, such GRSPaV and GVB in the Betaflexiviridae family. These results suggest that nanopore dsRNAcD sequencing is more sensitive to low-abundance viruses than rdTotalRNA sequencing and produces similar results to dsRNA-MiSeq. In addition to the three samples presented in this section (Figures 3, 4), 20 other samples analyzed using dsRNA-MiSeq and dsRNAcD sequencing also provided similar results (available in Zenodo: 10.5281/zenodo.7764376), demonstrating the repeatability and accuracy of the dsRNAcD sequencing method.
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FIGURE 4
 The number of assigned reads associated with grapevine viruses and viroids in different datasets. PvEV1: Phaseolus vulgaris endornavirus 1; PvEV2: Phaseolus vulgaris endornavirus 2; PvEV3: Phaseolus vulgaris endornavirus 3; GLRaV2: grapevine leafroll-associated virus 2; GLRaV3: grapevine leafroll-associated virus 3; GRSPaV: grapevine rupestris stem pitting-associated virus; GVB: grapevine virus B; GSV1: grapevine Syrah virus 1; GRGV: grapevine red globe virus; GPGV: grapevine pinot gris virus; GYSVd: grapevine yellow speckle viroid; GYSVd1: grapevine yellow speckle viroid 1; HSVd: hop stunt viroid; CEVd: citrus exocortis viroid. (The heat map table was generated in https://www.datawrapper.de).


The Cent&Rec workflow was also used to compare the performance of dsRNA and total RNA in viroid detection. One unexpected viroid species, citrus exocortis viroid (CEVd), was detected exclusively in the rdTotalRNA sequencing results for the CO-9-86 J sample. However, the absence of CEVd in the dsRNAcD and dsRNA-MiSeq sequencing results raises the suspicion that the reads assigned to CEVd in the rdTotalRNA dataset might be host related or from other microorganisms. To test this, the CEVd-assigned reads were extracted from the rdTotalRNA dataset from the CO-9-86 J sample; BLAST alignment against the ViroidDB and NCBI-nt databases showed that all CEVd-assigned reads were related to grapevines (Vitis spp.) (Supplementary File S5). Using the subject ID, the CEVd sequence (FJ751964.1) in ViroidDB that was assigned to our sequences was retrieved from the NCBI website. According to the BLAST alignment against the NCBI-nt database, a 99.46% similarity was found between the CEVd sequence in ViroidDB and the sequences of grapevines (Vitis spp.), which indicated that the sequence was mistakenly annotated as CEVd in the ViroidDB database. Since the number of plant-origin reads in the dsRNAcD datasets was smaller than in the rdTotalRNA datasets, this indicates that dsRNAs sequencing was more reliable than rdTotalRNA sequencing in viroid detection, even with the use of a database dedicated to and specializing in viral-like entities.



Data analysis strategy 2: DIAMOND and MEGAN (DIA&MEG)

In addition to the Cent&Rec workflow, we also used the DIA&MEG workflow for virus detection. DIAMOND was used to align the sequenced reads against the protein database (NCBI-nr), and then MEGAN binned the alignments based on taxonomic and functional information. Because viroid genomes do not encode proteins, this strategy can only be used to detect viruses. The viruses detected by Cent&Rec in the dsRNAcD and dsRNA-MiSeq datasets were also detected by DIA&MEG (Figure 5). Besides the results presented in Figure 5, we also analyzed 20 different datasets of dsRNA samples that were sequenced by dsRNAcD and dsRNA-MiSeq to verify the accuracy of the Cent&Rec workflow compared with the DIA&MEG workflow (available in Zenodo: 10.5281/zenodo.7764376).
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FIGURE 5
 Comparative visualization of DIAMOND results by MEGAN software. Multiple datasets (1. Nanopore dsRNAcD sequencing; 2. Nanopore rdTotalRNA sequencing; and 3. dsRNA-MiSeq sequencing) were uploaded to MEGAN and the relative abundance of reads in each sample was extracted.


The results from the DIA&MEG workflow were generally similar to those from the Cent&Rec workflow except for the detection of GRSPaV, GVB and grapevine endophyte alphaendornavirus (GEEV). GRSPaV was detected in only two of the three rdTotalRNA datasets when using the DIA&MEG workflow with default parameters, but was detected in all three rdTotalRNA datasets when using the Cent&Rec workflow (Figure 5). In the rdTotalRNA dataset from the BV-12-16 J sample, GVBv and GRSPaV (from the family Betaflexiviridae) were detected by Cent&Rec, but not by DIA&MEG. However, 32 reads in the rdTotalRNA dataset from the BV-12-16 J sample were taxonomically assigned at the family level to Betaflexiviridae (Figure 6A). This result can be explained by the default threshold options in the MEGAN software. However, when the threshold options “Min Support Percent” and “Min Support” were turned off (=0), these 32 reads were taxonomically assigned at the species level to GRSPaV and GVB (Figure 6B). In addition, the rdTotalRNA dataset from the BV-12-16 J sample had very few viral reads (34 reads), even after the host reads were removed. The small number of viral reads in this dataset makes accurate taxonomic classification risky. In contrast, both the GRSPaV and GVB viruses in the dsRNAcD and dsRNA-MiSeq datasets were binned correctly based on their taxonomy, even when using the default threshold options in the MEGAN software.
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FIGURE 6
 Assignment of viral reads to taxa using different thresholds in the rdTotalRNA dataset from the BV-12-16 J sample. (A) Taxonomic binning was done using the default parameters in the meganization option of the MEGAN software. (B) Two thresholds, “Min Support Percent” and “Min Support,” were turned off (=0) when meganization was performed. The two numbers following the virus name (red color) consist of the NCBI taxonomy ID followed by a number that indicates the number of assigned reads.


A difference was also observed in the detection of GEEV in the dsRNA and total RNA datasets. No reads in the rdTotalRNA dataset from the BIO-15-56S sample were mapped to the GEEV genome, while the dsRNAcD and dsRNA-MiSeq datasets did provide reads mapped to the virus genome (Figure 5). In addition, the Cent&Rec workflow did not allow GEEV to be detected in the BIO-15-56S sample, suggesting that the results obtained with this workflow should be viewed with caution. Since GEEV was detected exclusively using the DIA&MEG workflow, BLAST annotation was performed against the NCBI-nt and NCBI-nr databases using BlastN and BlastX to ensure that the reads assigned to GEEV were not false positives. Only Blastx results confirmed the presence of GEEV in the BIO-15-56S sample, corresponding to the results obtained with DIA&MEG (Supplementary File S6).



Viral genome coverage

To verify taxonomy classification results, viral genome coverage was also examined. We observed a wide range of coverage and depth values among the various detected viruses across various samples. GLRaV2 was detected in CO-9-86 J, BV-12-16 J, and BIO-15-56S samples through dsRNAcD sequencing, with genome coverage of 83.34, 83.34, and 99.03%, respectively (Figure 7). However, the coverage depth was comparatively low in CO-9-86 J and BV-12-16 J samples, with a maximum of 0.4X and 0.3X, respectively. GLRaV2 was not detected in all samples through rdTotalRNA sequencing, matching the taxonomy classification results. In all samples, GRSPaV was detected through all sequencing platforms, reaching full or near full genome coverage (ranging between 90–100%). For GRSPaV, the depth of coverage varied widely, from 2.4X in rdTotalRNA-BIO-15-56S to 865.7X in dsRNA-MiSeq-CO-9-86 J. In the BV-12-16 J sample, grapevine virus B (GVB) showed genome coverage of 99.5% in dsRNAcD and 99.91% in dsRNA-MiSeq, with depths of coverage of 84.2X and 285.7X, respectively (Figure 7). It had a high coverage percentage in the rdTotalRNA dataset, but a much lower coverage depth than dsRNA libraries. GSV1 was detected by dsRNAcD with 85.7% genome coverage and 1.3X depth as well as by dsRNA-MiSeq with 95% genome coverage and 2.1X depth, however, rdTotalRNA did not detect this virus. HSVd was detected in all samples except in rdTotalRNA of BV-12-16 J and rdTotalRNA of BIO-15-56S, with genome coverage ranging from 93.34 to 100% and depth of coverage ranging from 4.2X to 23.2X. There were also a number of other viruses and viroids detected in some samples, including GLRaV3, GRGV, GPGV, and GYSVd1, all showing varying levels of genome coverage and depth, which represents a complex viral communities present in our samples (Figure 7).

[image: Figure 7]

FIGURE 7
 A heatmap illustrating the percentage of viral genome coverage and depth for three different grapevine samples. In each cell, the associated number represents the percentage of genome coverage, followed by the depth of coverage in parentheses. Colors that are darker indicate higher genome coverage percentages.





Discussion

The aim of this study was to develop and evaluate two nanopore sequencing strategies for detecting viruses and viroids in mixed-infected grapevine samples: direct-RNA sequencing and direct-cDNA sequencing. In the study, we tried to address two main questions on grapevine virus and viroid diagnostics. First, which starting material is better—total RNA or dsRNA—in single-molecule nanopore sequencing for grapevine virus and viroid detection? Second, can a nanopore-based diagnostic tool be cost effective in relation to conventional MiSeq sequencing in grapevine virus and viroid detection and to what extent? In this study, the viral reads were short (approximately 800 bp on average) and not sufficiently abundant for de novo assembly. Low coverage, quality, and quantity of dsRNA sequencing libraries can cause challenges for de novo assemblers to assemble viral genome (Amoia et al., 2022). De novo assemblers are primarily designed for reconstructing microbial and eukaryotic genomes and may not be the best option for assembling viral genomes using dsRNA sequencing libraries. Therefore, two different bioinformatics workflows based on read classification by Rattle and Cent&Rec and DIA&MEG taxonomic classification, were used in the detection of grapevine viruses and viroids.

Until now, nanopore dsRNA sequencing has been used to identify or characterize viruses in single virus infections (Amoia et al., 2022; Dong et al., 2022). Total RNA extraction is the common method used in the published literature for identifying and characterizing the virome using nanopore sequencing technology. Several limitations in using dsRNA for viral diagnostics have slowed advances in its use, including the labor-intensive extraction methods required and the notion that dsRNA may not be produced by some viruses. In this study, the preparation of a dsRNAcD sequencing library was found to take more time than that of a rdTotalRNA sequencing library. However, dsRNAcD sequencing allowed more samples to be processed simultaneously on one flow cell (23 samples), and the sequencing cost per sample was three times lower (Can$103) than that of rdTotalRNA sequencing (Can$350). The library preparation protocol for rdTotalRNA sequencing requires two additional enzymatic steps (rRNA-depletion and polyadenylation) in order to remove the unwanted rRNAs from samples and to capture non-poly(A)-tailed viruses, which increases the sequencing cost per sample. However, when dsRNA is used as the starting material and random primers are employed for cDNA synthesis, these enzymatic steps can be eliminated, resulting in a much lower number of unwanted sequences in dsRNAcD datasets than in rdTotalRNA datasets. It remains to be determined how efficient these sequencing protocols are in terms of the yield of viral reads and the accuracy of virus identification, as well as in the ease of bioinformatics data analysis.

The viral read proportions in the dsRNA datasets were significantly higher than those in the rdTotalRNA datasets. For example, in the dsRNAcD dataset from the CO-9-86 J sample, 89% of assigned reads were virus related while, in the rdTotalRNA dataset, only 6% of assigned reads were virus related. Not only did rdTotalRNA sequencing fail to detect all the viruses present in our samples, but three other issues arose with it during data analysis. First, plant-derived reads were incorrectly assigned to the Citrus exocortis viroid (CEVd) in the CO-9-86 J sample. This issue had also been reported in a previous study, where a plant sequence was misannotated as CEVd (Lelwala et al., 2022). However, we did not observe this misannotation in the dsRNAcD and dsRNA-MiSeq datasets from the same sample. By using dsRNA as a starting material, plant host-related sequences, including those that are misannotated as viroids in the database, were effectively excluded. This resulted in a smaller proportion of plant-derived sequences in the dsRNA datasets, thereby reducing the likelihood of encountering false positives due to misannotations. Consequently, using dsRNA for detecting viruses and viroids through taxonomic classification increases the reliability of the results and decreases the likelihood of false positive outcomes. Second, a problem arose in the taxonomic classification of viruses in the rdTotalRNA dataset from the BV-12-16 J sample. Since the abundance of GRSPaV and GVB reads in the rdTotalRNA dataset was low, taxonomic classification at the species level was not possible when using the MEGAN default settings. The taxonomic classification of long reads, specifically viral reads, can be affected by a number of factors, including the viral load and mutation rate. Indeed, species with low abundance may be discarded depending on the threshold options selected in the taxonomic classification software. In order to apply thresholds effectively and avoid discarding low abundance species, it is important to take into consideration the type of study, the read depth, and the classifier software used (McIntyre et al., 2017). Furthermore, most taxonomic classifiers are designed to classify bacteria or microorganisms, and not viruses. Viruses’ high mutation rate must be taken into account, and consequently the software’s mismatch threshold may need to be adjusted (Breitwieser et al., 2017). In contrast, both dsRNAcD and dsRNA-MiSeq sequencing yielded enough viral read counts for the accurate detection of both GRSPaV and GVB when using the default MEGAN thresholds.

Third, the detection of GEEV was also affected by the type of starting materials used, as well as the bioinformatics workflow. The dsRNAcD and dsRNA-MiSeq datasets from one sample contained GEEV-related viral reads, while the rdTotalRNA dataset from the same sample did not. In addition, the Cent&Rec workflow was not able to detect GEEV in all the datasets from same sample. In the dsRNA datasets, although the proportion of viral-assigned reads was high, a substantial number of unassigned reads also occurred. While reverse transcription artifacts could explain the high number of unassigned reads (Cebriá-Mendoza et al., 2021) in the dsRNA sequencing datasets, some of these unassigned reads may have been related to novel virus strains or species. Consequently, these unassigned reads could be characterized using hybrid assembly and comparative analysis. Through BLASTn and BLASTx, we verified that the detected GEEV was not a false positive. According to our findings, the sequence similarity with the NCBI record (YP_007003829.1) was observed at the protein level. Therefore, grapevine samples may harbor different strains or haplotypes of GEEV, indicating GEEV is highly diverse genetically. As a result, there is a need for comprehensive research focused on genetic diversity within GEEV and the possibility of discovering a novel endornavirus. This current manuscript does not cover this potentially intriguing discovery, although we have been conducting more lab experiments to test these hypotheses (not showed). According to Al Rwahnih et al. (2009), dsRNA sequencing provides a greater number of unique cDNA sequences than total RNA sequencing and consequently, dsRNA sequencing has a greater potential in the discovery of new viruses. Indeed, several novel grapevine viruses, including grapevine Syrah virus-1, grapevine red blotch virus, and others, were discovered through dsRNA sequencing (Al Rwahnih et al., 2009; Sudarshana et al., 2015). Therefore, the use of dsRNA not only allows known viruses and viroids to be detected, but increases the potential for discovering new plant and non-plant virus species.

The comparative efficiency of different sequencing technologies and approaches for detecting grapevine viruses and viroids was further evaluated by analyzing viral genome coverage and depth. Genome coverage results of taxonomy classification methods, DIA&MEG and Cent&Rec, were in similar. In the tested samples, rdTotalRNA was not able to detect all viruses and viruses. The reason for this might be that total RNA contains a vast majority of host transcripts, which increases the complexity of the data and potentially overshadow low-titer viral reads. Despite the fact that the rdTotalRNA sequencing can provide a broad overview of both viral and host transcripts, it appears to be less effective for detecting viruses, especially those that are present at lower titers (Pecman et al., 2022). In contrast, double-stranded RNA (dsRNA), sequenced by dsRNAcD and dsRNA-MiSeq, proved more effective at detecting various viruses. Because dsRNA acts as an intermediate product during the viral replication process or as an erroneous product resulting from the bidirectional transcriptional, it reducing noise and enhancing the likelihood of detecting viral reads (Decker et al., 2019). This could explain the differences in genome coverage and depth observed in the detection of viruses among the different extraction methods (dsRNA, total RNA). In spite of the low depth of coverage, certain viruses were still detectable such as GSV1 and GRGV, illustrating the sensitivity of the sequencing technologies used, dsRNAcD and dsRNA-MiSeq. Furthermore, the substantial variability in depth of coverage observed within and between samples, even with full or near-full genome coverage, illustrates the dynamic nature of viral titers within hosts.

The remaining question is how cost-effective nanopore dsRNA sequencing is in relation to Illumina MiSeq sequencing? To determine which sequencing technology is the most appropriate for diagnostic laboratory work and disease management operations, we compared the cost-effectiveness of MiSeq and nanopore sequencing in terms of library preparation time, ease of use, sequencing cost, and data analysis requirements. In general, Illumina sequencing is not cost effective at a small scale, discouraging the use of this technology in day-to-day diagnostic activities in diagnostic labs. Indeed, the cost of the sequencer and the minimum number of samples required (50 to 60 samples) to provide cost-effectiveness make Illumina sequencing less suitable for small diagnostic labs, and nanopore sequencing is a viable alternative to MiSeq sequencing in this situation. In our study, the estimated cost of nanopore dsRNA sequencing was Can$103 per sample, while Gaafar and Ziebell (2020) estimated the cost of virus detection using dsRNA-MiSeq sequencing to be Can$412 per sample, suggesting that nanopore dsRNA sequencing is one fourth the cost of dsRNA-MiSeq sequencing. In addition, a nanopore dsRNAcD sequencing library can be prepared and sequenced in 37.58 h, while a dsRNA-MiSeq library takes nearly 88.75 h to prepare and sequence (Table 2). Our analysis showed that the list of detected viruses obtained with nanopore dsRNAcD sequencing using both proposed data analysis workflows (DIA&MEG and Cent&Rec) was similar to the dsRNA-MiSeq results in all samples. Although choosing a pipeline to analyze MiSeq data did not present any difficulties, some challenges arose in analyzing the nanopore sequencing data. Similar to the situation described by Amoia et al. (2022), our dsRNAcD libraries provided viral reads in insufficient numbers and of inadequate quality to meet the requirements of long-read-based de-novo assembler software. Therefore, the software was not able to assemble large numbers of long viral contigs. Most de-novo assemblers are designed for reconstructing complete microbial and near-complete eukaryotic genomes. Therefore, taxonomic classification tools had to be used to analyze our raw data. In addition, because raw data trimming, filtering, and error correction take more time in nanopore sequencing, virus detection was slower than in MiSeq data analysis. We performed an additional data preprocessing step that involved the subtraction of host-origin reads from the trimmed and error-corrected datasets, with the goal of increasing viral read counts and improving the taxonomic classification of viruses. Although the DIA&MEG workflow generally takes a long time to run when analyzing large datasets, such as environmental metagenomic datasets (Buchfink et al., 2021; Gautam et al., 2022), it only took a short time (around 2 h) with our datasets. This workflow provides the user with a wide range of options, including displaying a taxonomic tree of the detected viruses, extracting functional information from assigned reads, comparing different samples, and analyzing and comparing short-read and long-read sequencing datasets. However, the Cent&Rec workflow was faster than DIA&MEG in terms of running time (around 20 to 30 min), and this workflow was able to detect viroids, unlike DIA&MEG. Our study demonstrated that dsRNAcD sequencing can effectively compete with MiSeq sequencing in detecting viruses and viroids.



Conclusion

The purpose of this study was to examine the ability of nanopore direct cDNA and direct RNA sequencing to simultaneously detect grapevine viruses compared to that of Illumina MiSeq sequencing. According to our results, dsRNA is a more reliable starting material for library preparation than total RNA in terms of identifying grapevine viruses and viroids. The dsRNA sequencing results for all samples were similar to those from dsRNA-MiSeq sequencing. In addition, the rRNA depletion step did not improve grapevine virus detection in the total RNA libraries despite the increase in the cost per sample. In contrast, when dsRNA was sequenced using a direct cDNA sequencing kit, not only were more samples (23 samples) multiplexed and sequenced simultaneously on one flow cell, but also the total cost of sequencing fell significantly. However, the current dsRNA purification protocol needs to be improved and optimized in order to increase the efficiency of time and effort. In conclusion, the study demonstrated that dsRNAcD sequencing can be an affordable routine diagnostic tool for detecting plant viruses.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Author contributions

MF, VJ, and PM conceived and designed the research. VJ and PL performed the experiments. AP, VJ, and MF conceived the bioinformatic pipelines. VJ made the graphical representation. DS-C and PL provided technical assistance. VJ and MF drafted the manuscript. PM, AP, PL, and DS-C edited, corrected and improved the manuscript. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by grants from the Ministère de l’Agriculture, des Pêcheries et de l’Alimentation du Québec under the Cellule d’innova tion des méthodologies de diagnostic des ennemis des cultures (CIMDEC) initiative and Agriculture and Agri-Food Canada under the Collaborative Framework priority (J-002411).



Acknowledgments

We would like to express our gratitude to Dong Xu for his support and assistant to process Miseq data. We also thank Sylvain Lerat from Université de Sherbrooke for his support and assistance with plant sampling and processing. Additionally, we also thank Joël Lafond-Lapalme and Pierre-Yves Véronneau for technical and bioinformatic assistance, as well as Sarah Drury for reviewing the paper and providing helpful comments. We would also like to acknowledge the administrative and technical support that we received from the teams at the Saint-Jean-sur-Richelieu Research and Development Centre (the teams led by Vicky Toussaint and Mélanie Maheu in particular). Special thanks to Elizabeth McFarlane, Public Services and Procurement Canada, for the English editing support of this manuscript.



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.



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.



Supplementary material

The Supplementary material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2023.1192781/full#supplementary-material



Footnotes

1   https://www.protocols.io/view/double-stranded-rna-extraction-by-cellulose-4r3l2odrjv1y/v1


2   https://www.protocols.io/view/synthesis-of-double-strand-cdna-ds-cdna-from-viral-bp2l69nddlqe/v1




References

 Al Rwahnih, M., Daubert, S., Golino, D., Islas, C., and Rowhani, A. (2015). Comparison of next-generation sequencing versus biological indexing for the optimal detection of viral pathogens in grapevine. Phytopathology 105, 758–763. doi: 10.1094/PHYTO-06-14-0165-R 

 Al Rwahnih, M., Daubert, S., Golino, D., and Rowhani, A. (2009). Deep sequencing analysis of RNAs from a grapevine showing Syrah decline symptoms reveals a multiple virus infection that includes a novel virus. Virology 387, 395–401. doi: 10.1016/j.virol.2009.02.028 

 Amoia, S. S., Minafra, A., Nicoloso, V., Loconsole, G., and Chiumenti, M. (2022). A new jasmine virus C isolate identified by Nanopore sequencing is associated to yellow mosaic symptoms of Jasminum officinale in Italy. Plan. Theory 11:309. doi: 10.3390/plants11030309 

 Armijo, G., Schlechter, R., Agurto, M., Muñoz, D., Nuñez, C., and Arce-Johnson, P. (2016). Grapevine pathogenic microorganisms: understanding infection strategies and host response scenarios. Front. Plant Sci. 7:382. doi: 10.3389/fpls.2016.00382 

 Bağcı, C., Patz, S., and Huson, D. H. (2021). DIAMOND+MEGAN: fast and easy taxonomic and functional analysis of short and long microbiome sequences. Curr. Protoc. 1:e59. doi: 10.1002/cpz1.59 

 Ben Chehida, S., Filloux, D., Fernandez, E., Moubset, O., Hoareau, M., Julian, C., et al. (2021). Nanopore sequencing is a credible alternative to recover complete genomes of Geminiviruses. Microorganisms 9:903. doi: 10.3390/microorganisms9050903 

 Bendel, N., Kicherer, A., Backhaus, A., Köckerling, J., Maixner, M., Bleser, E., et al. (2020). Detection of grapevine Leafroll-associated virus 1 and 3 in white and red grapevine cultivars using Hyperspectral imaging. Remote Sens. 12:1693. doi: 10.3390/rs12101693


 Borges, D. F., Preising, S., Ambrósio, M. M., and da Silva, W. L. (2020). Detection of multiple grapevine viruses in New England vineyards. Crop Prot. 132:105143. doi: 10.1016/j.cropro.2020.105143


 Boykin, L. M., Sseruwagi, P., Alicai, T., Ateka, E., Mohammed, I. U., Stanton, J.-A. L., et al. (2019). Tree lab: portable genomics for early detection of plant viruses and pests in sub-Saharan Africa. Genes 10:632. doi: 10.3390/genes10090632 

 Breitwieser, F. P., Lu, J., and Salzberg, S. L. (2017). A review of methods and databases for metagenomic classification and assembly. Brief. Bioinform. 20, 1125–1136. doi: 10.1093/bib/bbx120


 Bronzato Badial, A., Sherman, D., Stone, A., Gopakumar, A., Wilson, V., Schneider, W., et al. (2018). Nanopore sequencing as a surveillance tool for plant pathogens in plant and insect tissues. Plant Dis. 102, 1648–1652. doi: 10.1094/PDIS-04-17-0488-RE 

 Buchfink, B., Reuter, K., and Drost, H.-G. (2021). Sensitive protein alignments at tree-of-life scale using DIAMOND. Nat. Methods 18, 366–368. doi: 10.1038/s41592-021-01101-x 

 Buermans, H. P. J., and den Dunnen, J. T. (2014). Next generation sequencing technology: advances and applications. Biochim. Biophys. Acta (BBA) - Mol. Basis Dis. 1842, 1932–1941. doi: 10.1016/j.bbadis.2014.06.015 

 Calvi, B. L. (2011) Effects of red-leaf disease on cabernet sauvignon at the Oakville experimental vineyard and mitigation by harvest delay and crop adjustment. Master of science dissertation. University of California, Davis.


 Cebriá-Mendoza, M., Arbona, C., Larrea, L., Díaz, W., Arnau, V., Peña, C., et al. (2021). Deep viral blood metagenomics reveals extensive anellovirus diversity in healthy humans. Sci. Rep. 11:6921. doi: 10.1038/s41598-021-86427-4 

 Chalupowicz, L., Dombrovsky, A., Gaba, V., Luria, N., Reuven, M., Beerman, A., et al. (2019). Diagnosis of plant diseases using the Nanopore sequencing platform. Plant Pathol. 68, 229–238. doi: 10.1111/ppa.12957


 Daly, G. M., Leggett, R. M., Rowe, W., Stubbs, S., Wilkinson, M., Ramirez-Gonzalez, R. H., et al. (2015). Host subtraction, filtering and assembly validations for novel viral discovery using next generation sequencing data. PLoS One 10:e0129059. doi: 10.1371/journal.pone.0129059 

 Danecek, P., Bonfield, J. K., Liddle, J., Marshall, J., Ohan, V., Pollard, M. O., et al. (2021). Twelve years of SAMtools and BCFtools. GigaScience 10:giab008. doi: 10.1093/gigascience/giab008 

 De Coster, W., D’Hert, S., Schultz, D. T., Cruts, M., and Van Broeckhoven, C. (2018). NanoPack: visualizing and processing long-read sequencing data. Bioinformatics 34, 2666–2669. doi: 10.1093/bioinformatics/bty149 

 De la Rubia, I., Srivastava, A., Xue, W., Indi, J. A., Carbonell-Sala, S., Lagarde, J., et al. (2022). RATTLE: reference-free reconstruction and quantification of transcriptomes from Nanopore sequencing. Genome Biol. 23:153. doi: 10.1186/s13059-022-02715-w 

 Decker, C. J., Steiner, H. R., Hoon-Hanks, L. L., Morrison, J. H., Haist, K. C., Stabell, A. C., et al. (2019). dsRNA-Seq: identification of viral infection by purifying and sequencing dsRNA. Viruses 11:943. doi: 10.3390/v11100943 

 Della Bartola, M., Byrne, S., and Mullins, E. (2020). Characterization of potato virus Y isolates and assessment of Nanopore sequencing to detect and genotype potato viruses. Viruses 12:478. doi: 10.3390/v12040478 

 Dong, Z.-X., Lin, C.-C., Chen, Y.-K., Chou, C.-C., and Chen, T.-C. (2022). Identification of an emerging cucumber virus in Taiwan using Oxford nanopore sequencing technology. Plant Methods 18:143. doi: 10.1186/s13007-022-00976-x 

 Elbeaino, T., Marais, A., Faure, C., Trioano, E., Candresse, T., and Parrella, G. (2018). High-throughput sequencing reveals Cyclamen persicum mill. As a natural host for fig mosaic virus. Viruses 10:684. doi: 10.3390/v10120684 

 Elena, S. F., Bedhomme, S., Carrasco, P., Cuevas, J. M., de la Iglesia, F., Lafforgue, G., et al. (2011). The evolutionary genetics of emerging plant RNA viruses. Mol. Plant-Microbe Interact. 24, 287–293. doi: 10.1094/MPMI-09-10-0214


 Elena, S. F., Fraile, A., and García-Arenal, F. (2014). “Chapter three - evolution and emergence of plant viruses,” in Advances in Virus Research Vol 88. eds. K. Maramorosch and F. A. Murphy (San Diego, USA: Academic Press).


 Engel, E. A., Escobar, P. F., Rojas, L. A., Rivera, P. A., Fiore, N., and Valenzuela, P. D. T. (2010). A diagnostic oligonucleotide microarray for simultaneous detection of grapevine viruses. J. Virol. Methods 163, 445–451. doi: 10.1016/j.jviromet.2009.11.009 

 Fall, M. L., Xu, D., Lemoyne, P., Moussa, I. E. B., Beaulieu, C., and Carisse, O. (2020). A diverse Virome of Leafroll-infected grapevine unveiled by dsRNA sequencing. Viruses 12:1142. doi: 10.3390/v12101142 

 Fellers, J. P., Webb, C., Fellers, M. C., Shoup Rupp, J., and De Wolf, E. (2019). Wheat virus identification within infected tissue using Nanopore sequencing technology. Plant Dis. 103, 2199–2203. doi: 10.1094/PDIS-09-18-1700-RE 

 Filloux, D., Fernandez, E., Loire, E., Claude, L., Galzi, S., Candresse, T., et al. (2018). Nanopore-based detection and characterization of yam viruses. Sci. Rep. 8:17879. doi: 10.1038/s41598-018-36042-7 

 Fuchs, M. (2020). Grapevine viruses: a multitude of diverse species with simple but overall poorly adopted management solutions in the vineyard. J. Plant Pathol. 102, 643–653. doi: 10.1007/s42161-020-00579-2


 Gaafar, Y. Z. A., and Ziebell, H. (2020). Comparative study on three viral enrichment approaches based on RNA extraction for plant virus/viroid detection using high-throughput sequencing. PLoS One 15:e0237951. doi: 10.1371/journal.pone.0237951 

 Gautam, A., Felderhoff, H., Bağci, C., and Huson Daniel, H. (2022). Using AnnoTree to get more assignments, faster, in DIAMOND+MEGAN microbiome analysis. mSystems 7, e01408–e01421. doi: 10.1128/msystems.01408-21


 Harris, C. R., Millman, K. J., van der Walt, S. J., Gommers, R., Virtanen, P., Cournapeau, D., et al. (2020). Array programming with NumPy. Nature 585, 357–362. doi: 10.1038/s41586-020-2649-2 

 He, Z., Qin, L., Xu, X., and Ding, S. (2022). Evolution and host adaptability of plant RNA viruses: research insights on compositional biases. Comput. Struct. Biotechnol. J. 20, 2600–2610. doi: 10.1016/j.csbj.2022.05.021 

 Hunter, J. D. (2007). Matplotlib: a 2D graphics environment. Comput. Sci. Eng. 9, 90–95. doi: 10.1109/MCSE.2007.55


 International Organization of Vine and Wine (2022) State of the world vine and wine sector 2021.France: International Organization of Vine and Wine (OIV).


 Javaran, V. J., Moffett, P., Lemoyne, P., Xu, D., Adkar-Purushothama, C. R., and Fall, M. L. (2021). Grapevine virology in the third-generation sequencing era: from virus detection to viral Epitranscriptomics. Plan. Theory 10:2355. doi: 10.3390/plants10112355 

 Kesanakurti, P., Belton, M., Saeed, H., Rast, H., Boyes, I., and Rott, M. (2016). Screening for plant viruses by next generation sequencing using a modified double strand RNA extraction protocol with an internal amplification control. J. Virol. Methods 236, 35–40. doi: 10.1016/j.jviromet.2016.07.001 

 Kim, D., Song, L., Breitwieser, F. P., and Salzberg, S. L. (2016). Centrifuge: rapid and sensitive classification of metagenomic sequences. Genome Res. 26, 1721–1729. doi: 10.1101/gr.210641.116 

 Langmead, B., and Salzberg, S. L. (2012). Fast gapped-read alignment with bowtie 2. Nat. Methods 9, 357–359. doi: 10.1038/nmeth.1923 

 Lefeuvre, P., Martin, D. P., Elena, S. F., Shepherd, D. N., Roumagnac, P., and Varsani, A. (2019). Evolution and ecology of plant viruses. Nat. Rev. Microbiol. 17, 632–644. doi: 10.1038/s41579-019-0232-3


 Leiva Ana, M., Siriwan, W., Lopez-Alvarez, D., Barrantes, I., Hemniam, N., Saokham, K., et al. (2020). Nanopore-based complete genome sequence of a Sri Lankan cassava mosaic virus (Geminivirus) strain from Thailand. Microbiol. Resour. Announc. 9, e01274–e01219. doi: 10.1128/MRA.01274-19


 Lelwala, R. V., LeBlanc, Z., Gauthier, M.-E. A., Elliott, C. E., Constable, F. E., Murphy, G., et al. (2022). Implementation of GA-VirReport, a web-based bioinformatics toolkit for post-entry quarantine screening of virus and Viroids in plants. Viruses 14:1480. doi: 10.3390/v14071480 

 Li, H. (2021). New strategies to improve minimap2 alignment accuracy. Bioinformatics 37, 4572–4574. doi: 10.1093/bioinformatics/btab705 

 Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., et al. (2009). The sequence alignment/map format and SAMtools. Bioinformatics 25, 2078–2079. doi: 10.1093/bioinformatics/btp352


 Liefting, L. W., Waite, D. W., and Thompson, J. R. (2021). Application of Oxford Nanopore technology to plant virus detection. Viruses 13:1424. doi: 10.3390/v13081424 

 Lussier-Lepine, M., Lemoyne, P., Xu, D., Dionne, A., Javaran, V. J., Sidibe, A., et al. (2023). First report of Alstroemeria necrotic streak virus infecting greenhouse bell pepper (Capsicum annuum) in Canada. Plant Dis. doi: 10.1094/PDIS-01-23-0155-PDN 

 Ma, Y., Marais, A., Lefebvre, M., Theil, S., Svanella-Dumas, L., Faure, C., et al. (2019). Phytovirome analysis of wild plant populations: comparison of double-stranded RNA and Virion-associated nucleic acid metagenomic approaches. J. Virol. 94, e01462–e01419. doi: 10.1128/JVI.01462-19


 MacKenzie, D. J., McLean, M. A., Mukerji, S., and Green, M. (1997). Improved RNA Extraction from Woody Plants for the Detection of Viral Pathogens by Reverse Transcription-Polymerase Chain Reaction. Plant Dis. 81, 222–226.


 Maclot, F., Candresse, T., Filloux, D., Malmstrom, C. M., Roumagnac, P., van der Vlugt, R., et al. (2020). Illuminating an ecological Blackbox: using high throughput sequencing to characterize the plant Virome across scales. Front. Microbiol. 11:578064. doi: 10.3389/fmicb.2020.578064 

 Maliogka, V. I., Olmos, A., Pappi, P. G., Lotos, L., Efthimiou, K., Grammatikaki, G., et al. (2015). A novel grapevine badnavirus is associated with the Roditis leaf discoloration disease. Virus Res. 203, 47–55. doi: 10.1016/j.virusres.2015.03.003 

 Marais, A., Faure, C., Bergey, B., and Candresse, T. (2018) Viral double-stranded RNAs (dsRNAs) from plants: alternative nucleic acid substrates for high-throughput sequencing, in V. Pantaleo and M. Chiumenti (eds), Viral Metagenomics: Methods and protocols. New York, NY: Springer New York, 45–53 

 Martelli, G. P. (2017). “An overview on grapevine viruses, Viroids, and the diseases they cause” in Grapevine viruses: Molecular biology, diagnostics and management. eds. B. Meng, G. P. Martelli, D. A. Golino, and M. Fuchs (Cham: Springer International Publishing), 31–46.


 Martí, J. M. (2019). Recentrifuge: robust comparative analysis and contamination removal for metagenomics. PLoS Comput. Biol. 15:e1006967. doi: 10.1371/journal.pcbi.1006967 

 McIntyre, A. B. R., Ounit, R., Afshinnekoo, E., Prill, R. J., Hénaff, E., Alexander, N., et al. (2017). Comprehensive benchmarking and ensemble approaches for metagenomic classifiers. Genome Biol. 18:182. doi: 10.1186/s13059-017-1299-7 

 McKinney, W. (2010). Data structures for statistical computing in python 2010. Austin, TX: SciPy.


 Mikheyev, A. S., and Tin, M. M. Y. (2014). A first look at the Oxford Nanopore MinION sequencer. Mol. Ecol. Resour. 14, 1097–1102. doi: 10.1111/1755-0998.12324 

 Miller, J. R., Koren, S., Dilley, K. A., Puri, V., Brown, D. M., Harkins, D. M., et al. (2018). Analysis of the Aedes albopictus C6/36 genome provides insight into cell line utility for viral propagation. GigaScience 7, 1–13. doi: 10.1093/gigascience/gix135 

 Naito, F. Y. B., Melo, F. L., Fonseca, M. E. N., Santos, C. A. F., Chanes, C. R., Ribeiro, B. M., et al. (2019). Nanopore sequencing of a novel bipartite New World begomovirus infecting cowpea. Arch. Virol. 164, 1907–1910. doi: 10.1007/s00705-019-04254-5 

 Nguyen, C., Sagan, V., Maimaitiyiming, M., Maimaitijiang, M., Bhadra, S., and Kwasniewski, M. T. (2021). Early detection of plant viral disease using Hyperspectral imaging and deep learning. Sensors 21:742. doi: 10.3390/s21030742


 Olmos, A., Boonham, N., Candresse, T., Gentit, P., Giovani, B., Kutnjak, D., et al. (2018). High-throughput sequencing technologies for plant pest diagnosis: challenges and opportunities. EPPO Bulletin 48, 219–224. doi: 10.1111/epp.12472


 Oxford Nanopore Technologies (2016) Chemistry technical document: Size selection. Oxford, UK: Oxford Nanopore Technologies.


 Pecman, A., Adams, I., Gutiérrez-Aguirre, I., Fox, A., Boonham, N., Ravnikar, M., et al. (2022). Systematic comparison of Nanopore and Illumina sequencing for the detection of plant viruses and Viroids using Total RNA sequencing approach. Front. Microbiol. 13:883921. doi: 10.3389/fmicb.2022.883921 

 Phannareth, T., Nunziata, S. O., Stulberg, M. J., Galvez, M. E., and Rivera, Y. (2020). Comparison of Nanopore sequencing protocols and real-time analysis for Phytopathogen diagnostics. Plant Health Prog. 22, 31–36. doi: 10.1094/PHP-02-20-0013-RS


 Plyusnin, I., Kant, R., Jääskeläinen, A. J., Sironen, T., Holm, L., Vapalahti, O., et al. (2020). Novel NGS pipeline for virus discovery from a wide spectrum of hosts and sample types. Virus Evol. 6:veaa091. doi: 10.1093/ve/veaa091 

 Pop, M., and Salzberg, S. L. (2008). Bioinformatics challenges of new sequencing technology. Trends Genet. 24, 142–149. doi: 10.1016/j.tig.2007.12.006 

 Quinlan, A. R., and Hall, I. M. (2010). BEDTools: a flexible suite of utilities for comparing genomic features. Bioinformatics 26, 841–842. doi: 10.1093/bioinformatics/btq033 

 Read, D. A., Thompson, G. D., Cordeur, N. L., Swanevelder, D., and Pietersen, G. (2022). Genomic characterization of grapevine viruses N and O: novel vitiviruses from South Africa. Arch. Virol. 167, 611–614. doi: 10.1007/s00705-021-05333-2 

 Rowhani, A., Osman, F., Daubert, S. D., Al Rwahnih, M., and Saldarelli, P. (2017). “Polymerase chain reaction methods for the detection of grapevine viruses and Viroids” in Grapevine viruses: Molecular biology, diagnostics and management. eds. B. Meng, G. P. Martelli, D. A. Golino, and M. Fuchs (Cham: Springer International Publishing), 431–450. doi: 10.1007/978-3-319-57706-7_22


 Roy, B. G., and Fuchs, M. (2022). Herbaceous plant hosts as supermodels for grapevine viruses: a historical perspective. J. Plant Pathol., 1–30. doi: 10.1007/s42161-022-01267-z


 Samarfard, S., McTaggart, A. R., Sharman, M., Bejerman, N. E., and Dietzgen, R. G. (2020). Viromes of ten alfalfa plants in Australia reveal diverse known viruses and a novel RNA virus. Pathogens 9:214. doi: 10.3390/pathogens9030214 

 Sanjuán, R., and Domingo-Calap, P. (2021). “Genetic diversity and evolution of viral populations” in Encyclopedia of virology. eds. D. H. Bamford and M. Zuckerman. Fourth ed (Oxford: Academic Press), 53–61.


 Sayers, E. W., Bolton, E. E., Brister, J. R., Canese, K., Chan, J., Comeau, D. C., et al. (2021). Database resources of the national center for biotechnology information. Nucleic Acids Res. 49, D10–D17. doi: 10.1093/nar/gkaa892


 Smith, M. A., Ersavas, T., Ferguson, J. M., Liu, H., Lucas, M. C., Begik, O., et al. (2020). Molecular barcoding of native RNAs using nanopore sequencing and deep learning. Genome Res. 30, 1345–1353. doi: 10.1101/gr.260836.120 

 Sudarshana, M. R., Perry, K. L., and Fuchs, M. F. (2015). Grapevine red blotch-associated virus, an emerging threat to the grapevine industry. Phytopathology 105, 1026–1032. doi: 10.1094/PHYTO-12-14-0369-FI 

 Sun, K., Liu, Y., Zhou, X., Yin, C., Zhang, P., Yang, Q., et al. (2022). Nanopore sequencing technology and its application in plant virus diagnostics. Front. Microbiol. 13:939666. doi: 10.3389/fmicb.2022.939666


 Thompson, M. K., Kiourlappou, M., and Davis, I. (2020). Ribo-Pop: simple, cost-effective, and widely applicable ribosomal RNA depletion. RNA 26, 1731–1742. doi: 10.1261/rna.076562.120 

 van Dijk, E. L., Jaszczyszyn, Y., Naquin, D., and Thermes, C. (2018). The third revolution in sequencing technology. Trends Genet. 34, 666–681. doi: 10.1016/j.tig.2018.05.008 

 Vasimuddin, M., Misra, S., Li, H., and Aluru, S. (2019) Efficient architecture-aware acceleration of BWA-MEM for multicore systems, 2019 IEEE International Parallel and Distributed Processing Symposium (IPDPS). 20–24 May 2019.


 von Bargen, S., Al Kubrusli, R., Gaskin, T., Fürl, S., Hüttner, F., Blystad, D.-R., et al. (2020). Characterisation of a novel Emaravirus identified in mosaic-diseased Eurasian aspen (Populus tremula). Ann. Appl. Biol. 176, 210–222. doi: 10.1111/aab.12576


 Wallingford, A. K., Fuchs, M. F., Martinson, T., Hesler, S., and Loeb, G. M. (2015). Slowing the spread of grapevine Leafroll-associated viruses in commercial vineyards with insecticide control of the vector, Pseudococcus maritimus (Hemiptera: Pseudococcidae). J. Insect Sci. 15:112. doi: 10.1093/jisesa/iev094 

 Waskom, M. L. (2021). Seaborn: statistical data visualization. J. Open Source Softw. 6:3021. doi: 10.21105/joss.03021


 Watts, G. S., Thornton, J. E. Jr., Youens-Clark, K., Ponsero, A. J., Slepian, M. J., Menashi, E., et al. (2019). Identification and quantitation of clinically relevant microbes in patient samples: Comparison of three k-mer based classifiers for speed, accuracy, and sensitivity. PLOS Comput. Biol. 15:e1006863.


 Weber, F., Wagner, V., Rasmussen Simon, B., Hartmann, R., and Paludan Søren, R. (2006). Double-stranded RNA is produced by positive-Strand RNA viruses and DNA viruses but not in detectable amounts by negative-Strand RNA viruses. J. Virol. 80, 5059–5064. doi: 10.1128/JVI.80.10.5059-5064.2006 

 Xu, D., Adkar-Purushothama, C. R., Lemoyne, P., Perreault, J. J., and Fall, M. (2021). First report of grapevine yellow speckle viroid 1 infecting grapevine (Vitis vinifera L.) in Canada. Plant Dis. 105:4174. doi: 10.1094/PDIS-04-21-0863-PDN 

 Zhang, Y., Singh, K., Kaur, R., and Qiu, W. (2011). Association of a Novel DNA virus with the grapevine vein-clearing and vine decline syndrome. Phytopathology 101, 1081–1090. doi: 10.1094/PHYTO-02-11-0034 









 


	
	
TYPE Original Research
PUBLISHED 26 June 2023
DOI 10.3389/fmicb.2023.1206094






Comparative genomics of the Liberibacter genus reveals widespread diversity in genomic content and positive selection history

Tiffany N. Batarseh1†, Sarah N. Batarseh2†, Abraham Morales-Cruz3 and Brandon S. Gaut4*


1Department of Integrative Biology, UC Berkeley, Berkeley, CA, United States

2Department of Plant and Microbial Biology, UC Berkeley, Berkeley, CA, United States

3U.S. Department of Energy, Joint Genome Institute, Lawrence Berkeley National Lab, Berkeley, CA, United States

4Department of Ecology and Evolutionary Biology, UC Irvine, Irvine, CA, United States

[image: image2]

OPEN ACCESS

EDITED BY
 James T. Tambong, Agriculture and Agri-Food Canada (AAFC), Canada

REVIEWED BY
 Biswajit Samal, University of Wisconsin-Madison, United States
 Zheng Zheng, South China Agricultural University, China

*CORRESPONDENCE
 Brandon S. Gaut, bgaut@uci.edu 

†These authors have contributed equally to this work and share first authorship

RECEIVED 14 April 2023
 ACCEPTED 09 June 2023
 PUBLISHED 26 June 2023

CITATION
 Batarseh TN, Batarseh SN, Morales-Cruz A and Gaut BS (2023) Comparative genomics of the Liberibacter genus reveals widespread diversity in genomic content and positive selection history. Front. Microbiol. 14:1206094. doi: 10.3389/fmicb.2023.1206094

COPYRIGHT
 © 2023 Batarseh, Batarseh, Morales-Cruz and Gaut. 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.
 

‘Candidatus Liberibacter’ is a group of bacterial species that are obligate intracellular plant pathogens and cause Huanglongbing disease of citrus trees and Zebra Chip in potatoes. Here, we examined the extent of intra- and interspecific genetic diversity across the genus using comparative genomics. Our approach examined a wide set of Liberibacter genome sequences including five pathogenic species and one species not known to cause disease. By performing comparative genomics analyses, we sought to understand the evolutionary history of this genus and to identify genes or genome regions that may affect pathogenicity. With a set of 52 genomes, we performed comparative genomics, measured genome rearrangement, and completed statistical tests of positive selection. We explored markers of genetic diversity across the genus, such as average nucleotide identity across the whole genome. These analyses revealed the highest intraspecific diversity amongst the ‘Ca. Liberibacter solanacearum’ species, which also has the largest plant host range. We identified sets of core and accessory genes across the genus and within each species and measured the ratio of nonsynonymous to synonymous mutations (dN/dS) across genes. We identified ten genes with evidence of a history of positive selection in the Liberibacter genus, including genes in the Tad complex, which have been previously implicated as being highly divergent in the ‘Ca. L. capsica’ species based on high values of dN.
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1. Introduction

Emerging and unmanaged bacterial plant pathogens threaten food security worldwide, with up to 10% of global food production lost to plant disease (Strange and Scott, 2005; McDonald and Stukenbrock, 2016; Ristaino et al., 2021). Understanding the mechanisms and genetic determinants that underlie diversification and adaptation in bacterial plant pathogens is essential for managing disease. The relationship between pathogen, diseased host, and associated vector creates arms-race dynamics that can fuel rapid evolutionary change in the pathogen (Anderson et al., 2010). The evolutionary consequences are reflected in the pathogen’s genome architecture, gene content, and patterns of genetic variation (Stavrinides et al., 2008). One such pattern is positive selection, an evolutionary force responsible for rapid adaptive change in pathogenic bacteria. Positive selection can be identified by measuring the ratio of nonsynonymous to synonymous mutations in genes, a ratio referred to as dN/dS or ω (Aguileta et al., 2009; Moulana et al., 2020). In the case of intracellular bacterial pathogens, evolutionary arms-race dynamics have also selected for genome rearrangements, reduced genome size, and a reduction in GC content, all of which have direct effects on phenotype and are correlated with pathogenicity (Murray C. S. et al., 2021). By investigating the genomes of plant pathogens for signatures of arms-race dynamics, we may identify genes or gene regions that are important for disease and also characterize the evolutionary processes underlying pathogen adaptation and evolution.

The Liberibacter genus is a group of gram-negative, alpha-Proteobacteria with species members that cause devastating disease on important crops around the world (Jagoueix et al., 1994). The genus comprises at least nine species: ‘Candidatus Liberibacter asiaticus’ (Las), ‘Ca. Liberibacter americanus’ (Lam), ‘Ca. Liberibacter africanus’ (Laf), ‘Ca. Liberibacter solanacearum’ (Lso), ‘Ca. Liberibacter europaeus’ (Leu), ‘Ca. Liberibacter brunswickensis’ (Lbr), ‘Ca. Liberibacter capsica,’ ‘Ca. Liberibacter ctenarytainae,’ and L. crescens (Teixeira et al., 2005; Bové, 2006; Liefting et al., 2009; Raddadi et al., 2011; Morris et al., 2017; Jain et al., 2019; Kwak et al., 2021), each with varying pathogenic characteristics. The bacteria are largely phloem-restricted and vectored by psyllid insects.

Species from the Liberibacter genus cause a variety of plant diseases. For example, Las, Lam, and Laf - which are predominantly found in Asia, the Americas, and Africa, respectively - cause Huanglongbing (HLB) disease. HLB is a destructive disease of citrus (plant family Rutaceae) that causes multibillion-dollar economic loss worldwide per year (Bové, 2006; Yuan et al., 2021). The disease in citrus is characterized by yellowing of leaves, reduced fruit yield, and twig dieback, which results in non-marketable fruit leading to great commercial losses (Albrecht and Bowman, 2009; Bassanezi et al., 2011). HLB can be carried and spread by insect psyllids, such as Trioza erytreae in Africa and Diaphorina citri in America and Asia, or it can be spread by grafting (Reynaud et al., 2022). Although all three species can cause HLB, Las is most frequently identified in positive samples, and it has even outcompeted Lam in its native Brazil (Coletta-Filho et al., 2010). Preventing HLB is a global concern as there are no widely implemented and sustainable cures available (Alquézar et al., 2021).

Outside of citrus, other Liberibacter species colonize and infect different plant hosts. Lso is known to infect solanaceous plants (Solanaceae) and plants in the family Apiaceae. The identification of Lso marked the first report of Liberibacter naturally infecting a host byond citrus, which is in the Rutaceae (Liefting et al., 2009). Lso is the causal agent of Zebra Chip (ZC) disease in potatoes, which is characterized by brown stripes in the potato tuber due to infection of the phloem and causes major yield losses (Mora et al., 2021). Lso has also been discovered to infect carrots in Finland, New Zealand, and North and Central America (Munyaneza et al., 2010), suggesting that Lso infects a greater diversity of plant hosts compared to the other species. Leu was first discovered through a screen for Liberibacter species in Cacopsylla pryi, a psyllid pear pest in Italy, though it did not confer disease on pear plant tissue (Raddadi et al., 2011). However, Leu has been implicated as the causal agent behind disease symptoms in Scotch Broom shrubs (Cytisus scoparius) in New Zealand and associated with the broom psyllid, Arytainilla spartiophila, suggesting that Leu has more than one cognate host-psyllid pair and causes variable symptoms based on the host (Thompson et al., 2013).

Understanding the genetic determinants behind devastating diseases is imperative because it can lead to early detection and effective management strategies. Unfortunately, the majority of described species of Liberibacter are unable to be reliably cultured and propagated. However, L. crescens is a culturable species and is ancestral to all other described ‘Ca. Liberibacter’ species (Jain et al., 2019; Merfa et al., 2022). Due to their fastidious nature, obtaining genomic sequences of ‘Ca. Liberibacter’ species typically requires metagenomic approaches on infected plant tissue or insect vectors. Because of this obstacle, genetic manipulation of ‘Ca. Liberibacter’ remains difficult and hinders complete understanding of their pathogenicity mechanics and the underlying genetic determinants (Levy et al., 2020). Despite this obstacle, recent experimental work has shown that Las induces a systemic and chronic immune response in the phloem tissue in Citrus sinensis, thus demonstrating its pathogenicity (Ma et al., 2022).

In this work, we take the view that genomic analyses among Liberibacter species may help identify genetic determinants important for pathogenicity and improve our understanding of genomic variation in the genus. Here, we compare genomic diversity among six species of the Liberibacter genus using publicly available and assembled genome sequences. We are not the first to compare the genome content in Liberibacter species (Thapa et al., 2020; Gao et al., 2022). For example, Thapa et al. (2020) recently studied a sample of 37 Liberibacter genomes to investigate systematic relationships and genetic diversity within species. Others have focused on the evolution of prophage sequences within Liberibacter genomes (Dominguez-Mirazo et al., 2019; Tan et al., 2021). Previous studies have provided evidence for inter- and intraspecies genomic rearrangements, but without characterizing the extent of structural variation within and between species. Our work differs from previous studies by analyzing more genomes and also by focusing on the evolutionary history of gene presence/absence - i.e., the ‘accessory’ genome. Our work also differs by applying dN/dS analyses to the entire gene set, including accessory genes, as a method to identify candidate genes that may function in arms-race dynamics via host-pathogen interactions. Altogether, our work compiles a dataset of >50 Liberibacter genomes, compares nucleotide identity among species, performs pan-genome analyses to investigate gene content variation, measures gene presence/absence, and applies statistical analyses of dN/dS to both core and accessory genes. These analyses provide unprecedented insights into the evolutionary dynamics and history of ‘Candidatus Liberibacter’ genomes.



2. Methods


2.1. Liberibacter whole genome sequence sample selection

We obtained all publicly available genomes of the genus Liberibacter from the National Center for Biotechnology Information (NCBI) and Pathosystems Resource Integration Center (PATRIC) database on March 24th, 2022. We obtained 36 genomes of ‘Ca. Liberibacter asiaticus,’ 2 genomes of ‘Ca. Liberibacter americanus,’ 2 genomes of ‘Ca. Liberibacter europaeus,’ 2 genomes of ‘Ca. Liberibacter africanus,’ and 8 genomes of ‘Ca. Liberibacter solanacearum’ (Supplementary Table S1). Additionally, we included 2 genomes of Liberibacter crescens (Table 1). Genome completeness was assessed using CheckM v 1.2.0 (Parks et al., 2015), based on a set of conserved single copy genes (Supplementary Table S2). Three genomes of ‘Ca. Liberibacter asiaticus’ were excluded (genomes Tabriz3, SGCA_1, and SGpsy) because their genome sizes were considerably lower than the accepted 1.2 Mb genome size of Las (0.769 Mb and 0.23 Mb) or their genome completeness was less than 80% based on CheckM, likely reflecting incomplete genomes.



TABLE 1 Summary of Liberibacter accessions included in this study.
[image: Table1]



2.2. Pan-genome analysis and gene annotation

All genomes retrieved from public databases were annotated using Prokka v 1.14.6 in order to obtain uniform annotations (Seemann, 2014). Following annotation, a genus-wide pan-genome was constructed using Roary v. 3.13.0 with Rhizobia grahamii as the outgroup (Table 2). Due to the high divergence amongst Liberibacter species, we decreased the percentage sequence identity to 50% to encompass all possible orthologs following previously established methods (Chase et al., 2018; Rodriguez and Martiny, 2020). Using the pan genome reference fasta file output by Roary, we extracted a representative nucleotide sequence of each core and accessory gene using cdbfasta.1 Theses gene sequences were translated using the transeq command from EMBL-EBI (Madeira et al., 2019). Functional categorization of the core genes and accessory genes was performed using the program eggNOG-mapper v. 2 (Huerta-Cepas et al., 2017, 2019). KEGG annotation was performed using the GhostKoala online server (Kanehisa et al., 2016). Additionally, we measured the pairwise average nucleotide identity (ANI) between all genomes used in this study using OrthoANI v. 1.2 (Lee et al., 2016).



TABLE 2 Pan-genome analysis.
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2.3. Phylogenetic tree construction

The core gene alignment was used to build a phylogenetic tree representing the entire genus. The core gene alignment produced by Roary was polished using the gBlocks program (Castresana, 2000). The polished core gene alignment was inputted to RAxML v. 8.2.12 to build a phylogenetic tree (Stamatakis, 2014). In order to further evaluate and curate the isolates, we created a distance matrix from the RAxML phylogenetic tree in newick format using the Tree and reticulogram REConstruction (T-REX) server (Boc et al., 2012). Visualization of the phylogenetic tree built from core gene sequences was performed using the Interactive Tree of Life (iTOL; Letunic and Bork, 2021). Additionally we explored the phylogenetic relatedness of the accessions based on accessory gene content. We constructed a distance matrix based on the presence-absence patterns of accessory genes and then used that matrix to build a neighbor-joining tree. To build the tree, we calculated the Euclidean distances from the presence-absence matrix using the dist function in R (R Core Team, 2021). The distance matrix based on accessory gene content was then used as input to build the tree using the ape package in R (Paradis et al., 2004). Using the Analysis of Similarities (ANOSIM) in the R vegan package, we tested the association between the accessory gene content and species identity (Oksanen et al., 2020).



2.4. Whole genome alignment and genome rearrangement

To investigate the rearrangement history of Liberibacter and to generate a multiple whole genome alignment, we used the progressiveMauve system available through Mauve (Darling et al., 2004). Before performing multiple genome alignment with Mauve, we used the Mauve Contig Mover (MCM) on assemblies with >1 contig using the Las isolate Psy62 or Lso isolate CLsoZC1 as the reference genome, depending on the analysis (Darling et al., 2007). ProgressiveMauve was run with default settings and the Locally Collinear Blocks (LCBs) that were found across all genomes were extracted and concatenated into a multiple genome alignment. We performed progressiveMauve analysis with 10 different sets of genomes: a set of only single contig assemblies (n = 16), a set of genomes comprising two representative sequences per Liberibacter species (n = 12), and 8 different species-specific analyses (Table 3). For the interspecific analyses, Psy62 was used as the reference genome for MCM. However, for the Lso species-specific analyses, we used CLsoZC1 as the reference genome for MCM. For the species-specific analysis of Las genomes, we used subsets of Las genomes with n = 10 or n = 8 because Mauve was too computationally intensive to run the analyses on all 36 Las genomes. We therefore investigated three sampling subsets. The first subset was composed of all 10 single-contig Las assemblies (chromosome level); the second was composed of a random subsample of 8 Las genomes from the entire set of 36 genomes; and the third set included a random subsample of 8 Las genomes from the set of 26 Las genomes composed of >1 contig. We selected 8 Las genomes for the second and third analysis sets in order to match the number of available Lso genomes (n = 8).



TABLE 3 Liberibacter progressiveMauve analysis.
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2.5. Measuring selection

We utilized the codeml set of models from PAML v.4.9 to calculate the ratio of nonsynonymous to synonymous substitution rates, known as dN/dS or ω, on the sets of single-copy core and single-copy accessory genes (Yang, 1997, 2007). For all models tested, we only considered genes with a minimum of four sequences (i.e., four different accessions carry the gene), as this is the minimum number recommended for codeml analysis.2 The codeml analysis in PAML requires the input of an unrooted, maximum-likelihood phylogenetic tree for each sequence analyzed, which we constructed using RAxML v. 8.2.12 using the gene sequence alignment as input for tree construction (Stamatakis, 2014).

We performed the codeml analysis under various models and compared the model results using likelihood ratio tests (Yang, 2007). Using the various models, we could test the null hypothesis that ω = 1.0 against the alternative of positive selection (ω > 1) using two different methods. First, in the global test approach, we calculated a single estimate of ω for each gene across its entire phylogeny. To test for the validity of the estimated value of ω, we performed a comparison of two models using the likelihood ratio test: one that estimated a single ω for each gene from the data (Model = 0 with Fix_omega = 0 in the codeml control file) and another model that calculated the likelihood if ω = 1.0 (Model = 0 with Fix_omega = 1 and Omega = 1 in the codeml control file). Using this set of models, we could identify genes with evidence of positive selection when the initial ω estimate was >1.0 and when the likelihood of the two models differed significantly based on p < 0.01 after FDR p-value correction. The second analysis consisted of the Sites models approach which tests for genes with variable selection pressure across sites, or codons, of the sequence. For each gene, we first compared Sites models M0 and M3 using the likelihood ratios to test for the presence of heterogeneity in evolutionary rates across codons. Any gene with a significant result for the M0–M3 comparison was then compared using Sites models M1a and M2a to identify specific codons with evidence of positive selection (ω > 1.0). For all summary statistics of ω, we excluded estimates of ω that were greater than 20 as potentially unreliable due either to low dS or poorly resolved optimization.



2.6. Statistical validation

All statistical analyses were performed in R v 4.1.2 (R Core Team, 2021). In order to compare the abundance of genes involved in KEGG functional pathways and ANI across species, we first assessed the normality of the data using the Shapiro–Wilk test and the variance of the data using Levene’s test available through R. For all comparisons of KEGG functional pathways, we performed ANOVA analyses using the R function aov and identified which groups were significantly different from each other by computing a post hoc Tukey HSD test with the R function TukeyHSD. For ANI comparisons, the Shapiro–Wilk test for normality was significant, so we proceeded with a Kruskal-Wallis analysis using the kruskal.test function in R. The Kruskal-Wallis test revealed significant differences between the groups, so we followed with the Pairwise Wilcoxon Rank Sum Test using the R function pairwise.wilcox.test with Benjamini and Hochberg p-value correction for multiple testing.




3. Results


3.1. Genus wide pan-genome analysis and phylogenetic relationships

To investigate the genus wide diversity and evolution of Liberibacter species, we obtained 52 Liberibacter whole genome sequences from public databases, representing one culturable and five nonculturable Liberibacter species. We also retrieved the genome sequence from Rhizobium grahamii as an outgroup sequence. Our complete sample of 53 whole genome sequences encompassed six Liberibacter species, with one species represented by 36 accessions (Table 1; Supplementary Table S1). We constructed the genus-wide pan-genome and categorized each gene as either a core or accessory gene in order to construct a core gene alignment to build a phylogeny. We defined a core gene as a gene that was present in a majority (95%) of the samples being tested (Tettelin et al., 2008). Across the entire genus, we identified 439 core and 8,487 accessory genes. Among accessory genes, 5,807 were singletons, meaning they were only identified in a single accession. We excluded singletons from further analysis and also excluded genes with an average number of sequences per isolate greater than one (due to splitting errors). Our final dataset consisted of 436 single-copy core genes and 2,639 single-copy accessory genes for downstream analysis (Table 2).

With the genus wide pan-genome information, we constructed a core gene alignment to use as input to build a maximum likelihood phylogeny (Figure 1). As expected, the sequences clustered by species, with L. crescens basal among Liberibacter species (Wang N. et al., 2017). Following the split of L. crescens from the rest of the Liberibacter species, Lam and Leu sequences formed a clade that diverged from Lso, Laf, and Las. Overall, the phylogeny’s topology was highly supported with 100% bootstrap support across all nodes leading to species groups. Across all nodes in the tree, including within species clades, the median bootstrap support was 61.0% and the mean was 58.7% (Supplementary Figure S1). The lowest bootstrap supports were primarily found at nodes near the tips of the tree and only within species groups, such as in the Las clade, suggesting lower evolutionary divergence among these samples and their core gene sequences. The species tree based on core genes recapitulates the previous analysis of Thapa et al. (2020).
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FIGURE 1
 The maximum likelihood phylogeny of the 52 Liberibacter accessions and 1 outgroup species included in this study. The phylogeny was constructed using the nucleotide core gene alignment as the input. Each isolate is labeled at the tips and is colored according to the species designation.


We performed functional analyses on the core and accessory gene sets using the COG annotation scheme (Figure 2). After excluding the category of S - ‘function unknown’ (which was the second largest category), the largest COG category among core genes was J - ‘translation, ribosomal structure, and biogenesis’ (96 genes), followed by F - ‘nucleotide transport and metabolism’ (32 genes) and H - ‘coenzyme transport and metabolism’ (31 genes). The accessory genes differed, because the largest categories (excluding ‘function unknown’ genes, which was the largest category) were L - ‘replication, recombination, and repair’ (233 genes), M - ‘cell wall/membrane/envelope biogenesis’ (166 genes), and E - ‘amino acid transport and metabolism’ (135 genes).
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FIGURE 2
 Gene annotation for the set of core and accessory genes identified across the Liberibacter genus. The distribution of functional categories are faceted for the set of 436 core genes and 2,639 accessory genes. The y-axis denotes both the COG category letter designation and the category description.




3.2. Nucleotide diversity across the genus

To investigate Liberibacter intra- and interspecies divergence, we calculated the genome-wide average nucleotide identity (ANI) using OrthoANI between all possible pairs of accessions included in this study, resulting in 1,378 pairwise ANI calculations (Figure 3). ANI is a commonly used metric to demarcate species and genus boundaries in bacteria (Jain et al., 2018). OrthoANI calculates high resolution ANI across the entire genome by fragmenting the genome sequences into 1,020 bp long fragments that are used for analysis (Lee et al., 2016). Across all accessions (including the outgroup species), the mean ANI value was 87.13% with a minimum value of 62.85% and a maximum of 99.99%. As expected, comparisons performed within species had a significantly higher ANI compared to the ANI calculated from across species comparisons (p < 2.2 × 10−16, Wilcox Test). Specifically, average ANI for between species comparisons was 76.2% (excluding calculations against the outgroup) while average ANI within species was 99.8%. As expected, ANI both within and between Liberibacter species were significantly different to the ANI calculated against the outgroup species (mean ANI against outgroup = 66%, p < 2.2 × 10−16, Kruskal–Wallis test; Figure 3).
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FIGURE 3
 Liberibacter genome relatedness based on average nucleotide identity (ANI). ANI, measured in percent identity, was calculated between all possible pairs of accessions, resulting in 1,378 pairwise ANI calculations. The dendrograms represent the Liberibacter phylogeny based on the core gene alignment.


Next, we investigated ANI within the Liberibacter species. We hypothesized that Lso isolates may have greater nucleotide diversity, and therefore lower mean ANI, compared to other Liberibacter species, like Las, which in turn may underlie the broader host range of Lso. We focused on the within-Lso and within-Las ANI comparisons as these two species had the greatest number of available genomes with 8 and 36 genomes, respectively. The mean within-Las ANI was 99.89% while the mean within-Lso ANI was 98.17% (Supplementary Figure S2). ANI was significantly higher for within-Las comparisons than within-Lso comparisons, indicating that Lso has greater nucleotide diversity compared to Las genomes (p < 0.0001, Wilcox Test). All other within-species calculations for Laf, Lam, Leu, and L. crescens resulted in ANI values of >99%, but only two genomes were available for each of these species. Overall, however, these analyses suggest that Lso has greater within-species nucleotide diversity compared to other Liberibacter species.



3.3. Species specific genome differences

We also investigated genomic differences among species. There were significant differences in total genome size between species (p = 0.001, Kruskal–Wallis test); for example Las isolates tended to have significantly smaller genomes compared to L. crescens and Leu isolates (p < 0.05). We also identified species’ differences by counting the core and accessory genes for each species individually (Table 2; Supplementary Figure S3). Intraspecies pan-genome analysis returned an average of 985 core genes per species with a minimum of 786 core genes in Las and a maximum of 1,291 core genes in L. crescens. A total of 536 genes were shared among the pathogenic species (Supplementary Figure S3A). The accessory gene count was more variable among the species, with an average of 291 accessory genes per species but a minimum and maximum of 44 (in Leu) and 768 (in Las). We recognize that the number of accessory genes is positively correlated with the number of genomes analyzed up to a saturation point (Bosi et al., 2015); hence, we are undoubtedly underestimating the number of accessory genes in species with only two genomes available. Among species with only two genomes available, Laf had 229 accessory genes, Lam had 65, and Leu had 44 resulting in an average of 112 accessory genes in these species.

Using the COG functional annotation scheme, we explored the species-specific core and accessory gene functions together (Figure 4). As expected (Merfa et al., 2019), L. crescens tended to have more genes with annotations in particular COG functional categories such as E - ‘amino acid transport and metabolism,’ H - ‘coenzyme transport and metabolism,’ O - ‘post-translational modification, protein turnover, and chaperones,’ P - ‘inorganic ion transport and metabolism,’ Q - ‘secondary metabolites biosynthesis, transport, and catabolism,’ and T - ‘signal transduction mechanisms,’ which may contribute towards L. crescens ability to be cultured or may be due to an inherently larger chromosome. Excluding L. crescens, the distribution amongst the COG categories was fairly consistent among the unculturable ‘Ca. Liberibacter’ species. COG categories J, L, and M revealed interesting patterns amongst Las, Laf, and Lso, as all three species tended to have higher counts in these categories compared to Lam and Leu. These categories were ‘translation, ribosomal structure, and biogenesis,’ ‘replication, recombination, and repair,’ and ‘cell wall/membrane/envelope biogenesis,’ respectively.
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FIGURE 4
 The distribution of functional categories for core and accessory genes separated by species. For each COG functional category, the number of genes annotated with that particular COG function in each species are depicted and separated by color. The COG definitions per letter are the same as in Figure 2.


We compared and contrasted the core and accessory gene content between Las and Lso isolates, as these two species had >2 genomes available, allowing for greater confidence in the core and accessory gene representation in these species. Las and Lso had a total of 786 and 822 core and 768 and 547 accessory genes, respectively. In regard to core genes, the majority (75%) of core genes were the same between the two species as they shared 689 core genes in common. Each species had a set of unique core genes, however, with Las having 97 and Lso having 133 unique core genes. The accessory genes proved to differentiate the two species further, as Las and Lso only shared 354 accessory genes which represented just 37% of the total genes. The Lso species harbored a set of 414 unique accessory genes that were not a part of the Las accessory gene set, while Las only had a set of 193 unique accessory genes. Overall, this comparison suggests that Lso not only harbors more genetic diversity within core genes, as measured by ANI, but also more variation in accessory gene content.



3.4. Differences in abundance of genes involved in KEGG functional pathways

Since we found differences in gene content among the Liberibacter species, we compared and contrasted the abundance of genes involved in different processes essential to the biology of the cell: nucleotide, amino acid, energy, and carbohydrate metabolism using KEGG functional category definitions (Kanehisa et al., 2016). Liberibacter bacteria are largely restricted to the phloem of plants, which is rich in sugars and amino acids, so we hypothesized that the different species of Liberibacter would exhibit differences in the number of genes involved in the metabolism of these compounds due to differences in pathogenic ability. For each genome analyzed, we counted the number of genes in each category and investigated the species-specific differences (Figure 5). We found a significant difference in the number of amino acid, energy, and nucleotide metabolism genes between the different species (p < 0.001, ANOVA). However, the number of genes involved in carbohydrate metabolism was not significantly different between the species (p = 0.13), likely reflecting the importance of carbohydrate metabolism and constraint against losing this function. Isolates from the species L. crescens had significantly higher abundance of amino acid and energy biosynthesis related genes compared to all other ‘Ca. Liberibacter’ species. In contrast, the Las isolates had a significantly higher number of nucleotide biosynthesis genes compared to Lam, Leu, and Lso isolates.

[image: Figure 5]

FIGURE 5
 The abundances of genes involved in four different KEGG metabolism pathways amongst the different Liberibacter species: (A) amino acid, (B) carbohydrate, (C) energy, and (D) nucleotide. Abundance refers to the total gene count, and each boxplot represents the total number of genes annotated for that KEGG function in each genome analyzed in this study. Significance was assessed using ANOVA with post hoc Tukey HSD test, and the stars note the level of significance such that *p < 0.5, **p < 0.01, ***p < 0.001.




3.5. Genome rearrangement

We also investigated large scale genome rearrangements and changes in genomic synteny across the Liberibacter genus, as this provides another way to investigate evolutionary relationships within the genus. Previous work has demontrated extensive genome rearrangement in Liberibacter genomes, but only in a handful of genomes (Thapa et al., 2020; Tan et al., 2021). We have used progressiveMauve to preform extended whole genome alignment on two sets of Liberibacter genomes: a set of 12 genomes representing the two highest quality genomes from each of the six species and a second set representing the 16 available chromosome-level genome assemblies representing five species of Liberibacter: Laf, Lam, Las, Lso, and L. crescens.

The alignment of 16 assemblies revealed a total of 136 synteny blocks, or locally collinear blocks (LCBs), across all 16 genomes. An LCB refers to a conserved stretch of the genome with no evidence of rearrangement history. The 136 LCBs spanned a sequence length of 1,167,307 bp and had an average pairwise identity of 60.5% across isolates (Table 3). We compared the phylogenetic relationships in the tree built from the core gene alignment to a phylogeny built from pairwise distances inferred from the Mauve whole genome alignment (Supplementary Figure S4). Considering just the tips of the tree, 12/16 of the isolates maintained the same position in the tree; all four isolates with different positions were Las isolates. The congruence between the two trees indicates that the core gene alignment and whole genome alignment recapitulate similar phylogenetic histories, but with evidence for phylogenetically informative rearrangements in Las.

To investigate the genus wide rearrangement history, we also performed progressiveMauve alignments with the set of 12 most-contiguous genomes representing all six species and within individual species (Table 3). We performed the alignment several times: once all together with all 12 genomes and again once for each species individually to compare the amount of LCBs, which reflects the amount of rearrangement (Darling et al., 2007). The alignment with all 12 of the representative genomes identified156 LCBs spanning a total of 1,148,204 bp, with a pairwise sequence identity of 44.6%. As previously described, we compared the phylogeny built from this whole genome alignment to the phylogeny built from the core gene sequences (Supplementary Figure S5), and we found no differences between the two trees.

Additionally, we performed progressiveMauve alignments for each species individually in order to investigate any species-specific rearrangements and to compare LCB counts within and between species. In contrast to genus-wide analysis, species-specific mauve analysis retrieved very few LCBs – i.e., an average of 11.25 within species. Lso isolates had the most synteny blocks with 46 LCBs identified, followed by the Lam group with 22 LCBs (Table 3). Because the Las group had the most genomes available (n = 36) and Mauve is computationally intensive, we performed the progressiveMauve analysis with three different sets of Las genomes: single contig assemblies (n = 10), a random set of eight genomes from the entire set of 36 Las genomes, and a random set of eight genomes composed of >1 contig from a set of 26 Las assemblies. The analysis revealed 1, 3, or 11 LCBs depending on the set of genomes analyzed (Table 3). Overall, these analyses indicate that the Liberibacter genus has an extensive rearrangement history across species, with 156 synteny blocks shared across the entire genus. As expected, there were fewer LCBs within species, reflecting fewer obvious genome rearrangements within species, but the Lso group was notable for its relative high number of LCBs.



3.6. Accessory gene composition and phylogenetic patterns

Genome rearrangement, reduction, and recombination is prevalent in the Liberibacter genus, and it has been hypothesized to be important towards pathogenicity and virulence evolution (Tan et al., 2021). To better understand these issues, we first investigated the evolutionary patterns of the accessory genes by comparing the core gene phylogeny against a phylogeny based on the accessory gene composition (Figure 6). The accessory gene phylogeny recapitulates a similar clustering pattern as the core gene phylogeny, which has accessions clearly grouped by species. However, the correlation between the two distance matrices used to build each tree was non-significant based on the Mantel test (p = 0.086, R = 0.158, Mantel Test). This discordance was prominent in the overall species clustering as the placement of the Laf accessions was positioned at a deeper portion of the accessory gene tree compared to the core gene tree. The core gene tree positioned the Laf accessions more closely to Las in a single clade that diverges from the Lso isolates, while the accessory gene tree placed the Laf accessions farther from the Las group and closer to the Leu and Lam clade. The overall pattern of accessory gene content suggests that isolates of the same species have more similar accessory gene content and also that gene exchange between species are not occurring at a rate to alter phylogenetic signal, with the except of the placement of Laf accessions. This statement is supported by ANOSIM, which detected a significant association between accessory gene content and species (ANOSIM R = 0.4525, p < 2 × 10−4).
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FIGURE 6
 A comparison of a NJ tree based on distances due to accessory gene presence/absence patterns (left) to the maximum likelihood tree based on the core gene alignment (right; Figure 1). As in Figure 1, the isolates are labeled at the tips of the trees, with clades colored according to species. Lines connect the same isolate between the two trees, with angled lines representing topological discordance between phylogenies.


We next investigated the correlation between the core gene tree and accessory gene tree within Las and Lso, because those groups had >2 accessions to compare. In the Lso clade, the position of 6 of the 8 Lso accessions remained the same across the two trees, suggesting that the core gene nucleotide evolution and accessory gene composition recapitulate similar evolutionary histories (Figure 6). Isolates CLsoZC1 and ISR100 experienced positional changes between the two trees. In the core gene tree, CLsoZC1 diverged from the 7 other Lso accessions; however, in the accessory gene tree, CLsoZC1 formed a group with 4 other Lso isolates. The Lso isolate ISR100 also changed position, as it was originally grouped with LsoNZ1, HenneA, R1, and RSTM in the phylogenetic tree built from the nucleotide core gene alignment, however, in the accessory gene tree, ISR100 formed a group with FIN111 and FIN114. Unlike Lso, the Las group showed extensive changes between the two trees. Most notably, we observed the presence of three clusters within the Las clade based on the core gene alignment, but this clustering pattern was not seen in the tree constructed from accessory gene composition. Altogether, the results suggest that accessory gene content varied by species, leading to similar phylogenetic inference across species based on core genes or gene presence/absence. However, there is enough gene content variation within Liberibacter species to create slight differences in the phylogenetic patterns within species.



3.7. Measuring selection

To investigate the strength and pattern of selection on individual genes, we estimated the ratio of nonsynonymous mutations to synonymous mutations, referred to as ω or dN/dS. By calculating this ratio, we can identify genes with evidence of positive selection (ω > 1.0) which suggests that these genes may be relevant towards pathogenicity and virulence (Mitchell et al., 2012; Aleru and Barber, 2020). Using the codeml models available through the program PAML, we applied a series of nucleotide substitution models on single-copy core and accessory genes identified in the pan-genome analysis. We tested for positive selection using two methods: either globally across the entire phylogeny (referred to as the global test) or across codon sites (referred to as sites models). In total, we performed these analyses on 1,698 qualifying genes (436 core genes and 1,262 accessory genes; see Methods).

Using the global test, we estimated the single, average ω value for each gene across the phylogeny of the genus. This method assumes that the value of ω is constant across all of the branches in the gene tree and across the individual codons in the nucleotide alignment. For the 436 core genes, estimates of ω ranged from 0.00649 to 0.26883 with an average of 0.09442 (Figure 7A). All of the core genes had estimates of ω less than 1.0, and the vast majority (385/436) had ω estimates significantly less than 1.0 (p < 0.01, FDR correction), indicating a pervasive signal of selective constraint on amino acid replacing mutations. For the 1,262 accessory genes, ω ranged from 0.001 to 2.85930 with a mean of 0.22465 (Figure 7B). Among these, we identified 36 accessory genes with estimates of ω > 1, suggesting the possibility of positive selection, but only two had ω estimates significantly higher than 1.0 (p < 0.01, FDR correction). We compared the values of average ω estimated for the core and accessory genes; the two groups were significantly different, with accessory genes having significantly higher ω on average (p < 2.2 × 10−16, T-test).
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FIGURE 7
 The distribution of estimated values of ω, or dN/dS, under the One-Ratio model (M0) which estimated a single value of ω across an entire gene tree for the set of (A) 436 core genes and (B) 2,639 accessory genes.


We also applied the sites models in codeml, which test for variation in ω among codons in the gene sequences and also identify whether any sites have a history of positive selection. This represents a less conservative method than the global test to search for positive selection. The sites models are a group of nested models, so we first compared sites model M0 against sites model M3. Sites model M0 represents the null hypothesis that there is a single ω value for all sites in the gene sequence, while sites model M3 permits ω to vary among sites. The genes that were significant for the likelihood ratio test between sites model M0 and M3 were then analyzed under the sites models M2a and M1a which tests for a history of positive selection across codon sites. All but one of the core genes rejected the null hypothesis that a single ω value exists across all sites in the sequence, suggesting variable ω across codons (p < 0.01, FDR correction). (The gene ftcR was the one non-significant exception.) However, we did not find any core genes that had evidence of a history of positive selection in any of their codons based on M2a-M1a comparisons. The accessory genes displayed contrasting dynamics, because only 64% of the accessory genes (806/1,262) rejected the null that a single ω value exists across all sites in the M0–M3 comparison. We investigated the 806 genes further using the M2a-M1a model and found that 52 accessory genes had significant evidence of a history of positive selection among sites in the sequence (p < 0.01, FDR correction). Among these 52 accessory genes, ten also had evidence of positive selection via the global test, as indicated by estimates of ω > 1 (Table 4).



TABLE 4 Genes with evidence of positive selection based on both the global and sites models.
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4. Discussion

We have investigated genetic diversity and genome evolution within the Liberibacter genus. Our work is based on 52 whole genome sequences from six different species, representing a much-expanded sample relative to previous work (Thapa et al., 2020; Tan et al., 2021). Our set of genomes included five different non-culturable species of ‘Ca. Liberibacter’ and the culturable L. crescens. Like previous work, our analyses show that Liberibacter species are highly divergent based on nucleotide identity, gene content, and rearrangement history. However, our work also yields novel insights into the evolutionary history of genomes, including the prevalence of genome rearrangement and gene/presence absence within vs. between species and also into the prevalence of positive selection, particularly in accessory genes.

To help understand species’ designations, we measured average nucleotide identity (ANI) within and between species. The average inter-species ANI was 76.2%. Previous work has suggested that prokaryotic species boundaries have ANI values <83% (Jain et al., 2018), so ANI values within Liberibacter illustrate verify that they are, indeed, distinct species by this measure. There were also significant differences in intra-species ANI, with Lso isolates having the lowest ANI at 98.17%. Despite the lower ANI calculated for Lso isolates, the ANI value is still within the accepted range for prokaryotic species demarcation, which is generally accepted as >95% (Jain et al., 2018), although such a universal genetic boundary for prokaryotes is debated (Murray G. G. R. et al., 2021). Lso has the largest known host range compared to the other pathogenic species in the genus and, interestingly, Lso was the only species in the analysis to have an ANI below 99%, in addition to having the lowest percent identity (89%) across its LCBs in the Mauve analysis (Table 3). While there are limitations to the dataset due to uneven sampling, these results are unlikely not due to higher sampling alone. Although the Las group has the most genomes available (n = 36), it has a much narrower range of pairwise ANI values compared to Lso isolates (n = 8; Supplementary Figure S2). We hypothesize that the high genetic diversity within Lso partially reflects biological differences, particularly the wide host range of the Lso group. Lso infects solanaceous plants, but unlike Las which predominantly infects citrus (family Rutaceae), Lso has also recently been isolated from vectors known to associate with other plants in the families Oleaceae and Polygonaceae (Haapalainen et al., 2020; Wamonje et al., 2022). Previous studies using different Lso samples have identified divergent haplotypes between Lso isolates, corroborating our inference that Lso harbors high genomic diversity (Wang J. et al., 2017).

Our analyses of core gene content also highlight divergence within and between the different Liberibacter species. Of 8,926 genomes in the pan-genome, we have identified a set of 436 single copy core genes across the genus. The number of core genes retrieved was similar to other studies that have identified core genes or orthologous groups in different sets of Liberibacter sequences (Thapa et al., 2020; Hansen et al., 2022), albeit on much smaller genomic samples. On average, our sample of Liberibacter genomes had 1,213 predicted coding sequences, and thus the core genes represent 36.0% of the genes found in each genome. This is a relatively small percentage compared to other plant-associated bacteria. For example, genus-wide pan-genome analyses of pathogens like Xanthomonas or Xylella typically reveal a core genome size that consists of roughly half the genes in the genome (Ariute et al., 2022; Batarseh et al., 2022). Due to the low percentage of core genes (and correspondingly high number of accessory genes) in the pan-genome, we also quantified and compared the species-specific core genes. Not surprisingly, the number of core genes per species was higher than the genus-wide estimate, because we identified an average of 985 core genes per species compared to 436 core genes genus-wide.

We compared phylogenetic relationships between species based on core gene sequences to a tree built from the presence / absence patterns of accessory genes. Ours is the first study, to our knowledge, that has investigated the phylogenetic relationships of Liberibacter using accessory gene content, as most studies utilize core genes or a set of conserved marker genes to build phylogenies (Leonard et al., 2012; Wang J. et al., 2017; Haapalainen et al., 2020; Thapa et al., 2020). We have made three sets of observations based on accessory gene analyses. First, several changes occurred between the core and accessory phylogenies, with the most notable being the position of the Laf isolates. Lso is more closely related to Las in the accessory gene phylogeny, but Las and Laf are sister species in the core gene phylogeny (Figure 6). The positional change of Lso reflects an exceptionally high number of shared accessory genes (293) between these two species (Supplementary Figure S3B), compared to 42 shared with Laf and Las. The relatively high number could reflect sampling phenomena, but nonetheless illustrates that many accessory genes can be shared between species. Second, the data hint at intriguing differences in accessory gene content. Compared to the other species with only two genome isolates (Lam and Leu), Laf has a much higher number of accessory genes (Supplementary Figure S3B). Intrigued, we annotated shared genes with eggNog, hoping to gain functional insights into the cause of this observation. We found the majority of unique genes identified in Laf genomes were involved in replication, recombination, and repair, but these functions unfortunately tell us little about potential unique environmental or ecological characteristics that could be driving accessory genome content in Laf. Additional sequencing of complete genomes of the Laf, Lam, and Leu species will be beneficial for better understanding the pattern of accessory genes across the genus. Finally, the accessory gene tree also highlighted differences within Lso isolates by splitting them into two groups that were not seen in the core gene tree. For example, isolates FIN111, FIN114, and ISR100 form their own group based on accessory gene content. Intriguingly, FIN111 and FIN114 were extracted from carrot psyllids and were found to harbor extensive differences in their genome organization (Wang J. et al., 2017). The accessory gene content of those two isolates was similar to ISR100, which was from a different study, a different geographic location and even clustered separately from FIN111 and FIN114 in the core gene tree (Katsir et al., 2018). By investigating a larger amount of Liberibacter genomes, our study suggests that the accessory gene content in these two isolates are highly similar relative to their divergence measured by core gene sequences. We again do not know if there are ecological or functional drivers of these shifts in accessory gene content but look forward to future work that addresses these issues.

We also investigated phylogenetic relationships of Liberibacter species based on inferred genome rearrangements. We note that the Liberibacter genome assemblies are typically fragmented due to the inability to culture and directly sequence the bacteria, therefore extensive analysis of genome rearrangement is limited. Due to this reason, we used a reference genome to align the contigs before performing the Mauve alignment as suggested by the program authors. Similar to previous studies comparing Liberibacter genomes, we identified an extensive number of rearrangements (Thapa et al., 2020; Tan et al., 2021). We have found that Liberibacter has 156 LCBs genus wide, with a percent identity of 44.6%. However, accounting for the rearrangement history did not change inferred relationships among species (Supplementary Figures S4, S5).

Finally, to investigate global patterns of selection and identify genes experiencing selection and that may be important drivers of pathogenicity, we measured selection in the coding regions of the genome. To do so, we measured dN/dS, or ω, and performed statistical tests of positive selection on a set of 1,698 genes (436 core genes and 1,262 accessory genes) using the codeml models through PAML. A recent study investigating Liberibacter genomes and the newly identified species Ca. L. capsica, measured dN/dS in a set of 433 orthologous genes in the genus and identified 21 proteins with high dN values that may be involved in pathogenesis and host–microbe interactions, but this study did not perform any statistical tests for positive selection (Hansen et al., 2022). Another study applied tests for positive selection on a genus-wide sample of Liberibacter core genes, based on a smaller sample of isolates, but did not estimate dN/dS in accessory genes (Chen et al., 2020). Here, we calculated a single value of ω (dN/dS) for each gene which represented a conservative test of selection globally across all genes and all sites in the gene sequence. The global test revealed the 436 Liberibacter core genes were under purifying selection across the genus, because all genic estimates of ω were < 1.0 and most estimates were significantly <1.0 (Figure 7). The trend of pervasive purifying selection is not especially surprising, because it holds for core genes appears across multiple bacterial species with different life history traits, including the xylem-limited plant pathogen Xylella fastidiosa and the human pathogen Helicobacter pylori (Rubio and Pérez-Pulido, 2021; Batarseh et al., 2022).

The set of 1,698 accessory genes displayed significantly different estimates of ω compared to the core gene set, because ω was higher on average compared to core genes (average ω for accessory genes = 0.225, average ω for core genes = 0.094). We note, however, that the estimates of ω for accessory genes have reduced statistical power relative to the core genes due to the smaller sample sizes for the gene alignments (n = 4 to 50 for accessory genes compared to n = 51 to 53 for core genes). Notably, lower values of dN/dS across accessory genes in Liberibacter followed patterns similar patterns to other pathogenic bacteria (Rubio and Pérez-Pulido, 2021; Batarseh et al., 2022).

We also documented genes with significant statistical evidence of positive selection (dN/dS > 1.0), because this genic set bears the potential signal of arms-race dynamics and may thus have a role in pathogenicity (Anderson et al., 2010). Some signatures of positive selection may be hidden with the global test, because the global test is performed by averaging dN/dS across all sites and branches in the phylogeny. To complement the more conservative global test, we also calculated dN/dS using sites models, a group of nested models that permit dN/dS to vary across sites in a sequence. Similar to Chen et al. (2020), our analysis did suggest that the core genes in Liberibacter have evidence of variable dN/dS among sites, although for core genes we found no evidence that variability in dN/dS signaled positive selection. In contrast, this model identified a set of 52 accessory genes that had significant evidence of a history of positive selection among sites. Together, the global test and the sites models identified a set of 78 accessory genes with evidence of positive selection but no core genes with sufficient evidence. Of these 78 genes, ten also had dN/dS values >1.0 based on their complete phylogenies. Our work also documents that Liberibacter has a similar proportion of core and accessory genes with a history of positive selection compared to X. fastidiosa, which is also an insect vectored plant pathogen (Batarseh et al., 2022). It also drives home the point that most genes inferred to be under positive-selection – and thus subject to arms-race dynamics by this specific criterion – are found in the accessory gene complement.

We also caution that positive selection analyses are subject to false positive and are dependent on particular features such as sample set, criteria for determining homology, and sequence alignments. Nonetheless, given that ten genes were implicated to be under positive selection under both models, we explored their potential functions in more detail (Table 4). All ten genes were originally annotated as hypothetical proteins by Prokka, so we utilized the NCBI conserved domain Blast and the eggNOG mapper to glean additional annotation information. We ultimately identified putative annotations and functional information for six of the ten genes. Three of these genes were accessory genes found only in Lso isolates (considered a core gene within Lso) and were annotated as proteins related to the Tad complex and having Von Willebrand Factor Type A protein domains. The Tad pilus complex has been implicated in host cell interactions and the uptake of DNA (Andrade and Wang, 2019) and the Von Willebrand Factor Type A protein domain is important for cell adhesion, migration, and signal transduction (Steinert et al., 2020). Interestingly, genes in the Tad complex have been previously implicated as being highly divergent in the ‘Ca. L. capsica’ genome based on high values of dN (Hansen et al., 2022). Moreover, through Blast analyses we recovered annotation evidence for two other genes: group_2579 was annotated as a metallophosphoesterase and group_2831 as hypothetical protein effector 1 (HPE1). HPE1 has been experimentally shown to suppress plant effector-triggered immunity in Lso infection (Kan et al., 2021). Our results corroborate the potential importance of this effector family based on a history of positive selection. All ten genes are excellent candidates for further functional analysis, such as measuring immune response in plant cells (Chen et al., 2020).

Overall, our analysis of whole genomes from six different Liberibacter species has genome diversity in terms of sequence identity, accessory gene content, genome rearrangement and an apparent history of positive selection (Figure 8). We cannot ignore, however, that our results have limitations due to sampling issues that need to be addressed in future research. The majority of our isolates in the analysis were Las; it will be important to sequence more genomes in the other species, especially L. crescens, Laf, Lam, and Leu, to obtain better representation across the genus. Additionally, more species of Liberibacter are being proposed based on new information (Kwak et al., 2021). Additional full genome sequencing of the newly proposed species, such as ‘Ca. L. capsica’, should also be performed and investigated to include in a comparative genomics framework. To fully recapitulate genomic rearrangements, it is crucial to have future work based on closed genome assemblies or long-read sequencing data, but these are inherently challenging tasks due to the inability to culture pathogenic Liberibacter.
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FIGURE 8
 A summary figure of the overarching comparative genomics outcomes from this study. (A) Our pipeline consisted of investigating whole genomes of Liberibacter from six different species. (B) Using whole genomes, we found that Lso had the lowest ANI within species, highlighting its high genetic diversity. (C) Pan-genome analysis identified a set of 436 core genes and 1,698 accessory genes. We investigated the phylogenetic relationships by building a phylogenetic tree using the core gene nucleotide alignment and comparing it to a tree built from the presence absence patterns of accessory genes. The comparison revealed different topologies between the two trees as the Laf species clustered more closely with Las based on core gene sequences but was farther from Las based on accessory gene content. (D) We estimated dN/dS across core and accessory genes to investigate for signatures of selection. We found a pattern of purifying selection across core genes, but variable dynamics across the set of accessory genes with several inferred to have experienced positive selection.
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Phytophthora cactorum has two distinct pathotypes that cause crown rot and leather rot in strawberry (Fragaria × ananassa). Strains of the crown rot pathotype can infect both the rhizome (crown) and fruit tissues, while strains of the leather rot pathotype can only infect the fruits of strawberry. The genome of a highly virulent crown rot strain, a low virulent crown rot strain, and three leather rot strains were sequenced using PacBio high fidelity (HiFi) long read sequencing. The reads were de novo assembled to 66.4–67.6 megabases genomes in 178–204 contigs, with N50 values ranging from 892 to 1,036 kilobases. The total number of predicted complete genes in the five P. cactorum genomes ranged from 17,286 to 17,398. Orthology analysis identified a core secretome of 8,238 genes. Comparative genomic analysis revealed differences in the composition of potential virulence effectors, such as putative RxLR and Crinklers, between the crown rot and the leather rot pathotypes. Insertions, deletions, and amino acid substitutions were detected in genes encoding putative elicitors such as beta elicitin and cellulose-binding domain proteins from the leather rot strains compared to the highly virulent crown rot strain, suggesting a potential mechanism for the crown rot strain to escape host recognition during compatible interaction with strawberry. The results presented here highlight several effectors that may facilitate the tissue-specific colonization of P. cactorum in strawberry.

KEYWORDS
 oomycete, PacBio sequel II sequencing, elicitors, RxLRs, Crinklers, effectors


1. Introduction

Phytophthora cactorum is an economically important soil-borne oomycete pathogen that infects more than 200 plant species, a majority of which are herbaceous and woody plants (Erwin and Ribeiro, 1996; Chen et al., 2023). The pathogen has two distinct pathotypes that causes crown rot and/or leather rot in strawberry (Fragaria × ananassa Duch)(van der Scheer, 1971; Harris and Stickels, 1981; Eikemo et al., 2004). Both diseases cause substantial yield losses in strawberry production; in addition the leather rot affects post-harvest processing of strawberry fruits (Harris and Stickels, 1981; Ellis and Grove, 1998; Stensvand et al., 1999; Pánek et al., 2022). The crown rot pathotype can cause disease in both crown and fruit tissues, while the leather rot pathotype causes disease only in the strawberry fruit. Strains of P. cactorum from other hosts such as almond, apple, peach, rhododendron and silver birch can cause leather rot in strawberry, but not crown rot (Eikemo et al., 2004). The use of fungicides such as methyl bromide, mefenoxam, and metalaxyl are effective against P. cactorum (Ellis et al., 1998; De Cal et al., 2004; Maas, 2014); however, the phasing-out of methyl bromide due to its impact on stratospheric ozone, development of fungicide resistance, and strict regulation on the use of metalaxyl in agriculture due its potential high risk on human and animal health have provided challenges to control both the diseases in strawberry (Hrelia et al., 1996; European Food Safety Authority, 2015; Marin et al., 2021; Ali et al., 2022).

The pathogenicity of P. cactorum on strawberry crowns varies among strains and depends on host cultivars (Pettitt and Pegg, 1994; Eikemo et al., 2003; Nellist et al., 2021). For instance, several strawberry cultivars and their wild relatives F. vesca, F. chiloensis, and F. virginiana show varying degrees of susceptibility to both crown rot and leather rot (Parikka, 2003; Shaw et al., 2006; Eikemo and Stensvand, 2015). In a previous study, no correlation was observed between resistance to crown rot and resistance to leather rot among a selected group of strawberry genotypes (Eikemo and Stensvand, 2015).

Phytophthora cactorum reproduces with asexual sporangia that release zoospores upon physical contact with water and with oospores resulting from sexual reproduction. The pathogen is homothallic which limits the possibility of crossing between strains and among pathotypes (Blackwell, 1943; Goodwin, 1997). The genetic distinction between crown rot and leather rot pathotypes have mainly been studied through the use of polymorphic markers (Hantula et al., 2000; Eikemo et al., 2004). Based on random amplified microsatellite markers, no genetic differentiation was observed between strains from leather rot and crown rot of strawberry. However, using amplified fragment length polymorphism markers, Eikemo et al. (2004) showed that P. cactorum strains designated as crown rot and leather rot were genetically different, and that crown rot strains had low genetic diversity. This was later confirmed in a study investigating evolutionary relationships within the Phytophthora cactorum species complex in Europe (Pánek et al., 2016). The genetic difference between crown rot and leather rot pathotypes of P. cactorum could be explained by different sexual behavior in various mating population (Pánek et al., 2021).

The feasibility and cost-effectiveness of sequencing whole genomes have provided a framework to understand disease effector repertoires in several Phytophthora species (Armitage et al., 2018; Zhang et al., 2019; Lee et al., 2020). Species within Phytophthora are known to secret an arsenal of effectors, which play diverse roles in plant colonization (McGowan and Fitzpatrick, 2017; Wang et al., 2019). These effectors may localize to the intercellular spaces of the host (apoplastic effectors) or translocate into different cytoplasmic compartments of the host cell (cytoplasmic effectors). Apoplastic effectors include enzyme inhibitors such as serine and cysteine protease inhibitors, carbohydrate-active enzymes (CAZymes) and cutinases that have been proposed to degrade plant cell wall components, elicitins (sterol-binding proteins), cellulose-binding elicitor lectin (CBEL), Nep1-like proteins, phytotoxins, and PcF (Phytophthora cactorum-Fragaria)-like small cysteine-rich proteins (SCRs) (Orsomando et al., 2001; Kamoun, 2006; Raaymakers and Van den Ackerveken, 2016). Two key groups of cytoplasmic effectors, RxLRs and Crinklers (CRN for crinkling and necrosis) have been identified in Phytophthora spp. The canonical motifs, RxLR-dEER of RxLR effectors and LFLAK-HVLV of CRN effectors that are present downstream of a signal peptide in the N-terminus are known to be involved in translocation into the host. The highly variable C-terminal domain of these effectors is dedicated to diversifying host targets and helps in modulating plant defense responses (Win et al., 2007; Haas et al., 2009; Armitage et al., 2018).

Plants employ diverse immune receptors to sense microbe- or pathogen- associated molecular patterns (MAMPs or PAMPs) and virulence effectors of pathogens, to trigger host immunity (Jones and Dangl, 2006). These includes plasma membrane localized receptor-like kinases (RLKs) and receptor-like proteins (RLPs), also known as pattern recognition receptors (PRRs) and intracellular immune receptors such as nucleotide-binding and leucine-rich repeat proteins (NLRs). The recognition of molecular patterns (MAMPs or PAMPs) by host PRRs activates pattern-triggered immunity (PTI), whereas recognition of effectors by host NLRs activates effector-triggered immunity (ETI) in plants (Dodds and Rathjen, 2010; Boutrot and Zipfel, 2017). Several elicitors from Phytophthora species such as CBEL, elicitins, transglutaminases, and a secreted protein OPEL from P. parasitica act as PAMPs that are sensed by PRRs, and activate PTI (Raaymakers and Van den Ackerveken, 2016; Boutrot and Zipfel, 2017). PTI responses in plants can mediate a broad spectrum and durable resistance against several Phytophthora species (Du et al., 2015). Similarly, the recognition of Phytophthora effectors such as RxLRs by NLRs activate ETI, resulting in localized cell death to restrict growth of the pathogen (Wu et al., 2017). However, the virulent strains of a pathogen species can evade the recognition capabilities of host proteins during a so-called compatible plant-pathogen interaction. This can be accomplished through sequence variations, gene losses and/or transcriptional polymorphisms of the target ligand (Gilroy et al., 2011; Na and Gijzen, 2016). In addition, changes in copy number of effector genes have been proposed as a contributing factor for pathogen fitness (Qutob et al., 2009; Knaus et al., 2019).

Previously sequenced genomes of P. cactorum have been reported with different genome sizes and compositions (Grenville-Briggs et al., 2017; Armitage et al., 2018; Yang et al., 2018a). The Illumina-based genome assemblies of P. cactorum strains 10300 and LV007 were based on strains from infected strawberry (Armitage et al., 2018) and European beech (Fagus sylvatica; Grenville-Briggs et al., 2017), while the PacBio-based genome assembly of P. cactorum was of strain from infected Chinese ginseng (Panax notoginseng; Yang et al., 2018a), designated as “Yunnan” in this work. Recently, a PacBio RS-II-based and several Illumina-based genome assemblies of P. cactorum from infected strawberry and apple (Malus × domestica) have been reported (Nellist et al., 2021). The latter study showed that P. cactorum from strawberry and apple hosts comprises distinct phylogenetic lineages. They identified several candidate RxLR effectors proposed to be involved in host specialization on strawberry crown and apple tissues. The available transcriptome datasets of P. cactorum are also valuable resources for understanding the role of effectors during infection in hosts (Chen et al., 2014, 2018; Nellist et al., 2021).

In the study presented here, we aimed to detect specific genetic differences between the P. cactorum crown rot pathotype and the leather rot pathotype, and to understand the mechanisms of tissue specific colonization of the P. cactorum pathotypes. Hence, we sequenced the genomes of crown rot and leather rot strains using the latest PacBio Sequel II system, which provides single molecule high-fidelity (HiFi) long reads from the circular consensus sequencing (CCS) mode and a base-resolution with >99.8% single molecule read accuracy (Wenger et al., 2019). The use of long HiFi reads can facilitate de novo assembly of repetitive genomes and accurate representation of structural variants, small insertions/deletions and single nucleotide polymorphisms (Hon et al., 2020). We report five new genome assemblies of P. cactorum with high contiguity and accuracy. In addition, we report several new candidate genes that have a potential role in tissue-specific colonization of P. cactorum in strawberry.



2. Materials and methods


2.1. Isolation of Phytophthora cactorum

Plants with visible crown rot or leather rot symptoms were collected from different strawberry and apple plantations in Norway. Infected rhizomes (crowns) or fruits were rinsed in tap water for 20 min to remove superficial soil and debris. The samples were surface sterilized with 70% ethanol for 10 s, followed by treatment with 0.5% sodium hypochlorite for 90 s, and finally rinsed three times with distilled water. Infected plant parts were sliced into rectangular cubes using a sterilized scalpel and were placed on solid PARP medium (Jeffers and Martin, 1986). The plates were incubated in the dark at room temperature (20°C) for 5–7 days and were examined for mycelium growth and typical sporulation patterns (sporangia and oospores) of P. cactorum under light microscopy.



2.2. Plant material and pathogen inoculation

Eleven P. cactorum strains were tested for their ability to cause (1) crown rot in the rhizome of the susceptible strawberry cultivars Polka and Korona; and (2) leather rot on unripe fruits of Korona. Five of the P. cactorum strains from naturally infected strawberry fruits (252360, 252362, 252363, 252364, 252365), and one strain from apple fruit (251539) were tested for their ability to cause crown rot in the highly susceptible cultivar Polka, to identify the leather rot pathotype. The four strains from naturally infected strawberry rhizomes (251171, 251615, 251616, 251683) were tested for their ability to cause crown rot and leather rot in “Korona” (moderately resistant to P. cactorum; Eikemo and Stensvand, 2015), together with previously isolated crown rot strains 10300 (Armitage et al., 2018) and P414 (Nellist et al., 2021). A moderately resistant cultivar was used in this case to study the aggressiveness of different P. cactorum strains based on the degree of necrosis in the rhizome.

Strawberry plants were grown in a greenhouse at 18°C with a 16/8 h light/dark regime. For pathogen inoculation, each P. cactorum strain was grown on 10% V8 (vegetable juice) agar plates (Jeffers, 2015) and incubated at room temperature (20°C) for 2 weeks to promote sporangia formation. Zoospore suspensions were prepared using autoclaved pond water as previously described by Eikemo et al. (2000). Plant tissue was gently wounded using a sterilized scalpel (for rhizome inoculation) or a pipette tip (for fruit inoculation) and inoculated with 2 × 105 zoospores of P. cactorum. Subsequently, the rhizome infection was followed for 4 weeks, and disease symptoms were scored 8-1, where scores 8, 7, 6, 5 represent plants that died due to wilting during the first, second, third, and fourth week after inoculation with P. cactorum, respectively. Plants that survived 4 weeks after inoculation were bisected longitudinally using a sterile scalpel and scored based on the degree of necrosis in the rhizome (4 = clear necrosis covering at least 50% of the rhizome area, 3 = small patches of necrosis, 2 = minor dark brown speckles, 1 = no symptoms) as described by Bell et al. (1997). Inoculated fruits were given a binary score (0 = no infection and 1 = infection).



2.3. Isolation of genomic DNA from Phytophthora cactorum

Genomic DNA was isolated from the mycelium of five P. cactorum strains 251539, 251616, 251683, 252360, and 252365 using a modified phenol-chloroform extraction protocol for Phytophthora (Joint Genome Institute, 2021). Briefly, 5 g of mycelial mat grown in 100 mL V8 broth was collected using a Miracloth (EMD Millipore, Merck, Germany) and ground using a pre-cooled mortar and pestle, plus liquid N2. Ten mL of extraction buffer (0.2 M of tris(hydroxymethyl)aminomethane, pH 8.5, 0.25 M sodium chloride, 25 mM ethylenediaminetetraacetic acid, and 0.5% sodium dodecyl sulfate) was added to the mycelial powder and mixed well using a pipette. Subsequently, 20 μL of 100 μg/mL RNase A (Qiagen, Germany) was added and the lysate was incubated at 65°C for 10 min. Following the incubation, 7 mL of tris-equilibrated phenol, pH 8.0 and 3 mL of chloroform was added, gently mixed, and incubated at room temperature (20°C) for 1 h. Samples were centrifuged at 6,000 g for 15 min at 4°C. The aqueous phase was added to an equal volume of chloroform, gently mixed, and centrifuged at 6,000 g for 5 min at 4°C. After centrifugation, the aqueous phase was transferred to a pre-cooled 50 mL centrifuge tube (VWR, United States), gently mixed with 0.6 volume of chilled isopropanol, incubated on ice for 30 min, and centrifuged at 6,000 g for 30 min at 4°C to recover the precipitated DNA. The DNA pellet was washed three times with 70% ethanol, air dried and dissolved in 300 μL of nuclease free water. The DNA concentration was measured using the NanoDrop™ 2000 Spectrophotometer (ThermoFisher Scientific, United States). An aliquot of the isolated DNA was analyzed using agarose gel electrophoresis run at 30 V for 16 h to assess the quality of the intact genomic DNA for sequencing.



2.4. Genome sequencing

Twenty micrograms (50 ng/μL) of the isolated DNA for each sample was sent to the Norwegian Sequencing Centre, Oslo, for library preparation and sequencing. All five P. cactorum genomic libraries were prepared according to the manufacturer’s protocol for Multiplexing SMRTbell libraries using the SMRTbell Express Template Prep Kit 2.0 (Pacific Biosciences, United States). DNA was fragmented to 20 kb fragments using Megaruptor® 3 (Diagenode s.a., Belgium) and size selected using Bluepippin with 15 kb cut-off. The libraries were sequenced on one 8 M SMRT cell using the Sequel II Binding Kit 2.0 with the sequencing chemistry v2.0 from the PacBio Sequel II (Pacific Biosciences, United States). Reads were demultiplexed using Demultiplex Barcodes pipeline on SMRT Link v 8.0.0.80529 (SMRT Tools v 8.0.0.80502).



2.5. De novo genome assembly, gene prediction, and genome completeness

Raw subreads were trimmed for adapters and low-quality regions and processed to obtain error corrected CCS (circular consensus sequencing) reads. The high-quality CCS (HiFi) reads (Phred quality score ≥ Q20) with a minimum predicted accuracy 0.9 were used for de novo genome assembly using the automated Flye v2.8.2 pipeline (Kolmogorov et al., 2019) in OmicsBox (2019). Because of the high-quality of the sequenced reads and to increase the possibility of detecting true sequence diversity among the five strains of P. cactorum, de novo genome assembly was performed. Assembly statistics were generated using QUAST v5.0.2 (Gurevich et al., 2013) and BUSCO statistics were obtained using BUSCO v4.1.2 (Simão et al., 2015) with the eukaryota_odb10 database (updated on 2020-03-06). The repeat contents of the assembled genomes were obtained using RepeatMasker Open-4.0 (Smit et al., 2015) and RepeatMasker combined library of Dfam_Consensus and RepBase v20170127 (Bao et al., 2015; Hubley et al., 2016). Genes were predicted using the assembled contigs of each P. cactorum genomes in the ab initio mode of Augustus v3.3.3 (Stanke et al., 2008). Augustus was trained using predicted protein sequences from P. cactorum strain 10300 (Armitage et al., 2018).



2.6. Functional annotations and secretome prediction

The predicted proteome of the P. cactorum strains were annotated using a combination of BLASTP (Altschul et al., 1990) against the NCBI non-redundant (Nr) database and InterProScan (Zdobnov and Apweiler, 2001) to assign individual sequences with gene ontology (GO) terms (Ashburner et al., 2000) using Blast2GO (Götz et al., 2008).

Secreted proteins of P. cactorum (secretome) were predicted using a combination of tools that included SignalP v5.0 (Armenteros et al., 2019b) to detect signal peptide cleavage sites, Phobius (Käll et al., 2007) to predict transmembrane domains and signal peptide cleavage sites, TargetP v2.0 (Armenteros et al., 2019a) to predict the presence of mitochondrial transit peptides and signal peptide cleavage sites. The presence of endoplasmic reticulum retention signals (KDEL or HDEL motifs) were predicted as previously described by Evangelisti et al. (2017) using PROSITE-Scan (de Castro et al., 2006). No subcellular localization of “extracellular” as criterion for predicting secretion was considered, as recommended for oomycetes (Sperschneider et al., 2015). A protein was defined as “secreted” if it contained a signal peptide cleavage site within the first 70 amino acids in the N-terminus, had no more than one transmembrane domain, as recommended for oomycetes (Sperschneider et al., 2015), and had no mitochondrial localization or endoplasmic reticulum retention signals. The predicted secretome was used to predict the apoplastic proteins using ApoplastP (Sperschneider et al., 2018).

Genes encoding RxLR and CRN effectors were predicted using the six-frame translation of open reading frames (ORFs) with a minimum cutoff of 100 aa using getorf from EMBOSS (Rice et al., 2000). The translated ORFs were used to search for canonical RxLR-EER motifs (for RxLR effectors) and the LFLAK-HVLV motifs (for CRN effectors) in R using the effectR package (Tabima and Grünwald, 2019). Predicted RxLR and CRN effector proteins were searched for signal peptides in the N-termini using SignalP v5 and annotated using BLASTP (Altschul et al., 1990) against the NCBI non-redundant (Nr) database. Candidate effectors with a predicted signal peptide in the N-terminus and no more than one transmembrane domain were considered high-confidence effectors.



2.7. Gene orthology analysis

Orthologues of the predicted proteome of the P. cactorum strains sequenced in this study (251539, 251616, 251683, 252360, and 252365), the P. cactorum 10300 strain (Armitage et al., 2018), the Yunnan strain (Yang et al., 2018a), and predicted proteomes of publicly available P. capsici LT1534 v11.0 (Lamour et al., 2012), P. infestans T30-4 (Haas et al., 2009), P. palmivora ZC01 v1 (Gil et al., 2020), P. parasitica INRA-310 (NCBI dataset, GCA_000247585.2 PP_INRA-310_V2, unpublished), and P. sojae P6497 v3.0 (Tyler et al., 2006) were identified using OrthoFinder v2.4.0 (Emms and Kelly, 2019). The concatenated orthologues (one ortholog per orthogroup per genome) shared by the P. cactorum strains and other Phytophthora spp. were used to construct a phylogenomic tree using the maximum-likelihood method implemented in the phangorn package (Schliep, 2011), with the Le Gascuel (LG) model for amino acid substitutions (Le and Gascuel, 2008). Predicted secreted proteins of the sequenced P. cactorum strains were compared using Orthovenn2 with expectation (E) value equal to 1e-10 and inflation value equal to 1.5 (default) to obtain higher resolution between groups (Xu et al., 2019). Predicted RxLR and CRN proteins were clustered using the OrthoFinder v2.4.0 and visualized in R using the Tidyverse package collection (Wickham et al., 2019).



2.8. Read mapping and variant calling

The HiFi reads were aligned to the de novo assembled genome of P. cactorum crown rot strain 251616 (used as reference) using pbmm2 v1.3.01 wrapper for minimap2 aligner (Li, 2018). The output bam files were indexed using samtools v1.10 (Danecek et al., 2021), and variants were called in the HiFi reads using DeepVariant v1.0.0 with a pre-defined model (--model_type = PACBIO; Poplin et al., 2018). Phasing of DNA variants was performed using WhatsHap v1.0 (Patterson et al., 2015). The phased variants (SNPs) were filtered and sorted using VCFtools v0.1.15 (Danecek et al., 2011). The resulting phased SNPs and indels (unphased) were annotated, and variant effects were predicted using SnpEff (Cingolani et al., 2012). To perform variant annotations, a manual database was built using the general feature format (GFF3) file of the predicted genes of strain 251616. High-quality SNPs and indels with Phred quality score ≥ 20 were used for downstream analysis. Pairwise alignment of selected protein-coding genes from strain 251616 and a representative leather rot strain 251539 was done using LASTZ v1.04.032 (Harris, 2007). The rate of nonsynonymous and synonymous substitutions (dN/dS or ω) was calculated using KaKs_Calculator 2.0 (Wang et al., 2010). Genes with dN/dS ratio greater than one and p < 0.05 (calculated by the Fisher’s extract test) were considered under positive selection.




3. Results


3.1. Pathogenicity of Phytophthora cactorum strains in strawberry

Seven P. cactorum strains that were isolated from strawberry fruits and apple fruit were tested for virulence in the rhizome (crown) by inoculation in the highly susceptible cultivar Polka. Four of these (252361, 252362, 252363, 252364) developed brown necrotic lesions in the rhizome, and were therefore classified as crown rot (CR) pathotype. In contrast, the strain from apple fruit 251539, and two other strawberry fruit strains 252360 and 252365, did not develop crown rot symptoms (Table 1; Figure 1A). Consequently, the latter three P. cactorum strains were classified as leather rot (LR) pathotype.



TABLE 1 Overview of the Phytophthora cactorum strains used in this study.
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FIGURE 1
 Phytophthora cactorum strains show tissue-specific colonization in strawberry. (A) Crown rot symptoms after inoculation with different strains of P. cactorum into the rhizome of a highly susceptible cultivar “Polka” (left panel) and into the rhizome of a moderately resistant cultivar “Korona” (right panel). Photos were taken 4 weeks after inoculation with P. cactorum zoospores. (B) Leather rot symptoms after inoculation with different strains of P. cactorum into strawberry fruits. A typical fruit discoloration on the infected fruits was observed within 4–6  days after inoculation (dai) with P. cactorum. Each photo is a representative of 5 biological replicates at 4 dai. Negative controls tissues were wounded and inoculated with autoclaved pond water (mock). “CR” indicate crown rot pathotype, whereas “LR” indicate leather rot pathotype.


The four P. cactorum strains isolated from rhizomes with symptoms of crown rot, 251171, 251615, 251616, and 251683, were tested for virulence by inoculation into the rhizome of the moderately resistant cultivar Korona, together with two control crown rot strains (10300 and P414). As expected, all strains developed necrosis in the rhizome, but symptoms varied in severity (Table 1; Figure 1A). Strain 251616 developed a severe necrosis in the strawberry rhizome and is hereafter referred to as high virulence crown rot strain, while the strain 251683 developed few necrotic lesions and is therefore referred to as low virulence crown rot strain (Table 1; Figure 1A). All these strains also developed leather rot on strawberry fruit 4 days after inoculation of berries (Figure 1B).



3.2. Highly contiguous genome assemblies of Phytophthora cactorum strains

The genomes of two CR strains and three LR strains were sequenced. A total of approximately 3.9 million raw reads were obtained with an average read length of 73 kilobases (kb). High-quality CCS (HiFi) reads used for de novo genome assemblies of the five P. cactorum strains resulted in genome sizes of 66.4 to 67.6 Mb, each in 178 to 203 contigs with N50 values ranging from 892.1 to 1036.2 kb. The repeat content of the de novo assembled P. cactorum genomes ranged from 14.5 to 16.1 Mb (mean 15.7 Mb), which constituted a mean of 23.3% of the total genome size. The CR strains of P. cactorum, 251616 and 251683, contained slightly more repetitive elements than the LR strains, 251539, 252360, and 252365 (Table 2).



TABLE 2 Overview of the genome assemblies and gene prediction statistics for Phytophthora cactorum strains used in this study.
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The total number of predicted complete genes in the assembled genomes of the five P. cactorum strains ranged from 17286 to 17398 (Supplementary Table S1). All five P. cactorum assemblies contained 239 of 255 core eukaryotic genes (CEGs), representing a genome completeness of 94%, which was comparable to the percentage of CEGs (96%) in the predicted proteomes. The near complete set of CEGs suggested overall accurate gene prediction and support the validity of the used model. The percentage of CEGs was similar in the assembly (94–96%) to those of the previously published CR strains 10300 and P414 assembly (Table 2).



3.3. Comparative genomic analysis of Phytophthora cactorum strains


3.3.1. Phylogenomic analysis

The predicted proteomes of the P. cactorum strains sequenced in this study were compared to the proteomes of P. capsici, P. infestans, P. palmivora, P. parasitica, and P. sojae, to identify orthologous protein sequences. A total of 253,402 protein sequences from 12 genomes were assigned to 21,031 orthogroups, which accounted for 96.2% of all predicted proteomes from all investigated Phytophthora species. For phylogenomic analysis, 2031 single-copy orthologs that were present in all investigated genomes (one copy per orthogroup) were concatenated into one sequence per genome and used to construct a phylogenomic tree using a maximum-likelihood model and 10,000 bootstraps (Figure 2). The P. cactorum strains were highly similar to each other when compared to those of other Phytophthora species (Figure 2A). For finer resolution of the differences between CR and LR strains, a phylogenomic tree containing only the P. cactorum strains sequenced in this study and the previously published crown rot strain 10300 was constructed (Figure 2B). The two LR strains from strawberry (252360 and 252365) clustered, while the LR strain from apple (251539) was phylogenetically distinct from the strawberry strains. The CR strains 251616 (high virulence) and 251683 (low virulence) were closely related but did not form a stable cluster that was distinct from the strawberry LR strains. Instead, 251616 was closer to the strawberry LR strains than to 251683 in 76% of the bootstraps. The previously sequenced CR strain 10300 (medium virulence) was in a separate clade (Figure 2B).
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FIGURE 2
 Phylogenomic tree of Phytophthora cactorum based on 2031 single-copy orthologous protein sequences. (A) Maximum-likelihood phylogenomic tree based on 2031 concatenated single-copy orthologues per genome of the sequenced P. cactorum strains (251539, 252360, 252365, 251683, and 251616), the previously published crown rot strain 10300, the “Yunnan” strain as well as other publicly available Phytophthora species. (B) Maximum-likelihood phylogenomic tree containing only the sequenced crown rot (CR) and leather rot (LR) strains of P. cactorum. Nodes were labeled with the percentage of bootstraps (n = 10,000) that supported a given node, values lower than 50% are not shown.




3.3.2. Orthologous clustering of secreted proteins from Phytophthora cactorum strains

To identify the secretome associated with the crown- and leather-rot pathotypes of P. cactorum, genes encoding putatively secreted proteins in the sequenced genomes were predicted and compared using Orthovenn2 (Table 3; Figure 3).



TABLE 3 The number of predicted cytoplasmic effectors (RxLRs and CRNs), total predicted secretome and apoplastic effectors of the five Phytophthora cactorum strains from strawberry.
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FIGURE 3
 Comparative genomics of the crown- and leather rot pathotypes of Phytophthora cactorum. The Venn diagram shows number of shared and unique ortholog clusters of predicted secreted proteins in strawberry crown rot (CR) strains (251616—high virulence; 251683—low virulence) and leather rot (LR) strains (251539, 252360, and 252365).


The predicted secreted proteins from the two CR strains (251616 and 251683) and the three LR strains (251539, 252360, and 252365) of P. cactorum formed 1,625 clusters. A total of 1,509 clusters containing 8,238 secreted proteins were common to all P. cactorum strains, hereafter referred to as the core P. cactorum secretome (Figure 3; Supplementary Table S2). These included genes potentially involved in pathogenesis such as glucan, lignin, pectin, polysaccharide, xylan and xyloglucan catabolic processes (GO:0045490, GO:0000272, GO:0046274, GO:0009251, and GO:2000899, respectively); response to oxidative stress (GO:0006979); pathogenesis (GO:0009405); serine-type endopeptidase and carboxypeptidase activity (GO:0004252); protein with serine/threonine kinase activity (GO:0004674); proteolysis (GO:0006508, GO:0051603); metal ion binding (GO:0046872); cutinase activity (GO:0050525); and cell redox homeostasis (GO:0045454).

To identify genes specific to CR or LR pathotypes, ortholog clusters unique to the LR strains (251539, 252360, and 252365) and the CR strains (251616 and 251683) were analyzed for their potential role in pathogenesis. In the high virulence CR strain 251616, one unique cluster containing two paralogous genes (251616_g6270 and 251616_g6271) encoding pectate lyases was detected.

The LR strains and the low virulence CR strain (251683) all contain orthologous genes (251539_g13496, 252360_g4306, 252365_g5402, and 251683_g8771) encoding proteins with a fungal-type cellulose-binding domains (CBDs) that formed a cluster. The CBD protein orthologs have sequence similarity to a putative lectin from P. palmivora (accession nr. POM66073.1, sequence identity 70%).

The LR strains and the low virulence CR strain (251683) also contain orthologous genes (251539_g17366, 252360_g7426, 252365_g11583, 251683_g7046) encoding beta-elicitin proteins that formed a cluster. Using manual BLASTP similar protein sequences were identified in the high virulence CR strain 251616 (251616_g15069, 251616_g15070) and also in the previously sequenced CR strains (10300, P414, 15-13, 17-21) and in the apple strains (62471 and R36-14; Armitage et al., 2018; Nellist et al., 2021). Sequence alignment of the beta elicitin protein sequences from the P. cactorum strains revealed two single amino acid polymorphisms in the C-terminus, at positions 154 and 170 (Supplementary Figure S1). All the strains contained two alleles of the beta-elicitin gene. In the CR strains 251616 (251616_g15069, 251616_g15070), P414 (Pcac1_g22870, Pcac1_g22871), and 10300 (10300_g5489, 10300_g17965), both alleles (or gene copies) encoded proteins with threonine residues at these positions, T154 and T169. In the LR strains and the low virulence CR strain one or both alleles encoded proteins with methionine and isoleucine at the same positions, M154 and I169 (Supplementary Figure S1; Supplementary Table S3).

In addition, three genes (251539_g673, 252360_g9838, 252365_g11353) encoding identical protein sequences annotated as small secreted protein with phosphorylation and kinase activity (GO:0016310, GO:0016301) were only detected in the LR strains (Supplementary Table S2).

Comparison of the secretomes of the P. cactorum strains showed 63 clusters containing 299 proteins that did not occur in the strain 251539 isolated from apple. Based on the functional annotations, including protein family domain classifications (InterPro) and GO terms, these proteins are involved in several biological processes and molecular functions such as polysaccharide catabolic processes (GO:0000272, GO:0045490, GO:0030245), e.g., 1,4-beta-D-glucan cellobiohydrolase B (IPR001722), pectate and pectin lyases (IPR002022, IPR011050), pectin esterases (IPR000070), polygalacturonases (IPR000743); proteolysis (GO:0006508) including serine-type endopeptidase activity (GO:0004252), e.g., serine proteases with a trypsin domain and chymotrypsin BII (IPR001254) and cysteine-type peptidase activity (GO:0008234), e.g., cysteine peptidase (IPR000668); proteins with serine/threonine kinase activity (GO:0004674), e.g., serine/threonine-protein kinase (IPR008271); pathogenesis (GO:0009405), e.g., avr4-like secreted RxLR effector protein; carbohydrate metabolic process (GO:0005975), e.g., fructose-1,6-bisphosphatase class 1 (IPR044015; IPR033391); lipid catabolism (GO:0016042), e.g., GDSL (Gly-Asp-Ser-Leu) esterase/lipase (IPR036514); fungal-type cell wall organization (GO:0031505), e.g., glycoside hydrolase (IPR004886;); cutinase activity (GO:0050525), e.g., cutin hydrolase (IPR000675) and several proteins with no GO terms (Supplementary Table S2). Of particular interest was a cluster of 20 small cysteine-rich secretory proteins (cluster 9) with 95% sequence similarity to small cysteine-rich secretory protein SCR99 (accession nr. ALC04449.1), which was not detected in the predicted secretome of the apple strain 251539 (Supplementary Table S2).



3.3.3. Genomic variation in Phytophthora cactorum strains

The genome sequence comparisons of the P. cactorum LR strains (251539, 252360, 252365) and the low virulence CR strain (251683) with the high virulence CR strain (251616; reference) revealed sequence variations, including single-nucleotide polymorphisms (SNPs) and small insertions or deletions (indels). Most of the SNP and indel calls were biallelic, suggesting that the mycelial stage of P. cactorum is diploid. The apple strain 251539 has more genetic variants than the strains isolated from the strawberry host (Figure 4). The total number of high-quality phased SNPs detected in this strain was 5458, which is nearly double the number of SNPs in the LR and low virulence CR strains (Supplementary Table S4). Similarly, the number of high-quality indels in the apple strain 251539 was 15185, which is more than 6-fold the number in the LR and low virulence CR strains (Supplementary Table S5). No phased indels were detected in the P. cactorum strains, and thus, haplotype information could not be inferred for the indels.
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FIGURE 4
 An overview of the variant types detected in the genome of Phytophthora cactorum strains from apple and strawberry hosts. Biallelic variants such as single nucleotide polymorphisms (SNPs) and insertions or deletions (Indels) represent genomic variants with one alternate allele detected at a particular site compared to the corresponding site in the reference genome of strain 251616. Multiallelic variants such as multiallelic insertion/deletion/SNP represent more than one alternate allele, while multiallelic complex indicates variants with multiple alternate alleles. Reference call (RefCall) represent candidates that were determined to match the reference. The y-axis shows the count of variants in thousands (k = 1,000).


To identify genomic variants associated with virulence of P. cactorum on strawberry crown, the SNPs and indels detected in the LR strains, 251539, 252360, and 252365, were compared and assigned to the genomic locations in the reference CR strain 251616. Most of the SNPs and indels shared by all LR strains were detected upstream of predicted genes (Figures 5A,B). Forty-six synonymous, 68 nonsynonymous (missense), and two nonsense mutations were detected in the coding sequences (Supplementary Table S4). Nonsynonymous mutations were detected in the genes encoding an ankyrin repeat domain-containing protein (g10239), an electron transfer flavoprotein beta subunit (g344), a fungal-type cellulose-binding domain-containing protein (g13858), a hemolysin-type calcium-binding protein (g15182), a homeobox protein Wariai (g15156), a hypothetical protein PC110g22478 (g14092), a maleylacetoacetate isomerase (g15372), a mucin protein (g87), an RNA methylase (g16315), a RING finger protein (g16013), an SNQ2 protein (g14515; Figure 5C). More nonsynonymous than synonymous mutations were observed in the genes encoding a membrane protein, a cyclic AMP-specific 3′ protein, a Harbinger transposase-derived nuclease domain protein and a hypothetical protein PC110_g23417 (Figure 5C). To investigate whether these genes were under selective pressure, the rate of nonsynonymous and synonymous mutations per substitution sites (dN/dS or ω) was calculated. The ω was greater than 1 in all the above-tested genes, which signifies positive selection; however, the p-values were greater than 0.05 (Supplementary Table S4). Thus, no evolutionary inference could be drawn for the selected genes.
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FIGURE 5
 Genomic variants detected in Phytophthora cactorum strains. (A) Distribution of shared SNPs and (B) Indels present in the HiFi reads of leather rot strains 251539, 252360, and 252365 compared to the assembled genome of high virulence crown rot strain 251616 (reference). (C) The number of shared synonymous (sense) and nonsynonymous (missense) variants detected in genes belonging to different annotated classes.


Most of the indels in the coding regions caused frameshift mutations (29%). These were in genes encoding an ankyrin repeat protein, a Crinkler, a Harbinger transposase-derived nuclease domain protein, an RNA methylase, a ribonuclease H-like domain protein, a RING finger protein, a WASH complex subunit 4 protein, a voltage-gated potassium channel subunit beta protein, and in three hypothetical proteins (Supplementary Table S5). In addition, in-frame indels were detected in several genes encoding an annexin family protein, a cellulose-binding domain protein, a Crinkler protein, a cysteine-rich secretory protein, a mucin protein, and a transmembrane protein (Supplementary Table S5).



3.3.4. Predicted RxLR and Crinkler effectors in Phytophthora cactorum

The initial prediction of candidate RxLR effectors with the RxLR-ERR motif and Crinklers (CRNs) with the LFLAK-HVLV motif using regular expressions (regex) and a Hidden Markov Model (HMM) resulted in varied numbers of candidate effectors in the five sequenced P. cactorum strains (Table 3). Most of the predicted CRN effectors lacked a conventional signal peptide in the N-terminus. The prediction tool Phobius predicted more CRNs with a signal peptide than SignalP5 (Supplementary Table S6). Thus, all CRN effectors with or without a signal peptide were considered for further analysis. To identify candidate effectors involved in the infection of the strawberry rhizome, predicted high-confidence RxLR and CRN effectors from the CR and LR strains were compared. The comparison of RxLR protein sequences revealed several orthogroups that contained multiple copies of RxLRs, and notably differences in copy number between the CR and LR strains (Figure 6; Supplementary Figure S2). A higher number of RxLRs in orthogroup OG0000414 was observed in the LR strains than in the CR strains. This orthogroup, contained a gene encoding a protein with similarity to the P. palmivora avirulence-like protein Avr1b-1 (accession nr. POM73746.1, 74.5% sequence identity). By contrast, the orthogroup OG0001375 contained more RxLR copies in the CR strains than the LR strains.
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FIGURE 6
 Shared and unique predicted RxLR and Crinkler effector genes in five Phytophthora cactorum strains. (A) High-confidence candidate RxLRs with multiple gene clusters per orthogroup in the genome of crown rot strains (251616—high virulence and 251683—low virulence) and the leather rot (LR) strains (251539, 252360, and 252365). (B) Unique RxLR orthogroups in the apple strain 251539, unique orthogroups in the crown rot and leather rot strains. (C) Orthogroups containing predicted Crinkler effectors in the genome of P. cactorum strains. Each column represents an orthogroup. The color gradient represents number of RxLR and Crinkler genes per genome.


No RxLR candidates were identified that were unique to the CR strains. Conversely, the LR strains contained an orthogroup OG0024976 with a single gene, which was not found in the CR strains. In addition, all LR strains and the low virulence CR strain (251683) contained orthogroups OG0001576, OG0002609, OG0005599, and OG0057065, which was not detected in the high virulence CR strain 251616 (Figure 6A; Supplementary Table S6). Several unique orthogroups of RxLRs were also identified in the apple strain 251539 (Figure 6B).

The comparison of CRN effectors of P. cactorum strains showed a similar pattern of expansion and contraction of genes in certain orthogroups as the RxLRs (Figure 6C). CR strains contained a higher number of CRN genes in orthogroups OG0000310 and OG0005694 than in the LR strains. Furthermore, the high virulence crown rot strain contained an orthogroup OG0004437 with a single CRN gene 251616_g2371 that was unique to this strain (Figure 6C; Supplementary Table S6).





4. Discussion


4.1. Highly contiguous and accurate genome assemblies of Phytophthora cactorum

Highly contiguous genome assemblies provide a better framework to understand the biology of the studied organisms by offering better information on the genomic context of traits of interest. In this work, long HiFi reads facilitated high-quality genome assemblies of the five sequenced P. cactorum strains. The total number of contigs ranged from 178 to 203, which was a major improvement from the 4,623 contigs of our previously sequenced P. cactorum 10300 genome assembly and 3644-20136 contigs of other publicly available P. cactorum genome assemblies (Grenville-Briggs et al., 2017; Armitage et al., 2018; Nellist et al., 2021). The genome sizes of the P. cactorum strains sequenced here were similar to the 10300 assembly and several other P. cactorum assemblies recently reported (Nellist et al., 2021), and therefore, according to expectations. The high number of contigs and low N50 value in the Yunnan assembly might help to explain the unexpectedly large genome size of 121.5 Mb and a distinct clade in the phylogenomic analysis in this work (Figure 2A). The previously sequenced genome of strain P414 (deposited as a reference genome in NCBI) assembled into 194 contigs (Nellist et al., 2021), which is in the range of our five newly sequenced genomes reported here. However, the new genome assemblies have 38–60% higher (and better) N50 value than the P414 assembly, which likely improves genome quality, particularly in regions of repetitive sequences (Table 2).



4.2. Genomic variations between crown rot and leather rot pathotypes of Phytophthora cactorum

The whole genome phylogenomic study showed that P. cactorum strains from the strawberry rhizome or fruit tissues were genetically more similar than the apple strain 251539. The result was consistent with the variant analysis that identified a higher number of SNPs and small indels in the apple strain than the P. cactorum strains from strawberry host. A similar study showed that P. cactorum from strawberry and apple hosts were genetically two distinct population that formed two non-recombining clades for strawberry CR and apple strains (Nellist et al., 2021). The present study supports the previous findings that describe P. cactorum as species complex and should not be considered as generalist pathogen.

Understanding the mechanisms of plant recognition of pathogen molecules (PAMPs/MAMPs) and identifying virulence determinants of the pathogen is essential to develop effective strategies to control strawberry diseases. The comparative genomic analyses of the crown- and leather-rot strains revealed genes encoding proteins potentially involved in pathogenesis, with sequence variations and presence or absence polymorphisms. The presence of two unique pectate lyase genes (251616_g6270 and 251616_g6271) in the CR strain 251616 might contribute to the virulence in the strawberry crown. Interestingly, the homologous gene Pcac1_g14072 of the previously sequenced CR strain P414 was shown to be upregulated during early infection in strawberry (Nellist et al., 2021). Pectate lyases secreted by plant pathogens are known to degrade networks of pectin present in the plant cell wall. They cleave the glycosidic bonds of two saccharide units via a β-elimination mechanism (Collmer and Keen, 1986; Herron et al., 2000). Studies have shown that pectate lyases contribute to virulence of bacteria, fungi, nematodes, and oomycetes (Wegener, 2002; Fu et al., 2013; Cho et al., 2015; Chen et al., 2021). A study of pectate lyase genes PL1, PL15, PL16, and PL20 from P. capsici showed that overexpression of these genes in a mildly virulent strain transformed it to a highly aggressive strain (Fu et al., 2015). Another study demonstrated that deletion of a pectate lyase gene PEL1 in the fungal pathogen Verticillium dahliae compromised virulence in Nicotiana benthamiana and cotton plants (Yang et al., 2018b). The two pectate lyases genes in the high virulence CR strain (251616_g6270 and 251616_g6271) are promising candidates to further study P. cactorum virulence in strawberry.

A unique cluster of putative CBD proteins was observed in all the LR strains. Previous studies suggested that CBD proteins are involved in oomycetes cell wall development and interacts with plant cell wall components (Gaulin et al., 2006; Jones and Ospina-Giraldo, 2011). The presence of CBD proteins at the cellular surface of Phytophthora facilitates binding to cellulosic substrates (Gaulin et al., 2002). In plants, alteration of cellulose in the plant cell wall is a warning signal to activate defense responses (Dumas et al., 2008). Although, an increased accumulation of cytosolic calcium was reported in response to CBEL in tobacco cells (Dumas et al., 2008), the exact mechanism of plant defense is unknown. Studies have shown that Phytophthora CBD proteins with lectin-like activities such as CBELs act as potent elicitors of plant defense (Mateos et al., 1997; Gaulin et al., 2006). In this study, the CBD protein-coding genes (251539_g13496, 252360_g4306, 252365_g5402, and 251683_g8771) was of particular interest as these were identified in a cluster unique to the LR strains and the low virulence CR strain. A similar CBD gene (251616_g13858) with four nonsynonymous but no synonymous SNPs was detected in the high virulence CR strain, reflecting signs of positive selection or result of functionally neutral mutation fixed due to drift.

In addition to the variations in the CBD proteins between the high virulence CR strain and the LR strains (including the low virulence CR strain), two single amino acid polymorphisms (T154M and T169I) were observed in the C-terminus of a beta elicitin protein. Interestingly, threonine residues were conserved in both the alleles of the beta elicitin in the high virulence CR strain 251616 and in the previously sequenced CR strains 10300 and P414, except in the strains 15–13 (M154, I169) and 17–21 (M154, T169; Supplementary Table S3). All LR strains from strawberry fruit and apple including the low virulence CR strain 251683 contained one or both alleles with methionine and isoleucine at these positions. Many Phytophthora elicitins are rich in threonine, serine and proline residues at their C-terminal domain and these residues are suggested to be involved in association with the cell wall through extensive glycosylation (Jiang et al., 2006). Elicitins are often recognized as PAMPs by the host defense machinery, possibly by immune receptors such as BRI1-associated receptor kinase 1 (BAK1) and cell wall-associated receptor-like kinase 1 (WAK1) (Chaparro-Garcia et al., 2011; Raaymakers and Van den Ackerveken, 2016). Pernollet (1993) studied the role of threonine residues in α-elicitin from P. cactorum and proposed that the replacement of a lysine residue by threonine is partly responsible for reduced necrotic activity of the α-elicitin, possibly by avoiding the host defense machinery (Pernollet, 1993). Similar peculiarities were observed in a beta elicitin protein sequence from P. megasperma that was less toxic than related proteins from other Phytophthora spp. (Huet and Pernollet, 1993). Furthermore, cysteine-rich secretory proteins encoded by the SCR-108-like gene cluster detected in the LR strains are interesting candidates for host recognition as similar SCR (e.g., SCR96) of P. cactorum was reported to induce cell death responses in other host plants (Chen et al., 2016). Further study is needed to examine if the putative elicitor genes such as CBD, beta elicitin and SCR-108-like from the LR strains are expressed during interaction with strawberry. It is worth mentioning that the expression of the beta elicitin genes (Pcac1_g22870, Pcac1_g22871) from the CR strain P414 were upregulated during strawberry infection in the transcriptome dataset previously reported by Nellist et al. (2021).

Several genes encoding annexin family members, Crinklers, cysteine-rich secretory protein, a mucin protein, a putative transmembrane protein had sequence variation in the LR strains compared to the high virulence CR strain. Some of the gene products from these, such as an annexin family protein and mucin have been reported to be associated with the cell surface in the close relative P. infestans (Grenville-Briggs et al., 2010). Larousse et al. (2014) studied the role of mucin-like genes in P. parasitica and found that their gene products accumulated on the surface of biofilms, which favor attachment and promote virulence through aggregation. Thus, sequence variations in these genes might affect P. cactorum tissue specific interaction or pathotype.

The high virulence CR strain may possess altered recognition domains or have lost potential elicitors as a mechanism to escape host defense. Since the LR strains were able to cause disease in strawberry fruits after inoculation, but not in the rhizome of the same cultivar, led us to question whether activation of host defense machinery was tissue specific. Eikemo and Stensvand (2015) studied the resistance level of both the tissues (rhizome and fruit) of the same strawberry cultivars against crown rot and leather rot. They reported that cultivars most robust to leather rot was susceptible to crown rot and vice versa. Thus, the mechanisms for resistance against the two diseases seem to be different on the two tissues types. Casado-Díaz et al. (2006) studied the spatial expression pattern of defense-related genes in strawberry during infection with Colletotrichum acutatum, a hemibiotrophic fungal pathogen. They reported that expression of a leucine rich repeat receptor-like protein-coding gene Falrrk-1 and a chitinase gene Fachit-1 was strongly downregulated in infected fruit tissue, while their expression increased several folds higher in the infected rhizome (crown) tissue. They also found that strawberry fruit was more susceptible to C. acutatum infection than crown tissues. Thus, host-pathogen interactions may be influence by tissue architecture and/or differential expression of defense-related genes. The identification of potential elicitor genes of P. cactorum warrants further investigation to understand the virulence mechanisms of the CR and LR pathotypes in strawberry. In addition, several secreted protein-coding genes were detected only in the genome of P. cactorum strains from strawberry host and not present in the genome of apple strain. Most of these genes encode proteins that have a putative role in pathogenesis, suggesting co-evolution and acquisition of pathogenesis-related genes during host adaptation as observed in other pathosystems (Gaulin et al., 2018; Jangir et al., 2021).

The new genome assemblies of P. cactorum identified a greater number of predicted RxLRs via the REGEX and HMM models than previously reported for other strains of the species (Armitage et al., 2018; Yang et al., 2018a; Nellist et al., 2021). Remarkably, most of the predicted CRNs lacked a conventional signal peptide in the N-terminus. It has been proposed that CRN effectors that lack a conventional signal peptide might translocate into host cells via an unconventional secretion pathway (Meijer et al., 2014; Amaro et al., 2017; Voß et al., 2018). The number of predicted CRN effectors was in agreement with the previously published genomes from P. cactorum strains (Armitage et al., 2018; Nellist et al., 2021) and P. palmivora P16830 (Evangelisti et al., 2017).

The analysis of the predicted RxLR and CRN effectors provided evidence for expansion and contraction of certain gene clusters in the investigated P. cactorum strains (Figure 6). In the high virulence CR strain, the unique CRN gene 251616_g2371 and the expansion of CRNs genes in the orthogroups OG0000310 and OG0005694 need further investigation for their virulence function in the P. cactorum-strawberry interaction. In addition, the loss of RxLR genes in orthogroup OG0000414 in this strain should be considered for future functional studies, if they are expressed during infection of strawberry. Among the reduced effector genes in this strain was an RxLR gene with sequence similarity to Avr1b-1 from P. palmivora. Gene loss has been recognized as an important mechanism for emergence of virulence in bacterial, fungal, oomycete pathogens (Maurelli, 2007; Qutob et al., 2009; Bliven and Maurelli, 2012; Rouxel and Balesdent, 2017; Siscar-Lewin et al., 2019). For instance, loss of Avr-Co39 in rice-infecting haplotypes of Magnaporthe oryzae has been proposed as an adaptive mechanism to escape recognition by the R protein Pi-Co39 (Couch et al., 2005). However, loss or mutated effectors may impose a fitness penalty on the pathogen (Leach et al., 2001; Montarry et al., 2010). The functional redundancy of paralogous genes of RxLRs of P. cactorum could play a potential role in conserving virulence function and fitness, as addressed for bacterial and oomycete effectors during pathogenesis (Birch et al., 2008; Ghosh and O’Connor, 2017). Nellist et al. reported that over half of the candidate effectors were not expressed or showed low expression in planta (Nellist et al., 2021). Thus, further expression analysis is required to pinpoint candidate effectors involved in tissue-specific interactions of P. cactorum in strawberry.




5. Conclusion

The comparative genome analysis identified sequence variations between the studied CR and LR strains, which might contribute to the tissue-specific interactions of P. cactorum in strawberry. The presence of two unique pectate lyase genes, and expansion of potential virulence effector genes such as RxLRs and CRNs in orthogroups OG0001375, OG0000310, and OG0005694 or loss of avirulence determinants (e.g., Avr1b-1-like gene) in the orthogroup OG0000414 may play a role in increased virulence of the CR strain 251616 in the strawberry rhizome. However, functional analysis is required to validate these genes as pathogenicity determinants of P. cactorum in strawberry tissues. The non-virulence of the LR strains in the rhizome tissues might be an event of recognition of elicitors by host proteins. The data presented here can be used as a basis for future functional analysis of potential effector genes of P. cactorum during interaction with strawberry.
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The bacterial genus Xanthomonas is responsible for disease outbreaks in several hundred plant species, many of them economically important crops. In the era of next-generation sequencing, thousands of strains from this genus have now been sequenced as part of isolated studies that focus on outbreak characterization, host range, diversity, and virulence factor identification. However, these data have not been synthesized and we lack a comprehensive phylogeny for the genus, with some species designations in public databases still relying on phenotypic similarities and representative sequence typing. The extent of genetic cohesiveness among Xanthomonas strains, the distribution of virulence factors across strains, and the impact of evolutionary history on host range across the genus are also poorly understood. In this study, we present a pangenome analysis of 1,910 diverse Xanthomonas genomes, highlighting their evolutionary relationships, the distribution of virulence-associated genes across strains, and rates of horizontal gene transfer. We find a number of broadly conserved classes of virulence factors and considerable diversity in the Type 3 Secretion Systems (T3SSs) and Type 3 Secreted Effector (T3SE) repertoires of different Xanthomonas species. We also use these data to re-assign incorrectly classified strains to phylogenetically informed species designations and find evidence of both monophyletic host specificity and convergent evolution of phylogenetically distant strains to the same host. Finally, we explore the role of recombination in maintaining genetic cohesion within the Xanthomonas genus as a result of both ancestral and recent recombination events. Understanding the evolutionary history of Xanthomonas species and the relationship of key virulence factors with host-specificity provides valuable insight into the mechanisms through which Xanthomonas species shift between hosts and will enable us to develop more robust resistance strategies against these highly virulent pathogens.
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1. Introduction

Xanthomonas is a genus of globally distributed, Gram-negative bacterial pathogens that can infect and cause disease on more than 400 different plant species, many of them economically important crops. Specifically, different Xanthomonas strains can devastate wheat, rice, sugarcane, bean, pepper, tomato, citrus, and banana crops by causing diseases like vascular wilts, cankers, leaf spots, and leaf blights (Leyns et al., 1984; White et al., 2009). More recently, X. cucurbitae has been implicated in major losses of pumpkin crops in Illinois (Babadoost and Ravanlou, 2012), X. vasicola has led to banana, plantain, and enset crop loss in Africa (Tripathi and Mwangi, 2009; Nakato et al., 2018), X. campestris has devastated cabbage crops in China (Chen et al., 2021), and various xanthomonads have led to major tomato crop outbreaks in Florida (Horvath et al., 2012). While Xanthomonas has the greatest impact in humid tropical climates, this optimal range is likely to expand as climate change creates conditions more suitable to pathogen success (Velásquez et al., 2018).

The phylogenetics and taxonomy of the Xanthomonas genus has a long history and has been revised substantially as more sequencing data have become available. All xanthomonads can be traced back to a deep branch of Gammaproteobacteria, forming a monophyletic clade that includes Xylella fastidiosa, termed Xanthomonadales (Lima et al., 2008). The Xanthomonas lineage is then further divided into two early branching subclades (Clades 1A and 1B), and a late branching clade that contains the majority of classified species (Clade 2) (Koebnik et al., 2021). Early species-level classifications relied on in vitro bacteriological assays and phenotypic observations like host specificity to categorize strains (Young et al., 1978). These classifications were later refined by molecular techniques including DNA–DNA hybridization, repetitive element PCR (Rep-PCR), and restriction-fragment length polymorphism (RFLP) (Louws et al., 1994; Vauterin et al., 1995; Rademaker et al., 2000; Simões et al., 2007). Most recently, sequencing of housekeeping genes, multi-locus sequence typing, and whole-genome approaches have enabled more fine-scale classification of Xanthomonas species that have led to substantial revisions in Xanthomonas taxonomy (Hauben et al., 1997; Young et al., 2008; Parkinson et al., 2009; Rodriguez-R et al., 2012; Timilsina et al., 2020). At least 35 species have been proposed in this genus, and many species have been further subdivided into pathovars based on the plant hosts that they infect. The majority of these species share several unifying qualities, including modest genome sizes (~5 Mb, ~4,500 genes) and relatively high GC-contents (~65% GC), but it remains unclear whether all classified species form monophyletic groups in a genus-wide context. Furthermore, several strains that have been deposited in public databases still lack species designations altogether and are classified simply as Xanthomonas sp.

While phylogenetic approaches have been an effective tool for delineating Xanthomonas species, horizontal gene transfer (HGT) is also an important evolutionary force for maintaining genetic cohesion between xanthomonads and transferring key virulence genes between lineages. Indeed, frequent recombination events have been observed in many Xanthomonas species such as X. campestris, X. citri, X. euvesicatoria, and X. perforans, leading to the evolution of highly plastic and diverse genomes (Huang et al., 2015; Timilsina et al., 2015; Jibrin et al., 2018). On the other hand, some lineages appear to recombine less frequently and are more clonal, such as certain strains of X. perforans in Florida (Timilsina et al., 2019b). Virulence associated genes are especially interesting in this context because exchange of these genes can result in rapid host range shifts and convergent evolution of distantly related strains to the same host. Type III Secreted Effector (T3SE) genes, which can both enhance virulence via interference with host resistance pathways and diminish virulence via recognition by host resistance factors, may be especially prone to HGT because they are frequently located on pathogenicity islands and associated with mobile elements (Jones and Dangl, 2006; Deb et al., 2022). XopG, xopO, xopT, and xopAJ are all recent examples of T3SEs that are suspected to have been horizontally transferred between distantly related Xanthomonas species (Hajri et al., 2012; Deb et al., 2022), although the fact that T3SE repertoires remain a relatively good descriptor of Xanthomonas subclades suggests that many effectors are also being vertically inherited (Guy et al., 2013).

Regardless of the relative roles of vertical inheritance and horizontal transfer, individual Xanthomonas strains have clearly undergone substantial diversification that has led to a broad genus-wide host range, but a high degree of host and tissue specificity at the strain level. For example, strains of X. oryzae vary in their ability to infect different accessions of rice (Zhang et al., 2021), and pathovars X. oryzae pv. oryzae and X. oryzae pv. oryzicola have become specialized to infect vascular and mesophilic tissues, respectively (Ryan et al., 2011). There have also been a number of recently documented cases of host shifts in the genus, including the existence of closely related X. euvesicatoria and X. citri strains with distinct host specificities, and the emergence of a novel banana pathogen in X. vasicola pv. musacearum, which was previously an enset pathogen (Tushemereirwe et al., 2004; Bansal et al., 2022; Harrison et al., 2023). This host and disease specificity in Xanthomonas is largely determined by the diversification of virulence factors across strains belonging to this genus (An et al., 2020). In particular, key Xanthomonas virulence factors include the type-II secretion system and its associated cell wall degrading enzymes, the type-III secretion system (T3SS) and its associated T3SEs, and other toxins, adhesins, transporters, signaling pathways, and regulators (Büttner and Bonas, 2010; Ryan et al., 2011; Jacques et al., 2016; Timilsina et al., 2020). T3SEs in Xanthomonas can be further broken down into canonical T3SEs, which are both structurally and functionally diverse, and transcription activator-like effectors (TALEs), which directly modulate gene expression to make conditions favorable for the pathogen (Ryan et al., 2011). Both canonical T3SEs and TALEs can elicit ETI via plant resistance genes (R-genes), while TALEs can also activate plant executor genes (E-genes) (Ji et al., 2022). The prevalence and distribution of these critical virulence factors across the Xanthomonas genus can help us understand their role in modulating virulence and host range in this critical pathogen, while also providing novel insight into host-pathogen coevolutionary dynamics.

Over the past decade, an explosion of whole-genome sequencing data from a diverse collection of Xanthomonas strains has paved the way for the development of a more comprehensive description of the diversity within the genus, a more fine-scale phylogenetic analysis of the relationships between species, and a detailed evolutionary framework for tracking virulence gene evolution across strains. There are now more than 2,000 Xanthomonas genomes available from the National Center for Biotechnology Information (NCBI), many of which are accompanied by geographical, host, and disease metadata. Here, we perform a pangenome analysis of 1,910 Xanthomonas strains to explore the genus-wide genetic diversity and use this data to generate a genus-wide phylogeny. We then reclassify strains into species clusters using a phylogenetic framework and identify gaps in sampling via rarefaction analyses. We also analyze the distribution and evolution of key virulence-associated genes, focusing on the T3SSs and T3SEs that play a critical role in host specificity, and quantify both ancestral and recent recombination rates for all gene families. This refined phylogenetic framework enhances our ability to explore host range evolution in the Xanthomonas genus and assess the relative role of different virulence factors in determining host specificity.



2. Materials and methods


2.1. Genome collection and quality control

We downloaded FASTA formatted genome assemblies for all 1,940 Xanthomonas genomes available on NCBI in the summer of 2021, along with the metadata associated with each genome (host of isolation, geographical location, disease phenotype). These strains were assigned to 35 distinct species designations and included 40 assigned type strains, 34 assigned pathotype strains, and 5 assigned NCBI reference strains. Any species designation that has not been validly published based on the International Code of Nomenclature of Prokaryotes (ICNP) is annotated with quotations throughout this manuscript. We also downloaded the genome assembly of Xylella fastidiosa strain 9a5c for comparative purposes. To annotate and identify all coding sequences in each of these genomes with a consistent and reliable pipeline, we first ran Prokka v1.14.5 on each assembly, which coordinates five external feature prediction tools (Prodigal, RNAmmer, Aragorn, SignalP, and Infernal) for gene identification and uses a BLAST approach to assign a function to each gene (Laslett and Canback, 2004; Lagesen et al., 2007; Hyatt et al., 2010; Kolbe and Eddy, 2011; Petersen et al., 2011; Seemann, 2014). In addition to Prokka’s default settings, we used “rfam” to search for ncRNAs, enabled “addgenes” to add gene features for each CDS, and used the option “compliant” to force compliance with GenBank (which also sets the minimum contig length to 200). We then evaluated the quality of each genome assembly using Quast v5.0.2 in order to quantify the genome size, N50, GC content, and number of contigs in each assembly using default settings and used this information to identify low-quality genomes that should be discarded before proceeding with further analyses (Gurevich et al., 2013).

All Xanthomonas strains that had low contiguity (>2,000 contigs; 7 genomes), had an unusually high or low number of coding sequences (<2,800, >5,000, 8 genomes), had a GC content distinct from the typical Xanthomonas range (<60, >72%, 2 genomes), or were duplicates of other strains in the collection were discarded (same name, 5 genomes). Following the exclusion of these strains, we also used an initial pangenome analysis (see below) of the remaining 1,918 Xanthomonas strains and X. fastidiosa 9a5c to identify any additional genomes that were of questionable validity. This resulted in the removal of 8 additional genomes that we were not sufficiently confident belonged in the Xanthomonas genus because they formed long and isolated branches that were phylogenetically distant from all validly published early branching and late branching strains. Specifically, these genomes included four Xanthomonas strains with no species designation (XNM01, WM.035, 60, AmX2), two “X. massiliensis” strains (SN8, 01534), one “X. retroflexus” strain (Sp953), and one incorrectly assigned X. citri strain (XC01). In summary, after these quality control steps, we were left with 1,910 high-quality Xanthomonas genomes that were used for all analyses presented in this study (Supplementary Dataset S1).



2.2. Pangenome analyses

To perform a genus-wide pangenome analysis for Xanthomonas, we classified all genes in the 1,910 Xanthomonas genomes and X. fastidiosa 9a5c into orthologous families using PIRATE (Pangenome Iterative Refinement and Threshold Evaluation) v1.0.4 with default settings (Bayliss et al., 2019). PIRATE clusters gene families over a range of thresholds to differentiate orthologs, paralogs, and putative fission/fusion events, which makes it especially well-suited to analyze our multi-species dataset. Once all gene families were clustered, we used the PIRATE output to assess the distribution of each family across all xanthomonads and established the hard-core (present in all strains), the soft-core (present in more than 95% of strains), and the pangenome (present in at least one strain) of the genus. We also ran PIRATE individually on each Xanthomonas species by sub-setting our genome assemblies once phylogenetically informative species designations had been established (see below).

A rarefaction analysis for the Xanthomonas genus was performed using the gene family presence-absence data from PIRATE (Bayliss et al., 2019) and an in-house R script to extract the number of core and accessory gene families present as genomes from the dataset were sequentially sampled (Script S1). This analysis was repeated 1,000 times to generate the genus-wide rarefaction curves and summarize the Xanthomonas pangenome. This same pipeline was also used to perform a rarefaction analysis, generate rarefaction curves, and summarize the pangenome of each Xanthomonas species that contained more than two sequenced strains (Script S2). Here, however, curves were generated with only 500 iterations. We then used the “heaps” function in the R package “micropan” (Snipen and Liland, 2015), which fits a Heap’s law model to rarefaction curves to estimate the alpha parameter and evaluate the openness of pangenomes. For both the genus as a whole and individual species with more than two strains, the number of permutations was set to 500. Finally, to estimate the average number of new gene families sampled per strain after the Xanthomonas pangenome had stabilized, we calculated average number of new gene families added per genome after 1,000 strains had been sampled.



2.3. Phylogenetic analyses

We used the set of 1,908 soft-core genes present in 95% of our strains as the initial input for our core-genome phylogenetic analysis. First, we used an in-house Python script to translate the concatenated nucleotide alignment obtained from PIRATE into a concatenated amino acid alignment (Script S3). We then filtered this concatenated alignment using Gblocks v0.91.1 using default settings to extract phylogenetically informative sites (Castresana, 2000). Finally, we used FastTree v2.1.10 to generate an approximate maximum-likelihood core-genome phylogenetic tree (Price et al., 2010). This genus-wide core-genome phylogenetic tree was used to re-classify strains into 30 monophyletic species based on the branching patterns observed, and PIRATE was run separately on each of the species that contained more than two strains in order to generate species-level core-genome trees. The same pipeline described above for the whole genus (PIRATE > GBlocks > FastTree) was used to generate these species-level trees, using the concatenated soft-core nucleotide alignment obtained from the PIRATE analysis for each species.

In addition to our basic core-genome trees, we also created a pan-genome content tree for Xanthomonas using the binary presence-absence matrix of all ortholog families identified by PIRATE as input for FastTree v2.1.10 (Price et al., 2010). Here, we filtered out any families that were present in all Xanthomonas genomes or no Xanthomonas genomes (only present in X. fastidiosa 9a5c) before running FastTree with default settings (Price et al., 2010). Finally, we generated a subset core-genome tree with only one representative strain per species to use in summary figures. Here, representative strains were extracted from the core-genome alignment and used to generate the tree with Gblocks and FastTree, as described above (Castresana, 2000; Price et al., 2010). All trees were visually enhanced using iTOL and branches with less than 50% bootstrap support were collapsed (Letunic and Bork, 2021).



2.4. Average nucleotide identity analysis

In order to verify the species designations assigned by our phylogenetic classification approach, we also conducted a pairwise ANI analysis to group strains at a traditional cut-off of 95% genome-wide ANI. Specifically, ANI was calculated for all pairwise combinations of Xanthomonas and Xyella strains in our collection using FastANI v.1.33 with default settings (Jain et al., 2018). Whole-genome FASTA files from each of our genomes were used as input. Pairwise ANI values calculated by FastANI were then parsed to cluster all strains that shared either direct or transitive ANI of greater than 95% into the same species group.



2.5. Virulence associated gene identification

To assess the prevalence and distribution of general virulence factor categories across the Xanthomonas genus, we downloaded protein sequences of a suite of known and predicted bacterial virulence factors from the Virulence Factor Database (VFDB) (Liu et al., 2022). We then ran a protein blast analysis (BLASTP) (v2.13.0) where the collection of known and predicted virulence factors from the VFDB were used as queries and the coding sequences from each Xanthomonas genome were used as subjects (Altschul et al., 1990). All Xanthomonas gene hits with an e-value of less than 10−10 and coverage of at least 50% were assigned to the corresponding category of virulence factors. The total number of virulence factor genes belonging to each category was then calculated for each strain, and used to quantify the average number of genes in each category for each species.

Given our interest in the T3SS and their associated T3SEs, we also independently characterized the distribution of different forms of the T3SS across the genus. Specifically, we used a collection of 12 representative structural genes from the T3SS, including both Hrp (hypersensitive response and pathogenicity) and Hrc (hypersensitive response conserved) proteins to identify T3SS islands in each Xanthomonas genome. These 12 structural proteins included HrcC, HrcJ, HrcN, HrcQ, HrcR, HrcS, HrcT, HrcU, HrcV, HrpB1, HrpD5, and HrpF (Supplementary Table S1). Each of these representative structural proteins was queried against all protein sequences of each Xanthomonas genome using BLASTP (v2.13.0) and the corresponding gene was considered present if the e-value was less than 10−5 (Altschul et al., 1990). A functional T3SS was considered present if at least 8 of the 12 structural genes were identified in the genome within the same local context (or two local contexts that were separated into two contigs). For genomes that had two T3SSs, we also partitioned T3SS structural genes based on their location in the assembly.

In order to analyze the diversity in T3SSs across Xanthomonas strains, we then aligned all genes from each family using MUSCLE v5.1 with default settings (Edgar, 2021). These families were then concatenated to generate one contiguous alignment per T3SS and used to generate a T3SS tree with FastTree v2.1.11 and iTOL (Price et al., 2010; Letunic and Bork, 2021). This T3SS tree enabled us to identify clusters of T3SS diversity in Xanthomonas based on their phylogenetic relationships. We then visualized the genomic architecture of each cluster using CLINKER v0.0.27, with one representative T3SS per cluster (Gilchrist and Chooi, 2021). Specifically, we visualized the T3SS islands from the following strains: X. albilineans strain LKA070 for the “Xal T3SS,” X. campestris strain ATCC33913 for the “Xca T3SS,” X. translucens strain XtKm33 for the “Xtr T3SS,” and X. phaseoli strain CFBP412 for the duplicate “Xca” and “Xal T3SSs.”

The distribution of all T3SEs that are secreted by these T3SSs were identified using a curated set of representative effectors belonging to all known T3SE families from the Xanthomonas resource1 and a collection of studies reporting the discovery of new T3SEs. Specifically, we used our collection of representative T3SEs to perform a BLASTP analysis (v2.13.0) where representative T3SEs were used to query all proteins in each Xanthomonas genome. We assigned a protein as a T3SE family if there was a hit with an e-value of less than 10−18 and a coverage of over 40%, cutoffs that we have optimized extensively for the identification of T3SEs. Once all putative T3SEs from each genome were extracted, we classified all T3SEs into families using consistent criteria using with an all-vs-all BLASTP analysis. Specifically, all T3SEs with pairwise e-values of less than 10−15 and pairwise coverages greater than 40% were clustered into the same family. This groups all T3SEs that share a direct or a transitive relationship with other T3SEs into the same family (i.e., if A was similar to B and B to C but not A to C, all three would end up in the same family). We found that although transitive relationships are vanishingly rare, they are sometimes required to recapitulate existing T3SE family designations that fall just below the thresholds used above. This final collection of T3SEs and their corresponding family assignments were used to quantify the number of effectors in each Xanthomonas genome and to study their prevalence at both the species and strain levels.



2.6. Detection and quantification of recombination

We used FastGear v1.0.0 to detect HGT across the Xanthomonas genus due to its efficiency in handling large datasets and its high sensitivity for detecting recombination events between divergent taxa (Mostowy et al., 2017). Specifically, we ran FastGear on each individual gene family alignment generated by PIRATE v1.0.4 that had an average of 1.25 or fewer gene copies per genome and a presence in at least 10% of Xanthomonas strains. We set a variable upper bound to the number of clusters in FastGear (10, 15, 20, 30, 50, 70, 100) as the gene families contained a wide range of sequences (191 to 1910). We also set the “Run clustering for all upper bounds” option to “no,” but used default settings for all other parameters. As we are more likely to detect recombination in longer gene sequences and families that are more broadly distributed, we calculated the normalized recombination rates for each family by dividing the number of recombination events detected by the gene length (in kb) and the number of pairwise combinations of gene sequences in each family. We also annotated each cluster as either virulence associated or non-virulence associated based on the results of our VFDB analysis and used a Wilcoxon rank-sum test to test whether there was a significant difference between the recombination rates of virulence associated and non-virulence associated genes. Finally, a linear regression between recent and ancestral recombination rates was performed for both virulence-associated and non-virulence associated genes to test whether these patterns are conserved through evolutionary time.




3. Results


3.1. Genome assemblies and annotations

During the summer of 2021, we downloaded all genomes classified as Xanthomonas (1,940) from NCBI along with Xylella fastidiosa strain 9a5c to use for comparative purposes. Among the Xanthomonas strains, 40 were labeled as type strains, 34 were labeled as pathotype strains, and 5 were labeled as NCBI reference strains. A total of 35 species designations were given to the various Xanthomonas strains in this collection. In order to quality control our collection, we first amalgamated all of the metadata available for each strain and evaluated various quality control metrics for each genome assembly, including N50, the number of contigs, the GC-content, and the total genome length (Gurevich et al., 2013). We also reannotated the genes from each genome using Prokka v1.14.5 to ensure consistency in the annotation pipeline (Seemann, 2014). Our initial quality control analysis led us to discard 17 genomes: 7 genomes were discarded because of a lack of contiguity (>2,000 contigs), 8 genomes were discarded because they harbored an abnormally high or abnormally low number of CDSs for Xanthomonas (<2,800, >5,000), and 2 were discarded because they had abnormally low GC-content for Xanthomonas (<60%). We also discarded 5 genomes that were duplicates of other strains already included in the study based on their strain names and 8 genomes that do not appear to be part of the Xanthomonas lineage based on our initial phylogenetic analysis of 1,918 Xanthomonas genomes and X. fastidiosa 9a5c. Our final collection presented here includes 1,910 Xanthomonas genomes and X. fastidiosa 9a5c.

The 1,910 Xanthomonas genomes analyzed in this study were derived from at least 184 unique host plants and 211 different geographical locations encompassing 99 countries around the world (Supplementary Dataset S1). The genome size of individual Xanthomonas strains varies from 2,731,750 to 5,770,411 base pairs (bps), with an average of 4,903,136 bps, but is mostly conserved within species (Figure 1A; Supplementary Dataset S1). Similarly, the genetic content harbored by different strains of the same species is relatively consistent, but there is much more diversity at the genus level, where individual Xanthomonas strains can harbor anywhere from 3,139 and 5,263 genes per strain (Figure 1B; Supplementary Dataset S1). Finally, while all Xanthomonas strains analyzed in this study have a high GC-content (>62%), the GC-contents of X. translucens strains (67%) and X. sacchari strains (68%) from Clade 1 are especially high (Figure 1C; Supplementary Dataset S1).
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FIGURE 1
 Genome size (A), gene content (B), and GC-content (C) distributions for the 1,910 Xanthomonas genomes analyzed in this study. Bars are colored by species.




3.2. Pangenome analysis

In order to assess genetic content, divergence, and cohesiveness of the Xanthomonas genus, we conducted a genus-wide pangenome analysis and independent pangenome analyses for each classified Xanthomonas species that harbored at least two sequenced strains. First, we used PIRATE v1.0.4 to cluster all Xanthomonas genes into orthologous families and assess the distribution of these families across strains (Bayliss et al., 2019). We then performed a rarefaction analysis on each pangenome and used the micropan package in R to estimate pangenome openness using Heap’s Law (Snipen and Liland, 2015). The Xanthomonas pangenome consists of 38,914 orthologous gene families, 26,910 of which are present in more than one strain. The hard-core genome (genes present in all Xanthomonas strains) consists of only 52 genes, though this number can be influenced considerably by the contiguity of genome assemblies in the analysis, with even high-quality draft assemblies missing a small subset of the genetic content in each strain. Therefore, a better estimate of the true core-genome size is achieved by looking at the soft-core genome (genes present in 95% of strains). Here, we find a soft-core genome size of 1,913 genes, which stabilizes after only about 100 genomes have been sampled (Figure 2A). The relative stability of the soft-core genome after this point suggests that this suite of 1,913 soft-core genes would be unlikely to significantly change with further Xanthomonas strain sampling. On the other hand, the accessory genome of Xanthomonas is highly diverse, with nearly 10 new gene families being identified in each new genome, even after 1,000 strains have been sampled (Figure 2B). Indeed, we estimated an alpha parameter of 0.60 using Heap’s Law for the Xanthomonas pangenome. This is considerably less than the threshold value of 1.00, suggesting that there are still many new Xanthomonas accessory genes to discover, even after exploring nearly 2,000 genomes. While our pangenome size does decline considerably when we exclude singletons (genes present only one genome), we still have a large pangenome size of 26,910 genes and an open pangenome (α = 0.64) (Figure 2B).
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FIGURE 2
 Rarefaction curves for the core (A) and accessory (B) genome of the Xanthomonas genus. (A) Families present in 95% (soft core genome) and 100% (hard core genome) of Xanthomonas strains decay as more genomes are added to the analysis. (B) The size of the Xanthomonas pangenome increases indefinitely as more genomes are added to the analysis, especially when singletons are included, suggesting that Xanthomonas has an open pangenome.


The number of strains available to assess the pangenome content of individual Xanthomonas species varies dramatically in both number (total strains) and diversity (number of independent studies/sampling sites) (Table 1; Supplementary Figure S1). Therefore, we need to be careful when comparing Xanthomonas species pangenomes since they are heavily influenced by variable sampling. When focusing on species for which we have sampled at least 50 genomes, we do see relatively consistent convergence on a soft-core genome size of between 3,000 and 3,500 genes (Table 1). As was the case with xanthomonads as a whole, the soft-core genome sizes of these species have stabilized and would be unlikely to change significantly with further sampling (Supplementary Figure S1). One interesting exception is X. oryzae, which has a considerably smaller soft-core genome size (2,446) but also a smaller pan-genome size (8,779), despite the fact that we included 441 X. oryzae strains in our analysis. A small soft-core genome size is indicative of more diversity in conserved genes, while a small pan-genome size is indicative of less diversity in accessory genes. Overall, this suggests that the evolutionary forces operating on core and accessory genes of X. oryzae different than they are in other xanthomonads, possibly due to less frequent horizontal transfer in the accessory genome. While estimates of the alpha parameter for the openness of the pangenome vary from 0.53 to 1.67 across Xanthomonas species, all species where more than 50 genomes were sampled have an open pangenome (α < 1) (Table 1). Although we emphasize again that pangenome size is heavily influenced by the number of genomes included in the analysis, species with the lowest alpha values, like X. arboricola (0.5295) and X. citri (0.5350), would be one rich resource for identifying novel Xanthomonas gene families.



TABLE 1 Rarefaction analysis results for the core and accessory genomes of each Xanthomonas species.
[image: Table1]



3.3. Phylogenetic analysis

We generated a comprehensive core-genome phylogenetic tree for the Xanthomonas genus using a concatenated amino acid alignment of the 1,908 soft-core genes that were present in at least 95% of the 1,910 Xanthomonas strains used in this study. Initial species assignments were based NCBI BioSample database entries, if available (Supplementary Figure S2). We used our core-genome phylogenetic tree to assign all strains a monophyletic species designation based on the consensus identity of the strains in each lineage. Specifically, if a previously designated species was separated into multiple distinct lineages, the lineage with a greater representation of strains maintained the originally designated species name. Strains in other lineages were reassigned to the species that corresponded with their location on the phylogenetic tree. If a single lineage contained multiple species designations that did not form monophyletic groups, we assigned all strains in that lineage to the species designation that was given to more strains in the lineage, unless it had already been used elsewhere on the phylogenetic tree. Species designations were also assigned to strains that had not previously been assigned to a species, as long as they were part of a monophyletic lineage with assigned strains branching prior to the unassigned strains. In all cases, we subsequently verified that all type strains had maintained their original species designation and we retained the original pathotype designation of all strains where one was available. In total, we reclassified 288 strains, with 5 species being completely subsumed by others. Specifically, the only strain classified as X. alfalfae was reassigned to X. perforans, the only strain classified as X. gardneri was reassigned to X. hortorum, the only strain classified as X. hyacinthi was reassigned to X. translucens, all three strains classified as “X. sontii” were reassigned to X. sacchari, and all 68 strains classified as X. euvesicatoria were reassigned to X. perforans. All reassignments of strain species designations are summarized in Supplementary Dataset S1 and illustrated on Supplementary Figure S2.

We also verified all phylogenetic species assignments described above with a more traditional ANI-based approach. Specifically, after calculating ANI for all pairs of genomes in our analysis, we grouped strains that shared direct or transitive ANIs of greater than 95% and cross-referenced these groups with our phylogenetic species assignments (Supplementary Figure S2). We found that at this cut-off, ANI groups largely supported our phylogenetic species assignments, with a few exceptions. On one hand, an ANI cut-off of 95% results in the merging of the X. citri and X. perforans lineages into a single species group (Supplementary Figure S2). On the other hand, X. sacchari (13, 7, 4, 2, 2) and X. translucens (60, 7, 1, 1, 1) were separated into five groups, while X. albilineans (17, 2), X. arboricola (113, 2), X. dyei (10, 1), X. euroxanthea (21, 1), and X. hortorum (39, 1) were separated into two groups (Supplementary Figure S2). However, these species subgroups do not represent cases of unassigned strains that were pooled into the same species during our phylogenetic species delimitation process (i.e., they were previously assigned to the corresponding species on NCBI).

Our initial reclassification of all strains designated as X. alfalfae, X. euvesicatoria, X. gardneri, and X. sontii into alternative species groups was also well-supported by our pairwise ANI analysis at a threshold of 95% (Supplementary Figure S2). Specifically, all strains initially classified as both X. alfalfae and X. euvesicatoria formed a single group with X. perforans. Strains initially classified as X. gardneri and X. hortorum also formed a single group at this threshold, with X. gardneri str. ATCC19865 sharing as much as 99.87% ANI with X. hortorum strains. Finally, although there are multiple X. sacchari groups defined at a threshold of 95% ANI, all three X. sontii strains are part of the largest group, which includes 13 X. sacchari strains. These X. sontii strains also share as much as 99.94% ANI with named X. sacchari strains. The only reclassified species that was not supported by our ANI analysis was the reclassification of X. hyacinthi CFBP1156 to X. translucens (maximum ANI of 93.43%). However, the X. hyacinthi lineage is nested between two lineages that currently contain strains classified as X. translucens from NCBI. This is therefore consistent with the fact that in the X. translucens lineage, as defined in our study, there are likely multiple species-level clades. Ultimately, while any species delimitation approach on a dataset of this size is going to be sensitive to shifts in cut-offs, most of our phylogenetic species’ assignments are supported by ANI clustering analysis at 95%. However, our ANI analysis also reveals that multiple species-level clades likely exist within a subset of our classified species, particularly in early-branching clades like X. sacchari and X. translucens.

Our final core-genome phylogenetic tree first distinguishes early branching Clade 1A (X. theicola, X. translucens) and Clade 1B (X. albilineans, X. sacchari) lineages from the more closely related Clade 2 species (Figure 3; Supplementary Figure S2). Both X. hyacinthi and “X. sontii” would also have been placed in Clade 1A and Clade 1B, respectively, had the corresponding strains not been reassigned because they fell within the middle of the X. translucens and X. sacchari lineages, respectively. X. maliensis and X. campestris are the next Xanthomonas species to diverge in Clade 2, with subsequent divergence events involving multiple species (Figure 3; Supplementary Figure S2). Species-level phylogenetic relationships are mostly supported by the gene-content tree illustrated in Supplementary Figure S3, with two notable exceptions: X. sacchari strains cluster within the X. translucens lineage and X. euroxanthea strains cluster within the X. arboricola lineage. This may suggest that horizontal transfer in the accessory genomes of these species has overwhelmed the phylogenetic signal of vertically inherited genes, or may simply reflect the lower resolution of the accessory gene-content tree (based on presence-absence) relative to the core-genome phylogenetic tree (based on sequence-level variation).
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FIGURE 3
 Unrooted core genome phylogenetic tree of the Xanthomonas strains analyzed in this study. The core genome tree was generated from an alignment of all soft-core genes present in at least 95% of the strains analyzed. All species listed on the tree form a monophyletic group independent of all other species, following the initial reassignment of species designations. A detailed core-genome phylogenetic tree with terminal leaf labels can be found in Supplementary Figure S2.


Individual species-level trees highlight that evolutionarily divergent Xanthomonas strains have converged to cause disease on the same hosts and that highly similar strains can cause disease on different hosts (Supplementary Figure S4). For example, multiple Clade 2 strains from both X. vasicola pv. vasculorum and X. axonopodis pv. vasculorum have been isolated from and cause disease on sugarcane. In fact, because of their shared host ranges, these distinct species were originally grouped as X. campestris pv. vasculorum, though later taxonomic studies revealed clear genetic distinctions between these species (Studholme et al., 2020). Both X. vaiscola and X. axonopodis are also quite evolutionarily divergent from Clade 1 sugarcane pathogens X. albilineans, X. sacchari, X. theicola, and X. translucens, though their convergence on sugarcane may be at least partially tied to shared LPS biosynthesis genes that were acquired via HGT (Wasukira et al., 2014). Similarly, multiple phylogenetically distinct strains from the X. sacchari, X. maliensis, and X. oryzae lineages cause disease on rice, strains from the X. phaseoli, “X. cannabis,” X. arboricola and X. citri lineages cause disease on common bean, strains from the X. citri, X. perforans, X. vesicatoria, and X. arboricola lineages cause disease on pepper, strains from the X. arboricola, X. euroxanthea, X. hortorum, X. perforans, and X. vesicatoria lineages cause disease on tomato, and strains from the X. arboricola, X. sacchari, and X. vasicola lineages cause disease on banana (Supplementary Figure S4). We do find some examples of strains that cause disease on the same host being monophyletically clustered within a species (e.g., walnut pathogens in X. arboricola), but the predominant observations in species-level phylogenetic trees are that closely related strains can cause disease on distinct hosts and that host of isolation is not a monophyletic trait, (Supplementary Figure S4). While not all of these disease symptoms have been independently verified in the lab and strain labeling errors are always a possibility, the fact that multiple distinct lineages in many species have emerged to cause disease on a common host suggests that host specificity is a phenotype that has converged many times during the evolutionary history of the genus.



3.4. Distribution of virulence associated genes

One obvious contributor to host specificity in Xanthomonas is the distribution of virulence association genes, or virulence factors, across species and strains. We first explored the diversification of broad virulence factor categories across xanthomonads by performing a BLASTP search of all proteins in the bacterial Virulence Factor Database (VFDB) against all proteins in each Xanthomonas genome (Altschul et al., 1990; Liu et al., 2022). A broad diversity of potential virulence factors were identified in Xanthomonas strains, with an especially high abundance of virulence factors associated with nutrition and metabolism, effector delivery systems, immune modulation, motility, and adherence (Figure 4). Overall, the distribution of these genes across Xanthomonas species was reasonably uniform, but the greatest amount of variation occurs in the two most abundant virulence factor categories. Nutritional and metabolic virulence factors are most abundant in species like X. euroxanthea, X. arboricola, X. dyei, X. hortorum, and X. floridensis (approximately 200 genes per strain), while X. fragariae and X. oryzae strains tend to have a smaller number of nutritional and metabolic virulence factors (approximately 120 genes per strain) (Figure 4; Supplementary Figure S5). The number of effector delivery system associated genes is also quite variable across species, with strains from X. perforans, X. phaseoli, and X. citri harboring approximately 150 genes each and strains from “X. cannabis,” X. melonis, X. pisi, X. albilineans, and X. sacchari only harboring approximately 80 genes each. While there is not always a phylogenetic pattern to the distribution of virulence factor categories at the species level, it’s notable that X. perforans, X. phaseoli, and X. citri do form a monophyletic lineage and harbor the most abundant repertoires of effector delivery system virulence factors. Furthermore, X. fastidiosa 9a5c has among the lowest average number of virulence factors in all categories, which suggests that most of these categories of virulence factors have expanded in Xanthomonas lineages writ large and/or that many have been lost in the X. fastidiosa lineage.
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FIGURE 4
 Distribution of virulence associated gene categories across the Xanthomonas species analyzed in this study, based on functional categories defined by the Virulence Factor Database (VFDB). The phylogenetic tree was generated using FastTree from a concatenated core-genome amino acid alignment with one representative strain for each species (see Section 2).


We were especially interested in the T3SS and its associated T3SEs given the importance of T3SEs in determining host range as both virulence enhancers and immune elicitors (Jones and Dangl, 2006). First, in order to explore the presence-absence of different T3SSs across the Xanthomonas genus, we used a BLASTP analysis to search for twelve core T3SS pathogenicity island proteins in each Xanthomonas genome (Supplementary Table S1). We then extracted the complete repertoire of T3SS genes from each island, aligned each of the twelve focal families, and performed a phylogenetic analysis to explore the diversity of T3SSs across the Xanthomonas genus (Supplementary Figure S6). We identified three evolutionarily and structurally distinct versions of the Xanthomonas T3SS, including the X. albilineans T3SS (Xal T3SS), which is primarily found in X. albilineans, the X. translucens T3SS (Xtr T3SS), which is only found in X. translucens and X. theicola, and the X. campestris T3SS (Xca T3SS), which is distributed across Clade 2 Xanthomonas species (Figure 5; Supplementary Figure S6). While most strains that harbor a T3SS only harbor one, we did identify 22 strains from the X. phaseoli lineage that harbored both the Xal T3SS and the Xca T3SS (Figures 5, 6; Supplementary Figure S7). Given the phylogenetic distribution of these T3SSs, it seems likely that the Xal T3SS of X. phaseoli was acquired horizontally from X. albilineans, but its conservation across a number of strains begs the question of what role it plays in a genome that already harbors at T3SS. On the other hand, there are also several Xanthomonas strains that lack a T3SS altogether. In particular, all strains classified as X. sacchari, X. maliensis, X. pisi, X. melonis, and X. floridensis, and a subset of strains classified as X. campestris, X. euroxanthea, X. arboricola, “X. cannabis,” and X. dyei do not harbor any of the three versions of the Xanthomonas T3SS. This distribution of the various types of T3SS, which do not always cluster phylogenetically, demonstrates that there have likely been many gains and losses of the T3SS in the evolutionary history of xanthomonads (Supplementary Figure S7).
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FIGURE 5
 Genetic architecture of the three forms of Xanthomonas type III secretion systems (T3SSs) categorized in this study. The architecture for each T3SS is drawn from the following representative genomes: Xal T3SS—X. albilineans LKA070, Xtr T3SS—X. translucens XtKm33, and Xca T3SS—X. campestris ATCC33913. The two distinct T3SSs identified within some single X. phaseoli genomes are also displayed using X. phaseoli CFBP412 as a representative.


[image: Figure 6]

FIGURE 6
 Type III secretion system (T3SS), canonical type III secreted effector (T3SE), and transcription activator-like effector (TALE) repertoires for each of the Xanthomonas species analyzed in this study. The phylogenetic tree was generated using FastTree from a concatenated core-genome amino acid alignment with one representative strain for each species (see Section 2). The three T3SSs analyzed include the Xal T3SS, which is present primarily in X. albilineans lineage, the Xtr T3SS, which is present in X. translucens and X. theicola, and the Xca T3SS, which is present in all other lineages. The heatmap represents the proportion of strains from each species that harbor the corresponding T3SS. The average numbers of T3SE and TALE genes per genome in each species were determined via BLASTP analysis of 57 known Xanthomonas T3SEs against the proteome of each genome (see Section 2). Error bars represent the SEM for all strains within a species.


We also explored the distribution of T3SEs across Xanthomonas strains using a BLASTP analysis to search for a collection of representative T3SEs from 57 known families in each genome. Only a single T3SE family (XopAZ) would be considered part of the Xanthomonas soft-core genome, meaning it is present in more than 95% of strains. However, if we focus in on only strains that harbor a functional T3SS, AvrBs2, HpaA, and XopAB also become part of the soft-core genome. The distribution of most T3SE families is relatively mosaic, with multiple phylogenetically distinct species harboring them and only a subset of the strains in each species harboring them (Figure 7; Supplementary Dataset S2). Furthermore, some families are species specific, with XopAC only present in X. campestris, XopU only present in X. oryzae, and XopAR only present in X. translucens. This mosaic structure is likely the result of the frequent presence of T3SEs on mobile elements, the benefits they provide for virulence when acquired in some circumstances, and the costs they incur by eliciting the immune response in other circumstances.
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FIGURE 7
 Prevalence of each type III secreted effector (T3SE) family in each of the Xanthomonas species analyzed in this study. Color scaling indicates the prevalence of each T3SE family within the respective species. The phylogenetic tree was generated using FastTree from a concatenated core-genome amino acid alignment with one representative strain for each species (see Section 2).


We further categorize our T3SEs as either canonical T3SEs from a diverse array of families or TALEs from the avrBs3 family. The total number of canonical T3SEs per strain varies considerably, from as few as 1 canonical T3SE in X. albilineans MUS060, which lacks a T3SS, to 43 canonical T3SEs in X. citri LMG7504. However, if we only consider Clade 2 strains determined to harbor a Xca T3SS, the minimum number of T3SEs per genome rises to 9 in X. euroxanthea strain BRIP62409. At the species level, we find that some species harbor an average of more than 30 canonical T3SEs per strain (e.g., X. axonopodis), while others harbor few, if any, canonical T3SEs (e.g., X. albilineans) (Figure 6). There are also species like X. cucurbitae (19.5 effectors per strain) and X. codiaei (15 effectors per strain) that harbor an intermediate number of T3SEs per strain. Variation in TALE content across species is also dramatic, though at least some of this variation can be attributed to differences in the quality of the assemblies in these notoriously difficult to resolve regions (Erkes et al., 2023). We only identified TALEs in a subset of Xanthomonas species and the average number of TALEs per strain across an entire species is never higher than 4 (Figure 6). However, there are strains of X. oryzae that harbor as many as 29 TALEs (X. oryzae pv. oryzicola L8), and others that harbor none (X. oryzae pv. oryzae AH1) (Figure 7; Supplementary Dataset S2). In most cases, the canonical T3SE and TALE data are consistent with the presence-absence of T3SSs, where strains that do not harbor a T3SS also harbor few, if any, T3SEs (Figure 6). However, one notable exception is X. albilineans, where all strains harbor the Xal T3SS and almost no effectors at all. Along with its maintenance as a secondary T3SS in multiple strains of X. perforans, this provides further support for the hypothesis that this T3SS has diverged in function and is not involved with the secretion of Xanthomonas T3SEs. While some of the T3SEs identified here may ultimately turn out to be pseudogenes, it is clear that there is immense variation in both the numbers and types of T3SEs between species and strains.



3.5. Rates of lateral gene transfer

Several analyses conducted in this study suggest that horizontal gene transfer is common in the Xanthomonas genus. First, while the gene content presence-absence tree mostly recapitulates the species-level relationships of the core-genome tree, there are some notable differences (e.g., X. sacchari clustering within the X. translucens lineage) (Supplementary Figure S3). There are also many changes to the branching pattern of strains within species, which is likely to be at least in part due to the horizontal exchange of accessory gene content. Furthermore, a gene family frequency distribution that quantifies the number of genomes harboring each gene family reveals a U-shape distribution, where the majority of gene families are either very rare or very common (Supplementary Figure S8). This is a characteristic that is often observed in species where lateral gene transfer is common, since more genetic content is being acquired by individual strains in the genus that is not already present in other xanthomonads.

We also sought to directly evaluate the frequency of recombination for each gene family using FastGear, an efficient and scalable method to detect ancestral and recent recombination events (Mostowy et al., 2017). Specifically, for the 4,990 gene families that were present in 10% of strains or more, we find that recombination events are common, with 4,671 genes (93.6%) displaying evidence of at least one recent recombination event and 4,518 gene families (90.5%) displaying evidence of at least one ancestral recombination event. There were only 319 genes families (6.4%) in which we did not find any evidence of recombination. We also evaluated the relative rates of recombination in virulence-associated vs. non-virulence-associated genes. Specifically, we normalized the number of recent and ancestral recombination events by the gene length and number of sequences in each family, as we are more likely to detect recombination in longer and more broadly distributed genes. We found that in both virulence-associated and non-virulence-associated gene families, there is a positive correlation between rates of recent and ancestral recombination (R2 = 0.37 for VFs, 0.39 for non-VFs, p < 2.2e-16 for both) (Figure 8). Surprisingly, we also found that virulence genes recombine at a significantly lower recombination rate than non-virulence genes (Wilcoxon signed-rank test, recent events p = 3.707−11, ancestral events p = 1.416−5), though the rates for both virulence associated and non-virulence associated genes can be high.
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FIGURE 8
 Relationship between normalized ancestral and recent recombination rates for virulence associated and non-virulence associated gene families. All recombination events were detected by FastGear and normalized rates were calculated by dividing the number of events by the size of the family (strains) and the length of the corresponding genes (kb).





4. Discussion

Plant pathogens pose a significant threat to global food security and cause major economic losses worldwide. The recent expansion of whole-genome sequencing data for diverse plant pathogens provides a unique opportunity to study how novel pathogens emerge by conducting deep comparative genomic analyses that study the evolutionary relationships between species and diversity in their respective virulence repertoires. In this study, we performed a pangenome analysis using nearly 2,000 Xanthomonas strains to highlight the diversification of gene content in this genus of important plant pathogens. We then used this analysis to generate a genus-wide phylogeny that illustrates the convergent evolution of distantly related strains to the same host and to compare the mosaic virulence repertoires of each strain. Finally, we showed that many gene families in Xanthomonas are undergoing frequent recombination that likely contributes to convergent host specificity and enhancing genetic cohesion within the genus.


4.1. Genetic architecture and diversity in the Xanthomonas genus

Using a uniform gene prediction and annotation pipeline, we first used our expanded whole-genome dataset to explore variation in the architecture of the genomes of diverse xanthomonads that were isolated as far back as 1915 (Figure 1; Supplementary Dataset S1). Specifically, we observed a range in genome size from 3.5 to 6.0 Mb in length, a range in coding content from 3,200 to 5,200 genes, and a range in GC-content from 62 to 70%. These results were largely consistent with a number of prior studies that focused on a smaller number of species and strains. First, strains of broadly sampled species like X. campestris, X. oryzae, and X. citri have been reported to have relatively modest genome sizes in the range of 4.8–5.4 Mb, gene counts between 4,500 and 5,400 genes, and GC-contents of approximately 65% (Bogdanove et al., 2011; Huang et al., 2015). Our broader collection of genomes from these species is consistent with these observations, though we do identify broader ranges in these features within each species, particularly for the lower bounds. Notably, some genomes of X. oryzae have genome sizes smaller than 3.5 Mb and fewer than 4,000 genes. There are also genomes of X. oryzae that have GC-contents as low as 62% (Figure 1; Supplementary Dataset S1). Significantly reduced genomes were also identified in X. albilineans, X. fragariae, and X. translucens, as has been observed previously, and higher GC-contents were identified in X. translucens and X. sacchari (Fang et al., 2015; Peng et al., 2016). Reductive evolution in multiple Xanthomonas lineages may be indicative of an increased reliance on the host in these lineages, or it may have occurred as a consequence of reduced effective population sizes from repeated bottlenecking events. A more focused evolutionary genetic analysis to differentiate between these possibilities is an exciting future direction for this dataset.

While the Xanthomonas genus as a whole has a large and dynamic pangenome, consisting of nearly 40,000 orthologous gene families, it’s notable that given the number of strains that we have sampled, the size of the Xanthomonas pangenome is quite modest compared to other well-studied bacterial plant pathogens. Specifically, a pangenome analysis of 314 strains from the Ralstonia solanacearum species complex (RSSC) identified a pangenome of 31,020 pangenes (Castillo, 2023), while a pangenome analysis of 391 strains from the Pseudomonas syringae species complex (PSSC) identified 77,728 pangenes (Dillon et al., 2019). Both of these pangenome sizes are considerably larger than the Xanthomonas pangenome at a similar level of sampling (Figure 2), which is surprising given the diversity of classified Xanthomonas species sampled in our collection. While it is certainly the case that there are additional proposed species designations in both the RSSC and the PSSC, it’s clear that the accessory genome of Xanthomonas species is not as diverse as we have observed in other important phytopathogens, which will make its exploration more manageable in future studies.

Ultimately, it will be important to consider which Xanthomonas species are most worthy of further sampling to identify novel Xanthomonas accessory genes, many of which likely contribute to virulence and host specificity. While our rarefaction analyses indicate that the core genome of Xanthomonas is unlikely to change significantly with further sampling, the Xanthomonas genus as a whole, and most of the species within it, still have open pangenomes. This means that further strain sampling will yield further expansion of the Xanthomonas pangenome, with nearly 10 new genes being sampled per strain based on our estimates (Figure 2). Species like X. arboricola and X. citri are one category of good candidates for novel gene identification as they have alpha parameters of below 0.55, despite more than 100 strains having already been sampled from both species (Table 1). In addition, species groups analyzed in this study that appear to harbor multiple species-level clades, like X. sacchari and X. translucens, should be prioritized in diversity sampling efforts moving forward to help resolve these lineages.



4.2. Convergent evolution of distantly related Xanthomonas strains to the same host

As has been the case with many microbial species during the past century, Xanthomonas taxonomy has undergone substantial revision as more strains have been sampled and technologies for classifying them have improved. Some examples of recent issues include the reclassification of X. campestris pv. musacearum strains to X. vasicola (Aritua et al., 2008), the finding that X. axonopodis does not form a monophyletic taxon (Rodriguez-R et al., 2012), and the merging of X. gardneri and X. cynarae into a single species (Timilsina et al., 2019a). While our core-genome phylogenetic analysis included several Xanthomonas strains currently assigned to species designations that do not reflect their phylogenetic relationships and some strains that had not been assigned species designations at all, we made a concerted effort in this study to preserve as many current species designations as possible, while also ensuring that all species met the minimum requirement of forming a single monophyletic group (Supplementary Figure S2). As pointed out by Rodriguez-R et al., this required considerable renaming of X. axonopodis strains, some of which had to be reassigned to various other species names, including X. citri, X. perforans, and X. phaseoli. There were also five species that were completely subsumed by other species designations, including X. alfalfae, X. gardneri, X. hyacinthi, “X. sontii,” and X. euvesicatoria because they did not form monophyletic lineages. These monophyletic species designations, including the cases where species were completely subsumed by other species names, were remarkably well supported by an ANI analysis at a cutoff of 95% identity. However, our ANI analysis also reveals the existence of multiple potential species-level clades within X. albilineans, X. arboricola, X. dyei, X. euroxanthea, X. hortorum, X. sacchari, and X. translucens. These species level clades, particularly in early-branching species, have been well-documented in the literature and recent efforts to sequence more representative strains in these clades is a promising step toward determining the extent to which diversity is continuous or clustered in these early-branching lineages (Parkinson et al., 2009; Peduzzi et al., 2023).

Beyond the classification of species based on their core-genome diversity, one of the more significant outputs of this study is the most comprehensive phylogeny of Xanthomonas species sequenced to date (Figure 3; Supplementary Figure S2). While prior studies have constructed phylogenies for individual Xanthomonas species (Hauben et al., 1997; Gonçalves and Rosato, 2002; Parkinson et al., 2009; Rodriguez-R et al., 2012; Timilsina et al., 2020), and some have even focused on the Xanthomonas genus as a whole (Timilsina et al., 2020), no single study has considered nearly the breadth (species) or the depth (strains) of xanthomonads analyzed here. Two notable differences between a recent comprehensive core-genome phylogeny of representative xanthomonads and our study is that we include a broad diversity of strains from the majority of species (up to 478 in X. citri) and a few additional species that were more recently sequenced (“X. cannabis,” X. euroxanthea, X. floridensis, X. nasturtii) (Timilsina et al., 2020). Despite this, the structure of our tree is mostly consistent with the tree derived by Timilsina et al., with a few exceptions in the branching patterns of Group 2 Xanthomonas species. In combination with the monophyletic species designations described above, this ultimately paves the way for more sophisticated comparative analyses of genetic and phenotypic differences between these species.

The most obvious observation that we can make by integrating host and disease metadata with our comparative genomic analysis is that phylogenetically distinct strains will often infect the same host (Supplementary Figure S4). Indeed, with a few notable exceptions, this is evident at both the species level, where strains from entirely different taxa are isolated from the same host, and at the strain level, where strains from different lineages of the same species have converged to infect the same host. It is also clear that closely related strains are often isolated from entirely different host species, which may reflect either a broad pathogen host range or relatively frequent shifts in host specificity in the evolution of xanthomonads. One recent study has found that evolutionarily distant strains in X. phaseoli and X. citri converge to infect common bean through the horizontal transfer of a number of focal genes (Chen et al., 2018). Another found that evolutionary convergence on sugarcane may be tied to shared LPS biosynthesis genes that were exchanged via HGT (Wasukira et al., 2014). Our analysis provides the framework for characterizing the genetic mechanisms that underly a number of other host specificities, yielding further insight into the relative role of different categories of virulence factors in determining host range.



4.3. Abundant and rapidly evolving Xanthomonas virulence repertoires

The specific virulence factors involved in host specificity across diverse xanthomonads have enormous potential to be leveraged as targets for agricultural engineering of resistant crop cultivars. We first explored the distribution of different categories of virulence factors across our collection of Xanthomonas strains using the VFDB, finding that virulence factors involved in nutrition and metabolism, effector delivery systems, immune modulation, motility, and adherence are most abundant (Figure 4). Many of these categories have also been highlighted in prior studies of Xanthomonas virulence factors, which found that successful infection and multiplication of xanthomonads within hosts depend on a number of extracellular polysaccharides, degradative enzymes, adhesins, secretion systems, and effectors (Büttner and Bonas, 2010). While there is some variation in the abundance of these broad virulence factor categories in distinct Xanthomonas lineages, the quantity of these virulence associated genes across all Xanthomonas strains relative to X. fastidiosa is especially notable. In particular, nearly all Xanthomonas species have large repertoires of virulence factors associated with nutrition and metabolism, effector delivery systems, and motility. These abundant virulence factor repertoires are likely a major reason why xanthomonads are such effective independent pathogens across a broad range of hosts, though the double-edged nature of effectors that modulate immunity will inevitably contribute to reducing the host range of individual strains. (Laflamme et al., 2020)

The critical role of T3SSs and their associated T3SEs in determining host specificity across a range of gram-negative bacterial phytopathogens motivated us to explore the distribution of these critical virulence factors in more detail. When exploring the T3SS content across Xanthomonas strains, we identified three evolutionarily and structurally distinct T3SS pathogenicity islands (Figures 5, 6), which were likely the result of three independent acquisition events (Merda et al., 2017). The most broadly distributed T3SS in Xanthomonas is the Xca T3SS, which is present in the vast majority of Clade 2 strains, and nearly all strains that harbor this T3SS also have substantial T3SE repertoires. The presence of the Xtr T3SS in Clade 1A species (X. translucens, X. theicola) is also correlated with the presence of a high abundance of both canonical T3SEs and TALEs. However, the third Xanthomonas T3SS, dubbed in this study as the Xal T3SS, is present in a high frequency of X. albilineans strains that harbor very few, if any, T3SEs. While the Xal T3SS is present in a small number of X. phaseoli strains that harbor abundant T3SE repertoires, these strains also harbor a second canonical Xca T3SS. Prior evidence has indicated that this T3SS is similar to the Salmonella pathogenicity island 1 (SPI-1) family found in animal pathogens, illustrating that it may have been horizontally transferred to Xanthomonas from Salmonella or another source (Alavi et al., 2008; Marguerettaz et al., 2011). In any event, the fact that so few Xanthomonas T3SEs are observed in the strains that harbor it suggests that the role of the Xal T3SS does not involve the secretion of characterized Xanthomonas T3SEs. Several Xanthomonas species also lack the T3SS entirely, including X. floridensis, X. melonis, X. pisi, X. maliensis, and X. sacchari (Merda et al., 2017; Vicente et al., 2017). In addition to these species, we also find that a significant number of X. dyei, “X. cannabis,” X. arboricola, and X. euroxanthea strains have also lost the T3SSs (Jacobs et al., 2015). The loss of these critical virulence factors may indicate a transition to a non-pathogenic lifestyle or reliance on alternative virulence factors to infect and cause disease in plant hosts.

Consistent with the loss of T3SSs in a subset of Xanthomonas lineages, T3SE repertoires are also substantially reduced in a similar collection of Xanthomonas strains (Figures 6, 7; Supplementary Dataset S2). For example, X. arboricola strains with a canonical Xca T3SS have an average 19 T3SEs per strain, but those without a T3SS have only 4 T3SEs per strain. In sum, we identify only four soft-core T3SE families among strains that harbor a T3SS (XopAZ, AvrBs2, HpaA and XopAB). However, among these, only the AvrBs2 family has been consistently observed to be part of the core-genome of individual Xanthomonas species, like X. campestris and X. axonopodis (Hajri et al., 2009; Jalan et al., 2011; Potnis et al., 2011). This could be driven by stricter core-genome criteria in other studies, or the fact that a species-specific approach highlights a small number of strains in a given species that may be lacking a given T3SE family. In any event, these core T3SEs have the greatest potential for resistant crop breeding against Xanthomonas species broadly, as long as we can identify host resistance genes capable of detecting them (e.g., Bs2 for AvrBs2) (Swords et al., 1996).

The distribution of the remainder of T3SEs is relatively mosaic, suggesting substantial gain and loss events across the Xanthomonas genus. This is especially true for TALEs, which have undergone dramatic expansion in some strains and are completely absent from others (Figures 6, 7; Supplementary Dataset S2). However, it’s important to recognize that at least some of the variation we see in TALE content is going to be driven by the challenges associated with assembling these repetitive regions using short-read sequencing data (Erkes et al., 2023). In any event, both T3SEs and TALEs are capable of enhancing virulence by interfering with host resistance pathways and diminishing virulence through the elicitation of effector triggered immunity, which has a significant evolutionary impact on the strains that harbor them. Furthermore, some families of T3SEs and TALEs are especially prone to HGT because of their association with mobile elements (Jones and Dangl, 2006; Deb et al., 2022). These are likely the two primary evolutionary forces driving the dramatic variation in T3SE and TALE repertoires. Indeed, we observe an especially fragmented distribution in the XopG T3SE family (Figure 7; Supplementary Dataset S2), which has been shown to be readily exchanged between distantly related Xanthomonas species (Hajri et al., 2012; Deb et al., 2022). While we lack the ability to explore the diversity in TALE binding domains in this study due to our heavy reliance on short-read sequencing data, exploring TALE diversity and E-gene recognition with long-read sequencing data is an exciting avenue for future research.



4.4. Prevalent recombination and the maintenance of genetic cohesion

Several lines of evidence in our pangenome analysis of xanthomonads suggest that recombination is common in the genus. This includes both recombination within the Xanthomonas genus and recombination between xanthomonads and other bacterial species. First, we identified structural differences between our core-genome and our accessory gene content phylogenetic trees (Supplementary Figures S2, S3), suggesting that at least in some cases, sufficient accessory gene content has been exchanged to yield an alternative phylogenetic picture. One clear example of this is the merging of Clade 1B strains of X. sacchari and Clade 1A strains of X. translucens, which formed distinct lineages in our core-genome analysis. This exchange of accessory genetic content may also contribute to the existence of multiple species-level clades within these lineages based on ANI, since any individual strain might harbor partly X. sacchari and partly X. translucens accessory genes. Second, our gene family frequency distribution revealed that the majority of gene families in Xanthomonas were either extremely common (present in all strains) or very rare (present in only a few strains) (Supplementary Figure S8). This pattern is associated with high rates of horizontal acquisition of genes from outside the genus (Dillon et al., 2019). Third, we observe high numbers of both ancestral and recent recombination events in gene families that were present in at least 10% of Xanthomonas strains (Figure 8). These results are consistent with prior studies in Xanthomonas that have implicated HGT in the exchange of virulence-associated genes between strains (Lima et al., 2008; Merda et al., 2017; Jibrin et al., 2018), in the convergent evolution of phylogenetically distant strains to the same host (Chen et al., 2018), and in shifts in strain tissue-specificity (Gluck-Thaler et al., 2020). However, while some studies have identified lineages of Xanthomonas that display evidence of rampant HGT, other lineages appear to be largely clonal (Timilsina et al., 2015, 2019b), and prior estimates of the number of gene families displaying evidence of HGT in X. citri and X. campestris have been as low as 10% (Huang et al., 2015). Our analysis on an expanded collection of genomes across the Xanthomonas genus suggests that most gene families have been horizontally transferred in at least a subset of strains, though some families are clearly recombining more frequently than others (Figure 8).

Several studies have also emphasized that HGT of virulence associated genes can play a major role in their dissemination and ultimately produce new combinations of virulence factors that enable shifts in host specificity (Lima et al., 2008; Merda et al., 2017; Jibrin et al., 2018; Timilsina et al., 2019b). While we find that recombination is common in all gene families, we do not find that it is more common in virulence associated genes than in the non-virulence associated genes (Figure 8). This was surprising given that prior studies in X. euvesicaotria (X. perforans here) and P. syringae have found elevated rates of recombination in virulence associated genes (Dillon et al., 2019; Newberry et al., 2019). While it’s likely that some virulene associated genes do indeed have elevated rates of recombination due to their presence on plasmids and other mobile genetic elements (Kim et al., 1998; Deb et al., 2022), this phenomenon appears to be restricted to a subset of virulence factor families.



4.5. Summary

In this study, we explored the pangenome content and evolution of nearly 2,000 Xanthomonas strains isolated from 211 locations across the globe that are capable of causing disease on at least 184 plant hosts. We found that Xanthomonas has a diverse pangenome, and while our analysis indicates that there is still considerable room for pangenome growth through increased sampling, the relative size of the Xanthomonas pangenome is smaller than those of other phytopathogenic taxa. We also used an updated phylogenetic framework based on the core-genome content of our strain collection to establish robust evolutionary relationships between Xanthomonas species and illustrate that evolutionarily distinct Xanthomonas lineages have frequently converged to cause disease on the same hosts. Finally, we showed an expansion of several classes of virulence factors in the Xanthomonas lineage and highlight the mosaic distribution of the majority of T3SE families, which is likely driven by both selection and recombination of these critical virulence factors across strains. Identifying the focal genes that drive adaptative convergence of evolutionary distinct Xanthomonas strains to the same hosts and the role of T3SE turnover in Xanthomonas host specificity will be critical priorities moving forward, so that we can better protect our vulnerable crops from these diverse and highly virulent pathogens.
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Limited information regarding the occurrence of black spot disease of pecan (Carya illinoinensis), caused by A. alternata, in South Africa is known. The pecan industry is growing rapidly, so it is essential to understand the impact of the fungal pathogen to pecan health. In this study, the genetic variation of 364 A. alternata isolates was investigated by two RAMS primers (CCA5 and CGA5). In total, 6,525 alleles were produced, with a minimum of 3,182 alleles on the CGA5 primer and maximum of 3,343 alleles for CCA5 primer. Further analysis of the primers showed relatively low genetic diversity of A. alternata isolate populations, with mean values; (H = 0.12) and Shannon’s information index (I = 0.20). The analysis of molecular variance (AMOVA) revealed significant differences between populations, with 88% of the genetic variation was found within populations (Nm = 3.59, PhiPT = 0.12), and were not significantly different (p > 0.001). While 12% variation was observed among populations (Nm = 2.89, PhiPT = 0.08) and the estimates were statistically significant (p < 0.001). STRUCTURE HARVESTER output showed that K value is K = 8, where ΔK cannot find the true number of populations because of less variation. The dendrogram cluster tree generated by Ward’s analysis unveiled two main distinct clades and 10 sub-clades, revealing similar findings as those of PCoA analysis clusters. Therefore, it was evident that these analyses depicted no distinct relationship between the A. alternata isolates and their geographic locations or the prevalence of distribution among the populations.
Keywords: Alternaria alternata, ascomycota fungi, Carya illinoinensis, genetic diversity, microsatellites
INTRODUCTION
Carya illinoinensis (pecan) is one of the premier tree nut crops experiencing a rapid upsurge in nut production and sales across the global tree nut market (Persistence Market Research, 2018). The revenue growth of the global market is mainly driven by the awareness of various health benefits associated with pecans (Healthline, 2020). The United States of America produces about 52.0% of pecan nuts globally, followed by Mexico (44.1%) and South Africa (3.9%) (McEachern, 2014; SAPPA, 2016). Furthermore, there is a strong interest in the South African pecan industry to export pecans particularly to China, because of the quality and high value of pecan nuts (Lemmer, 2020).
The ecological imbalance caused by biotic or abiotic factors across major production regions in South Africa have favoured the emergence of pathogenic microorganisms such as Alternaria alternata on pecans, thereby influencing the productivity and quality of pecan nuts (Achilonu et al., 2023c). Alternaria alternata has 9 to 11 chromosomes and a genome of up to 33.6 Mb (Akamatsu et al., 1999; Nguyen et al., 2016). It is a widespread ubiquitous endophytic fungus, as well as an aggressive and opportunistic plant pathogen (Lawrence et al., 2013; Woudenberg et al., 2013). The fungus produces grey to olive or olive brown woolly colonies (Simmons, 2007), with either single or long branched chains of brown and obclavate shaped conidia (Simmons, 1999). Alternaria alternata is known to primarily reproduce asexually (Thomma, 2003), and the developed conidia are mainly dispersed by air and rain splash across environments, or biotic activity such as human-mediated activities, insects, and animals (Woudenberg et al., 2015a).
Alternaria alternata causes black spot disease or Alternaria black spot (ABS) in plants (Kaur M. et al., 2020). Symptoms of ABS on plant tissues occur as dark brown circular lesions that enlarge, and eventually cause leaf death or rotten nuts (Achilonu et al., 2023c). The pathogen has been reported to cause ABS on crops such as citrus (Tran, 2018), shell ginger (Yan et al., 2022), cabbage (Rahimloo and Ghosta, 2015), persimmons (Kurt et al., 2010), pomegranates (Berbegal et al., 2014), pears (Terakami et al., 2016), sunflowers (Kgatle et al., 2018), and rubber trees (Cai et al., 2008). The fungus has also been shown to be responsible for black spot disease of nut trees such as hazelnuts and walnuts (Cheng et al., 2016). No research has been reported on the disease in pecans.
In South Africa, ABS is a common disease in pecan orchards, and it is caused by A. alternata (Achilonu et al., 2023c). In recent years, pecan farmers have stressed that the disease has become a growing problem, especially in major pecan production areas of the country. The importance of this pathogen in relation to the severity of disease has increased, contributing to an estimated yield loss of 25%–36% of the pecan nut production in South Africa, and ultimately the export capacity to China (Lemmer, 2020; Otto, 2021). Therefore, it is paramount to ease the risk of black spot disease by further studies.
A variety of registered fungicides are currently available and tested to control the attack of A. alternata against South African pecans (Achilonu et al., 2023a). Planting resistant pecan cultivars can be the most cost-effective and durable approach to manage this pathogen. The damage caused by the fungus, as well as the effectiveness of fungicide applications made to manage the ABS disease in pecans, appear inseparably linked to the ubiquitous and endophytic nature of A. alternata (Ding et al., 2019; Turzhanova et al., 2020). Usually, the rapid growth rate of asexual reproduction and short life cycle of A. alternata result in a lower ability to overcome the sensitivity to fungicides (Yang et al., 2019). Genetic structure and molecular mechanisms are needed to access the potential to alter this sensitivity and overcome resistance of the plant host (Drew et al., 2021; Sánchez-Torres, 2021). Hence it is important that these aspects be investigated for the ABS pathogen in the future.
Different molecular markers have been employed to identify genetic diversity of A. alternata, a pathogen causing diseases in various plants and vegetative crops. For example, simple-sequence repeats (SSRs), random amplified polymorphic DNA (RAPD) and inter-simple sequence repeat (ISSR) markers were successfully used to determine the genetic variability of A. alternata causing black spot in potato in China (Meng J. et al., 2015) and Iran (Nasr Esfahani, 2018). Restriction fragment length polymorphisms (RFLPs) outlined the distribution of Alternaria species causing early blight of potato (Solanum tuberosum) and tomato (Solanum lycopersicum) in Algeria and India (Ayad et al., 2019; Kaur T. et al., 2020). RFLPs was also employed to screen a large collection of A. alternata isolates causing black spot of pecan (C. illinoinensis) in South Africa without the need for expensive sequencing (Achilonu et al., 2023b). However, RFLP molecular markers have limited ability to discriminate between genetically similar isolates within A. alternata populations (Pryor and Michailides, 2002).
Random amplified microsatellites (RAMs) are based on Polymerase Chain Reaction (PCR) and is effective to detect high polymorphism levels for genetic diversity studies (Delgado-Alvarado et al., 2018). RAMs markers are co-dominant, fast, reproducible, and are also expressed throughout the fungal genome (Hantula et al., 1996; Hantula and Müller, 1997). The high frequencies of these microsatellites with motif makes RAMs ideal to resolve genetic variation of fungal populations (Sillo et al., 2016). Importantly, RAMs was able to precisely resolve the genetic diversity and population structure of pathogen populations, overcoming several limitations of gel electrophoresis and capillary-based methods (Luchi et al., 2020; Mugao, 2023). RAMs have been used previously to evaluate genetic diversity of other fungi, such as Trichoderma spp. (Siddiquee et al., 2012), and Perenniporia fraxinea (Sillo et al., 2016). RAMs markers (CCA5 and CGA5) have also been successfully used to assess the intraspecific genetic variation among 112 isolates of an A. alternata population from Pinus tabulaeformis in India (Ginoya and Gohel, 2016) and China (Guo et al., 2004).
No data have been generated regarding the genetic diversity of the ABS pathogen across the major pecan production regions in the Free State (FS), Eastern Cape (EC), Gauteng (GP), Kwazulu-Natal (KZN), Limpopo (LP), Northern Cape (NC), and North West (NW) provinces of South Africa. This hinders effective management of the pathogen. In the current study, RAMs was used to evaluate the genetic variation within and between A. alternata populations, sampled from pecan leaves, nuts-in-shucks, and shoots in the FS, EC, GP, KZN, LP, NC, and NW. This is to test the hypotheses that population subdivision exists among isolates of A. alternata based on geographic location. The information derived from this study could provide insight to the genetic diversity of this pathogen and help identify future genetic threats that could have a positive impact on the pathogenic ability of A. alternata on pecans.
MATERIAL AND METHODS
Sampling locations and isolation of Alternaria alternata
Symptomatic and non-symptomatic pecan tissues such as nuts-in-shucks, leaves, and shoots were randomly collected in pecan orchards from eight major pecan geographical locations in South Africa between the 2017–2020 growing seasons (Figure 1). A total of 364 A. alternata isolates sampled from eight geographical locations were used in this study (Supplementary Table S1). Following the isolation procedures leading to single hyphal-tip cultures as described (Achilonu et al., 2023c), stock cultures were transferred into 2 mL cryogenic tubes (Merck Millipore, Pretoria, South Africa) containing 0.85% saline (NaCl)—15% glycerol solution and stored at −80°C until required.
[image: Figure 1]FIGURE 1 | Map representing pecan plantations across eight provinces of South Africa where the 364 Alternaria alternata isolates was sampled, indicated by red dots. Numbers of isolates are indicated in the box, (see Supplementary Table S1 for detailed survey information).
Random amplified microsatellites amplification and fragment analysis
Genomic (gDNA) was extracted from the newly isolated cultures using the ZR Quick DNA Fungal/Bacterial Microprep™Kit (Zymo Research, Johannesburg, South Africa). The DNA concentration and purity were determined with the NanoDrop Lite ND-2000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, United States). The acquired gDNA purity for all the A. alternata isolates was ≥1.7 (A260 nm/A280 nm) (Sambrook et al., 2006), with the concentrations ranging between 10.0 and 802.8 ng/μL. Samples were diluted in sterile water to a concentration of 10 ng/μL, which was sufficient for RAMs molecular analysis (Delgado-Alvarado et al., 2018).
DNA samples were amplified in two separate PCR, using two modified labelled degenerate RAMs primers (CCA5 and CGA5) (Table 1) as described by Hantula et al. (1996) and these reactions were repeated twice. Each PCR amplification consisted of 50–100 ng of template DNA, 0.3 μM of each primer, 2.5 mM MgCl2, 0.3 mM of each dNTP, and 1 U KAPA HiFi HotStart DNA Polymerase (Kapa Biosystems-Roche, Basel, Switzerland), and ultra-pure dH2O to a final volume of 25 μL. The cycling conditions consisted of an initial denaturation step of 3 min at 95°C followed by 32 cycles of 20 s at 98°C, annealing 30 s at 56.3°C for CCA5 and 53.8°C for CGA5, extension at 72°C for 40 s, and a final extension step of 3 min at 72°C. The PCR reactions were performed in a T100TM Thermal Cycler (Bio-Rad, California, United States). For confirmation, RAMs amplicons were stained with GelRed nucleic acid stain (Thermo Fisher Scientific), separated by 5% agarose gels electrophoresed at 100 V—constant power, estimated using 1 Kb DNA ladder molecular weight marker, and visualised under UV light “Gel Doc EZ Gel Documentation System” (Bio-Rad).
TABLE 1 | Random amplified microsatellites primers and annealing temperatures used to determine the genetic diversity of Alternaria alternata isolated from South African pecans (Carya illinoinensis).
[image: Table 1]All the RAMs amplicons were pooled according to the biological sample, which resulted in one well per fungal isolate for the fragment analysis. Samples were run on an ABI 3500xl Genetic Analyser (Applied Biosystems), using standard protocols. The Genetic Analyser used matrix standard dye set (ROXTM) to analyse amplicons amplified with RAMs primers labelled with fluorescent dyes, namely, 6-FAM and VIC (Thermo Fisher Scientific). The total reaction volume of 10 μL consisted of 8.6 μL Hi-Di™ formamide (Thermo Fisher Scientific) mixed with 0.4 μL GeneScan™2500 ROX™ and 1 μL of PCR product. Only the fragments shorter than 1,060 base pairs (bp) were considered reproducible because of the limited fragment size (±1,100 bp) of the Genetic Analyser capillary. Data containing the alleles (Supplementary Table S2) were manually scored for each primer using GeneMapper v1.6 software (Applied Biosystems).
Data analysis
GenAlEx v6.5 software was used to evaluate the genetic diversity within the 8 A. alternata populations (Peakall and Smouse, 2012). Each fragment was distinguished according to the base pair size (bp) and thus, considered as a single molecular character. The amplicon profiles for each sample-primer combination were assessed and used to construct a binary matrix coded by 1 (presence) or 0 (absence) with all individual samples per amplified loci. The genetic variability of the 364 A. alternata isolates for both individual and combined primers (binary haploid data) was determined with the following parameters: Alleles: Na (number of average alleles), Ne (number of effective alleles), I (Shannon’s information index), H (observed diversity), Uh (unbiased expected diversity), and PPL (percentage of polymorphic loci) by using GenAlEx v6.5 software. Notably, identical samples of individuals were identified using the probability identity matrices.
Hierarchical analysis of molecular variance (AMOVA) was evaluated using GenAlEx v6.5 (Peakall and Smouse, 2012). The analysis provided an alternative clustering approach to view the genetic similarity and diversity of isolates among and within the eight populations. Principal coordinate analysis (PCoA) was conducted based on genetic distance (GD) for the combined data by covariance-standardised method as implemented using the same statistical package. Genetic structure for the eight populations was analysed using STRUCTURE v2.3.4 (Pritchard et al., 2000). K-values from 2 to 8 populations were tested, at least 10 simulations were executed by each K-value, after which the burn-in length was set to 1,000,000, and the number of MCMC repetitions after burn-in at 500,000. The result files from the runs were uploaded to online STRUCTUREHARVESTER, and then the delta K (ΔK ad hoc) method described by Evanno et al. (2005) was used to detect the most probable number of genetic clusters (K). The genetic relationships between isolates were further estimated by submitting the combined data set to a cluster analysis (Ward´s method) using Past 4.05 package (Hammer et al., 2001).
RESULTS
Random amplified microsatellites amplification and fragment analysis
Agarose gel images for both primers showed visible banding patterns from 450 to 1,500 bp (Figure 2A). More fragment sizes were generated with fragment analysis by GeneMapper v3, between 13 bp and 1,060 bp for CCA5 primer and 15 and 1,060 bp for CGA5 primer (data not shown). The result of the band patterns of the combined primers across populations revealed that there were 4,319 (66%) polymorphic bands, 142 (2%) bands were unique to a single population and 2092 (32%) were monomorphic bands (Freq. >= 5%) found in 50% or fewer populations (Figure 2B).
[image: Figure 2]FIGURE 2 | (A) An example of RAMs agarose gel (5%) depicting visible bands of A. alternata isolates. Lanes left to right: M = molecular weight marker of 100 bp ladder (Thermo Fisher Scientific, Massachusetts, USA), Lane 1–4 = amplicons with RAMs marker (CCA5), Lane 5–8 = amplicons with RAMs marker (CGA5). (B) Combined amplified RAMs markers (CCA5 and CGA5) band patterns across 364 A. alternata isolates from 8 populations. No. bands = No. of total bands (6525), No. Bands Freq. ≥5% = No. of different bands (4319) with a Frequency ≥5%, No. Private Bands = No. of bands (142) unique to a single population, No. LComm Bands (≤ 50%) = No. of locally common bands (2092) Freq. ≥5%) found in 50% or fewer populations. Abbreviation: n = number of A. alternata isolates, No. = number.
Genetic variation
The results showed various levels of genetic diversity indices of A. alternata in all sub-populations (Table 2). The two RAMs primers amplified a total of 6,525 alleles, with 3,182 alleles for the CGA5 primer and 3,343 alleles for the CCA5 primer. The combined primer analysis showed that the parentage of polymorphism within population varied from 28.0% to 80.6% in the Gauteng and North-West populations, respectively. The number of different alleles ranged from 0.58 (GP) to 1.61 (NW), and the number of effective alleles ranged between 1.16 (NW and MP) and 1.23 (NC). The Shannon’s information diversity index (I) ranged from 0.16 (GP) to (LP and NC), with average at 0.20. Nei’s observed genetic diversity (H) ranged between 0.11 (GP, EC, and MP) and 0.15 (NC). Nei’s unbiased genetic diversity (Uh) ranged from 0.11 (MP) to 0.15 (LP and NC). The mean expected diversity for the total of isolates was 0.13, indicating about 13% were expected to be heterozygous at a given locus. There was a slight increase in the mean value of Nei’s unbiased estimate of expected genetic diversity (Uh), contrary to the observed diversity (H) across both individual primers and combined for each population.
TABLE 2 | Population’s estimation of Alternaria alternata isolates based on number of different alleles, polymorphism (%), and diversity level.
[image: Table 2]The analysis of molecular variance (AMOVA) showed that there was a significant difference (p < 0.001) within and among A. alternata populations (Table 3). The results showed that 88% of the genetic variation was found within populations with no significant (p > 0.001) genetic differentiation (Nm = 3.59, PhiPT = 0.12). A 12% variation was observed among populations with significant (p < 0.001) genetic differentiation (Nm = 2.89, PhiPT = 0.08). The estimated gene flow value of 3.59 and 2.89 indicated high gene flow of A. alternata within and among populations, respectively. Nm is the product of population size and the proportion of the number of alleles exchanged between populations per generation (Whitlock and Mccauley, 1999). The mean PhiPT value of 0.12 and 0.14, indicated low genetic differentiation within and among populations, respectively. PhiPT represents the analogous standardised measures of the degree of genetic differentiation of within and among populations, indicating scores for both measures range from 0 to 1 that equals no differentiation (Peakall and Smouse, 2012).
TABLE 3 | Summary of analysis of molecular variance (AMOVA) showing the genetic variation within and among populations of 364 Alternaria alternata isolates from South African pecans (Carya illinoinensis).
[image: Table 3]The Principal Coordinate analysis (PCoA) (Figure 3A) depicted a cumulative 12.93% variation between populations that grouped into two clusters of the first three axes. Cluster 1 contained fungal isolates from EC, GP, NW, and LP, with few isolates from FS, MP, NC and KZN. Cluster 2 was formed by isolates from MP, KZN, FS and NC with few representative isolates from EC, NW, and LP. The PCoA analysis also showed that a small number of fungal isolates from Limpopo, North-West, and Eastern Cape were distributed in all the four coordinates. A schematic map shows the distributions of the A. alternata genotypes (Figure 3B), where the pie charts contained genotypes from each cluster. Cluster 1 (red) contained genotypes from NW (92), GP (5), EC (25), and LP (58). Cluster 2 (green) had genotypes from NC (42), MP (39), KZN (33), and FS (33), while yellow indicated genotypes overlapping the two clusters.
[image: Figure 3]FIGURE 3 | (A) Principal coordinate analysis (PCoA) plot of 364 A. alternata isolates from eight populations, based on RAMs markers (CCA5 and CGA5) and the genetic distance matrix for haploid distance using GenAlEx. The scatter plot shows the first and second principal coordinates that best explain the diversity in the population. Cluster 1 consists mostly fungal isolates from Eastern Cape, Gauteng, North-West and Limpopo, with few isolates from Northern Cape, Mpumalanga, KwaZulu-Natal, and Free State. Cluster 2 depicts isolates mostly from Mpumalanga, KwaZulu-Natal, Free State and Northern Cape, with few representative isolates from Eastern Cape, North-West and Limpopo. (B) Schematic map distribution of the A. alternata isolates showing presence of the two clusters as area in pie graphs. Red area in cluster 1 and green area in cluster 2 shows most isolates per population, and yellow depicts some isolate overlap.
Population structure and Alternaria alternata dendrogram clusters
STRUCTURE showed no even distribution of genotypes and thus, no distinct geographic population structure was observed in the data based on the STRUCTURE HARVESTER output (Supplementary Figure S1), with the most likely K value as K = 8 (Figure 4). Each coloured bar represented an individual isolate of the Alternaria population. The isolates from the same collection location had almost a similar level of admixture. Notably, though, ΔK cannot find the true number of populations if there is less variation of the fungal, i.e., if K = 1. However, none of the multiple STRUCTURE analyses contradicted the finding that K = 1.
[image: Figure 4]FIGURE 4 | Structure output for the various possible values of K = 8 for the 364 A. alternata isolates from eight populations—Free State (FS), Eastern Cape (EC), Gauteng (GP), Kwazulu-Natal (KZN), Limpopo (LP), Northern Cape (NC), and North-West (NW) province (South Africa). Each vertical line represents one individual genotype, and each shade of colours refer to the eight populations. The proportion of each colour segment indicates the likelihood of an individual being assigned to the population represented by that colour.
The dendrogram cluster tree generated by Ward’s analysis unveiled two main distinct clades consisting of 10 subclades (Figure 5) that revealed similar findings as those of PCoA analysis clusters. Clade 1 consists of 198 A. alternata isolates, with majority isolates from GP (5), EC (25), LP (57), and NW (92). A small number of isolates from MP (3), NC (3), KZN (6), and FS (7) were found in the clade. Five subclades (1A, 1B, 1C, 1D, and 1E) were formed within clade 1. Subclade “1A” contained 16 isolates from NW, while subclade “1B” had 70 isolates distributed amongst LP (9), MP (3), NC (3), EC (3), KZN (1), and NW (46). Subclade “1C” consisted of 51 isolates from KZN (5), EC (22), LP (7), and NW (17). Twenty-six A. alternata isolates from FS (1), LP (14), GP (2), and NW (9) were grouped in subclade “1D”, and sub-cluster “1E” had 35 isolates from FS (1), GP (3), NW (4), and LP (27).
[image: Figure 5]FIGURE 5 | Hierarchical dendrogram cluster analysis (Euclidean distance and Ward Group linkage Method) for the 364 A. alternata isolates from eight populations - Free State (FS), Eastern Cape (EC), Gauteng (GP), Kwazulu-Natal (KZN), Limpopo (LP), Northern Cape (NC), and North-West (NW) province (South Africa), annotated by different colours in block. The analysis unveiled two main distinct clades (clade 1 and 2) and 5 subclades (1A—1E and 2A—2E) was formed on the respective two clades.
Clade 2 had a cluster pattern similar to clade 1, comprised of 166 isolates, the majority of which came from FS (30), KZN (31), MP (39), and NC (42) and few isolates from EC (5), NW (6), and LP (13). Five subclades were distinguished (2A, 2B, 2C, 2D, and 2E). Subclade “2A” had 11 isolates from EC (1), and NC (10), subclade “2B” consisted of 62 isolates from EC (1), FS (11), NC (12), KZN (13), and MP (25), and subclade “2C” had 25 isolates shared between NC (1), KZN (9), and FS (15). Subclade “2D” had 43 A. alternata isolates between EC (3), FS (4), KZN (4), NW (5), LP (6), MP (7), NC (14), and subclade “2E” included 25 isolates from KZN (5), NC (6), MP (7), and LP (7).
DISCUSSION
The present study was conducted to evaluate the genetic diversity and population structure in A. alternata populations sampled from South African pecans (C. illinoinensis) in the FS, EC, GP, KZN, LP, NC, and NW. The study is the first to document the use of RAMs primers to evaluate the genetic diversity of A. alternata isolates causing black spot disease on pecans in South Africa. The analyses showed low genetic diversity in all A. alternata populations. There were no major dominant genotypes present across all provincial geographical areas, but two major groups from the Northern and Southern parts of South Africa were formed. This fungus has low genetic variation, which has positive implications for the efficacy of fungicides and reduced genetic fitness due to the low pathogen variability.
RAMs proved valuable to study the genetic diversity and population structure of A. alternata. In this study, RAMs assisted to produce a high number of 6,525 alleles from the 364 A. alternata isolates across the eight populations. The percentage polymorphism of the number of alleles was above average and effective alleles. The number of alleles obtained exceeded the only previous study reported to describe the genetic diversity (H = 2.79) of 112 A. alternata isolates from Pinus tabuliformis in China (Guo et al., 2004), with 1,273 alleles detected using the same two RAMS primers as in this study. This could be due to the poor band resolution produced from agarose gel method the authors used (Barril and Nates, 2012), and are not suitable for amplified samples with low molecular weight (Akbari et al., 2008).
The analysis of genetic variability across all loci confirmed low genetic diversity within and among A. alternata populations. This is shown by a low mean percentage of polymorphic loci (59.3), number of observed alleles (1.19), number of effective alleles (1.19), Shannon’s information index (0.20), Observed diversity (0.12), and Unbiased expected diversity (0.13) across the eight populations. Similar, but generally lower numbers. Similar levels (H = 0.11 and 0.16) of genetic diversity was found by Weir et al. (1998), where the authors used RAPDs technique to evaluate the genetic variation of predominantly United States isolates of A. solani and A. alternata, known to cause early blight in potato (S. tuberosum) and tomato (S. lycopersicum). In South Africa, van der Waals et al. (2004) reported a mean genetic diversity of 0.20 for A. solani isolates from potatoes (S. tuberosum) using similar RAMS primer combinations. In contrast, relatively high genetic diversity values (H = 0.952, 0.923, and 0.916) were reported for A. alternata populations across the mainland in the United States (Woudenberg et al., 2015a).
The AMOVA and STRUCTURE analyses demonstrated the genetic differentiation and population structure of A. alternata populations. The AMOVA accounted for a high level of genetic variation within populations, and low variability among populations. The mean genetic differentiation among A. alternata populations indicated a weak and nonsignificant genetic differentiation existing within the populations. Our finding based on the significant genetic differentiation of A. alternata populations was similar and consistent with previous studies on genetic diversity of Alternaria species (Turzhanova et al., 2020). Gene flow (Nm) for the combined dataset also explains the level of genetic variability in the populations. High level of gene flow can only indicate a more homogeneous population structure and a lower degree of genetic differentiation among populations of A. tenuissima from wheat kernels in Russia (Gannibal et al., 2007). The high average gene flow (Nm = 3.59) within populations and among populations (Nm = 2.86) in the present study can be associated to the low genetic differentiation. Similar to those reported in other studies by (Meng J. W. et al., 2015; Yang et al., 2018), showed Nm values of 5.80 and 3.70, respectively. Low genetic differentiation and the lack of shape between certain populations (Garant et al., 2007; Stefansson et al., 2014) was supported by the results of STRUCTURE analyses. The analysis weakly inferred eight sub-groups (K = 8), where all individual isolates tested share genetic information (alleles) inherited from the sub-groups. Thus, this corroborates the presence of high potential of genetic admixture and closed relationships among isolates of the different sampling pecan sites as a result of high gene flow. In accordance with STRUCTURE analyses in this study, no population substructure in A. alternata populations were found from wheat (Triticum aestivum) in Kazakhstan (Turzhanova et al., 2020), and from (Citrus spp.) in Morocco (Zelmat et al., 2021).
The PCoA and UPGMA cluster analyses did not sharply group the A. alternata populations according to their geographical origins and the clustering pattern was weak enough to support the concept of “isolation by distance”. Our findings showed two main clusters of similar haplotypes, with each cluster containing the majority of isolates from four different populations. It was evident that both analyses depicted no distinct relationship between the fungal isolates and their geographic locations. The current results support previous studies (Yang et al., 2018), revealing that A. alternata isolates were not clustered based on their locations.
These overall findings have implications for the management of ABS on South African pecans. Firstly, asexually reproducing populations of A. alternata could account for low genetic diversity and random association between different loci (Woudenberg et al., 2015b; Kreis et al., 2016; Ozkilinc and Sevinc, 2018). A proposed explanation in this study was that asexual populations can reproduce many spores, the spore spreads, and high levels of clonality are dominated by few genotypes and low gene diversity, therefore promotes the low level of genetic variation within populations of A. alternata. In addition, other forms of recombination could also take place. For instance, a study of A. alternata populations, causing early blight in potato (S. tuberosum) in China revealed two subpopulations that showed the ability to recombine through many parasexual cycles of asexual propagation with fewer cycles of cryptic sexual reproduction (Meng J. W. et al., 2015), based on the evolving loci and the presence of both mating-types (MAT1-1 and MAT1-2).
Another explanation for the random association of alleles in A. alternata can be ascribed to the nature of microsatellites. For example, Buschiazzo and Gemmell (2006) proposed that these evolving loci are altered through birth-and-death evolution such that they are highly polymorphic in eukaryotes. It is likely that over lengthy periods of asexual reproduction, a microsatellite locus can hyper-mutate in large populations such as those usually found in A. alternata (Woudenberg et al., 2015b). If this is equally applicable on every microsatellite, such events could explain the high number of evolving alleles found in the present study. The aforementioned results accounts for two possibilities: either the size limitations on microsatellite loci led to a very high probability of size homoplasy, which confuses the detection of hyper-mutation (Angers et al., 2000; Buschiazzo and Gemmell, 2006) or A. alternata isolates has been propagating asexually for such a long time that loci are hyper-mutated. Thus, future studies should perhaps look at more than one approach.
Large quantities of fungal spores can be spread mostly through wind, rain, and human-mediated dispersal (Meng et al., 2018; Yang et al., 2018). South Africa has some heavy winds and rain, which could result in high spread of A. alternata within the populations. Also, the isolates in this study were sampled from eight geographic regions, separated by more than 800 km from each other (www.google.com/maps/dir/), which makes it difficult for A. alternata spores to be disseminated through wind for such a distance. Long-distance movement of spores can most likely be attributed to human-mediated gene flow, which has been reported in A. alternata populations in potato growing areas in China (Meng et al., 2018). How pecan farmers in South Africa obtained and move their grafted seedling plants from nurseries within and across different locations could also account for the distribution of genotypes. Most pecan nurseries still use self-seeding plants and grafting for cultivation (Krüger, 2016) and A. alternata could already be present in the plant tissue in nurseries. Another possibility could be that the diversity of genotypes was already present in the environment from different plant hosts, soils, and decaying organic material. This then acts as a reservoir of inoculum to infect pecans, especially newly planted seedlings, or planting of trees in virgin land.
CONCLUSION
This study laid the groundwork for future studies on the population of A. alternata across pecan orchards in South Africa. Low genetic diversity was established in A. alternata populations, brought about by the high gene flow within and among the populations. This may explain the non-correlation with the geographic distribution of the A. alternata pathogen, which is predominantly isolated in the eight major pecan producing provinces. Cautious intervention could be implemented by pecan farmers when applying different fungicides that can specifically inhibit the growth of this fungus. Finally, the production of pathogen free pecan trees in nurseries, whether through resistance breeding or careful selection of plant material, could improve the control of ABS, since pathogen populations with high evolutionary potential are more likely to overcome host genetic resistance (McDonald and Linde, 2002).
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Species Hard-core Soft-core Hard pan- Soft pan- Heap's law (a)

genome? genome® genome* genome?
Xanthomas sp. 1910 52 1913 38914 26910 0.6021
X. albilineans 19 2,276 2,296 4,510 3,798 0.8864
X. arboricola ns 2,253 3,259 11,345 8,290 05295
X. axonopodis 6 3,109 3,109 4918 4422 1.4030
X. bromi 2 4,092 4,092 4,189 4,092 na
X. campestris 64 2,751 3,468 8,201 6471 07033
“X. cannabis”™ 21 3373 3,462 6,174 5313 07311
X. cassavae 1 na na na na na
X. citri 478 1,865 3,398 15,080 10,557 0.5350
X. codiaei 1 na n na n na
X. cucurbitae 2 3452 3452 3,907 3452 na
X. dyei 11 3513 3513 5919 5018 0.8691
X. euroxanthea 2 3,277 3469 6,657 5,183 06120
X.floridensis 1 n n n na n
X. fragariae 60 2,507 3,088 5314 4219 0.6567
X. hortorum 40 2,871 3,262 8,566 6,784 0.7606
X. maliensis 2 3,847 3,847 4,625 3,847 na
X. melonis 1 na na na na na
X. nasturtii 2 3,725 3725 4210 3,725 na
X. oryzae 441 1,307 2,446 8,779 7,141 07203
X. perforans 245 L179 3,531 11,779 8,652 0.6084
X. phaseoli 150 2419 3,469 8,091 6,883 0.8335
X.pisi 2 3383 3383 1404 3383 n
X. populi 1 na na na na na
X. prunicola 3 4310 4310 4,386 4348 1.67339
X, sacchari 23 1,989 2819 7,700 5883 07755
X. theicola 1 na na na na na
X. translucens 70 1718 2470 10,415 7,703 0.7037
X. vasicola 102 2,863 3,556 7422 5,859 0.7807
X. vesicatoria 16 3478 3478 6,183 5,112 0.8883

na, not applicable.
‘Orthology families present in al strain

‘Orthology families present in 295% of strains.

Al orthology familcs.

Orthology families found in>1 strain (non-singletons).
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6-FAM | cca DDB(CCA); 563 Hantula et al. (1996)

vic ‘ cGA DHB(CGA)s 538

The following designations were used for the degenerated sites: H (A or T or C);
B(GorTorC):V (GorAorC)andD (Gor A or T).
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Hydrolysis of gl

. . - _ . - . : N N -

20NE)
Assimilation of (APl 20NE)
Capricacid + + - + + + + + + - + +
Adipic acid - - - - - - + - - - - +
Malic acid + + * + * * + * + * = +
Phenylacetic acid - - - - - - + - + - . 4
Enzyme activity of (APl ZYM)
Alkaline phosphatase + - - - - - + = - - + -
Lipase (C14) + + + + + + - + + - + +
Valine arylamidase - + - - N - - = = = + .
Cystine arylamidase - - - - - = = = = = " =
Acid phosphatase + - - - N = + = - - = -
Naphthol-AS-BI-
phosphohydrolase N N N - N - N N - * * -
Utilization of (Biolog GEN I11)
Dextrin I+ - 1+ I+ I+ I+ I+ 1+ I+ I+ - I+
D-trehalose =i+ - - I+ e =i+ - #* + - - -
D-cellobiose - - - - - 1+ - —1+ - = - -
Gentiobiose - - - - - I+ - I+ 1+ - - I+
D-turanose - - - - - - - - - 1+ I+ -
pH6 + + —+ + + + + + + 1+ + -
pHS + I+ = + + + I+ + - = = =
D-melibiose I+ - -1+ - -1+ - - 1+ + - - -
D-salicin - - -+ - = = . - - - — —
Neacetyl-D-glucosamine -1+ -+ 1+ 1+ I+ I+ I+ + - = - -
Neacetyl-p-D- - - 1+ - - - - -1+ + - - -
‘mannosamine
D-mannose - - - - = = = 1+ 1+ - I i
3-methyl glucose -1+ - -1+ -1+ I+ -+ - -1+ -1+ - i+ 1
D-fucose + + I+ + + + I+ + + - I+ I+
L-fucose + + I+ + + + I+ + + - - I+
L-thamnose i+ = - 1+ I+ I+ - —I+ - = - -
1% sodium lactate + + + + + + + + + = e +
Fusidic acid + - - + - + I+ + - - - 1
D-serine - -+ -1+ - - - + -1+ -1+ N - .
D-mannitol I+ - —I+ 1+ I+ I+ - -1+ -1+ - I+ =
D-arabitol I+ = —I+ 1+ 1+ I+ - -1+ 1+ = = .
Glycerol -1+ - -1+ - -1+ -+ -+ -1+ - - -+ -1+
D-glucose- 6-P0, -+ - -1+ -1+ -1+ - - -1+ - -1+ - -1+
D-aspartic acid - + - + + + + + -1+ - - -1+
‘Troleandomycin + - + + + + B - + - + -1+
Lealanine + + - + + + -+ + -1+ - + +
Learginine - - - - - - ¥ = = = = -
L-pyroglutamic acid + - -1+ + + + + + -1+ -+ + +
Leserine + -1+ - + + + - + -1+ - -+ -1+
Guanidine HCl + + - + + + + + -1+ + -1+ +
Niaproof 4 + + + + + + + + -1+ - - +
Pectin - - - - - - - - I+ I+ —I+ I+
L-galactonic acid lactone + + + + + + - + + -1+ + -1+
D-gluconic acid -1+ - - -1+ -1+ -1+ + -1+ -1+ -+ + +
Mucic acid + - - -+ =+ + - + =+ - + -
Quinic acid + I+ - + + + + + + - - +
p-hydroxy-phenylacetic - - - - - I+ -+ —I+ - - I+ -+
acid
Methyl pyruvate -1+ - - -1+ -1+ + -+ - -1+ - -+ +
D-lactic acid methyl ester - - - -1+ 5 - - - - - - +
Llactic acid + I+ 1+ + + + + + + - + +
Citric acid -1+ - + -1+ -1+ + + + - i+ + +
aketo-glutaric acid + + + + + + + + + + - +
L-malic acid -1+ -1+ + + + + + + -1+ -1+ - +
Bromo-succinic acid - - -1+ - - - - - - - N -1+
Nalidixic acid + + + + + + + + -+ - + =+
Tween 40 + + + + + + + + + - + +
y-amino-butryric acid I+ - = —I+ I+ I+ + —I+ I+ - + +
ahydroxy-butyric acid -+ - - - - - N -1+ - = - i
aketo-butyric acid - - - - - 1+ - - - - - -
Propionic acid + - + + + + - + -1+ + -+ +
Formic acid I+ - - —I+ - I+ - —I+ - I+ - I+

Strains: 1. 21YRMHO1-3%; 2. 2IMJYT02-10°; 2TCJTO1-1; 6. 22TCJT01-2; 7. 21MJYT02-11%; 8. 22TCCZMO03-6; 9. R. wenshanensis 56D2'; 10. R.

pickettii JCM 5969'; 11. R. mannitoliytica JCM 11284 12. R. insidiosa LMG 21421". Data of tr
weak activty.

ns marked with * were collected from Lu et al. (2021). Symbols: +, positive; ~, negative; ~/+,
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Strain 21YRMH01-3" 21MJYT02-10" 21MJYT02-117 R. wenshanensis 56D2"

ANIb ANIm dDDH ANIb ANIm dDDH ANIb ANIm dDDH ANIb ANIm dDDH

Ralstonia 10000 10000 10000 9341 9417 55.20 8623 8823 33.00 9305 9373 5350
chuxiongensis

21YRMHO1-3"

R. chuxiongensis 26 9722 9765 7890 9342 9419 5550 9307 9375 3290 8628 | 8818 5340
R. mojiangensis 9357 | 9417 5520 10000 10000 10000 | 8638 8822 3310 9230 | 9308 50.10

2IMJYT02-10"

R. mojiangensis 9354 9420 55.40 98.45 98.70 88.50 86.29 88.23 33.10 9233 93.06 50.20
21ILDWP02-16

R. mojiangensis 9354 9420 5530 9845 98.69 88.10 8640 8825 33.20 9232 | 9307 5030
22TCITOL-1
R. mojiangensis 9355 | 9415 5500 9811 9855 8630 8634 8817 33.00 9247 | 9312 5040

22TCCZMO1-4

R. mojiangensis 9341 94.13 55.00 98.06 98.49 85.90 86.34 88.21 33.00 92.36 93.11 50.50
22TCITO1-2

R. wenshanensis 9335 9373 53.50 9247 93.08 50.10 86.54 88.26 3310 10000 100.00 10000
56D2"

R. wenshanensis 9344 93.74 53.40 92.60 93.07 50.10 86.55 88.21 33.00 98.08 98.29 8480

22TCCZMO3-6

R. pickettii K-288" 9074 | 9156 4400 9101 9174 4440 8636 8811 3270 9070 | 9166 4430
Rosoli2IMJYTO2-11" | 8603 8823 3300 8592 8822 3310 10000 10000 10000 | 8602 8826 3310
R mannitolilytica 8584 8768 3100 8599 87.77 3120 8589 87.92 3170 8602 | 8789 3160
LMG 6866"

R.insidiosa LMG 8489 8751 30,60 8479 8747 3040 8562 8833 3230 8483 | 8754 3070
210217

R 8237 | 8622 2640 8236 8628 2630 820 8687 27.70 8256 | 8638 2670
pseudosolanaccearum

LMG 9673"

R. syzygii subsp. 8279 | 8616 2640 8281 8613 2650 8361 8665 27.60 8290 8621 2670
Sy2ygil LMG 10661"

R. solanacearum 8219 8610 2620 8215 8609 2610 8308 86.66 27.20 8254 | 8617 2650
K60-1"

R.syzygii subsp. 8209 | 8612 26.20 8213 8615 26.20 8302 8668 2750 8231 8620 2660
indonesiensis LMG

27703

Cupriavidus necator | 7338 84.63 2170 7332 8466 2200 7375 8471 2210 7353 | 8477 2190
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Genomic feature VD991 VD.Ls17 | VDJR2

Length of largest scaffolds (bp) 7,830,508 5,989,981 9,275,483
Number of anchored scaffolds 9 8 8
Number of anchored chromosomes 8 8 8
N50 of scaffolds (bp) 4,119,679 5,894,008 4,086,908
Number of contigs 13 / /

GC content (%) 5341 53.99 53.88
Total length of pseudomolecules (Mb) 3577 35.97 36.15
Sequences anchored to chromosomes (%) 99.17% / /
Number of unanchored scaffolds (bp) 27,187 / /
Percentage of transposable elements in 9.33 / /

genome size (%)

Average gene length (bp) 2,142.10 / /
Average exon number 2.94 / /
Average exon length (bp) 658.45 / /
Average CDS length (bp) 518.07 / /
Number of annotated genes 10,455 / /

Complete prediction BUSCO 98.62% / /
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Alignment length  Number of Proportion Number of Proportion

variable sites variable sites nformative sites formative sites
ASA-10 379 97 0.256 a 0.108
ASA-19 547 m 0.203 59 0.108

b2 870 nz 0.134 61 0070
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Sampling site AN (mg/kg) AP (mg/kg) AK (mg/kg) TOC (g/kg)
S0 155.56 + 28.44° 1.35+0.25° 250.22 + 58.64" 30.867 + 6.981"
S1 343.17 + 103.35° 8.50 = 12.04" 398.17 + 133.48° 74.438 % 54.580°
S2 39.73 +22.23¢ 64.00 £ 25.23° 182.33 £ 47.15> 16.138 = 22.759"
Sampling site TSb (g/kg) DTPA-Sb (mg/kg) TAs (g/kg) DTPA-As (mg/kg)
S0 0.406 + 0.153" 0.25 £ 0.23" 0.085 = 0.014¢ 0.26 £ 0.18
S1 12.311 = 7.255* 10.85 & 14.56% 0.614 == 0.347° 0.35£0.28
S2 20.053 % 14.370° 16.83 & 14.58% 2.103 £ 0.681° 0.30 £ 0.24
Sampling site pH EC (mS/m) TCa (g/kg) =

S0 7.18 £0.37 5.14 = 3.50° 8.797 + 2.639¢ -

S1 7.36 4+ 0.61 9.46 + 3.05" 33.858 & 26.351" .

S2 7.29 £ 0.50 128.69 = 46.25% 59.242 + 18.478° -

Different lowercase letters indicate significant differences at p < 0.05.
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Strain Source Leek (Allium Bunching onion (A. Red onion

porrum cv. King fistulosumxA. cepa; scale assay®
Richard)® cv. Guardsman)®

PNA_15_3¢ Onion Tattnall Co. GA ++* - -
PANS_99_14* Digitaria spp. Tift Co. GA + - =
PANS_99_11° Digitaria spp. Tift Co. GA i -+ +
PANS_99_12¢ Digitaria spp. Tift Co. GA ) + +
PNA_06_4° Onion Wayne Co. GA +Ht ++ +
PNA_97_1° Onion Tift Co. GA L e ++ +
PNA_99_9° Onion seedlings Tattnall Co. GA ++ e +
PNA_99_7° Onion leaf Tattnall Co. GA + R +
PNA_99_2° Onion leaf Tattnall Co. GA + +H +
PNA_99_14° Onion seedlings Toombs Co. GA +* e +
PNA_98_1° Onion Tattnall Co. GA + e +
PNA_97_11° Onion Toombs Co. GA & Rl +
PANS_02_7° Thrips from peanut blossoms | Tift Co. GA + s +
PANS_02_6° Thrips from peanut blossoms | Tift Co. GA +* ot +
PNA_99_3¢ Onion seedlings Tift Co. GA + e +
PNA_07_10" Onion Toombs Co. GA - + +
PNA_07_1" Onion Tattnall Co. GA = + +
PNA_05_1" Onion Vidalia Region, GA = + +
PNA_03_2" Onion Tift Co. GA - +* -
PNA_03_1" Onion Tift Co. GA - + +
PNA_02_12" Onion Tift Co. GA - : ol E 4
PANS_99_36" Richardia scabra L. Terrell Co. GA = +* =
PANS_99_31° Urochloa texana Tattnal Co. GA - +* +
PANS_99_29" Digitaria spp. Tift Co. GA - + +
PANS_99_27" Desmodium tortuosum Vidalia Region, GA = + +
PANS_99_25' Acanthospermum hispidum | Vidalia Region, GA - +* +
PANS_200_1 Slender amaranth Reidsville, GA - +* -
PNA_I8_8S' Onion Vidalia Region, GA - + -
PNA_18_78' Onion Vidalia Region, GA - + +
PNA_97_3" Onion Toombs Co. GA - + +
PNA_98_7" Onion Tift Co. GA = + =
PNA_98_3' Onion Dougherty, GA El + -
PNA_LLI' Onion Vidalia Region, GA - 4 -
PNA_08_1" Onion Tattnall Co. GA -* ++ +
PNA_07_14° Onion ‘Toombs Co. GA - +* -
PANS_02_1" Adult tobacco thrips from Tift Co. GA - a* =

peanut
PANS_01_2" Thrips from Onion leaf Tift Co. GA - +* +
PANS_19_2" Digitaria spp. Tift Co. GA - + +
PANS_19_6" Richardia scabra L. Tift Co. GA = + +
PANS_19_17' Richardia scabra 1. Tift Co. GA - +* -
PNA_18_2* Onion Vidalia Region, GA - + +
PNA_15_1¢ Onion Tattnall Co. GA ++ + +
PANS_200_2 Portulaca spp. Reidsville, GA el el +
PANS_01_6* Adult tobacco thrips Tift Co. GA ++ + +
PANS_01_5¢ Adult tobacco thrips Tift Co. GA o +* +
PANS_19_12¢ Verbena bonariensis Tift Co. GA o + -
PANS_19_13¢ Verbena bonariensis Tift Co. GA ++ +* -

“Thrips from peanut blossoms  Tift Co. GA ++ ++ +
PNA_97_2 NA NA +* + -
PNA_99_8 Onion leaf ‘Wheeler Co. GA +* ++ +
PNA_99_6 Onion leaf ‘Toombs Co. GA + ++ +
PNA_99_1 Onion MT Vernon, GA + ++ »
PNA_98_8 Onion Vidalia Region GA + -+ +
PNA_98 2 Onion Tift Co. GA +* ++ >
PNA_98_12 Onion ‘Toombs Co. GA + ++ +
PNA_98_11 Onion Evans Co. GA +* +H* -
PNA_92_7 Onion Vidalia Region GA +* + +
PNA_200_7 Onion Tift Co. GA #* + +
PNA_200_12 Onion Tift Co. GA #* + +
PNA_200_11 Onion Tift Co. GA + +* -
PNA_200_10 Onion Tift Co. GA #* + +
PNA_18_98 Onion Vidalia Region, GA +* +* +
PNA_18_58 Onion Vidalia Region, GA + +* +
PNA_18_5 Onion Vidalia Region, GA +* + +
PNA_18_38 Onion Vidalia Region, GA +* +* +
PNA_18_1 Onion Vidalia Region, GA + + +
PNA_07_7 Onion Toombs Co. GA +* + +
PNA_07_13 Onion Toombs Co. GA #* + =
PANS_99_33 Richardia scabra L. Coffee Co. GA + 4 =
PANS_99_26 Euphorbia hyssopifolia Vidalia Region, GA + + -
PANS_99_22 Digitaria spp. Tift Co. GA + + -
PANS_02_8 ‘Thrips from peanut leaf Tift Co. GA +* ++ +
PANS_99_18 Richardia scabra L. Tift Co. GA +* + +
PANS_02_12 Peanut leaf Tift Co. GA + + -
PANS_19_11 Richardia scabra L. Tift Co. GA + = +
PNA_06_1 Onion Vidalia Region, GA + + =
PANS_04_1 Thrips Tift Co. GA - -* -
PANS_99_24 Onion seedlings Vidalia region - E -
PANS_19_8" Richardia scabra L. Tift Co. GA - - +
PANS_19_10" Richardia scabra L. Tift Co. GA - - +
PNA_200_8" Onion Tift Co. GA = = =
PNA_200_3" Onion Tift Co. GA = - =
PNA_I8_68" Onion Vidalia Region, GA - - -
PNA_18_108" Onion Vidalia Region, GA -* = =
PNA_18_10" Onion Vidalia Region, GA -* = -
PNA_14_2" Onion Lyons, GA - -* -
PNA_I3_1" Onion Lyons, GA - -* -
PANS_99_23" Cyperus esculentus Vidalia Region, GA - - -
PANS_04_2" Adult tobacco thrips from Tift Co. GA = E =

peanut
PANS_01_8" Adult tobacco thrips Tift Co. GA - -* -
PANS_01_10" “Thrips feces from peanut leaf | Tift Co. GA - -* -
PANS_99_10" Verbena bonariensis Tift Co. GA - * =
PANS_19_20" Verbena bonariensis Tift Co. GA - B =

Foliar lesion rating of P ananatis strains on Leek (A. porrum cv. King Richard). Strains with a lesion length 0.2-0.5¢m, 0.
aggressive (++), and highly aggressive (+++), respectively.

“Foliar lesion rating of P, ananatis strains on bunching onion (A fistulostam x A. cepa cv. Guardsman). trains with lesion lengths of <0.7cm, 0.7-1.4cm and > 1.4 cm were regarded as less aggressive
(', moderately aggressive (), and highly aggressive ("), respectively.

“Abiliy of strain to lear red anthocyanin pigment and cause pitting on onion scales.

‘Strains that are highly aggressive on leeks but non-pathogenic on bunching onion.

Strains that are highly aggressive on leeks and bunching onions and are able to cause necrosis on red-onion scale.

Strains that are non-pathogenic on leeks and less-aggressive on bunching onion.

Strains that are moderately aggressive on leeks, and are less-aggressive on bunching onions.

"Non-pathogenic strains.
“Lesion phenotype was in

96cm and > 1 cm were consdered as lss aggressive (+), moderately

nsistent among the six replicates.
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Root length (cm) Disease index Biocontrol effect

Plant height (ci Stem diameter (mm

K 50.93£255¢ 8.44:£0.24b 37.33£3.16ab 6622£1.60a
Carbendazim 51614167 8.10:£0.38b 33.044227b 57.47:£1.05b 1321%
YC89 65522740 97240482 423242602 252241554 61.91%
x22 54.671.80bc 8.42:£0.28b 35.6342.683b 48.85+1.09c 26.24%
YC89+X22 59.93:1.74b 9.22:0.450b 37.77£1.72b 26.88+1.83d 59.41%

CK, water treatment group.
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Resistance  Genes size(bp)  resistance  Product type

inducers type FZB42 GS-1
2,3-butanediol ilvN 519 ISR Acetolactate synthase small subunit 98.65% 99.81%
2,3-butanediol ilvB 1725 ISR Acetolactate synthase 3 catalytic subunit 98.05% 99.32%
Acetoin alsS 1713 ISR Acetolactate synthase 99.12% 99.53%
Methanethio metC 1,176 ISR Cystathionine beta-lyase 97.28% 99.74%
Methanethio mmuM 948 ISR Homocysteine S-methyltransferase 97.68% 99.68%

5-methyltetrahydropteroyltriglutamate-homocysteine
Methanethio metE 2,289 ISR 97.68% 99%
S-methyltransferase

Isoprene ispE: 870 ISR 4-diphosphocytidyl-2-C-methyl-D-erythritol kinase 98.62% 99.54%
Isoprene ispD 699 ISR 2-C-methyl-D-erythritol 4-phosphate 9% 99.86%
Isoprene ispF 477 ISR 2-C-methyl-D-erythritol 2.4-cyclodiphosphate synthase 98.11% 100%
Isoprene i 1,050 ISR Isopentenyl-diphosphate Delta-isomerase 97.43% 99.14%
Peptidoglycan dacA 1332 PTI Carboxypeptidase 99.25% 99.62%
Flagellin figl. 918 PTI Flagellin 97.39% 99.89%

EF-Tu tuf 1191 PTI Elongation factor Tu 99.58% 99.83%
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Gene clusters  Types r:os\t/vil?;lj;ters Size (bp) mg‘lm(};ilr[r)‘i(l;érit:;)genes Bioactivity
Cluster 1 NRPS Surfactin 75,559 BGCO000433 (82%) Antibacterial
Cluster 2 PKS-like Butirosin A/butirosin B 41,245 BGCO000693 (7%) -

Cluster 3 Terpene - 17,334 -

Cluster 4 Lantipeptide-class-ii - 28,890 -

Cluster 5 transAT-PKS Macrolactin H 87814 BGCO000181 (100%) Antibacterial

transAT-PKS, T3PKS, transAT-
Cluster 6 Bacillaene 100786 BGCO001089 (100%) Antibacterial and antifungal
PKS-like, NRPS

Cluster 7 NRPS, transAT-PKS, betalactone  Fengycin 134712 BGCO001095 (100%) Antibacterial and antifungal
Cluster § Terpene - 21,884 -

Cluster 9 T3PKS - 41101 -

Cluster 10 transAT-PKS Difficidin 93,798 BGCO000176 (100%) Antibacterial

Tron-acquisition and
Cluster 11 NRPS, RiPP-like Bacillibactin 51,798 BGCO000309 (100%)
antibacterial

Cluster 12 Other Bacilysin 41,419 BGCO001184 (100%) Antibacterial
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CO-9-86J BV-12-16J BIO-15-56S

Raw data® Trimmed & Corrected® Raw data Trimmed & Corrected Raw data Trimmed & Corrected
filtered® filtered filtered
rdTotalRNA® Mean length 660 7972 7997 6324 7826 7855 6774 7853 7871
(bp)
Mean quality 108 15 12 108 s 12 n 116 121
Number of 164010 71,307 71,304 115,457 58713 58713 95,952 51,506 51,506
reads
N50 read 980 1320 1341 986 1314 1338 1027 1,305 1326
length
Total bases 108,246,484 56,847,995 57,019,794 73,014,808 45,951,225 46,119,065 64994220 40,446,155 40,538,263
dSRNACD* Mean length 6431 6805 6054 5915 6564 5984 747.6 7502 6626
(bp)
Mean quality 9 16 n7 12 n7 12 16 18 it}
Number of 42,008 31519 31515 49,754 16971 16,968 84930 67,112 67,092
reads
N50 read 892 940 782 765 893 789 951 977 829
length
Total bases 27,013,384 21,448,156 19,079,605 29431736 11,139,991 10,154,222 63,496,915 50,349,514 44,456,802

Raw data after base-calling
“Trimming and filtering of reads to remove low-quality bases with a high probability of being called incorrectly; host-related reads were also removed in this step.
Read clustering and error correction.

‘rdTotalRNA: rRNA-depleted total RNA datasets that were sequenced with a direct RNA sequencing kit

‘dsRNACD: dsRNA datasets that were sequenced with a direct cDNA sequencing kit.
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Step rdTotalRNA

Nucleic acid extraction 0.67h (total RNA extraction in 12 samples)
Enzyme digestion 050h (DNase 1)

TRNA depletion and polyadenylation 100k

CDNA synthesis 1.67h (cDNA-RNA hybrid complex)
Library preparation 1.00h

Priming and loading the flow cell 033h

Sequencing 24h

Total 29.17h

‘Based on Nextera XT DNA Library Preparation Kit protocol.

dsRNAcD

6.00h (dsRNA extractior
samples)

050h (DNase I and RNase T1)

5.25h (Double-stranded cDNA)

150h
033h
24h

37.58h

dsRNA-MiSeq®

6.00h (dsRNA extraction in 12
samples)

050h (DNase I and RNase T1)

5.25h (Double-stranded cDNA)

72h
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Number of Sequencing kit Material Multiplexing

samples
Library 1 u Direct cDNA sequencing (SQK- | dsRNA None
DCS109)
Library 2 » Direct cDNA sequencing (SQK-  dsRNA Native Barcoding Expansion kits' (EXP-NBD104 and
DCS109) EXP-NBD114)
Library 3 3 Direct RNA sequencing (SQK- “Total RNA Custom barcodes”
RNA002)
Library 4 25 Tllumina Nextera XT DNA library  dsRNA Unique dual indexes
prep kit
‘Native Barcoding Expansion kits contain 24 unique barcodes for multiplexing and sequencing different samples simultaneously on one flow cell

‘Custom barcodes are pre-annealed RT adapters which were designed based on the DeePlexiCon method for multiplexing and sequencing different RNA samples simultaneously on one flow
cell.
“The dsRNA materic

used for MiSeq sequencing were the same as those used for dsRNACD sequencing.
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Soil physical-chemical

property

SOM (g-kg™!) 14.67 £ 6.00 16.02 £ 7.00
pH 5.9140.27 5.6+ 0.52
Total N (g-kg™") 74.89 + 37.69 64.324 10.91
Total P (g-kg™!) 0.98 £ 0.01 0.99 4 0.01
Total K (g-kg™!) 2.56+1.18 2.50 4 1.08
Available N (mg~kg*1) 52+ 25.48 47.35+10.98
Available P (mg~kgf1)* 5.47 +£2.44 11.02 + 5.36
Available K (mg-kg™!) 112.00 £ 52.70 94.78 + 69.15
Sucrase activity (mg-g~!) 0.14 = 0.09 0.12+0.08
Catalase activity (mg-g™') 1.02 £ 0.39 1.05 + 0.44

SOM, soil organic matter; N, nitrogen; P, phosphorus; K, potassium; S, straight trunk type of
P. yunnanensis; T, twisted trunk type of P. yunnanensis. *P < 0.05.
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Bacteria

P
SOM 0.04 0.33 0.15 0.08
pH —0.03 0.55 —0.07 0.75
Total N 0.01 0.41 —0.17 0.90
Total P NA NA NA NA
Total K 0.03 0.34 0.00 0.48
Available N —0.14 0.82 —0.06 0.65
Available P 0.02 0.37 0.03 0.40
Available K —0.08 0.72 0.27 0.01
Sucrase activity —0.25 0.98 0.13 0.14
Catalase activity 0.02 0.39 0.07 0.27

SOM, soil organic matter; N, nitrogen; P, phosphorus; K, potassium.
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Factor Bacterial community Fungal community
F. Model F. Model

Trunk types (S vs T) 2.04073 0.06793 0.022 1.10233 0.03788 0.136

S, straight trunk type of P. yunnanensis; T, twisted trunk type of P. yunnanensis.
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Characteristic

Genome assembly

quality (no. replicons)
Genome size (bp)
Chromosome size (bp)

Plasmid size (bp)*

Genes (total)
CDSs (total)
Plasmids (repABC
copies)
G+Ccontent % (Entire
‘genome sequence)
G+Ccontent %
(Chromosome)
G+Ccontent %
(Megaplasmids*)
G+Ccontent %
(Plasmids")

n (FRNA operon

copies)

Symbiosis plasmid
(pSym)

Antibiotic Resistance

Genes

RNAS

“Data are presented in order of increasing replicon size.

‘Chromid.

E. canadensis

sp. nov. T173"

Complete (6)
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4,051,102

195,834; 204,278;
782,207; 946,878;
1,913,930

7,705
7.625

5(6)

610

618

60.1361.2'

58.0;58.4: 586
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PTI73¢ (1)

pTI73b
(204,278bp)

51

61

E. adhaerens

Casida A"
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1,736,943

6937
6,854
20)

623

62.8

603,628

Chromosome (3);
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none

42

64
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Complete (3)

6,128,433
3,690,234
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1981775

5,797
5,536
22)

622

626

623

593

Chromosome
[©]

Accession no:
CPO3491L
(456,424bp)
39

56

Strain

E. medicae
WSM1115

Complete (4)

7,063,185
4,106,266

276,847;
1,128,391
1,551,681

6,832
6,763
303)

612

615

59.9:61.6

60.6

Chromosome
®

PWSMI115_2
(1,128,391 bp)

40

56

E. meliloti
1021

Complete (3)

6,691,694
3,654,135
1,354,226
1,683,333

6314
6,267
2
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60.4; 624"

Chromosome
)

pSymA
(1,354,226 bp)
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55

E. mexicanus
ITTG R7"

Complete (4)

7,141,863
4,316,340
436,172; 455,676;
1,933,675

6641
6574
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614
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616

58.6;60.2

Chromosome (3)

PEMEITTGR7b
(455,676bp)
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E. sojae
CCBAU
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6,094,027
3672259
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2011513
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624
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Chromosome
3)
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(410,255bp)
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K00615_E2.2.1.1, ttA, tktB; transketolase
K01053_E3.1.1.17, gnl, RGN; gluconolactonase
K01623"ALDO; fructose-bisphosphate aldolase, class |
K01807_rpiA; ribose 5-phosphate isomerase A
K00034_gdh; glucose 1-dehydrogenase
K03841_FBP, fop; fructose~1,6-bisphosphatase |
K05774_phnN; ribose 1,5-bisphosphokinase
K07404”pg: 6-phosphogluconolactonase
KO1057_PGLS, pgl, devE:; 6-phosphogluconolactonase
1? hosphoglucomutase

Koteos P, tpiA; triosephosphate isomerase (TIM)
K00851_E2.7.1.12, gntK, idnK; gluconokinase
K00874”kdgK; 2-dehydro-3-deoxygluconokinase
K00117_ged; quinoprotein glucose dehydrogenase
K01114 plc; phospholipase C
K01621 xfp, xpk; Xylulose-5-phosphate/fructose-6-phosphate phosphoketolase
K01624_FBA, fbaA fructose-bisphosphate aldolase, class I
K00852_rbsK, RBKS; ribokinase

IpX”SEBP fruclose—1,6-bisphosphatase I

6PD, zw; glucose-6-phosphate 1-dehydrogenase
K00948_PRPS, prsi; ribose-phosphate pyrophosphokinase
K01783 rpe, RPE; ribulose-phosphate 3-epimerase
K00033_PGD, gnd, gntz; 6-phosphogluconate dehydrogenase
K01625_eda; 2-dehydro-3-deoxyphosphogluconate aldolase
K00140-mmsA, lo/A, ALDHGAT; malonate-semialdehyde dehycrogenase
K01092E3.1.3.25, | hB; myo-inositol~1(or 4)-monophosphatase
K000107iolG; myor nbatl 5o -dehydrogenase / D-chiro-inositol 1-dehydrogenase
K02446_gIpX, fructose~1,6-bisphosphatase i
|K01619deoC, DERA; deoxyribose-phosphate aldolase
|K01808 rﬁlB ribose 5-phosphate isomerase B
|K01858_INO1, ISYNA1; myo-inositol-1-phosphate synthase
K01690_edd; phosphogluconate dehydratase
K035 olE; inosose dehydratase

-deocygluconkinase

—|K03337 10IB: 5-deoky-glucuronals omerase
K00850_pfkA, PFK; 6-phosphofructokinase 1
transaldolase

; gl ~phosphate isomerase
aldehyde:ferredoxin oxidoreductase

K003z -E5471.43; phosphogluconate 2-demyGrogenase

|K00131 gapN; glyceraldehyde-3-phosphate dehydrogenase (NADP+)

KO0090ghrE diyorylatelnycroxypyruvatel2-ketogluconate reductase

K06151_E1.1.99.3A; gluconate 2-dehydrogenase alpha chain

K06152_E1.1.99.3G; gluconate 2-dehydrogenase gamma chain

K01093 "appA; 4-pritase | acid phosphatase

K01083_E3.1.3.8; 3-phytas

K01839 ce0B: phospnopentomutase

N ow s oo o
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|KO1730-IMPDH, quss: IMP dehydrogenase 5501 1.1.205)
K01884-polA; DNA polymerase | [EC:2.7.7.

K01575-polA; DNA polymerase | [EC:27.7.7]

K00376-polA: DNA polymerase | [EC:2.7.7.7)

K07713-galM, GALM:; aldose 1-epimerase [Ecs

K04516-nuoN; NADH-quinone oxidoreductase subunit N [EC:7.

| K01120-nuoK; NADH-quinone oxidoreductase subunit K [EC:7.1.1.2]
~ K05776-nuod; NADH-quinone oxidoreductase subunit J [EC:7.1.1.2]
K01195-ACO, acnA; aconitate hydratase [EC:4.2.1.3]

K01917-phoR; two-component system, OmpR family, phosphfé? regulon sensor histidine kinase PhoR [EC:2.7.13.3]

K07714-IDH1, IDH, icd; isocitrate dehydrogenase [EC:1.1.1
K00317-tatA; sec-independent protein translocase protein TatA

K00227-sdhC; frdC; succinate dehydrogenase / fumarate reductase, cytochrome b subunit
| K09011-sdhC, frdC; succinate dehydrogenase / fumarate reductase; cytochrome b subunit
~ K00720-E2.7.7.41, CDS1, CDS2, cdsA; phosphatidate cytidylyltransferase [EC:2.7.7.41

K00801-RP-L28, MRPL28, rpmB; large subunit ribosomal protein L28

 K02686-purF, PPAT: amidophosphoribosyltransferase [EC:2.
K01521-murE; UDP-N-acetylmuramoyl-L-alanyl-D-glutamate-

K08092-rnhA, RNASEH1; ribonuclease HI [EC:3.1.26.4

K07664-kdpD; two-component system, OmpR family, sensor histidine kinase  KoD [EC:27.133)
K01787-fisl; cell division protein Fisl (penicillin-binding protein 3) [EC:3.4.16.

Ks535-fst call dvision proten s (panicilin-binding proten 3) [ Saiod

Ko3150- -ATPF1B, alpD; F—type H+/Na+ ~ransporting ATPase suburit beta [EC:

K06606-RP-L6, MRPLS, rplF; large subunit ribosomal protein L6
K00983-TPI, tpiA; triosephosphate isomerase ETIM ) [EC:5.3.1.1]

K00364-TPI, tpiA; triosephosphate isomerase .3.1.1,

K11320-Tb!, iia; Iriosephosphate isomerase (TIM) [EC531 1]
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K01590-AARS, ala; alanyl-tRNA synthetase [EC:6.1.1.7]

K00284-murG; UDP-N-acetylglucosamine--N-acetyimuramyl-(pentapeptide) pyrophosphoryl [EC:2.4.1.227]
K04110-murG; UDP-N-acetylglucosamine~-N-acetyimuramyi-(pentapeptide) pyrophosphoryl [EC:2.4.1.227]
| KO03918-YARS, tyrS; tyrosyl-tRNA synthetase [EC:6.1.1.1]

| K02080-RP-S4, rpsD; small subunit ribosomal protein S4
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K00459_nca2, npd: itonate monooxygenase [EC1.13.12.16]

K01915 ginA, GLUL; glutamine synthetase [EC:6.3.

KOT675-oy, can; carbonio anhydrase [EC:421 il

K00265_git8; glutamate synthase (NADPH) large chain [EC:1.4.1.13]
_gitD: glutamate synthase (NADPH) small chain [EC:1.4.1.13]

K01725cyn$; cyanate lyase [EC:4.2.1.104)

K02305_norC; nitric oxide reductase subunit C

K02591 ik, nitrogenase molybdenum-iron protein beta chain [EC:

K02586_nifD; nitrogenase molybdenum-iron protein alpha chain [EC:

K02588_nifH; nitrogenase iron protein NifH

K00366_nirA; ferredoxin-nitrte reductase [EC:1.7.7.1]

K02567 napA; periplasmic nitrate reductase NapA [EC 1.7.99-]

K02568 napB; cytochrome c~type protein NapB

K0a501 nors i e reduclase subunil & [EC:17 2.6

00368k it recuctase (NO-forming) (EC:1

K01674”cah; carbonic anhydrase [EC:4.2.1.1

KorGbsE35 T oo dnss (EC 3 21 40)

K00362_nirB; nitrte reductase (NADH) large subunit [EC:1.7.1.15]

K00372 nash; - sesinketoy nateceductase calslssubink [EC:1.7.99.
2]

K10945”pmoB-amoB; methane/ammonia monooxygenase subunit B
K00262 E1.4.1.4, gdhA; glutamate dehydrogenase (NADP+) [EC:1.4.1.4]
'K00363_nirD: nitrte reductase (NADH) small subunit [EC:1.7.1.15]
= K00261_GLUD1 2, gdhA; glutamate dehydrogenase (NAD(P)+) [EC:1.4.1.3]
| K00360_nasB; assimilatory nitrate reductase electron transfer subunit [EC:1.7.9
K00374_narl, narV; nitrate reductase gamma subunit [EC:1.7.5.1 1.7.99.-]
K00370_narG, narZ, nxrA; nitrate reductase / nitrite oxidoreductase, alpha subu

KO00371_narH, narY, nxrB; nitrate reductase / nitrite oxidoreductase, beta subunit [EC:

1; nitrilase [EC:3.5.5.1
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Strain (pathotype?) Cytoplasmic effectors Secretome Apoplastic

RXLRs® Candidate RxLRs® G
251539 (LR) 336 222 90 1,797 762
252360 (LR) 303 190 80 1,770 765
252365 (LR) 303 190 83 1,774 766
251683 (CR) 296 188 87 1,786 771
251616 (CR) 309 188 81 1,781 766

‘CR, crown rot pathotype; LR, leather rot pathotype.

RALR candidates were predicted using the effectR package.

High confidence RxLR effectors, which means RxLRs with predicted signal peptides.
‘Crinkler (CRNs) candidates were predicted using the effectR package.
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Species Phytophthora cactorum

Pathotype Leather rot Crown rot

Strain 251539 252360 252365 251683 251616 10300 Pal4

NG platform PacBio SMRT™ | PacBio SMRT™ | PacBio SMRT™ | PacBio SMRT™  PacBio SMRT™ Tlumina PacBio SMRT™ RS-l
Sequel Il Sequel IT Sequel It Sequel IT Sequel It

Assembler Flye Flye Flye Flye Flye ABySS SMARTdenovo

Assembly size (Mb) 664 675 675 67.5 676 593 660

Number of contigs 204 178 189 192 202 4623 194

Largest contigs (kb) 2445 2,683 2750 4546 2516 301 1750

N50 (kb) 892 1,036 1028 968 1021 56 645

GC content 51% 51% 1% 51% 51% 50% 51%

Repeatmasked (Mb) 15 159 159 16 16 1 193

CEGs in assembly* 239 (94%) 239 (94%) 239 (94%) 239 (94%) 239 (94%) 239 (94%) 224(95.7)

Predicted genes (partial 17,398 (3) 17,286 (1) 17,326 (5) 17,318 (1) 17,324(5) 18,189 (443) 29552(-)

genes)®

CEGs in gene model* 244 (96%) 244 (96%) 244 (96%) 244 (96%) 244 (96%) 242(95%) -

The previously published genome sequences of P cactorum strain 10300 and P414 from strawberry rhizome s
Percentage of the core eukaryotic genes (CEGS) present in genome assembly.

‘Gene prediction was performed on the lsted assemblie, except P414, using a gene model derived from strain 10300 (Armitage et al, 2015).
‘Percentage of the core eukaryotic genes (CEGs) present in the predicted protein-coding genes.

cluded for comparison (Armitage et al, 2018; Nellist et al, 2021).
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Strain Plant Plant part  Country Disease score (Mean+SE) Pathotype?  Previously
source isolated of origin reported
(cultivar)  from®

Crown rot® Leather
rot®
“Korona" “Polka” “Korona"

251539 Apple Fruit Norway 10400 1200 1400 IR
252360 Strawberry Fruit Norway - 1200 - IR

(Rumba)
252361 Strawberry Eruit Norway - 2404 - CR

(Rumba)
252362 Strawberry Fruit Norway - 15403 - CR

(Rumba)
252363 Strawberry Fruit Norway - 19204 - R

(Korona)
252364 Strawberry Fruit Norway - 16+03 - CR

(Korona)
252365 Strawberry Fruit Norway - L1201 - IR

(Korona)
10300 Strawberry Rhizome Norway 18206 2503 1400 R Armitage et .

(018)
a4 Strawberry Rhizome United EN) - 1£00 CR Nellst etal. (2021)
(crown) Kingdom

251171 Strawberry Rhizome Norway 2411 e 1400 CR

(Sonata)
251615 Strawberry Rhizome Norway 34£15 - 1400 R

(Sonata)
251616 Strawberry Rhizome Norway 54210 - 1400 R

(Korona)
251683 Strawberry Rhizome Norway 12402 = 1400 R

(Korona)

“The strain P414 was previously isolated from strawberry crown which is technically thizome tissue.

individual plants of each strawberry cultivar (Korona and/or Polka) were inoculated with P cactorum zoospores (2mL. of 2 10° zoospores). Disease scoring was performed as previously
described by fiell ¢t al. (1997). Data represent mean disease score of two independent inoculation experiments. SE, standard error of mean.  indicates not tested.

Five fruits were inoculated with 2. cactorun zoospores and were given a binary score (1 =infection and 0 =no infection). * indicates not tested.

'CR and LR represent crown rot and leather rot pathotypes.
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Characteristi 3| 4
Isolation source Abies Soil Clinical®  Lava forest®
Koreana
Colony shape Shortrod- | Shortrod-  Rod- Rod-
shaped shaped* shaped” shaped®
Oxidase Positive | Negative'  Positive’  Positive’
Catalase Posiive  Negative' | Positive’  Positive’
Motile Non- ND* Non-
motile motile
Cell size (ym) 03-05 06-08 07x1L4" 0406
X09-12 | XLI-15 X07-1.0°
Growth at:
Temperature range (°C) | 4-37 10-3725) | 5-42(30)° | 10-30 (25)°
(25-30)
NaCl tolerance (%, w/v) | 0 10 ND 0-3
pH range 60-90(8) | 5-8(66)  ND 60-80
(60-6.5)
Assimilation (APT
20NE)
Nitrate reduction w - - -
Esculin hydrolysis + w + w
f-galactosidase + - + -
Glucose assimilation ~ — - + -
Arabinose - - + -
Mannose - = + -
Neacetylglucosamine | — - w =
Potassium gluconate - - + =
Acid production API
50CH
Learabinose + - - -
D-xylose + - + =
D-galactose + - + -
D-glucose + - + -
D-fructose - - + =
L-rthamnose + - - N
Methyl-a-D- - - + -
mannopyranside
Methyl-a-D- - - + -
glucopyranside
N-Acetylglucosamine | — - + -
Amygdalin + - + =
Arbutin + - + -
Esculin ferric citrate + + + N
Salicin + - w -
D-cellobiose + - + -
Maltose - - + -
D-lactose . - + =
D-saccharose - = + N
D-trehalose - - + -
D-melezitose - = + -
D-raffinose = - + _
D-fucose + - + -
Potassium 5-keto- - - - -
gluconate
7M
Lipase (C14) - w + -
Leucine arylamidase | + + + +
Valine arylamidase - + + w
Cystine arylamidase - w + -
Trypsin w + + -
achymotrypsin - + + +
agalactosidase - + + -
f-galactosidase + + + -
f-glucuronidase + + - w
aglucosidase + + + +
f-glucosidase + + + -
Neacetyl-p- - + + =

glucosaminidase

Zhang etal. (2017).

"Holmes et al. (1977).

Lee etal. (2015).

Strains: 1, Sphingomonas nostoxanthinifaciens AK-PDBI-5'; 2,5, crusticola KCTC 42801%; 3, . paucimobilis KCTC 2346% 4, S. vudcanisoli KCTC 424547, Alldata are from the present study unless
indicated otherwise. +, positive; W, weakly positive; =, negative; ND, not detected.
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Fatty acid

04 ND 15 05
169 159 96 17.1
09 ND 07 08
ND ND 07 07
Ciny w6c ND 47 29 58
Coscydowsc 05 148 ND 05
Cus 05 05 09 ND
Ciuy 05 10 10 36 ND
Cao30H 05 ND ND ND
Ciaq 20H 20 ND ND 40
C,020H ND ND ND 06
10 20H 106 145 102 67
Cisa 20H ND 14 06 ND
*Summed feature | 24 ND 14 44
3
*Summed feature | 64.5 47.3 680 590
8

“Summed features are groups of two or three fatty acids that cannot be separated by GLC with
the MIDI System. Summed feature 3 contains C,, w6¢ or/and C,., 7. Summed feature § was
isted as o, 07¢ or/and Cys, w6,

Values are percentages of total fatty acids. ND, not detected. The major components (> 10%) are
shown in bold

Strains: 1, Sphingomionas nostoxanthinifaciens AK-PDBI-5'; 2,5, crusticola KCTC 42801 3,5,
pacimobilis KCTC 2346' 4,5 vulcanisoli KCTC 42454". Allthe data were obtained in the
present study.
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P. palmivora ZCO1
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El

—0.02
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-P. cactorum 251539 (LR, apple isolate)
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P. cactorum 252360 (LR)
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88/99/99 Sphingomonas solaris RADWNT (MK569518)
74172 Sphingomonas profundi LMO-17 (MN231302)
‘Sphingomonas formosensis CC-Nib-27 (HM193517)
/54153 Sphingomonas fennica K1017 (AJ009706)
48/61/65 Sphingomonas oleivorans FW-117 (KT855088)
Sphingomonas montana W16RD" (KU535674)
100/99/100 Sphingomonas prati W18RDT (KU535675)
67/99/99 Sphingomonas arantia 6P" (KF876174)
Sphingomonas haloaromaticamans A1757 (X94101)
52/99/98 - Sphingomonas laterariae LNB2T (jgi.1118286)
Rhizorhabus starnbergensis 3827 (JN591314)
-/89/99, Rhizorhabdus wittichii RW1T (CP000699)
56/61/63 Rhizorhabdus histidinilytica UM2T (igi.1118282)
Rhizorhabdus dicambivorans Ndbn-20" (CP023449)
59/98/98 Rhizorhabdus argentea SPT (KF437572)
‘Sphingomonas naphthae DKC-5-17 (KU312690)
Sphingomonas indica DA16" (jgi.1118284)
‘Sphingomonas vulcanisoli SN6-137 (KP859572)
Sphingomionas crusticola MIMD3T (KT346426)
Sphingomonas nostoxanthinifaciens AK-PDBA-57 (MZ956805)
Sphingomonas jatrophae S5-249" (JQ860172)
~/54/53 [ Sphingomonas gilva ZDH117T (QWLV01000012)
Sphingomonas pseudosanguinis G1-27 (AM412238)
61167 Sphingomonas canadensis FWCATT (HE974351)
T Sphingomonas suaedae XS-107 (MK788322)
Sphingomonas zeicaulis 5417 (KP172592)
97/1001100 - Sphingomonas sanxanigenens DSM 196457 (CP006644)
Sphingomonas crocodyli CCP-7T (SACNO1000008)
61/73/74— Sphingomonas montanisoli ZXT (MN367972)]
Sphingomonas oligoaromativorans SY-6" (FJ434127)
Sphingomonas ginkgonis HMF7854 (RWJF01000001)
Sphingomonas agri HKS-06" (KT950747)
92/95/99 Sphingomonas segefis YJ09T (JN848796)
Usitatibacter rugosus 0125-37 (MT374270)

71/69/80
93/92/90
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Sphingomonas formosensis CC-Nfb-2 (GCF_009755815.1)
lssr100 Sphingomonas laterariae LNB2T (GCF_900188165.1)
Sphingomonas haloaromaticamans P3T (GCF_001853345.1)
92/100 " Sphingomonas fennica K101 (GCA_003034225.1)
Sphingomonas oleivorans FW-117 (GCF_003050615.1)

64/100 92/100;  Rhizorhabdus histidinilytica UM2 T (GCF_900167915.1)
921100 Rhizorhabdus wittichii RWAT (GCF_000016765.1)
som00 Rhizorhabdus dicambivorans Ndbn-20" (GCF_002355275.1)
Sphingomonas crocodyli CCP-7T (GCF_004005865.1)
921100 Sphingomonas solaris RADWNT (GCF_007785815.1)
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Sphingomonas oligoaromativorans DSM 1022467 (GCF_011762195.1)
7199 02/64, Sphingomonas gilva ZDH117T (GCF_003515075.1)
Sphingomonas sanxanigenens DSM 196457 (GCF_000512205.2)
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Mauve analysis set Number of Number of Nucleotides Percent identity

genomes species
Chromosome assemblies only 16 5 136 1,167,307 605
Al species representation 2 6 156 1,148,204 446
Las (chromosome assemblies only) 10 1 3 1,200,837 97.9
Las (random set of §) 8 1 1 1,178,619 964
Las (random set of 8 excluding 8 1 n 1,199,677 95.4

chromosome assemblies)

Lso 8 1 46 1,161,137 89

Leu 2 1 1 1,330,452 99.8
Laf 2 1 4 1,183,278 99.1
Lam 2 1 2 1,165,540 99.98

L. crescens 2 1 2 1,511,419 98.4
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Pan-genome Analysis Number of Number of Number of Total genes excluding  Total

genomes core genes accessory genes* singletons genes
Genus wide with outgroup 53 436 2639 3,075 8926
Genus wide without outgroup 52 496 2619 3,115 3,982
L. crescens 2 1,291 89 = 1,380
Laf 2 976 229 - 1,205
Lam 2 936 65 - 1,001
Las 36 786 768 1,554 2,015
Leu 2 1,100 44 N L144
Lso 8 822 547 1,369 1,900

‘Excluded singletons for all analyses with >2 genomes.
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Species Culturable = Abbreviation  Number of Plant hosts References

accessions  (known disease)

Liberibacter crescens Yes L. crescens 2 N/A Leonard etal. (2012)

“Ca. Liberibacter asiaticus' No Las 36 Rutaceae Jagoueix et al. (1994)

“Ca. Liberibacter solanacearum’  No Lso 8 Solanaceaous and Munyaneza et al. (2009), Munyaneza et al.
Apiaceous (2010), and Hajri et al. (2017)

“Ca. Liberibacter africanus’ No Laf 2 Rutaceae Roberts etal. (2015)

Ca. Liberibacter americanus' No Lam 2 Rutaceae Teixeira et al. (2005)

“Ca. Liberibacter europacus’ No Leu 2 Cytisus scoparius Tanniéres et al. (2020)

(Fabaceac)
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