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Phytoplasmas are uncultivated plant-pathogenic bacteria with agricultural importance. Those belonging to the 16SrII group, represented by ‘Candidatus P. aurantifolia’, have a wide range of plant hosts and cause significant yield losses in valuable crops, such as pear, sweet potato, peanut, and soybean. In this study, a method that combines immunoprecipitation-based enrichment and MinION long-read DNA sequencing was developed to solve the challenge of phytoplasma genome studies. This approach produced long reads with high mapping rates and high genomic coverage that can be combined with Illumina reads to produce complete genome assemblies with high accuracy. We applied this method to strain NCHU2014 and determined its complete genome sequence, which consists of one circular chromosome with 635,584 bp and one plasmid with 4,224 bp. Although ‘Ca. P. aurantifolia’ NCHU2014 has a small chromosome with only 471 protein-coding genes, it contains 33 transporter genes and 27 putative effector genes, which may contribute to obtaining nutrients from hosts and manipulating host developments for their survival and multiplication. Two effectors, the homologs of SAP11 and SAP54/PHYL1 identified in ‘Ca. P. aurantifolia’ NCHU2014, have the biochemical activities in destabilizing host transcription factors, which can explain the disease symptoms observed in infected plants. Taken together, this study provides the first complete genome available for the 16SrII phytoplasmas and contributes to the understanding of phytoplasma pathogenicity.
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INTRODUCTION

Phytoplasmas are wall-less bacterial pathogens that are known to infect numerous plant species and lead to significant agricultural losses (Gurr et al., 2016; Kumari et al., 2019; Pierro et al., 2019). They are parasitic bacteria multiplying exclusively in phloem sieve elements and are transmitted between plants by phloem-feeding insects (Lee et al., 2000; Hogenhout et al., 2008). Plants infected by phytoplasmas exhibit a range of symptoms, including witches’ broom, phyllody, virescence, purple top, stunting, yellowing, and general decline (Christensen et al., 2005). To date, more than 40 Candidatus Phytoplasma (abbreviated as Ca. P.) species have been described (Kumari et al., 2019). However, as an obligate intracellular parasite, phytoplasmas remain some of the most challenging plant pathogens to characterize due to the lack of an axenic culture.

Beginning with the important step in whole-genome sequencing of phytoplasmas, many aspects have been intensively studied, and a better understanding of the molecular interactions between phytoplasmas and their hosts is revealed (Oshima et al., 2004; Namba, 2019). Overall, phytoplasmas have relatively small genomes (i.e., < 1,000 kb) compared with other bacteria, and many metabolic genes required for biosynthetic pathways of indispensable compounds are missing, including those for the biosynthesis of amino acids, nucleotides and fatty acids, the tricarboxylic acid cycle, and ATP synthases (Oshima et al., 2004, 2013; Namba, 2019). As a result, phytoplasmas rely on an enriched environment and their transporters to obtain nutrients from hosts for their survival and multiplication. At the same time, pathogenicity factors (i.e., effectors), such as TENGU, SAP11, and SAP54/PHYL1, are secreted by phytoplasmas to interfere with plant developmental processes as well as plant hormone homeostasis (Hoshi et al., 2009; Sugio et al., 2011a; MacLean et al., 2014; Maejima et al., 2014; Tan et al., 2016; Chang et al., 2018). The morphological and physiological changes of host plants not only associate with symptom development, but also improve the fitness of phytoplasmas and their insect vectors, resulting in the spread of phytoplasma diseases (Tomkins et al., 2018; Dermastia, 2019).

The spreading of phytoplasmas might also rely on the interactions between phytoplasma immunodominant membrane proteins (IDPs) and host proteins (Konnerth et al., 2016). IDPs are highly abundant proteins in the cell membrane of phytoplasmas, which can be grouped into three classes, including immunodominant membrane protein (Imp), immunodominant membrane protein A (IdpA), and antigenic membrane protein (Amp) (Kakizawa et al., 2006b). These proteins are highly variable in the amino acid sequences due to the selective pressure from interactions with the environment and hosts (Kakizawa et al., 2006a, 2009). Previous studies show that the Imp of ‘Ca. P. mali’ can interact with the actin of plant hosts (Boonrod et al., 2012); the Amp of ‘Ca. P. asteris’ can interact with the actin of insect vectors and form the Amp-microfilament complex together with myosin (Suzuki et al., 2006; Galetto et al., 2011). These interactions seem to play important roles in determining the mobility of phytoplasma within plant hosts and the transmissibility of phytoplasma by insect vectors (Konnerth et al., 2016).

Despite having small genomes compared with other bacteria, phytoplasmas contain high numbers of repetitive genes lying within potential mobile unit (PMU) or sequence-variable mosaic (SVM) regions, which are proposed to be remnants of transposons or prophage (Bai et al., 2006; Wei et al., 2008). These regions are flanked by inverted repeats and contain genes involved in DNA recombination (tra5, ssb, himA) and replication (dnaG, dnaB), suggesting that they have the ability to transpose within the genome and be horizontally transferred among phytoplasmas (Toruno et al., 2010; Chung et al., 2013; Ku et al., 2013a; Cho et al., 2019). The repeat-rich nature of phytoplasma genomes is proposed to contribute to the frequent recombination events, leading to the considerable variation in genome sizes among phytoplasmas (Kube et al., 2008; Andersen et al., 2013; Marcone, 2014; Seruga Music et al., 2019). Moreover, as putative pathogenicity islands, these regions often carry effector genes and are proposed to contribute to the adaptation of phytoplasma switching in plant and insect hosts (MacLean et al., 2011; Oshima et al., 2011; Chung et al., 2013).

The availability of complete genomes not only provides a better chance to identify potential genes involved in phytoplasma–host interactions, but it also contributes to a better understanding of the phytoplasma genome organization and evolution (Hogenhout and Seruga Music, 2009; Kube et al., 2012; Marcone, 2014). In the past, phytoplasma DNA was enriched via procedures, such as cesium chloride density gradient centrifugation and pulse-field gel electrophoresis (PFGE) (Hogenhout and Seruga Music, 2009). However, the density gradient centrifugation method may also enrich plant chloroplast DNA and reduce DNA integrity, and the PFGE method typically has low yields. Given the difficulties in isolating phytoplasma DNA from an infected host, together with the fact that phytoplasmas have AT- and repeat-rich genomes, only seven complete genome sequences of phytoplasmas were released over 15 years since the first Onion Yellows phytoplasma strain M (OY-M) was completed in 2004 (Oshima et al., 2004; Bai et al., 2006; Kube et al., 2008; Tran-Nguyen et al., 2008; Andersen et al., 2013; Orlovskis et al., 2017; Wang J. et al., 2018). These genome sequences represent only four 16S rRNA gene RFLP (16Sr) groups, including 16SrI, 16SrX, 16SrXII, and 16SrV.

Recently, with the introduction of Illumina sequencing technology and decreasing cost, more than 30 phytoplasma draft genome sequences were published. Those draft genomes were determined without further enrichment of phytoplasma DNA and utilized selective exclusion of the host reads by using the healthy plant genome as a reference or selective inclusion of phytoplasma reads using available phytoplasma genome sequences as references (Chung et al., 2013; Polano and Firrao, 2018). Although draft genome sequences provide insights into phytoplasma biology, the fragmented nature of draft genomes limits the type of comparative genomics analysis that can be conducted (Ricker et al., 2012). Previously, a draft genome of ‘Ca. P. aurantifolia’ NCHU2014 (16SrII group) associated with Echinacea purpurea witches’ broom (EpWB) disease was obtained based on Illumina paired-end sequencing, which contains 28 contigs with a combined size of 545,427 bp and encodes 433 protein-coding genes (Chang et al., 2015). In this study, an integrated solution that combined immunoprecipitation-based enrichment of phytoplasma cells prior to DNA extraction and Oxford Nanopore Technologies (ONT) MinION long-read DNA sequencing was developed to obtain a complete genome sequence of ‘Ca. P. aurantifolia’ NCHU2014. Furthermore, with the complete genome sequence of this strain determined, we conducted comparative analysis with other phytoplasmas and experimental characterization of its effectors.



MATERIALS AND METHODS


Polyclonal Antibody Production

A codon-optimized DNA fragment encoding the Imp of ‘Ca. P. aurantifolia’ NCHU2014 without the transmembrane domain was subcloned into the SUMO-pET vector and introduced into Escherichia coli BL21 (DE3). The N-terminal His-SUMO tagged ImpΔN protein was produced at 24°C by isopropyl β-D-1-thiogalactopyranoside induction and purified by Ni2+-NTA resin (Qiagen) according to the manufacturer’s instructions. The purified protein was cleaved with Ubiquitin-like-specific protease 1 and then reapplied to Ni2+-NTA resin for removing the cleaved His-SUMO tag and uncleaved His-SUMO-ImpΔN. The recombinant ImpΔN was obtained in the flowthrough and prepared for polyclonal antibody production in rabbits.



Affinity Purification of ‘Ca. P. aurantifolia’ NCHU2014

The antibody-based purification was developed to enrich ‘Ca. P. aurantifolia’ NCHU2014, which was maintained in periwinkle (Catharanthus roseus) by grafting. The stems and leaf veins of symptomatic periwinkle were sampled and gently homogenized with liquid nitrogen using mortar and pestle. Subsequently, 3 g of grinded tissues were suspended with 6 ml PBS buffer (0.137 M NaCl, 2.7 mM KCl, 10 mM Na2HPO4, 1.8 mM KH2PO4, pH 6.8) and filtrated with a cell strainer (100 μm) to remove unfragmented tissues. Meanwhile, the anti-Imp antibody-coated beads were prepared by incubating antiserum (containing polyclonal anti-Imp antibodies) and Novex® Dynabeads Protein A (superparamagnetic beads with recombinant Protein A covalently coupled to the surface). The flowthrough containing homogenized cells was incubated with antibody-coated beads (3 mg) for 30 min at 4°C, and then the unwanted substances were separated from the beads by magnet. The remaining materials containing phytoplasma cells were washed extensively with PBS buffer and collected for genomic DNA extraction.



MinION-Based DNA Sequencing

After the affinity-purified cells enriched from 3 g of grinded tissues were lysed, about 6 μg genomic DNA was obtained from extraction by the Plant Genomic DNA Purification Kit (Gene Mark, Taiwan) according to the manufacturer’s instructions. After further cleaning by the Quick-DNA Plant/Seed Miniprep Kit (ZYMO RESEARCH), approximately 4 μg of DNA was obtained from one sample with 3 g of starting plant materials. A total of 2 μg genomic DNA was used for each library construction by the KAPA Hyper Prep Kit optimization for Nanopore 1D (Oxford Nanopore Technologies, Oxford, United Kingdom) according to the manufacturer’s instructions. To perform long-read sequencing, DNA libraries were loaded on MinION flow cells (R9.4), and the Nanopore reads were base-called from FAST5 files using the ONT Albacore Software (version 2.0.1).



Genome Assembly and Annotation

The procedures for genome assembly and annotation were based on those described in our previous studies (Chung et al., 2013; Cho et al., 2020). All bioinformatics tools were used with the default settings unless stated otherwise. Briefly, the MinION reads were mapped to a previously published draft genome (Chang et al., 2015) using Minimap2 v2.15 (Li, 2018). Visual inspection of the mapping result using IGV v2.3.57 (Robinson et al., 2011) produced one circular scaffold representing the chromosome and one circular contig representing the plasmid. Next, an iterative process was used to complete and validate the assembly. In each iteration, the MinION reads were mapped as described, and the Illumina reads from our previous study (Chang et al., 2015) were mapped to the assembly using BWA v0.7.12 (Li and Durbin, 2009). The raw read mapping results were programmatically checked using SAMtools v1.2 (Li et al., 2009) and manually inspected using IGV v2.3.57 (Robinson et al., 2011). The iterative process was repeated until all polymorphic sites were resolved and a complete assembly was obtained. For the assembly process, only the MinION reads from runs A01 to A10 (Table 1) were used. The MinION reads from runs B01 to B03 were only used for checking coverage after the complete assembly was validated.


TABLE 1. Raw reads statistics.
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For annotation, RNAmmer v1.2 (Lagesen et al., 2007), tRNAscan-SE v1.3.1 (Lowe and Eddy, 1997), and Prodigal v2.6.3 (Hyatt et al., 2010) were used for gene prediction. The homologous genes in other representative phytoplasma genomes (Table 2) were identified using OrthoMCL (Li et al., 2003) to provide gene name and product description. Gene encoding putative secreted proteins were identified based on two established procedures, including one that uses SignalP v4.1 (Petersen et al., 2011) as described in Garcion et al. (2021) and another that uses SignalP v5.0 (Armenteros et al., 2019) as described in Cho et al. (2019). Additionally, BlastKOALA (Kanehisa et al., 2016) and GenBank (Benson et al., 2018) sequence similarity searches were used for manual curation of the annotation results.


TABLE 2. List of the representative phytoplasma genome sequences analyzed.
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For quality check, the raw reads that were not mapped to the phytoplasma genome were collected and mapped to the host (Catharanthus roseus) genome in two steps using Minimap2 v2.15 (Li, 2018). The first step mapped to the chloroplast genome (accession KC561139) (Ku et al., 2013b), and the second step mapped to the host nuclear genome (accession JQHZ01000000) (Kellner et al., 2015).



Co-expression Assays

A codon-optimized DNA fragment encoding SAP11 of ‘Ca. P. aurantifolia’ NCHU2014 without the signal peptide was subcloned into a binary vector pBA002 for expression under the control of the CaMV 35S promoter. Plasmids for expression of the N-terminal FLAG-tagged Arabidopsis TCP transcription factors (SFP-AtT) were obtained as previously described (Chang et al., 2018). Nicotiana benthamiana grown at 26°C was used for transient co-expression assays. A mixture of A. tumefaciens strain ABI carrying the desired constructs of 35S:SAP11 and 35S:SFP-AtTCPs was introduced into N. benthamiana leaves by agroinfiltration. After 2 days, samples prepared from two infiltrated leaves (the third and fourth leaves counting from the top of 4- to 5-week-old plants) were collected for Western blotting analysis.



Western Blotting

Collected samples were ground into powder using liquid nitrogen. About 0.1 g sample powder was added to 0.2 ml 2.5X SDS sample buffer (5 mM EDTA, 5% SDS, 0.3 M Tris-HCl, pH 6.8, 20% glycerol, 1% β-mercaptoethanol, and bromophenyl blue) and heated in a boiling water bath for 5 min. After centrifugation, supernatants were obtained as total cell extracts, and proteins were separated by SDS-PAGE. Antibodies against Imp (polyclonal), SAP11 (polyclonal), and FLAGTM tag (monoclonal) were used to monitor protein amounts. Chemiluminescence signals generated by Amersham ECL reagents were captured using the ImageQuant LAS 4000 mini (GE Healthcare).




RESULTS


Immunoprecipitation-Based Enrichment of ‘Ca. P. aurantifolia’ NCHU2014

The ‘Ca. P. aurantifolia’ NCHU2014 was originally collected from purple coneflower (Echinacea purpurea) in Taiwan and transferred to periwinkle by dodder (Chang et al., 2015). The diseased plants infected with ‘Ca. P. aurantifolia’ NCHU2014 exhibited phyllody, virescence, and witches’ broom phenotypes in which the development of leaf-like structures with the loss of flower pigment and the proliferation of shoots in place of carpels were observed (Figures 1A–C).
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FIGURE 1. Immunoprecipitation-based enrichment of ‘Ca. P. aurantifolia’ NCHU2014. (A) Phenotypic comparisons between healthy (left) and ‘Ca. P. aurantifolia’ NCHU2014-infected (right) purple coneflower (Echinacea purpurea). The diseased plants exhibited phyllody and witches’ broom symptoms. (B) Enlarged images of the abnormal flowers carrying phyllody, virescence, and bud proliferation symptoms in ‘Ca. P. aurantifolia’ NCHU2014-infected purple coneflower. (C) Symptomatic periwinkle (Catharanthus roseus) associated with ‘Ca. P. aurantifolia’ NCHU2014 transmitted by dodder. (D) The His-SUMO tagged ImpΔN was expressed in E. coli and purified by Ni2+-NTA resin (left panel). After cleavage of the His-SUMO tag by Ulp1 (CI), the reaction mixture was applied on the Ni2+-NTA column. Arrowhead indicates the purified ImpΔN in flowthrough (FT); asterisk and arrow indicate the uncleaved His-SUMO-ImpΔN and His-SUMO, respectively, in the resin (R). (E) Total cell extracts prepared from healthy (H) and symptomatic (S) leaves were examined by Western blotting using specific antibody against Imp of ‘Ca. P. aurantifolia’ NCHU2014. The specific signal of Imp was only detected in symptomatic C. roseus infected with ‘Ca. P. aurantifolia’ NCHU2014, but not symptomatic loofah (Luffa aegyptiaca) infected with ‘Ca. P. luffae’ NCHU2019 (upper panel). As a loading control, the large subunit of Rubisco was visualized with Coomassie Brilliant Blue staining (lower panel). Arrow indicates the 19 kDa Imp. (F) The ‘Ca. P. aurantifolia’ NCHU2014-infected periwinkle used for immunoprecipitation. (G) PCR examination of DNA extracted from the immunoprecipitated fraction containing ‘Ca. P. aurantifolia’ NCHU2014.


As an obligate intracellular parasite, it is challenging to obtain a complete genome sequence of phytoplasma due to the host DNA contamination. To enrich ‘Ca. P. aurantifolia’ NCHU2014 for whole genome sequencing, immunoprecipitation-based purification of phytoplasma cells was conducted using the polyclonal antibody raised against the Imp of ‘Ca. P. aurantifolia’ NCHU2014. The antibody was generated in rabbit using the recombinant protein of Imp without N-terminal transmembrane domain (Figure 1D), which specifically recognized the 16SrII group ‘Ca. P. aurantifolia’ NCHU2014 in symptomatic periwinkle but not the 16SrVIII group ‘Ca. P. luffae’ NCHU2019 associated with loofah witches’ broom disease (Figure 1E and Supplementary Figure 1). For affinity purification of ‘Ca. P. aurantifolia’ NCHU2014, the stems and leaf veins from the symptomatic periwinkle displaying chlorosis, witches’ broom, phyllody, and virescence were used (Figure 1F). Genomic DNA extracted from the immunoprecipitated fraction containing ‘Ca. P. aurantifolia’ NCHU2014 was obtained for PCR examination. The PCR products specific for EpWB_v2c2400, EpWB_v2c2070, EpWB_v2c5130, and EpWB_v2c1780 genes of ‘Ca. P. aurantifolia’ NCHU2014 encoding SAP54/phyllogen, putative secreted protein, Mn/Zn-binding protein, and 50S ribosomal protein L17, respectively, were amplified only with the DNA sample extracted from symptomatic plants but not healthy plants (Figure 1G). The extracted DNA was then further processed for high-throughput DNA sequencing.



MinION-Based Long-Read DNA Sequencing and Genome Assembly

To improve the draft genome assembly of ‘Ca. P. aurantifolia’ NCHU2014 (Chang et al., 2015), we used ONT MinION to generate long sequencing reads. A total of 1,385,872 reads containing 6,540,398,289 bp were obtained from the libraries constructed using four DNA samples from our enrichment procedure (Table 1). These reads were obtained from 10 sequencing runs using two MinION flow cells. The first flow cell was used for two libraries (runs A01–A02 and A03–A05, respectively), producing 334,376 reads totaling 1,301,940,688 bp. The second flow cell was used for two additional libraries (runs A06–A07 and A08–A10, respectively), producing 1,051,496 reads totaling 5,238,457,601 bp. The average read lengths ranged from 3.7 to 5.2 kb with a maximum read length of 55.6 kb. Using these newly generated long reads, combined with our previous Illumina data set (Chang et al., 2015), we obtained a complete genome assembly for ‘Ca. P. aurantifolia’ NCHU2014. This assembly contains one circular chromosome with 635,584 bp and one circular plasmid with 4,224 bp (Figure 2). To the best of our knowledge, this is the first complete genome available for 16SrII phytoplasma.
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FIGURE 2. Genome map of ‘Ca. P. aurantifolia’ NCHU2014. Rings from outside in: (1) scale marks; (2 and 3) coding sequences on the forward and reverse strand, respectively (color-coded by functional categories); (4) putative effectors (orange) and putative mobile unit (light blue); (5) GC skew (positive: dark gray; negative: light gray); (6) GC content (above average: dark gray; below average: light gray), two peaks corresponding to the rRNA operons are marked by “*”.


Compared with the previous Illumina-only draft assembly of the same strain (Chang et al., 2015), 23 chromosomal regions ranging from 214 to 32,404 bp in size are newly assembled; the plasmid is unchanged. One 193-bp region (positions 354,755–354,947 of the chromosome) is shown as a gap based on the ONT reads but is supported by the Illumina reads. One possible explanation is that this region was deleted between our sample collections for Illumina (in 2014) and ONT sequencing (in 2019). Additionally, by examining the mapping results of Illumina reads to this complete assembly, we found that 15 chromosomal regions (mostly 36–128 bp in size, totaling 1,822 bp) are imperfect repeats and have no Illumina reads mapped.

As a quality evaluation, we also performed MinION sequencing to generate 708,299 reads (B01–B03; three runs totaling 2,831,035,013 bp using one MinION flowcell) using the libraries constructed with three DNA samples obtained without the immunoprecipitation-based enrichment. Compared with the enrichment protocol from which 22.5 to 36.0% of the raw reads were from phytoplasma, only 8.0 to 23.2% of the raw reads were from phytoplasma without the enrichment (Table 1). Importantly, the reads obtained with the enrichment procedure can cover all base pairs of the assembled phytoplasma genome even when only 14,718 reads were obtained in run A04 (Table 1). In contrast, up to approximately 37 kb of the phytoplasma genome were not covered by reads obtain from unenriched samples (B01). Based on these results, our enrichment procedure provides substantial improvements applicable to phytoplasma genome research.



Genome Comparison Between Two Closely Related ‘Ca. P. aurantifolia’ Strains

A phylogenetic tree based on 16S ribosomal RNA (16S rRNA) genes of representative phytoplasmas was inferred to illustrate the evolutionary relationships (Figure 3). As the first complete genome sequence available for 16SrII group phytoplasma, ‘Ca. P. aurantifolia’ NCHU2014 shares 100% sequence identity of the 16S rRNA gene with ‘Ca. P. aurantifolia’ NTU2011. ‘Ca. P. aurantifolia’ NTU2011 was originally collected from infected peanut plants associated with peanut witches’ broom (PnWB) disease in Taiwan. So far, only a draft genome was available for ‘Ca. P. aurantifolia’ NTU2011, which contains 13 chromosomal contigs with a combined size of 562,473 bp and a plasmid with 4,221 bp (Chung et al., 2013). Comparative genomic analysis between two closely related strains revealed that the average nucleotide identity (ANI) is 99.72% across 90.79% chromosomal segments. This result reflects a high genomic similarity between these two strains in Taiwan. However, the draft genome of NTU2011 lacks two large segments corresponding to positions 232,370–246,973 and 313,259–348,010 of the NCHU2014 chromosome (Supplementary Figure 2). Further analysis by the pairwise genome alignment revealed that the chromosomes of these two strains are largely collinear although some rearrangements, including inversions and translocations, were observed (Figure 4A). The rearranged regions were confirmed experimentally by PCR analysis (Figure 4B).
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FIGURE 3. Maximum likelihood phylogeny of representative phytoplasmas based on the 16S rRNA genes. The internal branches with < 60% bootstrap support are drawn in light gray, and the support values are labeled. Strains with genome sequences available are highlighted (“*”, draft; “**”, complete), those included in the genome comparisons are in bold. The focal strain of this study, ‘Ca. P. aurantifolia’ NCHU2014, is highlighted in red. Sequence accession numbers are provided in parentheses following the strain names. For genome sequences with two 16S rRNA gene sequences available, the first one (i.e., the one with a smaller numerical value in locus tag) was selected. The 16Sr group assignments are provided on the right. Background colors are used to highlight the three phylogenetic clusters of phytoplasmas (I: blue; II; green; III: yellow). Acholeplasma laidlawii is included as the outgroup.



[image: image]

FIGURE 4. Pairwise alignment of linearized genomes of ‘Ca. P. aurantifolia’ strains NCHU2014 and NTU2011. (A) The complete genome of ‘Ca. P. aurantifolia’ NCHU2014 was aligned with the draft genome of ‘Ca. P. aurantifolia’ NTU2011. (B) Schematic diagram represented the inversion rearrangements indicated by red-dashed rectangles in (A) and the specific primers designed for PCR assays (left). The DNA fragments corresponding to the breakpoint of inverted structures in both chromosomal genomes were amplified (right). Primers: Phy588 (5′-GTTACTTTCGTGATTAATTCC-3′), Phy589 (5′-GAATTTACAACAAGCTCAATTGG-3′), Phy560 (5′-CTTGACTAATTTACTTTCGTCGC-3′).


The plasmids found in these two strains are nearly identical with 99.13% sequence identity. Only four protein-coding genes were found, including those corresponding to one replication protein, one DNA primase, one threonine synthase, and one hypothetical protein. Our BLASTN search against the NCBI Nucleotide Collection (nt) database did not find any similar sequence available for comparative analysis.



Comparative Analysis of Gene Content of ‘Ca. P. aurantifolia’ NCHU2014

The ‘Ca. P. aurantifolia’ NCHU2014 genome consists of one circular chromosome with 635,584 bp and one plasmid with 4,224 bp. Based on the annotation, the chromosome encodes six rRNA genes, 24 tRNA genes, 471 protein-coding genes, and 35 pseudogenes (Table 2). Notably, ‘Ca. P. aurantifolia’ NCHU2014 has a low coding density (66.3%) with the lowest numbers of tRNA and protein-coding genes compared with other phytoplasmas with complete genome sequences available (Table 2). Among the protein-coding genes, only 352 (75%) genes were assigned to COG categories with specific functions (Figure 2). There were 119 (25%) genes annotated as hypothetical proteins without COG functional category assignments. Similar to other phytoplasmas with complete genome information, ‘Ca. P. aurantifolia’ NCHU2014 has a small chromosome with low GC content (24.5%) and lacks the genes for many metabolic pathways although it has 33 genes annotated as transporters. The comparative analysis further revealed that ‘Ca. P. aurantifolia’ NCHU2014 share 284–313 homologous gene clusters with other lineages surveyed (Figure 5A). Among them, a conserved core of 204 homologous gene clusters was found in all lineages surveyed (Figure 5B). This is consistent with other obligate parasitic bacteria that pose a high level of genomic plasticity (Andersen et al., 2013).
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FIGURE 5. Distribution patterns of homologous gene clusters. (A) Phylogenetic distribution. The cladogram was based on a maximum likelihood phylogeny inferred using 204 shared single-copy genes; the concatenated alignment contains 72,653 aligned amino acid sites. Numbers above a branch and preceded by a “ + ” sign indicate the number of clusters that are uniquely present in all daughter lineages; numbers below a branch and preceded by a “–” sign indicate the number of clusters that are uniquely absent. (B) Numbers on the diagonal indicate the counts of homologous gene clusters found in each of the Candidatus species genomes; numbers above the diagonal indicate the counts of homologous gene clusters shared in pairwise comparisons.




Effectors (Virulence-Related Factors) and Potential Mobile Units

Phytoplasmas possess the Sec secretion system for transportation of effectors into the host cell cytoplasm (Sugio et al., 2011b; Oshima et al., 2013). Based on the prediction of N-terminal signal peptide by SignalP-5.0, 28 putative secreted proteins were identified (Supplementary Table 1). Surprisingly, when SignalP-4.1 was used, one of these 28 (EPWB_v2c3230) was excluded, and 70 additional putative secreted proteins were identified. Our manual inspection of these prediction results found that many of the putative secreted proteins identified by SignalP-4.1 are likely to be false positives (e.g., ribosomal proteins). In comparison, only one of the 28 candidates identified by SignalP-5.0 was an obvious false positive (EPWB_v2c2520; ATP-dependent Zn protease). Based on these findings, 27 putative secreted proteins predicted by SignalP-5.0 (excluding EPWB_v2c2520) were used for downstream analysis.

Among these 27 candidates, only one (EpWB_v2c2530) with uncharacterized function was found in PMU (Figure 6), which is different from the previous report that the many of the 56 secreted AYWB protein (SAP) genes in ‘Ca. P. asteris’ were associated with PMUs (Bai et al., 2009). This result may be explained by the fact that only one PMU was found in ‘Ca. P. aurantifolia’ NCHU2014, which contains PMU-associated genes (dnaG, dnaB, tmk, smc, hflB, himA, ssb, and rpoD) and is closely related to those of ‘Ca. P. luffae’ NCHU2019 and ‘Ca. P. ziziphi’ Jwb-nky in gene content and organization (Figure 6). In comparison, the chromosome of ‘Ca. P. asteris’ AY-WB harbors at least five PMU regions (Bai et al., 2006, 2009). Nevertheless, two thirds of putative secreted protein genes found in ‘Ca. P. aurantifolia’ NCHU2014 formed clusters and closely located on both sides of PMU (Figure 2). In addition, 12 out of the 13 SAP homologs in the NCHU2014 genome are located in these clusters. The only exception is the homolog of SAP11 (SAP11EpWB; EPWB_v2c3970), which is located far from these clusters. Comparison of putative effector gene content revealed that ‘Ca. P. aurantifolia’ NCHU2014 harbors SAP11 (Bai et al., 2009) and SAP54 (MacLean et al., 2011) homologs while lacking homologs o SAP05 (Huang et al., 2021) or TENGU (Hoshi et al., 2009; Figure 7 and Supplementary Table 2).
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FIGURE 6. Gene organization of PMUs. One representative PMU was selected from each genome for visualization, the chromosomal locations are labeled below the Candidatus species names. PMU-associated genes are color-coded according to annotation. Additionally, putative effector genes are colored in red. Intact genes are drawn with solid borders, putative pseudogenes are drawn with dotted borders.
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FIGURE 7. Distribution of genes that encode putative secreted proteins among representative phytoplasmas. Only those found in at least two genomes are presented, the gene copy numbers are presented in the form of a heat map. The gene names are labeled according to the ‘Ca. P. asteris’ isolates AYWB or OY-M annotation when available; the remaining ones are labeled according the homologous gene cluster (HGC) IDs of this work. Those effectors genes that have been experimentally characterized (i.e., SAP05, SAP11, SAP54, and TENGU) are highlighted in bold. ‘Ca. P. aurantifolia’ NCHU2014 has two divergent SAP05 homologs (locus tags EPWB_v2c2740 and EPWB_v2c3230) that do not meet the criteria for inclusion in the figure.




Phytoplasma SAP11EpWB Destabilizes Arabidopsis Class II CYC/TB1-TCPs

Previously, it has been demonstrated that SAP11 has the ability to destabilize CYC/TB1 (CYCLOIDEA/TEOSINTE-BRANCHED1)-TCPs (TCP12 and TCP18), leading to the proliferation of axillary meristems (Chang et al., 2018; Wang N. et al., 2018; Pecher et al., 2019). The SAP11EpWB identified in ‘Ca. P. aurantifolia’ NCHU2014 shares a high degree of amino acid sequence identity (98.8%) with SAP11PnWB but only has 36.7% sequence identity with SAP11AYWB (Figure 8A). To understand the ability of SAP11EpWB in destabilizing TCP transcription factors, co-expression of SAP11EpWB and FLAG-tagged A. thaliana TCPs were conducted in N. benthamiana using agroinfiltration. Similar to SAP11PnWB, SAP11EpWB exhibited a strong ability to destabilize class II CYC/TB1-TCPs (AtTCP12 and AtTCP18) but did not destabilize class II CIN-TCPs (AtTCP2, AtTCP13, and AtTCP24) as well as class I PCF-TCP (AtTCP20) (Figure 8B). As a control, the AtTCP12 and AtTCP18 were not decreased in abundance with the presence of the vector alone. Despite the fact that SAP11EpWB display one amino acid difference with SAP11PnWB in the C-terminal end, the potential biochemical activities in destabilizing CYC/TB1-TCP transcription factors were similar to each other. This is consistent with the fact that SAP11 lacking C-terminus (SAP11ΔC) still has the abilities for TCP binding and destabilization (Sugio et al., 2014). Because another phytoplasma effector, TENGU, with the ability to enhance the proliferation of axillary meristems, was not found in ‘Ca. P. aurantifolia’ NCHU2014, SAP11EpWB would be the core virulence factor to induce witches’ broom symptom in diseased plants (Figures 1A–C).
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FIGURE 8. Destabilization of Arabidopsis CYC/TB1-TCPs transcription factors by SAP11 of ‘Ca. P. aurantifolia’ NCHU2014. (A) Sequence comparison of SAP11 homologs identified in ‘Ca. P. asteris’ AYWB (AYWB_370), ‘Ca. P. mali’ AT (ATP_00189), ‘Ca. P. ziziphi’ Jwb-nky (CWO85_00890), ‘Ca. P. ziziphi’ Jwb-nky (CWO85_02055), ‘Ca. P. aurantifoli’ NCHU2014 (EpWB_v2c3970), ‘Ca. P. aurantifolia’ NTU2011 (PnWB_v1c1450), and ‘Ca. P. asteris’ OY-M (PAM_519). SAP11 homologs without the signal peptide were aligned by MEGA 7.0 using ClustalW. The sequence alignment was then edited by Jalview software in which identical residues are shaded in blue (upper panel). The color gradient indicates the level of sequence conservation at each position. The sequence identity and sequence similarity between SAP11 homologs are presented on the lower panel. (B) After transient co-expression in N. benthamiana, the relative abundance levels of FLAG-tagged PCF-TCP (AtTCP20), CIN-TCPs (AtTCP2, AtTCP13, and AtTCP24), and CYC/TB1-TCPs (AtTCP12 and AtTCP18) were examined in the presence of SAP11 effectors through Western blotting. Monoclonal antibody against the FLAG-tagged TCPs (upper panel) and polyclonal antibody against SAP11 effectors (middle panel) were used. As a loading control, the large subunit of Rubisco was visualized with Coomassie Brilliant Blue staining (lower panel). Non-specific bandings recognized by antibodies are indicated by asterisks.





DISCUSSION

In general, phytoplasmas contain one circular chromosome smaller than 1,000 kb in size (Oshima et al., 2013). In this study, we found that ‘Ca. P. aurantifolia’ NCHU2014 has the smallest circular chromosome with 635,584 bp among the phytoplasmas with complete genome sequences available, and ‘Ca. P. mali’ AT has an even smaller linear chromosome with 601,943 bp (Table 2). In the genome of ‘Ca. P. aurantifolia’ NCHU2014, only one PMU and one transposase gene (tra5) were annotated (Figures 2, 6). This may indicate that events of insertion and recombination occurred rarely and, in part, resulted in a small chromosomal size of ‘Ca. P. aurantifolia’ NCHU2014. Consistently, only two putative PMUs and one tra5 gene were annotated in the small genome of ‘Ca. P. mali’ AT (Kube et al., 2008). In contrast, multiple putative PMUs and tra5 genes were annotated in the genomes of ‘Ca. P. asteris’ AYWB and OY-M, which have larger chromosomes (Bai et al., 2006; Arashida et al., 2008; Oshima et al., 2013).

A total of 27 genes encoding putative secreted proteins were identified in the genome of ‘Ca. P. aurantifolia’ NCHU2014. Among them, 13 were identified as homologs of those present in ‘Ca. P. asteris’ AYWB and formed clusters near PMU, except SAP11EpWB (Figures 2, 7 and Supplementary Table 2). These results are consistent with previous studies regarding that effectors associated with PMUs may be transferred horizontally between different phytoplasmas (Chung et al., 2013; Cho et al., 2019). The SAP homologs with potential biochemical activities of destabilizing plant transcription factors were also identified in ‘Ca. P. aurantifolia’ NCHU2014 (Figure 7). However, the sequence identities of those putative effectors between ‘Ca. P. aurantifolia’ NCHU2014 (16SrII) and ‘Ca. P. asteris’ AYWB (16SrI) are generally low. Among them, SAP11EpWB shares 36.7% sequence identity with SAP11AYWB, and SAP54EpWB shares 60.4% sequence identity with SAP54AYWB (Figure 8A and Supplementary Figure 3). Nevertheless, SAP11EpWB was characterized with high activity in destabilizing AtTCP12 and AtTCP18, the integrators of branching signals (Figure 8B). The protein sequence of SAP54EpWB is identical with PHYL1 of ‘Ca. P. aurantifolia’ NTU2011 (Supplementary Figure 3), which is demonstrated to induce the degradation of the floral meristem identity protein APETALA1 and floral organ identity proteins SEPALLATA1/2/3/4 in a proteasome-dependent manner (Iwabuchi et al., 2020). These morphological changes of host plants, including increases of branching and young leaves, are expected to improve the fitness of phytoplasmas and their insect vectors, which may facilitate the spread of phytoplasma diseases (Tomkins et al., 2018; Dermastia, 2019).

Increasing evidence suggests that climate change, particularly global warming, is considered to play a role in facilitating the spread of phytoplasma diseases through the population dynamics of insect vectors (Krishnareddy, 2013). Recently, we demonstrated that multiple plant species, including soybean (Glycine max L.), mungbean (Vigna radiata L.), snake gourd (Trichosanthes cucumerina L.), threeflower tickclover (Desmodium triflorum), lilac tasselflower (Emilia sonchifolia), and Ixeris Chinensis could be attacked by 16SrII-V subgroup phytoplasmas in Taiwan (Chen et al., 2021; Chien et al., 2021a,b,c; Wang et al., 2021; Weng et al., 2021). Thus, a better understanding of the 16SrII-V subgroup of phytoplasmas is required to develop effective strategies to combat phytoplasma diseases, which represent an emerging threat to agriculture in Taiwan. In this study, a high-accuracy and complete phytoplasma genome was obtained based on the enrichment of uncultivated phytoplasma cells through immunoprecipitation to accelerate the understanding of pathogenicity of ‘Ca. P. aurantifolia’ NCHU2014. Although up to 36% of the reads obtained with the antibody-enrichment procedure were mapped to the phytoplasma genome, reads originating from the plant host still account for a large portion of the total reads. This result likely stems from interactions of phytoplasmas with plant cells, which results in the co-purification of plant cells during the procedure. For further improvement, selecting infected plant samples with high phytoplasma titers may help. However, this is challenging because the number of phytoplasma cells can vary among individual plants propagated from the same infected plant (Christensen et al., 2004). Alternatively, further purification of the antibody used for immunoprecipitation may also improve the enrichment results. However, the polyclonal antibody that specifically recognizes ‘Ca. P. aurantifolia’ NCHU2014 might not be suitable against a wide range of phytoplasmas because Imp proteins are highly variable and show low similarities between phytoplasmas even in the same species (Morton et al., 2003; Kakizawa et al., 2006b). Thus, generation of antibodies against individual Imps are necessary to enrich a wide range of phytoplasmas by immunoprecipitation. Moreover, those antibodies could be very useful for phytoplasma examinations during field surveys as Imps are highly abundant proteins in the cell membrane of phytoplasmas.
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Supplementary Figure 1 | Molecular examinations of ‘Ca. P. aurantifolia’ NCHU2014-infected periwinkle (Catharanthus roseus) and ‘Ca. P. luffae’ NCHU2019-infected loofah (Luffa aegyptiaca). Genomic DNA samples prepared from healthy (H) and symptomatic (S) plants were examined for the 16S rRNA gene by nested PCR with the universal primers P1/P7 followed by R16F2n/R16R2. A DNA fragment of expected size 1.2 kb was observed only in the symptomatic plants and none in the healthy plants. Arrow indicates the 1.2 kb DNA fragment of phytoplasma 16S rRNA gene.

Supplementary Figure 2 | The pairwise genome alignment of ‘Ca. P. aurantifolia’ strains NCHU2014 (CP040925) and NTU2011 (NZ_AMWZ01000001.1-13.1). Matches on the same strand and the opposite strand are labeled in red and blue, respectively.

Supplementary Figure 3 | Sequence comparison of SAP54/PHYL1 homologs identified in ‘Ca. P. asteris’ AYWB (AYWB_224), ‘Ca. P. ziziphi’ Jwb-nky (CWO85_00800), ‘Ca. P. ziziphi’ Jwb-nky (CWO85_03080), ‘Ca. P. aurantifolia’ NCHU2014 (EpWB_v2c2400), ‘Ca. P. aurantifolia’ NTU2011 (PnWB_v1c0190), and ‘Ca. P. asteris’ OY-M (PAM_049). SAP54/PHYL1 homologs without the signal peptide were aligned by MEGA 7.0 using ClustalW. The sequence alignment was then edited by Jalview software in which identical residues are shaded in blue (upper panel). The color gradient indicates the level of sequence conservation at each position. The sequence identity and sequence similarity between SAP54/PHYL1 homologs are presented on the lower panel.

Supplementary Table 1 | Prediction of putative secreted proteins based on SignalP-4.1 and SignalP-5.0.

Supplementary Table 2 | List of genes that encode putative secreted proteins. The genes are organized by the homologous gene clusters (HGC) and identified by locus tags. Annotation available from the AYWB or OY-M genomes are provided in the “note” field.



REFERENCES

Andersen, M. T., Liefting, L. W., Havukkala, I., and Beever, R. E. (2013). Comparison of the complete genome sequence of two closely related isolates of ‘Candidatus Phytoplasma australiense’ reveals genome plasticity. BMC Genomics 14:529. doi: 10.1186/1471-2164-14-529

Arashida, R., Kakizawa, S., Hoshi, A., Ishii, Y., Jung, H. Y., Kagiwada, S., et al. (2008). Heterogeneic dynamics of the structures of multiple gene clusters in two pathogenetically different lines originating from the same phytoplasma. DNA Cell Biol. 27, 209–217. doi: 10.1089/dna.2007.0654

Armenteros, J. J. A., Tsirigos, K. D., Sønderby, C. K., Petersen, T. N., Winther, O., Brunak, S., et al. (2019). SignalP 5.0 improves signal peptide predictions using deep neural networks. Nat. Biotechnol. 37, 420–423. doi: 10.1038/s41587-019-0036-z

Bai, X., Correa, V. R., Toruño, T. Y., Ammar, E.-D., Kamoun, S., and Hogenhout, S. A. (2009). AY-WB phytoplasma secretes a protein that targets plant cell nuclei. Mol. Plant Microbe Interact. 22, 18–30. doi: 10.1094/MPMI-22-1-0018

Bai, X., Zhang, J., Ewing, A., Miller, S. A., Jancso Radek, A., Shevchenko, D. V., et al. (2006). Living with genome instability: the adaptation of phytoplasmas to diverse environments of their insect and plant hosts. J. Bacteriol. 188, 3682–3696. doi: 10.1128/JB.188.10.3682-3696.2006

Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I., Ostell, J., Pruitt, K. D., et al. (2018). GenBank. Nucleic Acids Res. 46, D41–D47.

Boonrod, K., Munteanu, B., Jarausch, B., Jarausch, W., and Krczal, G. (2012). An immunodominant membrane protein (Imp) of ‘Candidatus Phytoplasma mali’ binds to plant actin. Mol. Plant Microbe Interact. 25, 889–895. doi: 10.1094/MPMI-11-11-0303

Chang, S.-H., Cho, S.-T., Chen, C.-L., Yang, J.-Y., and Kuo, C.-H. (2015). Draft genome sequence of a 16SrII-A subgroup phytoplasma associated with purple coneflower (Echinacea purpurea) witches’ broom disease in Taiwan. Genome Announc. 3:e01398-15. doi: 10.1128/genomeA.01398-15

Chang, S. H., Tan, C. M., Wu, C.-T., Lin, T.-H., Jiang, S.-Y., Liu, R.-C., et al. (2018). Alterations of plant architecture and phase transition by the phytoplasma virulence factor SAP11. J. Exp. Bot. 69, 5389–5401. doi: 10.1093/jxb/ery318

Chen, Y.-M., Chien, Y.-Y., Chen, Y.-K., Liao, P.-Q., Tan, C. M., Chiu, Y.-C., et al. (2021). Identification of 16SrII-V phytoplasma associated with mungbean phyllody disease in Taiwan. Plant Dis. [Epub ahead print]. doi: 10.1094/PDIS-12-20-2683-SC

Chien, Y.-Y., Tan, C. M., Kung, Y.-C., Lee, Y.-C., Chiu, Y.-C., and Yang, J.-Y. (2021a). Ixeris chinensis is a new host for peanut witches’ broom phytoplasma, a 16SrII-V subgroup strain, in Taiwan. Plant Dis. 105:210. doi: 10.1094/PDIS-06-20-1302-PDN

Chien, Y.-Y., Tan, C. M., Kung, Y.-C., Lee, Y.-C., Chiu, Y.-C., and Yang, J.-Y. (2021b). Lilac tasselflower (Emilia sonchifolia) is a new host for peanut witches’ broom phytoplasma, a 16SrII-V subgroup strain in Taiwan. Plant Dis. 105:211. doi: 10.1094/PDIS-06-20-1304-PDN

Chien, Y.-Y., Tan, C. M., Kung, Y.-C., Lee, Y.-C., Chiu, Y.-C., and Yang, J.-Y. (2021c). Threeflower tickclover (Desmodium triflorum) is a new host for peanut witches’ broom phytoplasma, a 16SrII-V subgroup strain, in Taiwan. Plant Dis. 105:209. doi: 10.1094/PDIS-06-20-1303-PDN

Cho, S.-T., Lin, C.-P., and Kuo, C.-H. (2019). Genomic characterization of the periwinkle leaf yellowing (PLY) phytoplasmas in Taiwan. Front. Microbiol. 10:2194. doi: 10.3389/fmicb.2019.02194

Cho, S.-T., Zwolińska, A., Huang, W., Wouters, R. H. M., Mugford, S. T., Hogenhout, S. A., et al. (2020). Complete genome sequence of “Candidatus Phytoplasma asteris” RP166, a plant pathogen associated with rapeseed phyllody disease in Poland. Microbiol. Resour. Announc. 9:e00760-20. doi: 10.1128/MRA.00760-20

Christensen, N. M., Axelsen, K. B., Nicolaisen, M., and Schulz, A. (2005). Phytoplasmas and their interactions with hosts. Trends Plant Sci. 10, 526–535.

Christensen, N. M., Nicolaisen, M., Hansen, M., and Schultz, A. (2004). Distribution of phytoplasmas in infected plants as revealed by real time PCR and bioimaging. Mol. Plant Microbe Interact. 17, 1175–1184. doi: 10.1094/MPMI.2004.17.11.1175

Chung, W. C., Chen, L. L., Lo, W. S., Lin, C. P., and Kuo, C. H. (2013). Comparative analysis of the peanut witches’-broom phytoplasma genome reveals horizontal transfer of potential mobile units and effectors. PLoS One 8:e62770. doi: 10.1371/journal.pone.0062770

Dermastia, M. (2019). Plant hormones in phytoplasma infected plants. Front. Plant Sci. 10:477. doi: 10.3389/fpls.2019.00477

Galetto, L., Bosco, D., Balestrini, R., Genre, A., Fletcher, J., and Marzachì, C. (2011). The major antigenic membrane protein of “Candidatus Phytoplasma asteris” selectively interacts with ATP synthase and actin of leafhopper vectors. PLoS One 6:e22571. doi: 10.1371/journal.pone.0022571

Garcion, C., Béven, L., and Foissac, X. (2021). Comparison of current methods for signal peptide prediction in phytoplasmas. Front. Microbiol. 12:661524. doi: 10.3389/fmicb.2021.661524

Gurr, G. M., Johnson, A. C., Ash, G. J., Wilson, B. A. L., Ero, M. M., Pilotti, C. A., et al. (2016). Coconut lethal yellowing diseases: a phytoplasma threat to palms of global economic and social significance. Front. Plant Sci. 7:1521. doi: 10.3389/fpls.2016.01521

Hogenhout, S. A., Oshima, K., Ammar, E. L. D., Kakizawa, S., Kingdom, H. N., and Namba, S. (2008). Phytoplasmas: bacteria that manipulate plants and insects. Mol. Plant Pathol. 9, 403–423. doi: 10.1111/j.1364-3703.2008.00472.x

Hogenhout, S. A., and Seruga Music, M. (2009). “Phytoplasma genomics, from sequencing to comparative and functional genomics-what have we learnt?” in Phytoplasmas: Genomes, Plant Hosts and Vectors, eds P. G. Weintraub and P. Jones (Wallingford: CABI), 19–36. doi: 10.1079/9781845935306.0019

Hoshi, A., Oshima, K., Kakizawa, S., Ishii, Y., Ozeki, J., Hashimoto, M., et al. (2009). A unique virulence factor for proliferation and dwarfism in plants identified from a phytopathogenic bacterium. Proc. Natl. Acad. Sci. U.S.A. 106, 6416–6421. doi: 10.1073/pnas.0813038106

Huang, W., MacLean, A. M., Sugio, A., Maqbool, A., Busscher, M., Cho, S.-T., et al. (2021). Parasitic modulation of host development by ubiquitin-independent protein degradation. Cell 184, 5201–5214.e12. doi: 10.1016/j.cell.2021.08.029

Hyatt, D., Chen, G.-L., LoCascio, P. F., Land, M. L., Larimer, F. W., and Hauser, L. J. (2010). Prodigal: prokaryotic gene recognition and translation initiation site identification. BMC Bioinformatics 11:119. doi: 10.1186/1471-2105-11-119

Iwabuchi, N., Kitazawa, Y., Maejima, K., Koinuma, H., Miyazaki, A., Matsumoto, O., et al. (2020). Functional variation in phyllogen, a phyllody-inducing phytoplasma effector family, attributable to a single amino acid polymorphism. Mol. Plant Pathol. 21, 1322–1336. doi: 10.1111/mpp.12981

Kakizawa, S., Oshima, K., Ishii, Y., Hoshi, A., Maejima, K., Jung, H.-Y., et al. (2009). Cloning of immunodominant membrane protein genes of phytoplasmas and their in planta expression. FEMS Microbiol. Lett. 293, 92–101. doi: 10.1111/j.1574-6968.2009.01509.x

Kakizawa, S., Oshima, K., and Namba, S. (2006b). Diversity and functional importance of phytoplasma membrane proteins. Trends Microbiol. 14, 254–256. doi: 10.1016/j.tim.2006.04.008

Kakizawa, S., Oshima, K., Jung, H.-Y., Suzuki, S., Nishigawa, H., Arashida, R., et al. (2006a). Positive selection acting on a surface membrane protein of the plant-pathogenic phytoplasmas. J. Bacteriol. 188, 3424–3428. doi: 10.1128/JB.188.9.3424-3428.2006

Kanehisa, M., Sato, Y., and Morishima, K. (2016). BlastKOALA and GhostKOALA: KEGG tools for functional characterization of genome and metagenome sequences. J. Mol. Biol. 428, 726–731. doi: 10.1016/j.jmb.2015.11.006

Kellner, F., Kim, J., Clavijo, B. J., Hamilton, J. P., Childs, K. L., Vaillancourt, B., et al. (2015). Genome-guided investigation of plant natural product biosynthesis. Plant J. 82, 680–692. doi: 10.1111/tpj.12827

Konnerth, A., Krczal, G., and Boonrod, K. (2016). Immunodominant membrane proteins of phytoplasmas. Microbiology 162, 1267–1273. doi: 10.1099/mic.0.000331

Krishnareddy, M. (2013). “Impact of climate change on insect vectors and vector-borne plant viruses and phytoplasma,” in Climate-Resilient Horticulture: Adaptation and Mitigation Strategies, eds H. Singh, N. Rao, and K. Shivashankar (New Delhi: Springer). doi: 10.1007/978-81-322-0974-4_23

Ku, C., Lo, W.-S., and Kuo, C.-H. (2013a). Horizontal transfer of potential mobile units in phytoplasmas. Mob. Genet. Elements 3:e26145. doi: 10.4161/mge.26145

Ku, C., Chung, W.-C., Chen, L.-L., and Kuo, C.-H. (2013b). The complete plastid genome sequence of Madagascar periwinkle Catharanthus roseus (L.) G. Don: plastid genome evolution, molecular marker identification, and phylogenetic implications in asterids. PLoS One 8:e68518. doi: 10.1371/journal.pone.0068518

Kube, M., Mitrovic, J., Duduk, B., Rabus, R., and Seemüller, E. (2012). Current view on phytoplasma genomes and encoded metabolism. Sci. World J. 2012:185942. doi: 10.1100/2012/185942

Kube, M., Schneider, B., Kuhl, H., Dandekar, T., Heitmann, K., Migdoll, A. M., et al. (2008). The linear chromosome of the plant-pathogenic mycoplasma ‘Candidatus Phytoplasma mali’. BMC Genomics 9:306. doi: 10.1186/1471-2164-9-306

Kumari, S., Nagendran, K., Rai, A. B., Singh, B., Rao, G. P., and Bertaccini, A. (2019). Global status of phytoplasma diseases in vegetable crops. Front. Microbiol. 10:1349. doi: 10.3389/fmicb.2019.01349

Lagesen, K., Hallin, P. F., Rødland, E. A., Staerfeldt, H. H., Rognes, T., and Ussery, D. (2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic Acids Res. 9, 3100–3108. doi: 10.1093/nar/gkm160

Lee, I. M., Davis, R. E., and Gundersen-Rindal, D. E. (2000). Phytoplasma: phytopathogenic mollicutes. Annu. Rev. Microbiol. 54, 221–255.

Li, H. (2018). Minimap2: pairwise alignment for nucleotide sequences. Bioinformatics 34, 3094–3100. doi: 10.1093/bioinformatics/bty191

Li, H., and Durbin, R. (2009). Fast and accurate short read alignment with Burrows–Wheeler transform. Bioinformatics 25, 1754–1760. doi: 10.1093/bioinformatics/btp324

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

Li, L., Stoeckert, C. J., and Roos, D. S. (2003). OrthoMCL: identification of ortholog groups for eukaryotic genomes. Genome Res. 13, 2178–2189. doi: 10.1101/gr.1224503

Lowe, T. M., and Eddy, S. R. (1997). tRNAscan-SE: a program for improved detection of transfer RNA genes in genomic sequence. Nucleic Acids Res. 25, 955–964. doi: 10.1093/nar/25.5.955

MacLean, A. M., Orlovskis, Z., Kowitwanich, K., Zdziarska, A. M., Angenent, G. C., Immink, R. G., et al. (2014). Phytoplasma effector SAP54 hijacks plant reproduction by degrading MADS-box proteins and promotes insect colonization in a RAD23-dependent manner. PLoS Biol. 12:e1001835. doi: 10.1371/journal.pbio.1001835

MacLean, A. M., Sugio, A., Makarova, O. V., Findlay, K. C., Grieve, V. M., Toth, R., et al. (2011). Phytoplasma effector SAP54 induces indeterminate leaf-like flower development in Arabidopsis plants. Plant Physiol. 157, 831–841. doi: 10.1104/pp.111.181586

Maejima, K., Iwai, R., Himeno, M., Komatsu, K., Kitazawa, Y., Fujita, N., et al. (2014). Recognition of floral homeotic MADS domain transcription factors by a phytoplasmal effector, phyllogen, induces phyllody. Plant J. 78, 541–554. doi: 10.1111/tpj.12495

Marcone, C. (2014). Molecular biology and pathogenicity of phytoplasmas. Ann. Appl. Biol. 165, 199–221. doi: 10.1111/aab.12151

Morton, A., Davies, D. L., Blomquist, C. L., and Barbara, D. J. (2003). Characterization of homologues of the apple proliferation immunodominant membrane protein gene from three related phytoplasmas. Mol. Plant Pathol. 4, 109–114. doi: 10.1046/j.1364-3703.2003.00155.x

Namba, S. (2019). Molecular and biological properties of phytoplasmas. Proc. Jpn. Acad. Ser. B Phys. Biol. Sci. 95, 401–418. doi: 10.2183/pjab.95.028

Orlovskis, Z., Canale, M. C., Haryono, M., Lopes, J. R. S., Kuo, C. H., and Hogenhout, S. A. (2017). A few sequence polymorphisms among isolates of Maize bushy stunt phytoplasma associate with organ proliferation symptoms of infected maize plants. Ann. Bot. 119, 869–884. doi: 10.1093/aob/mcw213

Oshima, K., Ishii, Y., Kakizawa, S., Sugawara, K., Neriya, Y., Himeno, M., et al. (2011). Dramatic transcriptional changes in an intracellular parasite enable host switching between plant and insect. PLoS One 6:e23242. doi: 10.1371/journal.pone.0023242

Oshima, K., Kakizawa, S., Nishigawa, H., Jung, H. Y., Wei, W., Suzuki, S., et al. (2004). Reductive evolution suggested from the complete genome sequence of a plant-pathogenic phytoplasma. Nat. Genet. 36, 27–29. doi: 10.1038/ng1277

Oshima, K., Maejima, K., and Namba, S. (2013). Genomic and evolutionary aspects of phytoplasmas. Front. Microbiol. 4:230. doi: 10.3389/fmicb.2013.00230

Pecher, P., Moro, G., Canale, M. C., Capdevielle, S., Singh, A., MacLean, A., et al. (2019). Phytoplasma SAP11 effector destabilization of TCP transcription factors differentially impact development and defence of Arabidopsis versus maize. PLoS Pathog. 15:e1008035. doi: 10.1371/journal.ppat.1008035

Petersen, T. N., Brunak, S., von Heijne, G., and Nielsen, H. (2011). SignalP 4.0: discriminating signal peptides from transmembrane regions. Nat. Methods 8, 785–786. doi: 10.1038/nmeth.1701

Pierro, R., Semeraro, T., Luvisi, A., Garg, H., Vergine, M., De Bellis, L., et al. (2019). The distribution of phytoplasmas in south and east asia: an emerging threat to grapevine cultivation. Front. Plant Sci. 10:1108. doi: 10.3389/fpls.2019.01108

Polano, C., and Firrao, G. (2018). An effective pipeline based on relative coverage for the genome assembly of phytoplasmas and other fastidious prokaryotes. Curr. Genomics 19, 491–498. doi: 10.2174/1389202919666180314114628

Ricker, N., Qian, H., and Fulthorpe, R. R. (2012). The limitations of draft assemblies for understanding prokaryotic adaptation and evolution. Genomics 100, 167–175. doi: 10.1016/j.ygeno.2012.06.009

Robinson, J. T., Thorvaldsdóttir, H., Winckler, W., Guttman, M., Lander, E. S., Getz, G., et al. (2011). Integrative genomics viewer. Nat. Biotechnol. 29, 24–26. doi: 10.1038/nbt.1754

Seruga Music, M., Samarzija, I., Hogenhout, S. A., Haryono, M., Cho, S.-T., and Kuo, C.-H. (2019). The genome of ‘Candidatus Phytoplasma solani’ strain SA-1 is highly dynamic and prone to adopting foreign sequences. Syst. Appl. Microbiol. 42, 117–127. doi: 10.1016/j.syapm.2018.10.008

Sugio, A., Kingdom, H. N., MacLean, A. M., Grieve, V. M., and Hogenhout, S. A. (2011a). Phytoplasma protein effector SAP11 enhances insect vector reproduction by manipulating plant development and defense hormone biosynthesis. Proc. Natl. Acad. Sci. U.S.A. 108, E1254–E1263. doi: 10.1073/pnas.1105664108

Sugio, A., MacLean, A. M., Kingdom, H. N., Grieve, V. M., Manimekalai, R., and Hogenhout, S. A. (2011b). Diverse targets of phytoplasma effectors: from plant development to defense against insects. Annu. Rev. Phytopathol. 49, 175–195. doi: 10.1146/annurev-phyto-072910-095323

Sugio, A., MacLean, A. M., and Hogenhout, S. A. (2014). The small phytoplasma virulence effector SAP11 contains distinct domains required for nuclear targeting and CIN-TCP binding and destabilization. New Phytol. 202, 838–848. doi: 10.1111/nph.12721

Suzuki, S., Oshima, K., Kakizawa, S., Arashida, R., Jung, H.-Y., Yamaji, Y., et al. (2006). Interaction between the membrane protein of a pathogen and insect microfilament complex determines insect-vector specificity. Proc. Natl. Acad. Sci. U.S.A. 103, 4252–4257. doi: 10.1073/pnas.0508668103

Tan, C. M., Li, C.-H., Tsao, N.-W., Su, L.-W., Lu, Y.-T., Chang, S. H., et al. (2016). Phytoplasma SAP11 alters 3-isobutyl-2-methoxypyrazine biosynthesis in Nicotiana benthamiana by suppressing NbOMT1. J. Exp. Bot. 67, 4415–4425. doi: 10.1093/jxb/erw225

Tomkins, M., Kliot, A., Marée, A. F., and Hogenhout, S. A. (2018). A multi-layered mechanistic modelling approach to understand how effector genes extend beyond phytoplasma to modulate plant hosts, insect vectors and the environment. Curr. Opin. Plant Biol. 44, 39–48. doi: 10.1016/j.pbi.2018.02.002

Toruno, T. Y., Music, M. S., Simi, S., Nicolaisen, M., and Hogenhout, S. A. (2010). Phytoplasma PMU1 exists as linear chromosomal and circular extrachromosomal elements and has enhanced expression in insect vectors compared with plant hosts. Mol. Microbiol. 77, 1406–1415. doi: 10.1111/j.1365-2958.2010.07296.x

Tran-Nguyen, L. T., Kube, M., Schneider, B., Reinhardt, R., and Gibb, K. S. (2008). Comparative genome analysis of “Candidatus Phytoplasma australiense” (subgroup tuf-Australia I; rp-A) and “Ca. Phytoplasma asteris”. Strains OY-M and AY-WB. J. Bacteriol. 190, 3979–3991. doi: 10.1128/JB.01301-07

Wang, C.-J., Chien, Y.-Y., Liao, P.-Q., Chiu, Y.-C., Chen, Y.-K., and Yang, J.-Y. (2021). First report of 16SrII-V phytoplasma associated with green manure soybean (Glycine max L.) in Taiwan. Plant Dis. [Epub ahead of print]. doi: 10.1094/PDIS-12-20-2714-PDN

Wang, J., Song, L., Jiao, Q., Yang, S., Gao, R., Lu, X., et al. (2018). Comparative genome analysis of jujube witches’-broom Phytoplasma, an obligate pathogen that causes jujube witches’-broom disease. BMC Genomics 19:689. doi: 10.1186/s12864-018-5075-1

Wang, N., Yang, H., Yin, Z., Liu, W., Sun, L., and Wu, Y. (2018). Phytoplasma effector SWP1 induces witches’ broom symptom by destabilizing the TCP transcription factor BRANCHED1. Mol. Plant Pathol. 19, 2623–2634. doi: 10.1111/mpp.12733

Wei, W., Davis, R. E., Jomantiene, R., and Zhao, Y. (2008). Ancient, recurrent phage attacks and recombination shaped dynamic sequence-variable mosaics at the root of phytoplasma genome evolution. Proc. Natl. Acad. Sci. U.S.A. 105, 11827–11832. doi: 10.1073/pnas.0805237105

Weng, Y.-Y., Liou, W.-C., Chien, Y.-Y., Liao, P.-Q., Wang, C.-J., Chiu, Y.-C., et al. (2021). First report of 16SrII-V peanut witches’ broom phytoplasma in snake gourd (Trichosanthes cucumerina L.) in Taiwan. Plant Dis. [Epub ahead of print]. doi: 10.1094/PDIS-12-20-2666-PDN


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.

Copyright © 2021 Tan, Lin, Li, Chien, Wang, Chou, Wang, Chiu, Kuo and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OPS/images/fmicb-12-766221-g008.jpg
A SAP11 homologs 10 20 30 40 50 60 70

80 90

I I I I I I 1 I
AYWB_ 370 E-SSDMKRD I PKIINKBIEE KNKKQRIED IKRFIIT I HKEFKE KQKAEEETRINLKEE 105 _____
ATP_00189 DSNKEEES - - - - - DK VSSKR-ETVSIREIR EMABINQL P LKKAQDEANKK -RG HBIDNNKIDK G K K
CWO085_00890 --NHED - - - - - | -KEE|- -SEIKDVKNF EKKAKE -T KBINK KQM - - - - -
CWO085_02055 ---NNEED - - - - - | KEE - - AKRINNVKK EEK I KE -T NLEGH- - - - -
EpWB_v2c¢3970 N-DKEEEK - - - - - A KQEKTTEIKDISQ QEELK-S DYKHM- - - - -
PnWB_vic1450 N-DKEEK - - - - - A KQEKTTHEIKDISQ QEEALK-S DSEM- - - - -
PAM_519 ---KHGHD - - - - - | EE--VEIDNVKK EEIIKE-T NLKHE- - - - -

Sequence comparisons of SAP11 homologs

Percentage of sequence similarity

AYWB_370 ATP_00189 | CWO85_ 00890 | CWO85 02055 | EpWB_v2c3970| PnWB_vic1450| PAM_519
- g‘ AYWB_370 42.1% 45.6% 43.3% 43.3% 44.4% 42.2%
: % ATP_00189 32.6% 42.2% 37.8% 36.7% 36.7% 35.6%
&= | cwoss_00890 38.9% 32.2% 79.7% 66.3% 66.3% 78.5%
§ 2 CWO085_02055 32.2% 30% 74.7% 61.4% 61.4% 87.2%
&‘3 qg’_ EpWB_v2c3970 36.7% 30% 59% 56.6% 98.8% 63.9%
3 PnWB_vic1450 37.8% 30% 59% 56.6% 98.8% 63.9%
PAM_519 31.1% 27.8% 74.7% 87.2% 59% 59%
VI > O 5B * A o
N < e 9" ¥ K N N vV Qv Qv
=] & & O <2 & © & & &L & & L qu & © & &L
) b PN o ) b . O ¥ o @) b . o ) o ) X R
& R KR & R K& & KRk & KR K P P & Q
¥ K K A AP A » &£ £ P L K P & K
QQ ’ Qx & QQ ’ x@ x% QQ . x@ @x . o =) Q’ x% & Q’ x@ x%
K @ K ¢ ¢® & ¢ 8 K ¢ ¢ K & & £ ¢ ¢®
‘x \Q<‘ \@Q X \Qo \@Q ‘x \Q(‘ \@Q ‘x \QQ \@Q &x ,\Q‘s‘ \@Q x \Q(‘ \@Q
PN PO ANE S PO AN PO AN 8 PN ANES
R S\ o & ¥ o & o ¥ & ¥ o e’ ¥ ¥ & o oY
O = e i == = Dy = kDa — — — g — KRR —
70—| & * 70— | < 70— —p— 70— 70— 70—
53— | . . 53— 53— 53— |GEID x> @D | < 53— [ D -, | < 53— | D D GEP | <
a-FLAG a-FLAG a-FLAG a-FLAG a-FLAG a-FLAG
14— 14— 14— 14— 14— 14—
o | WDEm - o_| ERES < it - -~ - o | e o | WRem <
a-SAP11pawe a-SAP11pawe a-SAP11pawe a-SAP11pawe a-SAP11pawe a-SAP11pawe






OPS/images/fmicb-12-766221-g004.jpg
A 20000 40000 60000 80000 100000 120000 140000 160000 180000 200000 220000 240000 260000 280000
i} | | 1

‘Ca. P. aurantifolia’ [ ” i

L
300000 20000 340000 360000 380000 400000 420000 440000 460000 480000 S00000 520000 S40000 S60 000 S80000 600 000 620 000

i

IO T

N

NCHU2014 R

Ly
Ep,wa" i o‘ 5 ' = 00 1300 :ac’)'ooo 160000 18000C 200 225 tioncTotoor 2600, 00 ;
‘Ca. P. aurantifolia’ _ '“ H | [ i l | ] r r | ﬂ“ L
NTU2011 " I __[]_i
B Phy588 — Phy589 —  Phy590 —»

—
—

‘Ca. P. aurantifolia’

NCHU2014

—
-4—.

‘Ca. P. aurantifolia’

NTU2011

‘Ca. P. aurantifolia’ ‘Ca. P. aurantifolia’

NCHU2014 NTU2011

9 0
R K %\"% 6@\@

7O

?\\\l ?\\*! ?\\‘! ?\\i

kb

0.5 —
04 —
0.3 —

02—

0.1—





OPS/images/fmicb-12-766221-g005.jpg
7

+12

+99

T

+204

-23

-21

7S

+21

-2

+23

7

+154
16
+80
A1
+118
4
+180
-1
+45
2
+166

-2

‘Ca.

‘Ca.

‘Ca.

‘Ca.

‘Ca.

‘Ca.

P. aurantifolia’ NCHU2014

P. luffae’ NCHU2019

P. ziziphi’ Jwb-nky

P. mali’ AT

. P. australiense’ PAa

P. asteris’ AYWB

P. asteris’ OY-M

Nzg:'f ";%1'*;’ Jwb-nky| AT | PAa | AYWB | OY-M

None | 446 | 313 | 203 | 284 | 300 | 306 | 303
Nzg:';’ 462 | 340 | 313 | 322 | 319 | 319
Jwhb-nky 537 | 301 | 310 | 311 | 312
AT 431 | 312 | 311 | 316
PAa 517 | 368 | 365
AYWB 620 | 418
OY-M it






OPS/images/fmicb-12-766221-g006.jpg
— ‘Ca. P. aurantifolia’
(273,917-289,052)

— ‘Ca. P. luffae’
(29,048-46,375)

— ‘Ca. P. zizipht’
(154,393-171,168)

— ‘Ca. P. mali’
(477,627-505,735)

— ‘Ca. P. australiense’
(366,099-381,923)

— ‘Ca. P. asteris’ AYWB
(196,274-215,390)

— ‘Ca. P. asteris’ OY-M
(727,774-746,226)

—EC ) e —) ) ) T ) )— )

[ B o B S— o I o —
—RHD—DOE-O)0) ) — OO0 D)) ) OO e >
-5 ) o))
C)DEm—) 1Y N, S, B B, g ) — )
) ) ))0)—)0 )

m) rpoD m) ssb m) himA m hflB m) rad50 m) tmk =)dnaB =) dnaG =) tra5 m effector






OPS/images/fmicb-12-766221-g007.jpg
Copy number

EAbsent \j 1

K EY

. P. aurantifolia’

. P. luffae’

. P. ziziphi’

. P. mal’

. P. australiense’

. P. asteris’ AYWB
. P. asteris’ OY-M






OPS/images/cross.jpg
3,

i





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Accelerating Complete Phytoplasma Genome Assembly by Immunoprecipitation-Based Enrichment and MinION-Based DNA Sequencing for Comparative Analyses



		INTRODUCTION



		MATERIALS AND METHODS



		Polyclonal Antibody Production



		Affinity Purification of ‘Ca. P. aurantifolia’ NCHU2014



		MinION-Based DNA Sequencing



		Genome Assembly and Annotation



		Co-expression Assays



		Western Blotting







		RESULTS



		Immunoprecipitation-Based Enrichment of ‘Ca. P. aurantifolia’ NCHU2014



		MinION-Based Long-Read DNA Sequencing and Genome Assembly



		Genome Comparison Between Two Closely Related ‘Ca. P. aurantifolia’ Strains



		Comparative Analysis of Gene Content of ‘Ca. P. aurantifolia’ NCHU2014



		Effectors (Virulence-Related Factors) and Potential Mobile Units



		Phytoplasma SAP11EpWB Destabilizes Arabidopsis Class II CYC/TB1-TCPs







		DISCUSSION



		DATA AVAILABILITY STATEMENT



		AUTHOR CONTRIBUTIONS



		FUNDING



		ACKNOWLEDGMENTS



		SUPPLEMENTARY MATERIAL



		REFERENCES

















OPS/images/cover.jpg
’ frontiers
in Microbiology

Accelerating Complete
Phytoplasma Genome Assembly
by Immunoprecipitation-Based
Enrichment and MinlON-Based
DNA Sequencing
for Comparative Analyses









OPS/images/fmicb-12-766221-g001.jpg
SUMO-ImpAN + Ulp1

a-imp






OPS/images/logo.jpg
, frontiers
in Microbiology





OPS/images/fmicb-12-766221-g002.jpg
\

o\ RO gy

WO\

anl Sy,
gvt B Iy

~
/‘

( ‘Ca. P. aurantifolia’
< NCHU2014
Y 635,584 bp

W
o
o
INFORMATION CELL PROCESS METABOLISM
. [J] Translation . [D] Cell cycle . [C] Energy
. [K] Transcription . [V] Defense . [G] Carbohydrate
[](T] Signal transduction [ (E] Amino acid

[] [L] Replication

POORLY CHARACTERIZED

[][M] Cell wall/membrane/envelope
I [N] Motility

. [R] General prediction only . [W] Extracellular structure

. [S] Function unknown
D [?] No COG assignment

. [U] Trafficking, secretion, & transport
. [O] Posttranslational modification
[_][X] Mobilome: prophages, transposons

[ [F] Nucleotide

[] [H] Coenzyme

B [ Lipid

. [P] Inorganic ion

[][Q] Secondary metabolites





OPS/images/fmicb-12-766221-t001.jpg
Run Read count  Sequencing Max. Av.length Reads mappedto % Reads mapped to Reads mapped % Reads Reads mapped % Reads % Unmapped Phytoplasma Phytoplasma
output (bp) length (bp) phytoplasma phytoplasma to chloroplast mapped to to plant nuclear mapped to plant reads genome genome sequencing
(bp) genome genome genome chloroplast genome nuclear genome coverage (bp) depth (fold)
genome
AO1 148,631 554,291,700 46,543 3,729 53,487 36.0 11,474 T 78,134 52.6 3.7 639,808 209
AO2 88,111 347,096,923 1,777 3,939 30,963 35.1 6,565 75 47,564 54.0 3.4 639,808 126
A03 58,938 243,448,556 40,264 4,131 20,511 34.8 4,179 74 32,044 54.4 3.7 639,808 87
AO4 14,718 61,459,870 46,555 4,176 5,165 35.1 1,092 7.4 7,834 53.2 4.3 639,808 22
A0S 23,978 95,643,639 34,810 3,989 8,495 35.4 1,678 7.0 12,802 53.4 4.2 639,808 34
AOB 533,668 2,658,344,966 55,606 4,972 119,855 225 44,280 8.3 353,160 66.2 3.1 639,808 605
A07 292,158 1,637,572,472 52,917 5,263 74,261 25.4 24,101 8.2 185,853 63.6 27 639,808 384
AO8 161,139 771,282,841 39,480 4,786 48,419 30.0 13,476 8.4 94,699 58.8 2.8 639,808 244
A09 36,062 156,720,727 41,438 4,346 11,348 815 3,358 9.3 20,183 56.0 3.3 639,808 51
A10 28,469 119,536,595 44,746 4,199 9,168 32.2 2,721 9.6 15,516 54.5 3.7 639,808 41
Subtotal 1,385,872 6,540,398,289 381,672 275 112,924 8.1 847,789 61.2 3.1 1,802
BO1 207,087 509,103,092 61,271 2,458 34,235 16.5 8,341 4.0 142,745 68.9 10.5 602,845 47
B02 25,499 127,421,361 44,713 4,997 2,043 8.0 1,001 3.9 19,672 7T 10.9 613,315 8
B03 475,713 2,194,510,560 91,125 4,613 110,450 23.2 16,647 35 314,627 66.1 71 619,020 194
Subtotal 708,299 2,831,035,013 146,728 20.7 25,989 3.7 477,044 67.4 8.3 249
Cot 34,321,466 10,206,843,846 300 297 5,477,697 16.0 2,265,456 6.6 26,462,971 7T 0.3 637,986 2,117

Runs A01-A10 were based on the ONT sequencing with the immunoprecipitation enrichment of phytoplasma cells; four biological samples for runs A01-A02, A03-A05, A06-07, and A08-A10, respectively.
Runs BO1-B03 were based on the ONT sequencing without the enrichment; each used a different biological sample. Run CO1 was based on the lllumina paired-end sequencing from our previous study (DOI:
10.1128/genomeA.01398-1); no enrichment was performed.
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Strain 16Sr Group Accession Chromosome Size (bp) G+C Coding Coding Pseudogenes tRNA rRNA

Content density sequences genes genes
(%) (%)
‘Ca. P. aurantifolia’ NCHU2014 I CP040925 Circular 635,584 24.5 66.3 471 35 24 6
‘Ca. P. luffae’ NCHU2019 Vil CP054393 Circular 769,143 23.3 80.3 725 13 31 6
‘Ca. P. ziziphi” Jwb-nky V CP025121 Circular 750,803 23.2 75.4 640 31 32 6
‘Ca. P. mali’ AT X CuU469464 Linear 601,943 21.4 76.7 482 18 32 6
‘Ca. P. australiense’ PAa Xil AM422018 Circular 879,959 27.4 64.1 684 1585 35 6
‘Ca. P. asteris’ AYWB I-A CP000061 Circular 706,569 26.9 73.5 671 0 31 6
‘Ca. P. asteris’ OY-M I-B AP006628 Circular 853,092 27.8 73.0 752 0 32 6

The pseudogene counts are based on those annotated in the standard format (i.e., with the */pseudo” tag). For ‘Ca. P, asteris’ OY-M, 46 coding sequences are annotated
as ‘possible pseudogene” in the “/note” field.





