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On the behalf all authors, | am submitting a research paper titled ‘Exploring the Genomic Landscape
of PWB Phytoplasmas: The Dominance of Self-catalytic, High-copy Group Il Introns in a complete
genome of 'Candidatus Phytoplasma partheni' sp. nov.’ for consideration of publication in Molecular
Phylogeny and Evolution Journal. This manuscript provides a comprehensive analysis of the genome
structures and evolutionary characteristics of two isolate of Peanut Witches' Broom (PWB)
phytoplasmas.

PWB phytoplasmas are highly impactful bacterial pathogens affecting legumes, crops, and weed
species worldwide. Our study highlights their unique characteristics, including abundant
pathogenesis-related proteins and a high number of self-catalytic group Il introns, constituting a
significant portion of the genome. We also discovered a complete homolog of the sodA gene and
multiple truncated hlyB gene homologs, with unclear functions in the absence of accessory genes.
Furthermore, through genome analysis of PR34, we identified its distinct phylogenetic position as a
separate species, 'Candidatus Phytoplasma partheni,' separate from other related phytoplasmas.
Phylogenetic analyses using multiple markers and core genome phylogeny supported the formation of
a distinct clade by PR34 within the PWB phytoplasma group.

In conclusion, this research enhances our understanding of PWB phytoplasma genomes, their
evolution, and their interaction with the common Indian weed host Parthenium hysterophorus. The
comprehensive analysis of genomic features, effector proteins, and the absence of Potential Mobile
Units (PMUs) contributes to our knowledge of phytoplasma-host plant interactions and evolutionary
dynamics.

Considering the scope and objectives of Molecular Phylogeny and Evolution Journal, we kindly
request you to consider our manuscript for publication. We firmly believe that our research will
provide valuable insights into the field of molecular phylogeny and evolution.

Thank you for your time and consideration. We eagerly await your response.

Sincerely,

(Amit Yadav, Ph. D.)
Corresponding author
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Abstract

The Peanut Witches' Broom (PWB) or 16Srll group phytoplasmas are the most notorious
bacterial pathogens associated with various diseases in legumes, horticultural crops, and weed
species worldwide. Two PWB isolates PR08 and PR34, associated with phyllody and witches'
broom disease in common Indian weed Parthenium hysterophorus, were sequenced to
understand their genome structure. The single contig circular genomes of PR08 (588,746 bp)
and PR34 (614,574 bp) obtained through hybrid assembly revealed the plethora of
pathogenesis-related proteins. These phytoplasmas were discovered to have high copy
numbered self-catalytic group Il introns occupying more than 4% of the total genome size. The
G+C content of these introns deviates from the rest of the genome, suggesting that Indian
isolates of PWB phytoplasmas have acquired these genes through horizontal transfer. No
typical PMU regions were detected in these genomes, although a few scattered PMU-related
genes were found. The genomes contained one complete homolog of sodA gene and multiple
homologs of truncated hlyB gene, whose mode of action is unknown without accessory genes.
The Genome analysis of isolate PR34 showed its unique phylogenetic position separate from
'Ca. P. aurantifolia’ and ‘Ca. P. australasia’, indicating distinct evolution, with orthoANI and dDDH
values of 95.45 and 62.1% compared to ‘Ca. P. aurantifolia’ isolate WBDL, respectively. The
phylogenetic analysis, including 16S rRNA gene (>1500 bp), five marker genes deduced based
on high densities of informative sites (>1100 aa), and core genome phylogeny (>10,000 aa)
shows that isolate PR34 forms a distinct clade among PWB group of phytoplasmas with strong
bootstrap support. Based on obtained OGRI values, we propose 'Candidatus Phytoplasma
partheni' sp. nov. with reference isolate PR34 and genome sequence CP097206.

1. Introduction

Phytoplasmas (Phylum, Mycoplasmatota; class, Mollicutes; Order: Acholeplasmatales;
family: Acholeplasmataceae; genus, ‘Candidatus Phytoplasma') are bacterial pathogens that
lack cell walls and reside in the phloem of plants. They are obligate endophytes and have
been associated with diseases in numerous plant species worldwide. These phytoplasma-
related diseases pose a significant threat to global agriculture and horticulture, leading to
substantial yield losses (Lee et al., 2000; Rao et al., 2017; Tiwari et al., 2023a; Tiwari et al.,
2023b). Phytoplasma infected plants exhibit various symptoms, including reduced leaf size,
witches' broom, phyllody, virescence, and sterility, affecting a wide range of plant species
(Tully, 1993; Gundersen et al., 1994). Among the major groups of phytoplasmas, the Peanut
Witches' Broom (PWB) group is particularly significant, causing diseases in pulse crops and
weeds worldwide (Rao et al., 2017; Duduk et al., 2018; Mall et al., 2023). The PWB or 16Srll
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group comprises two phytoplasma species, namely ‘Ca. P. aurantifolia' and ‘Ca. P.
australasia' (White et al., 1998; Zreik et al., 1995).

India, the largest global producer of pulses with 23.3 million tons in 2020, is also the 10th
largest exporter of dried legumes, worth $276M in 2020 (Observatory of Economic
Complexity World). PWB phytoplasma infestation causes phyllody symptoms and 'no pod
disease' in legume crops, leading to significant yield losses (Tiwari et al., 2023b; Mall et al.,
2023). These phytoplasmas also infect alfalfa, Napier hybrid grass, bell pepper, pearl millet,
cowpea, pigeon pea, lentil, soybean, and mung bean (Thorat et al., 2016a; 2016b; Thorat et
al., 2017; Rao et al., 2018).

Weeds act as important secondary hosts for PWB phytoplasmas, aiding their transmission
to crop plants through insect vectors (Thorat et al., 2016a; Yadav et al., 2015a; Thorat et al.,
2017). Common invasive weeds like Cleome viscosa, Trichodesma zeylanicum, Ban Tulsi
(Croton bonplandianus), and Tephrosia purpurea have been found infected with PWB
phytoplasmas, which have also been detected in crops such as sesame, soybean, cowpea,
and French bean (Yadav et al., 20153, 2014; Thorat et al., 201643, 2017; Kirdat et al., 2020b).
Notably, the phyllody and witches' broom disease of the notorious weed Parthenium
hysterophorus is associated with PWB phytoplasmas in India (Yadav et al., 2015a; Thorat et
al., 2016a).

This study aimed to sequence the genomes of PWB phytoplasma isolates PR08 and PR34,
associated with phyllody and witches' broom disease in Parthenium hysterophorus, to
investigate the putative effectors and other pathogenesis-related genomic features. The
investigation considered the broad host range, geographic region, and unique genomic
characteristics of these phytoplasmas, highlighting the importance of understanding their
multi-host pathogenicity and evolutionary patterns.

Whole-genome sequencing provides valuable insights into pathogen virulence factors and
enables comparative taxogenomics using Overall Genome Relatedness Index (OGRI) data.
However, the unculturable nature of phytoplasmas poses challenges in obtaining sufficient
genomic DNA for sequencing, and the repetitive nature of their genome hampers full-length
assembly with short-read data. To date, only 20 complete genomes have been reported out
of 65 Phytoplasma assemblies (Bertaccini et al., 2022; Wei and Zhao, 2022; Kirdat et al.,
2023). Previous enrichment methods included cesium chloride density gradient
centrifugation and pulse-field gel electrophoresis (PFGE) (Bai et al., 2006; Hogenhout and
Segura, 2009; Kube et al., 2012; Marcone, 2014), while current methods involved host DNA
removal and immunoprecipitation-based enrichment (Kirdat et al., 2021, 20204a; Tan et al.,
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2021). This study focused on enrichment attempts of PWB phytoplasma genomic DNA and
the employed sequencing strategies for obtaining single scaffold genome sequences.

The study uncovers the abundance of mobile group Il introns in PWB phytoplasma isolates,
revealing unique genome features. The presence, copy number, and sequence variation of
group Il introns indicate potential horizontal transfer events. Additionally, the distinct
taxonomic position of isolate PR34 is confirmed through genome-derived PCoA coordinates
and OGRI values. This leads to the proposal of a new taxon, ‘Candidatus Phytoplasma
partheni, associated with phyllody disease in Parthenium hysterophorus.

. Materials and Methods

2.1. Sample Collection

The Parthenium hysterophorus plants surrounding the soybean and other agriculture fields
exhibiting typical symptoms of phyllody and witches' broom were collected from multiple
places in the western Maharashtra state of India. The sample collection was carried out
from 2014 to 2020 in multiple surveys of legume crops for the incidence of phytoplasma-
related diseases. All samples were collected in multiple numbers, cleaned when fresh, and
stored at -80 °C until further use.

2.2. Phytoplasma Identification and Quantification

The genomic DNA was isolated from 100 mg of infected leaf tissue using the CTAB method
(Doyle and Doyle, 1987). The plant genomic DNA was screened for phytoplasma DNA using
phytoplasma 16S rRNA gene-specific primers P1 (Deng and Hiruki, 1991) and P7 (Schneider,
1995), followed by a nested PCR using primers R16.100F and R16.1386R (Kirdat et al.,
2022). The 1.28 kb PCR amplicons were purified by the PEG-NaCl method (Green and
Sambrook, 2017) and were sequenced on ABI 3730XL DNA Analyzer (Applied Biosystems,
USA) using bacterial universal primers 343R, 704F, 907F, 1028F (Baker et al., 2003). The
sequences were assembled and curated manually. The phylogenetically closest relatives
were searched on the EzBioCloud database (Yoon et al., 2017). The phytoplasma titer in all
the samples was quantified by TagMan-based qPCR assays utilizing phytoplasma-specific
primers and probes described earlier (Christensen et al., 2004).

2.3. Enrichment of Phytoplasma DNA and Genome Sequencing

The single, contiguous, complete genome sequences of parthenium phyllody phytoplasma
isolates PR0O8 and PR34 were obtained in multiple DNA enrichment and sequencing
attempts. The genomic DNA (1ug) isolated from phytoplasma infected PR08 and PR34 leaf
samples were processed for the enrichment of prokaryotic DNA using the NEBNext
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microbiome enrichment kit (Cat. No. E2612L; New England BioLabs, USA). Additionally, the
obtained enriched DNA was amplified using Ready-To-Go GenomiPhi V3 DNA Amplification
Kits (GE25-6601-96; Merck, Germany). The amplified DNA was sequenced on Illlumina HiSeq
and Oxford Nanopore Technology platforms. Alternatively, the genomic DNA was processed
using Long Fragment buffer ONT Ligation Sequencing Kit (SQK-LSK109, Oxford Nanopore
Technologies, UK) and then enriched using the NEBNext microbiome enrichment kit. This
enriched DNA was sequenced on the Illumina HiSeq platform. Additionally, the genomic
DNA was purified using Genomic-tips 20/G (Cat. No0.10223, QIAGEN, Germany), enriched
using NEBNext microbiome enrichment kit, and sequenced on the ONT platform. The
prokaryotic enrichment was verified at each step by quantifying the reduction in plant 18S
rRNA gene using TagMan-based qPCR assay. The 16S rRNA gene of phytoplasma was
quantified simultaneously using phytoplasma-specific primers and probes (Christensen et
al., 2004).

2.4. Assembly, Annotation, and OGRI values

The metagenomic raw reads obtained from all lllumina HiSeq and ONT sequencing runs
were processed for taxonomic classification using the Kaiju web server to check the nature
of enrichment and abundance of sequence reads (Menzel et al., 2016). All QC- passed
lllumina reads were processed for assembly using MEGAHIT v1.1.3 (Li et al., 2016). The
obtained assembly was subjected to metagenomic binning using MetaBAT2 v2.12.1 (Kang
et al., 2015). The taxonomic assignment of bins was done using CheckM v1.0.14 (Parks et
al., 2015). The lllumina reads were mapped to available PWB phytoplasma genomes and
CheckM generated phytoplasma bins using Bowtie2 v2.3.5.1 (Langmead and Salzberg,
2012). These genomes were Peanut Witches’ broom NTU2011 (NZ_AMWZ00000000)
(Chung et al., 2013), Echinacea purpurea witches’ -broom phytoplasma NCHU2014
(CP040925) (Tan et al., 2021), and ‘Ca. P. aurantifolia’ WBDL (MWKN00000000) (EI-Sisi et
al.,, 2018). The ONT data was base-called using GUPPY with quality filtering of Q7. The reads
were further filtered using Nanofilt v2.8.0 (De Coster et al. 2018) to remove reads shorter
than 1kb and mapped to the available PWB phytoplasma genomes using minimap2 v2.22-
r1101 (Li, 2018).

The mapped reads from both the platforms were used to obtain hybrid assembly in
Unicycler v0.4.8 (Wick et al., 2017). The order and orientation of contigs were determined,
and scaffolding was done by MeDuSa v1.6 (Bosi et al., 2015) using the complete
chromosome of Echinacea purpurea witches'-broom phytoplasma (CP040925) (Tan et al.,
2021) as the reference genome. To validate the final version of the assembly, the Illumina
raw reads and ONT reads were mapped to the assembly using Bowtie v2.3.5.1 and
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minimap2 v2.22-r1101, respectively. The resulting alignments were visually inspected using
IGV v2.3.57 (Thorvaldsdéttir et al., 2013). The genome coverage was estimated using
BBMap (Bushnell, 2014). The assembly was annotated using Prokka v1.14.6 (Seemann,
2014) and the coding sequences (CDS) obtained from Prokka were used as a query for
BLASTX search against the NCBI nr database to identify and remove possible sequence
contamination from the plant host or other microbes.

Finally curated assemblies of parthenium phyllody isolates PR0O8 and PR34 were submitted
to DDBJ/ENA/GenBank database and were annotated using PGAP (Zhao et al., 2012). The
orthoANI values were calculated using EzBioCloud orthoANI calculator (Yoon et al., 2017).
Intergenomic distances were derived digitally using Genome-to-Genome Distance Calculator
(GGDC) (Auch et al., 2010). The functional annotation was carried out using eggNOG-
mapper v2 (Cantalapiedra et al., 2021). The comparative analysis of orthologous gene
clusters among the genomes of PWB phytoplasmas was performed using OrthoVenn2 (Xu
et al. 2019).

2.5. Genome Structure and Effector Protein Analysis

Secretary proteins of PWB phytoplasma isolates PR0O8 and PR34 were predicted by SignalP
V4.1 (Nielsen, 2017) with default cut-off values of 0.57 and V5.0 (Armenteros et al., 2019)
using the Gram-positive bacteria model. The presence of transmembrane domain and
nuclear localization signal in secretary proteins was predicted by TMHMM V2.0 (Krogh et al.,
2001) and NLS mapper (Kosugi et al., 2009b), respectively. The virulence factors were
identified based on sequence homology in the core and curated dataset of the Virulence
Factors of Pathogenic Bacteria (VFDB) database (Chen et al., 2005) using the BlastP
program. The unique homologs were scanned for domain matches against the InterPro
protein signature databases using the InterProScan tool (Blum et al., 2021). Homologs of
known effector proteins were also searched in genomes of isolate PR08 and PR34.

2.6. Phylogenetic Analyses

The phylogenetic analysis was initially carried out based on the partial 16S rRNA gene
sequences using the Neighbour-Joining (NJ), Maximume-Likelihood (ML) and Maximum-
Parsimony (MP) methods in MEGA7 (Kumar et al., 2016). Additionally, the phylogenetic
position of isolates PR08 and PR34 was assessed by the pan-genome phylogenetic tree,
constructed using BPGA v1.3.0 (Chaudhari et al., 2016) and UBCG v3.0 (Na et al., 2018)
tools. Briefly, phylogenetically related genomes were downloaded for construction of whole-
genome phylogeny and annotated using Blast2GO (Conesa and Gotz, 2008) and were
searched for core genes using the BPGA tool. The phylogenetic tree was constructed using
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the BPGA concatenated file by the Neighbour-Joining method in MEGA7. The UBCG
phylogenetic tree was constructed consisting of HMMER (Potter et al., 2018) generated 89
core markers and visualized in MEGA 7 as described earlier (Kirdat et al., 2021, 2020a).

The obtained phylogenetic positions of PRO8 and PR34 were further confirmed by the
combined phylogenetic analysis using five marker genes proposed by Cho et al., 2020.
These marker genes are, Replication initiation protein DnaD (dnaD), DegV family protein
(degV), TIGR00282 family metallophosphoesterase, Preprotein translocase SecY (secY), and
RIuA family pseudo uridine synthase (rluA) genes. These genes were deduced based on high
densities of informative sites and relatively high substitution rates compared to single-copy
genes reported earlier (Cho et al., 2020).

2.7. PCoA Analysis

The gene content of PWB genomes was compared by Principal Coordinates Analysis
(PCoA) (Gower, 2014). The genome sequences of Sesame phyllody SS02
(JAHBAJ000000000.2) (Ranebennur et al., 2022), Peanut Witches broom NTU2011
(NZ_AMWZ00000000) (Chung et al., 2013), Echinacea purpurea witches -broom
phytoplasma NCHU2014 (CP040925) (Tan et al., 2021) closely related to ‘Ca. P. australasia’
and WBDL (MWKNO00000000), the reference isolate of ‘Ca. P. aurantifolia’ (EI-Sisi et al.,
2018; Zreik et al., 1995) were selected for this analysis. The gene cluster obtained using
OrthoMCL was converted into a matrix of 6 genomes containing 476 genes clusters (Fischer
et al., 2011). This matrix was then converted into a Jaccard distance matrix among
genomes using the VEGAN package in R (Dixon, 2003), then processed using the PCoA
function in the APE package (Paradis and Schliep, 2019).

. Results and Discussion

3.1. Phytoplasma Identification and Quantification

The partial 16Sr rRNA gene sequences obtained from 36 symptomatic parthenium samples
were analyzed, revealing that they are belonging to PWB or 16Srll group of phytoplasmas.
Among them, 16 parthenium phyllody samples showed 99.02 % to 99.40 % sequence
similarity to ‘Ca. P. aurantifolia’ isolate WBDL (U15442) and 20 showed 99.28% to 100%
sequence similarity with ‘Ca. P. australasia’ isolate Carica papaya (Y10097). Interestingly, no
differences in symptoms were observed between these groups, regardless of geographic
area or phytoplasma isolate. The partial 16S rRNA gene sequences of symptomatic
parthenium phyllody isolate PR08 (LN879443) matched 100 % similar to ‘Ca. P. australasia’
isolate Carica papaya (Y10097) and of PR34 (MZ724173) matched 99.38% to ‘Ca. P.

Page 7 of 41



O©CO~NOOOTA~AWNPE

227
228

229

230
231
232
233
234
235
236
237
238
239
240
241

242
243
244
245
246
247
248
249
250
251
252
253
254
255

256
257
258
259
260

aurantifolia’ isolate WBDL (U15442). These isolates were selected for genome sequencing
based on their phytoplasma titer compared to other samples (data not shown).

3.2. Prokaryotic DNA Enrichment and Genome Sequencing

The whole-genome sequencing of NEBNext enriched and lllustra amplified DNA of isolate
PR34 resulted in 54,720,081 Illumina sequencing reads (~12 GB data, 150x2 chemistry). The
NEBNext Microbiome Enrichment kit yielded less than 40 ng (<1ng/pl in 50 pl) enriched DNA
with an input of 1ug of genomic DNA, the Illustra amplification was therefore included to aid
the library preparation with a sufficient quantity of DNA. However, the de novo assembly
generated using Illustra-generated sequencing data was highly fragmented with 134 contigs
(GCA_015100165.1), most likely due to biased amplification of a section of the phytoplasma
genome. The amplification strategy using lllustra-generated sequences did not cover the
entire phytoplasma genome. Also, although the DNA was enriched, it was still contaminated
with significant amount of host genomic DNA. The raw reads from each sequencing run
were initially analyzed on the Kaiju server to assess the level of ‘prokaryotic’ DNA
enrichment (Figure 1).

For the second iteration, the genomic DNA strands of 3 kb or longer were size selected
using Long Fragment Buffer (LFB) and subjected to prokaryotic DNA enrichment. This
approach led to increased enrichment efficiency and generated 54,094,799 Illumina
sequencing reads (~15 GB data), substantially reducing the number of contigs (33 contigs,
GCA_015100165.2) in better assembly generated subsequently. In a third attempt, genomic
DNA purified using Qiagen Genomic-tips 20/G and processed for DNA enrichment showed a
significant reduction in plant genomic DNA compared to the earlier two methods
(Supplementary Figure S1). The ONT sequencing of this DNA yielded 601,709 raw reads
(~1.24 GB data). A single scaffold generated using MeDuSa was inspected manually and
corrected for Ns and low coverage bases by mapping raw reads and visualization in IGV. For
the final assembly, the data generated from illustra amplified DNA was omitted due to its
repetitive nature. The single circular chromosome of size 614,574 (CP097206.1) obtained
was rotated to start with the dnaA gene using mauve. The genome coverage for lllumina
reads was 5700X, and for ONT, it was 180X.

In its first attempt, the parthenium phyllody isolate PRO8 generated a single circular genome
using enriched DNA run on the ONT platform (CP060385). However, the PROKKA annotation
predicted over 1100 coding regions from the generated assembly. The PGAP annotation
predicted over 600 coding regions and 255 pseudogenes, with 77 CDS having internal stops.
The genome CP060385 was 52.68 % complete when analyzed using CheckM and therefore
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suspected erroneous. In the first lllumina sequencing run, the Long Fragment Buffer (LFB)
purified, and NEBNext enriched genomic DNA of isolate PR0O8 generated 18,519,377 reads
(~6.7 GB data). This enriched DNA resulted in 389,506 reads (~1.62 GB of data) on the ONT
sequencing platform. The hybrid assembly generated five contigs (JAGXLX010000000), and
gaps could not be sealed with available data. The second Illlumina run for isolate PR0O8
resulted in 39,875,638 reads (~13.7 GB data), where DNA was purified using Qiagen
Genomic-tips 20/G tips and enriched later. The manually curated Unicycler hybrid assembly
generated by combining Illumina and ONT reads resulted in a single circular contig
(CP097207). The genome coverage for lllumina reads was 2758X, and for ONT, it was 73X.
Supplementary Figure 1 presents a comparison of the enrichment yield based on the input
genomic DNA type for parthenium phyllody isolates PR34 and PR08. The Kaiju taxonomic
analysis of the raw reads indicated that the phylum Tenericutes (now Mycoplasmatota)
exhibited the highest enrichment in all cases, providing insight into the extent of
phytoplasma enrichment (Figure 1).

Phytoplasma genomes are characterized by their repetitive nature and nucleotide
composition biased towards AT. In the PR34 and PRO8 genomes, there are 23 and 17
copies, respectively, of the 'reverse transcriptase domain-containing protein' (RTD). The
presence of these highly repetitive regions posed challenges in assembling the PR34 and
PRO8 genomes into a single scaffold, resulting in multiple contigs and limiting the mapping
of raw reads to only a few identical regions. To address this, the contig gaps were manually
inspected using IGV and carefully curated to obtain the final single, circular scaffolds for
PR34 and PR08. Subsequently, the raw reads were remapped to the single contig to assess
the coverage of the final assembly.

Based on the obtained results, Qiagen Genomic-tips 20/G purified and NEBNext enriched
DNA samples demonstrated the highest suitability for Illumina sequencing, enabling the
acquisition of complete phytoplasma genome sequences. Conversely, the NEBNext
prokaryotic enrichment kit's output DNA was found unsuitable for ONT sequencing, resulting
in significantly fewer sequences than anticipated, approximately 10 to 15-fold lower.
Although the expected DNA quantity was obtained at each step of the ONT library
preparation, the diminished sequencing output is speculated to be attributed to an unknown
contaminant from the NEBNext enrichment kit, adversely affecting ONT sequencing
efficiency. However, the long reads obtained through the ONT sequencing platform played a
crucial role in facilitating hybrid assembly and generating a single scaffold circular genome,
despite the reduced number of reads.

Page 9 of 41



O©CO~NOOOTA~AWNPE

295

296
297
298
299
300
301
302

303
304
305
306
307
308
309
310
311
312
313
314
315
316
317

318
319
320
321
322
323
324

325
326
327
328

3.3. Genome Statistics and OGRI Values

The phytoplasma isolate PR34, designated CP097206, has a single scaffold circular genome
with a size of 614,574 base pairs and a G+C content of 24.65%. The genome contains two
rRNA operons, 474 protein-coding sequences, 28 transfer RNA (tRNA) genes, and 18
pseudogenes. In comparison, the parthenium phyllody phytoplasma isolate PRO8
(CP097207) has the smallest reported circular genome among the 16Srll phytoplasmas,
measuring 588,746 base pairs in size. It contains two operons, 27 tRNA genes, 468 protein-
coding sequences (CDSs), and 15 pseudogenes, with a G+C content of 24.36% (Table 1).

The gene content analysis of parthenium phyllody phytoplasmas confirmed that their
genome has reduced content similar to that of other phytoplasmas. Among the protein-
coding genes, 304 (64.1%) for PR34 and 352 (75.2%) for PRO8 were assigned to 19
functional categories of Orthologous Groups of Proteins (COGs). The most abundant genes
in isolate PR34 and PR0O8 were those responsible for translation, ribosomal structure, and
biogenesis, with 104 and 109, respectively. This was followed by genes responsible for
transport and metabolism (70 and 71, respectively) (data not shown). The coding density of
isolate PR34 is the lowest among the 16Srll phytoplasmas and other complete phytoplasma
genomes. Additionally, the genome contains the highest number of tRNA among the 16Srll
or PWB phytoplasma genomes (Table 1). The comparison of orthologous gene clusters
generated using OrthoVenn2 among PWB phytoplasma genomes revealed distinct patterns
of shared clusters and variations in protein content. The OrthoVenn2 occurrence table
highlights the presence of specific species within each cluster, while the cluster count and
protein count offer quantitative measures of shared clusters and proteins, respectively
(Supplementary figure S2).

In addition, the orthoANI values for isolate PR34 were compared to those of ‘Ca. P.
aurantifolia’ isolate WBDL and ‘Ca. P. australasia’ isolate NCHU2014, resulting in values of
95.45% and 87.52 %, respectively. The isolate PR34 shares 65.17 % of its genomic segments
with reference isolate WBDL of 'Ca. P. aurantifolia’ and over 75% with 'Ca. P. australasia'.
Using the recommended formula 2 (Auch et al., 2010), digital DNA—-DNA hybridization values
for PR34 were calculated to be 62.1 and 31.6 against isolate WBDL and NCHU2014,
respectively (Table 2).

The OGRI values serve as valuable tools for tracing pathogen dissemination and discerning
their potential origins and evolutionary trajectories. By comparing pathogen genomes from
diverse sources or regions, their level of relatedness can be determined. Higher OGRI values
indicate close relationships among pathogens, suggesting a shared ancestry, whereas lower
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values imply less relatedness and potential independent origins. In the case of isolate PR34,
the obtained OGRI values distinctly indicate its independent evolution compared to closely
related phytoplasma species. The geographic location and plant host range of the
phytoplasma isolated -related to isolate PR34 differ from those of 'Ca. P. aurantifolia’ isolate
WBDL and 'Ca. P. australasia' isolate NCHU2014 (Supplementary Table S1).

3.4. Phylogenetic and PCoA Analysis

The phylogenetic analysis based on the 16S rRNA gene sequence reveals that isolate PR34
belongs to a separate clade that is distinct from closely related reference PWB (16Srll)
phytoplasmas, ‘Ca. P. aurantifolia’ and ‘Ca. P. australasia’ (Figure 2). This finding is
supported by the pan-genome phylogenetic tree (Figure 3) and the phylogenies inferred
using five marker genes (Supplementary Figure S3). These phylogenetic analyses suggest
that isolate PR34 has undergone a distinct evolutionary trajectory from the other PWB
phytoplasmas and has acquired unique genetic characteristics.

The multivariate analysis method (Principal Coordinate Analysis, PCoA) derived from a
similarity matrix of over 476 genes supported the phylogenetic analysis placing the isolate
PR34 distantly from both ‘Ca. P. aurantifolia’ and ‘Ca. P. australasia’ (Figure 4). The PCoA
analysis is based on the pairwise comparison of genomes, with the goal of identifying
patterns and trends that can reveal the evolutionary relationships between organisms. In
this case, the PCoA plot identified 5 clusters of phytoplasma genomes among the 16Srll
phytoplasma genomes. The PCoA plot shows the distances between the genomes in a two -
dimensional space clearly demonstrating the unique evolutionary position of the isolate
PR34. The analysis further showed that the member isolates of ‘Ca. P. australasia’ exhibits
differences at the genomic level placing the stains of Indian origin (PR08 and SS02) in a
distant cluster suggesting a separate evolutionary lineage.

The results of the comprehensive analysis suggest that isolate PR34 exhibits unique genetic
features and therefore should be designated as a new species. We propose a novel
phytoplasma taxon ‘Candidatus Phytoplasma partheni, referring to its plant host
(Parthenium hysteroporous L.); insect vector [Orosius albicinctus Distant, (Yadav et al.,
2015a)]; its phylogenetic position determined by the 16S rRNA gene, orthologous protein
sequences, and whole genome sequence; its distant position according to PCoA
coordinates and comparative OGRI values obtained from its genome. The proposed
reference isolate PR34 represents the group of PWB phytoplasma isolates mentioned in the
Supplementary Table S1.
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3.5. Description of ‘Candidatus Phytoplasma partheni'

'Candidatus Phytoplasma partheni' (par' the. ni N. L. gen. n. partheni of Parthenium) is
associated with phyllody disease of Parthenium hysterophorus L. The epithet 'partheni'
comes from Parthenium hysterophorus, referring to the plant host. The reference isolate
PR34 is associated with Parthenium hysterophorus showing phyllody, witches' broom, little
leaf, and stunting symptoms. The reference genome sequence of isolate PR34 is CP097206
and reference 16S rRNA gene sequence is MZ724173. The orthoANI and the digital DNA-
DNA hybridization values for isolate PR34 against its closest known relative, ‘Ca. P.
aurantifolia’ isolate WBDL (NZ_MWKNO00000000.1) is 95.45 and 62.1 %; respectively, tested
using recommended formula 2.

[Mollicutes] NC; NA; O, wall-less; NAS (CP097206); G+C content 24.65 %; oligonucleotide
sequences of unique regions of the 16S rRNA gene are A (353), A (183), A (1006), C (1151),
T (1416); P [Parthenium hysterophorus., phloem]; M].

3.6. Genome Features

The genomes of the parthenium phyllody phytoplasmas (PR08 and PR34) exhibit unique
features that distinguish them from other phytoplasmas within the PWB (16Srll) group as
well as outside the group. This includes number and diversity of effector proteins, absence
of Potential Mobile Units (PMU) segments, presence of sodA gene, presence of truncated
hemolysin gene and characteristic presence of high copy number of group Il introns.

3.6.1. Presence of wide array of Effector Proteins

Phytoplasmas produce distinct effector proteins that manipulate host plant
development, facilitating phytoplasma growth and dissemination (Oshima et al., 2013;
Singh et al.,, 2019). These effectors are transported to the plant cytoplasm through the
Sec secretion system, where they interact with host proteins (Sugio et al., 2011; Oshima
et al., 2013; Mittelberger et al., 2019). Certain effectors contain nuclear localization
signals (NLS) that enable their entry into the nucleus, where they engage with host DNA
to modulate host development (Bai et al., 2009; MacLean et al., 2011; Strohmayer et al.,
2021).

SignalP 4.1 and SignalP 5.0 predicted 23 secretory proteins for isolate PR34, while

SignalP 4.1 predicted 10 secretory proteins for isolate PR08, including products of the
rpsL and rpsR genes encoding 30S ribosomal subunits. On the other hand, SignalP 5.0
predicted 27 secretory proteins for isolate PR08, including those predicted by SignalP
4.1 but excluding the rpsL and rpsR gene products. Despite the difference in predicted
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protein numbers, SignalP 4.1 is recommended for phytoplasma secretory protein
prediction due to its consistent and comprehensive ability (Garcion et al., 2021). The
signal peptide associated with these secretory proteins was identified as a
phytoplasma-specific terminal sequence-variable mosaic (SVM) protein signal sequence
(Pfam entry: PF12113). Nuclear localization signal (NLS) analysis was performed for all
secretory proteins in isolate PR34, except for four proteins with a transmembrane
domain. Two proteins in PR34, namely SAP11 homolog (UQV27401) with an NLS score
of 7.9 and SAP_08 homolog (UQV27394) with an NLS score of 7.5, displayed NLS
signals above 7 (Kosugi et al., 2009b, 2009a). In PR08, one protein with an NLS score
above 7 was identified as a homolog of SAP_08 from AY-WB (UQV26961; NLS score =
7.3). The homolog of SAP11 (UQV26586) in PR0O8 exhibited an NLS score of 5.6.

Further, the proteins UQV27401 (PR34) and UQV26586 (PR08) showed 40.50 % and
41.2% sequence similarity to SAP11 of the isolate AYWB, respectively. The SAP11-
secretary protein first reported in AYWB phytoplasma is known to destabilize class I
TB/CYC-TCP transcription factors, implicating their roles in witches' broom symptoms
(Pecher et al., 2019). The functional SAP11 protein is known to have three domains viz
signal peptide domain, Nuclear Localization domain, and the TCP binding domain (Sugio
et al.,, 2014). In the case of SAP54, it has been hypothesized that binding to MADS-
domain TFs is a characteristic of the hydrophobic pattern achieved through convergent
sequence evolution rather than the amino acid sequence in k- the domain (Riimpler et
al., 2015). The hydrophobicity pattern of UQV27401 (PR34) and UQV26586 (PR08)
proteins was comparable to SAP11 owing to the conservative substitutions implying
they are likely to be active and responsible for the witches' broom symptoms (Figure
5A).

Effector proteins evolve faster than the housekeeping genes to adapt to the host
environment (Ma and Guttman, 2008). The phylogenetic analysis SAP11 homologs of
PWB phytoplasmas reveals that the SAP11 homolog of parthenium phyllody
phytoplasma PR34 has evolved differently from the SAP11 homologs of Ca. P.
aurantifolia’ and 'Ca. P. australasia’ (Figure 5B).

The homolog of SAP_08 in isolate PR34 and PR0O8 showed the presence of NLS with a
strong score (7.5 and 7.3), indicating the protein might travel to the nucleus and interact
with DNA leading to symptom development. Additionally, the isolate PR34 and PR08
showed the presence of homologs of ATP_189, Eff115, Eff197, Eff211, PHYL1, SAPOS5,
SAP15, SAP19, SAP21-like, SAP22, SAP40, SAP41, SAP42, SAP49, SAP69 with amino
acid sequence similarity 34.7% t0 96.8%.
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3.6.2. Absence of Potential Mobile Units (PMUs)

The genomes of phytoplasmas are distinguished by their potential mobile units (PMUs),
which have played a significant role in chromosomal rearrangement (Dickinson, 20104a;
Ku et al., 2013b). Many phytoplasma genomes contain numerous PMUs that are often
organized in clusters that resemble composite transposons. The longest and most
complete PMU in the AYWB phytoplasma, which is about 20 kb in length, exists in both
linear chromosomal and circular extrachromosomal forms. This suggests that PMUs
can transpose through circular intermediates. This PMU is bordered by the tra5 gene
and contains ORFs for genes involved in DNA replication (ssb, dnaB, and dnaG),
synthesis (tmk), and recombination (himA) (Torufio et al., 2010). Notably, no continuous
region containing this set of genes was found in the genomes of isolate PR34 and PRO8.
However, some of the core PMU genes were found scattered throughout both genomes.

The genome of the PR34 isolate has four copies of the sigma-70 family RNA polymerase
sigma factor, which is a putative member of the PMU. However, this gene is mutated
and has become a pseudogene. Additionally, the genome contains three copies of the
single-stranded DNA-binding protein (ssb), one of which is also a pseudogene. The
genome also contains another pseudogene, 1S3 family transposase (ISErh7 gene named
tra5). The genome has two copies of both the ATP-dependent zinc metalloprotease ftsH
(hfIB) gene and the thymidylate kinase (tmk) gene. There is one copy each of the DNA-
binding protein HU (himA), DNA-directed RNA polymerase subunit alpha, RNA
polymerase subunit sigma, replicative DNA helicase (dnaB), and DNA primase (dnaG).
These genes are scattered throughout the genome with different orientations and do not
form a cluster as observed in the AYWB genome (NC_007716). However, there is a
single instance where the single-stranded DNA-binding protein and the sigma-70 family
RNA polymerase sigma factor are located upstream of the pseudogene tra5 with

undetermined significance.

The phylogenetic analyses on homologs of three PMU signature genes (hfiB, dnaB, and
dnaG) from the PMU of PWB phytoplasma NTU2011 suggest horizontal gene transfer
(HGT) of PMU (Chung et al., 2013). This observation also explains the coexistence of
drastically different PMUs in 'Ca. P. australiense' (Ku et al., 2013b; Tran-Nguyen et al.,
2008). Moreover, PMUs may be involved in HGT with other bacteria in the same
ecological niche, as indicated by the horizontal transfer of a gene in AYWB PMU3 (mgs1)
and spiroplasmas (Ku et al., 2013a). The transfer of PMUs facilitates the dissemination
of effector genes and broadens the host range of recipient phytoplasma isolates.
However, integrated PMUs undergo gradual degradation over time, primarily driven by
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random mutations, deletional bias, and genetic drift in obligate pathogens.
Consequently, PMUs may undergo substantial changes, rendering them unrecognizable,
while selectively advantageous effector genes are retained, as evidenced by the
genomes of PR08 and PR34 analyzed in this study (Ku et al., 2013b; Kuo et al., 2009; Kuo
and Ochman, 2009). AYWB PMUs (PMU2-4) and other PMU-like regions in the AYWB
genome (NC_007716) contain fewer or truncated ORFs and are degenerated versions of
PMU1.

3.6.3. Presence of Superoxide dismutase genes

Superoxide dismutase (SODs) is a primary cellular antioxidant defense system for the
survival of intracellular pathogens against reactive oxygen species (ROS) produced by
the plant defense (Tripathy & Oelmiiller, 2012; Maurya & Namdeo, 2021; Dumanovi¢ et
al., 2021). Production of ROS in response to phytoplasma infection by plants has been
reported earlier (Musetti et al., 2004, 2005). Here we identified the sodA gene encoding
Fe-Mn SOD in isolate PR34 (UQV27294) and PR08 (UQV26792). Homologs of the sodA
gene are found in previously reported phytoplasma genomes of ‘Ca. Phytoplasma
asteris' isolate OY-M (Bai et al., 2006), 'Ca. Phytoplasma mali' (Seemuller and Schneider,
2004), ‘Ca. Phytoplasma australiense' (Tran-Nguyen et al., 2008) and 'Ca. Phytoplasma
prunorum'’ (Seemuller and Schneider, 2004). The integrity of the sodA gene has been
maintained in phytoplasma genomes irrespective of rearrangement and reductive
evolution, indicating a functional role of SOD enzymes. The antioxidant enzymatic
activity of SOD was confirmed in OY phytoplasma (Miura et al., 2012).

However, the absence of peroxidases (POX) or catalases (CAT) in both sequenced
phytoplasma genomes raises the possibility of alternative, yet uncharacterized enzymes
downstream of the superoxide dismutase (SOD) enzyme. In the major ROS scavenging
pathway, SOD converts superoxide radicals (H202) into hydrogen peroxide, which is
typically detoxified by POX or CAT enzymes (Michiels et al., 1994). According to previous
reports, two mycoplasmal genes, MGA1142 of Mycoplasma gallisepticum and MG_454
of M. genitalium, encode an antioxidant protein that functions as an organic
hydroperoxide reductase (Jenkins et al., 2008; Saikolappan et al., 2009). It has also been
reported that a peroxiredoxin that detoxifies H.02, MhPrx, was present in M.
hyopneumoniae (Machado et al., 2009). Other bacteria, such as Streptococcus mutans,
have been reported to defend against ROS stress with alkyl hydroperoxide reductase
(ahpR) as an alternative to CAT (Higuchi et al., 2000). However, the homologous genes
for these antioxidant proteins are not found in phytoplasma genomes earlier (Bai et al.,
2006; Oshima et al., 2013) or in PR08 and PR34 genomes. The SOD protein of
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Mycobacterium tuberculosis is known to be released in the extracellular milieu
(Dussurget et al., 2001; Tullius et al., 2001). But the Fe-Mn SOD of parthenium phyllody
phytoplasma did not show the presence of terminal sequence-variable mosaic (SVM)
protein signal sequence (Pfam entry: PF12113), which is described as a detectable
feature associated with secretion (Jomantiene et al., 2007).

Further, the thioredoxin reductase (TrxR) system found in mycoplasmas has been
proposed to play a protective role against reactive oxygen compounds (Ben-Menachem
et al., 1997). The TrxR system defends against oxidative stress by reducing oxidized
TrxR, which, in turn, can activate the antioxidant functions of SOD. The reduced form of
TrxR can interact with and activate various antioxidant enzymes, including SOD, thereby
increasing the cellular defense against ROS-induced oxidative stress (Espinosa-Diez et
al., 2015). Overall, the TrxR system and the SOD gene are two crucial components of the
cellular defense against oxidative stress. The presence of thioredoxin family proteins in
isolate PR34 (UQV27055) and PR0O8 (UQV26564) suggests that phytoplasma may use
either or both systems in response to oxidative stress within the cell.

3.6.4. Presence of Multiple and Truncated Hemolysin Genes

The presence of multiple and truncated hemolysin (hlyB) genes was discovered through
the analysis of PR08 and PR34 genomes using the Virulence Factor database (VFDB).
Hemolysin genes encode cytolytic toxins that target and disrupt host cell membranes,
benefiting bacteria by providing nutrients and facilitating infection spread. Hemolysins
play various roles in cellular processes, such as quorum sensing and stress responses.
The expression of hemolysin genes is regulated by a complex network of factors and
environmental conditions (Bhakdi et al., 1988). The T1SS system found in gram-negative
organisms consists of crucial genes involved in the synthesis, modification, and
secretion of hemolysin. These genes include hlyA, which codes for a polypeptide that
requires modification by the hlyC gene to become active, and hlyB and hlyD, which
encode proteins involved in exporting the hemolysin. The tolC gene, not part of the hly
operon, is responsible for hemolysin secretion (Thomas et al., 2014; Wandersman,
1992). Both these genomes lack homologs of hlyA, hlyC, hlyD, and TolC genes.

The genomes of PR34 and PR08 found to have multiple copies (7 and 13, respectively)
of the hlyB gene, with varying lengths (246 to 614 aa in PR34 and 212 to 499 aa in PR08),
containing an ABC transporter-like ATP-binding domain. The hlyB genes in isolate PR34
are arranged consecutively as (UQV27256-57 and UQV27384-85). ABC transporters are
membrane proteins that use ATP as energy to transport different substances in and out
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of cells where hlyB is a smaller ABC transporter that forms a functional pair when ATP
binds to it (Thomas et al., 2014). Two hlyB homologs in isolate PR34 (577 to 614 aa)
exhibited ABC transporter type 1 transmembrane and ATP-binding domains. The
identified proteins lack a peptidase domain with an active site, unlike in E. coli.

Some phytoplasma isolates possess hemolysin Il (Hlylll) genes belonging to the RTX
family of pore-forming toxins. Hlylll forms pores in the host cell membrane, leading to
lysis and tissue damage. hlyA and Hlylll, although important virulence factors in their
respective bacterial species, have different molecular structures and mechanisms of
action. However, these genes were not detected in the genomes of PR08 and PR34.

The genomes of parthenium phyllody phytoplasma exhibit the presence of a septation
protein from the SpoVG family. SpoVG is a DNA/RNA-binding protein that plays a crucial
role in various essential bacterial processes, including cell division, sporulation, biofilm
formation, and virulence (Burke et al., 2016; Huang et al., 2021; Benthien et al., 2022). It
has been reported to be involved in hemolysis caused by Bacillus subtilis (Pan et al.,
2014). However, the specific mechanism and targets of SpoVG in phytoplasmas are
under investigation, and further research is necessary to fully comprehend its role in this
process.

3.6.5. Presence of Self-catalytic, High-copy Group Il Introns

Multiple copies of full-length and truncated Group Il introns were identified in the
genome of isolates PR0O8 and PR34. These are mobile genetic elements found in all
domains of life, exhibiting diversity within the bacterial kingdom. These introns exist in
ORF-less and ORF-containing forms, with the RNA component accounting for 600 to 900
bp and the Intron encoded proteins (IEPs) ORF being 1800 bp, approximately (Zimmerly
and Semper, 2015). The splicing process involves intermediate lariat formation and can
occur through retro-homing or retro-transposition (Bonen and Vogel, 2001; Lambowitz
and Zimmerly, 2011, 2004; Zimmerly and Semper, 2015).

Bacterial group Il introns, often surrounded by other mobile genetic elements, are known
to transfer horizontally across the species in addition to vertical inheritance (Klein and
Dunny, 2002; Rest and Mindell, 2003; Sheveleva and Hallick, 2004). The genomes of
PRO8 and PR34, Group Il introns are spread throughout the genome independent of
adjacent genes (Figure 6A). Six full-length IEPs were annotated in the genome of PR34
along with 7 truncated and 9 pseudo-ORFs (23 in total), while in PROS, five were
annotated as full-length IEPs, 11 truncated and 3 pseudo-genes according to Zimmerly's
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group Il intron database (Candales et al., 2012) and sequence based InterProScan (Blum
et al., 2021) analysis (Figure 6B).

This analysis confirmed that the introns in both these genomes are complete and
putatively functional, containing RT-X-En domains. Group Il introns have characteristic
secondary structures consisting of six domains, with domain IV enclosing the ORF for
IEP. They are classified based on RNA sequence and secondary structure, as well as the
amino acid sequence of the IEP (Michel and Lang, 1985). Bacteria contain all group Il
lineages, while mitochondria and chloroplasts have group Il ML and CL introns
exclusively. The ML (mitochondrial-like) introns and CL (chloroplast-like) introns are
subgroups or subtypes of Group Il introns (Simon et al., 2008; Toro et al., 2002; Zimmerly
et al., 2001). All ORFs in PR34 and PR08 belong to RNA class IIA1 and IEP class ML,
except for one ORF in PR34 belongs to RNA class IIB and IEP class B.

The presence of IEP homologs varies among phytoplasma genomes, with some species
having multiple copies, while others lack them. They are present in multiple copies in all
PWB (16Srll) phytoplasma genomes and genomes of ‘Ca. Phytoplasma solani’ (isolate
231/09), Mulberry dwarf phytoplasma, and Strawberry lethal yellows phytoplasma
(CPA). The full-length group Il introns with complete ORFs are rare in class Mollicutes,
often being truncated. They were found in only one species of Anaeroplasma
(Anaeroplasma bactoclasticum), one species of Haloplasma (Haloplasma contractile),
and entirely absent in Entomoplasmatales. The phylogenetic analysis suggests that the
IEPs in phytoplasmas are more closely related to Clostridium difficile and Lactococcus
lactis than to Acholeplasma or Anaeroplasma (Figure 6C).

Bacterial group Il introns exhibit the ability to transfer horizontally across species,
alongside vertical inheritance (Dai and Zimmerly, 2002; Kamikawa et al., 2009; Sheveleva
and Hallick, 2004; Simon et al., 2009; Simon and Zimmerly, 2008). Horizontal transfer of
group Il introns in Wolbachia has been demonstrated through the presence of introns
from different phylogenetic classes (Leclercq et al., 2011). Additionally, nearly identical
group Il introns have been identified in multiple strains of B. cereus, suggesting their
dissemination through bacteriophages (Tourasse and Kolstg, 2008). The sporadic
occurrence of group Il introns in certain strains of E. coli, Salmonella, Klebsiella
pneumoniae, Proteus mirabilis, Rhizobium, and Bradyrizobium indicates their acquisition
through horizontal transfer rather than vertical inheritance (Ferat et al., 1994; Rodriguez-
Martinez et al., 2012). The G+C content of the itrA gene in phytoplasma exhibits a
significant deviation from the rest of the genome, ranging from 36.6% to 37.4%. This
observation, along with the phylogenetic analysis and classification of Group Il introns,
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provides indirect evidence for a potential recent horizontal gene transfer to
phytoplasmas.

We observed a remarkably high abundance of Group Il introns in the genomes of PWB or
16Srll phytoplasmas, with notable differences in their copy numbers among
phytoplasma species (Figure 6B). These group Il introns are widely distributed
throughout the genome, occupying more than 4% of the total genome length. They
represent selfish mobile elements that generate multiple copies within genomes, thereby
contributing to genome expansion and rearrangement. The growing reports based on
whole genome sequencing of endosymbionts suggest that their interrelation with mobile
genetic elements is much more complex, as exemplified by Rickettsiales (Darby et al.,
2007) and Wolbachia (Leclercq et al., 2011). The high abundance and distribution of
group Il introns in phytoplasma genomes significantly influenced the genomic
arrangement of PWB phytoplasmas. Future studies on group Il introns hold promise in
unravelling the potential coevolution of these genetic elements and the phytoplasma
genome.

4. Conclusion

In conclusion, the study focused on genome sequencing of two phytoplasma isolate
associated with parthenium phyllody, a disease affecting legumes and the common weed
Parthenium hysterophorus in India. The sequencing process involved various methods to
enrich DNA and improve assembly quality inferring that the Qiagen Genomic-tips purification
were found to be effective for NEBNext enrichment followed by next generation sequencing.
The isolate PR34 exhibited a circular genome with distinct genetic features, suggesting it as
a new species, ‘Ca. Phytoplamsa partheni’. The isolate PR08 had a smaller circular genome
with reduced gene content compared to similar phytoplasmas. Both isolate possessed
diverse effector proteins and lacked Potential Mobile Units (PMUs) but had multiple copies
of Group Il introns. The presence of defense-related genes and unidentified truncated
hemolysin genes added to the understanding of their unique genomic characteristics. These
findings contribute to our knowledge of phytoplasma evolution and their interaction with
host plants.

The GenBank/EMBL/DDBJ accession numbers for the reference 16S rRNA gene sequences of
phytoplasmas isolates PR34 and PR0O8 are MZ724173 and LN879443. The accession number of
complete genomes are CP097206 and CP097207. The versions described in this manuscript are
CP097206.1 and CP097207.1. Other partial 16Sr rRNA gene sequences were submitted under accession
numbers HG792252, LN878981, 82; LN879437 to 43; LT558766 to 69; LT558783, 84, 89; MG748740 to
45; MT555411, 12; MT940950 to 69; MZ724173 and 74.
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1
2
3

41078  Table 1. Comparative analysis of the genomic characteristics of different strains belonging to
61079  the Peanut Witches' Broom (PWB) group of phytoplasmas. The genomes of six strains, namely
71080  'Ca. P. partheni' (PR34), ‘Ca. P. australasia' (NCHU2014, NTU2011 SS02 and PR08), and 'Ca. P.
81081  aurantifolia’ (WBDL) were analyzed. The genome sizes, number of contigs, coding density, and

18 1082  G+C content were determined, and the presence of proteins, rRNA, and tRNA was evaluated.

11 . .
Accession No. of. Genome . Coding

15 Isolate ID Number Contigs Size (bp) Proteins rRNA tRNA density % G+C

14 PR34 CP097206 1 614,574 474 6 28 70.61 24.65

12 PRO8 CP097207 1 588,746 468 6 27 7274  24.36

17 NCHU2014  CP040925 1 639,808 471 6 24 71.88 2454

18

;g NTU2011 AMWZO%OOOOO 14 566,604 448 6 27 7331 2437

21 JAHBAJ00000

22 SS02 60 553,228 449 3 17 7225  23.68

53 0000

24

25 WBDL MWK'\(')%OOOOO 98 474,669 385 0 19 73.76 23.9

26

27

28

291083  Table 2. OrthoANI and dDDH values shared between 'Ca. P. partheni' (PR34) and other PWB isolates,
301084 including 'Ca. P. aurantifolia' (WBDL), ‘Ca. P. australasia' (NCHU2014, NTU2011 SS02 and PR08)
g; 1085 along with the percentage of shared genomic segments. The observed differences in ANI, dDDH

331086  values, and shared genomic segments highlight the genetic diversity within the PWB (16Srll) group.

34

35 Isolate ID ANI values with dDDH values with Genomic segments
36 closest relative closest relative shared (%)

g; PR34 100 100 08.88

39 WBDL 95.45 62.1 65.17
40
a1 NCHU2014 87.52 31.6 86.52

jé NTU2011 87.25 30.8 80.34

o PRO8 86.99 30.5 85.39
46 $S02 86.98 30.6 75.84
47
481087
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Figure 1. Bubble plots depicting the number and relative abundance of taxa in the 'enriched'
genomic DNA samples were generated using the Kaiju server (https://kaiju.binf ku.dk). Kaiju
plots for the isolates PRO8 and PR34 assigning lllumina raw reads, A and C; Oxford Nanopore
Technologies raw read, B and D; respectively. The size of each bubble is scaled logarithmically
to reflect the number of raw reads directly assigned to the corresponding taxon. Each bubble
represents a species, with its diameter representing the relative abundance of taxa in the
dataset. ‘T’ represents Tenericutes, indicating the fair abundance of raw reads assigned to
phytoplasmas while the scarcity of raw reads assigned to 'cellular organism' or ‘Eukaryota’
signifies the successful enrichment of ‘prokaryotic’ DNA.
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'Ca. Phytoplasma partheni’ PR34 (MZ2724173)
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Figure 2. Phylogenetic position of ‘Ca. Phytoplamsa partheni’ sp. nov. isolate PR34 inferred
from analysis of reference 16S rRNA gene sequences of published provisional species of ‘Ca.
Phytoplamsa’. The Neighbour-Joining (NJ), Maximum-Likelihood (ML), and Maximum-
Parsimony (MP) methods were employed, utilizing the Tajima-Nei, JTT, and Subtree-Pruning-
Regrafting (SPR) models, respectively, in MEGA 7. The topologies of the trees were evaluated by
bootstrap analysis based on 1000 replicates. Figures at nodes of the branches indicate the
percentage of replicate trees obtained from NJ, ML and MP methods respectively in which the
associated taxa clustered together in the bootstrap test. There were a total of 1285 positions in
the final dataset. The 16S rRNA sequence of Acholeplasma laidlawii PG-8A (M23932) was used
as an outgroup. The bar indicates the number of nucleotide substitutions per site.
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Figure 3. The combined pan-genome phylogenetic tree of phytoplasma is based on orthologous
protein and gene sequences derived using BPGA and UBCG tools. The BPGA based
phylogenetic tree was constructed in MEGA 7 using the Neighbour-Joining method (1000
bootstrap replicates) involving a concatenated alignment file obtained from the USEARCH
Clustering algorithm. The BPGA concatenated alignment file contains a total of 10,387 amino
acid positions in the final dataset. The length of UBGC concatenated alignment was 86,628
containing 89 marker genes identified using HMMER and predicted using Prodigal search.
Figures at branch points are bootstrap values seen in trees obtained using UBGC and BPGA,
respectively. The genome sequence of Acholeplasma laidlawii PG-8A (NC 010163) was used as
an outgroup. Bar indicates the number of substitutions per site.
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Figure 4. Principal Coordinate Analysis (PCoA) of PWB (16Srll) group of phytoplasma genomes
highlighting the distinct position of ‘Ca. Phytoplamsa partheni' PR34. PCoA was performed to
compare the gene content among PWB genomes. A matrix consisting of six genomes and 476
gene clusters, obtained from OrthoMCL analysis (Fischer et al., 2011), was transformed into a
Jaccard distance matrix using the VEGAN package in R (Dixon, 2003) to assess genome
dissimilarity. The Jaccard distance matrix was processed using the PCoA function in the APE
package (Paradis and Schliep, 2019). The analysis reveals a significant genetic divergence, with
'Ca. P. partheni' PR34 exhibiting a distinctive gene composition compared to other PWB
genomes.
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23

gg 1133  Figure 5. Hydrophobicity pattern and phylogenetic analysis of SAP11 homologs in

261134  representative isolates of PWB (16Srll) group of phytoplasmas. The amino acid sequences of

% 1135  SAP11 protein homologs from all PWB genomes were aligned, and their hydrophobicity patterns

291136  were visualized using Geneious Prime (2022.1). The hydrophobicity patterns of the SAP11
311137  homologs exhibit a higher degree of conservation unlike their corresponding amino acid

gg 1138  sequences (A), The phylogenetic analysis SAP11 homologs of PWB phytoplasmas using the

341139  Neighbour-joining method in MEGA7 reveals that the SAP11 homolog of ‘Ca. P. partheni' isolate

22 1140  PR34 has evolved differently from the SAP11 homologs of ‘Ca. P. aurantifolia’ and ‘Ca. P.

371141  australasia’ (B).
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Figure 6. Distribution, abundance, and phylogenetic position of Intron-encoded proteins (IEPs) in
complete genomes of PWB (16Srll) phytoplasmas. The figure illustrates the genome-wide
distribution of Reverse Transcriptase Domain (RTD) containing proteins (blue), locally
distributed secretary proteins (pink), and protein-coding sequences (CDSs, green) in three PWB
isolates: PR34, PR08, and NCHU2014 (A). The abundance of RTD sequences as distinct
genomic characteristics of PWB phytoplasma genomes, less prevalent in other phytoplasmas
(B). Phylogenetic analysis reveals the closer evolutionary relationship of phytoplasmal IEPs to
Clostridium and Lactobacillus species compared to Acholeplasma, suggesting horizontal gene
transfer as the likely mechanism for IEP acquisition. The evolutionary history was inferred using
the Neighbor-Joining method in MEGA7, with bootstrap support shown at nodes. The outgroup
sequence of Anaeroplasma bactoclasticum (WP 211321086) was used, and the bar indicates
the number of substitutions per site. The final dataset comprised 254 positions (C).
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Supplementary Table S1. List of phytoplasma isolates -related to proposed ‘Ca. P. parthenf’,

reference isolate PR34 (MZ724173).

Phytoplasma name and isolate(s) Accession Country Reference
Acacia Witches' broom Tripural & MH644006 India Rao et al., 2020
Tripura2 MH644007
Bamboo Witches’ broom BB10 LN811707 India Yadav et al., 2015b
Bamboo Witches’ broom BWB UP1 MZ295214 India Ravi et al., 2022
Blue snakeweed Witches’ broom Gvt MK603205 India Pramesh et al., 2020
Cactus Witches'-broom YNO8, YN16 AJ293216 China Cai et al.,, 2008
EU099561
Chickpea phyllody CPAP-PP2, CPAP-PP6, MN551488 India Reddy, 2020
CPP-P8 & CPP-UP7 MN551489
MT420257
MT420258
Chickpea phyllody CKKu-29 KX151128 India Unpublished
Coconut lethal Yellow VCP JQ868437 N/A Makarova et al., 2012
Faba bean phyllody FBP HQ589188 Sudan Unpublished
Marigold witches'-broom MMWB-ND1 & MW377691 India Unpublished
MMWB-ND2 MW377692
Parthenium Phyllody PhUP-1 MZ424215 India Ravi et al., 2022
Parthenium Phyllody PRO1 LN811709 India Yadav et al., 2015b
Parthenium phyllody PR0O4, PR15, PR35 LN879439M India Unpublished
T940957
MZ724174
Phyllanthus little leaf PNLL-ND1 & PNLL- MW377693 India Unpublished
ND2 MW377694
Sesame phyllody CG, Dsh1 KF773145 India Unpublished
MW272567
Sesame phyllody Kushinagar-3 KF728952 India Nabi et al., 2015
Sesame phyllody TKG-421 & TKG-431 KF322275 India Unpublished
KF322278
Soybean phyllody SOYP EF193353 Thailand Martini et al., 2007
Soybean witches'-broom PPsoymoz13 HQ840717 Mozambique Lava Kumar et al., 2011
Tephrosia purpurea phyllody TP02 LN878981 India Yadav et al., 2014
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Supplementary Figure S1. The graph showing the gPCR-determined enrichment efficiency of
different methods used in this study. Genomic DNA extracted from symptomatic parthenium
plants (PR0O8 and PR34) underwent various techniques, and the copy numbers of phytoplasma
16S rRNA and host 18S rRNA genes were quantified using quantitative PCR. The copy numbers
are represented in green and blue for phytoplasma 16S rRNA gene and host 18S gene,
respectively. For PR34 genomic DNA, the first and second bars represent copy numbers
obtained using the CTAB method. The third and fourth bars display copy numbers after CTAB
extraction followed by processing with LFB (Long Fragment buffer) (SQK-LSK109, Oxford
Nanopore Technologies, UK) and NEBNext microbiome-mediated enrichment (E2612L; New
England BioLabs, USA). The fifth and sixth bars show copy numbers after additional processing
with the illustra ready-to-go V3 amplification kit (GE25-6601-96; Merck, Germany). The fifth and
sixth bars show copy numbers after CTAB extraction and purification using QIAGEN Genomic-
tips (10223, Qiagen, Germany), followed by NEBNext microbiome-mediated enrichment. Similar
DNA preprocessing was carried out for isolates PR08, with the seventh and eighth bars
representing copy numbers after processing with LFB, and the ninth and tenth bars representing
copy numbers after illustra amplification (A). The line graph demonstrates a decline in copy
number for the host 18S rRNA gene compared to a relatively stable copy number of
phytoplasma 16S rRNA genes throughout the NEBNext microbiome-mediated enrichment
processes for both PR34 and PR0S8 isolates (inset, B).
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Supplementary Figure S2. Comparison of orthologous gene clusters among the genomes of
PWB phytoplasmas made using OrthoVenn2 (Xu et al. 2019). The genomes used for this
comparison were ‘Ca. P. aurantifolia’ WBDL (MWKNO00000000), Echinacea purpurea witches’ -
broom phytoplasma NCHU2014 (CP040925), Peanut Witches’ broom NTU2011 (NZ

AMWZ00000000), Parthenium phyllody phytoplasma, PR0O8 (CP097207); ‘Ca. P. partheni’ PR34

(CP097206) and ‘Sesame phyllody phytoplasma SS02 (JAHBAJ000000000). The occurrence

table presents the pattern of top 20 shared orthologous groups among these PWB genomes.
The left side of the table indicates the species present in each cluster. The cluster count

represents the number of shared clusters between species, while the protein count indicates the
number of proteins within these shared clusters. This visual representation provides insights
into the variations in protein content across these genomes.
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Supplementary Figure S3. Phylogenetic tree of concatenated full-length amino acid sequences
of five individual housekeeping genes obtained from selected phytoplasma genomes. The tree
involves five amino acid sequences of Replication initiation protein DnaD (dnaD), DegV family
protein (degV), TIGR00282 family metallophosphoesterase, Preprotein translocase SecY (secY),
and RIuA family pseudo uridine synthase (rluA) genes totalling to 1132 positions in the final
dataset. The evolutionary history was inferred by using the Maximum Likelihood method based
on the Le_Gascuel_2008 model in MEGAY7. Figures at nodes of the branches indicate the
percentage of replicate trees obtained from ML method. Bootstrap analysis was carried out
using 1000 replicates. The respective sequences of Acholeplasma laidlawii PG-8A (NC 010163)
were used as an outgroup. Bar indicates the number of substitutions per site.
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