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Daikon (Raphanus sativus L. var. longipinnatus) is an economically important
root crop and medicinal plant. In 2021, a previously unreported disease outbreak
characterized by early bolting, witches'-broom, phyllody, virescence, and severe
root growth retardation was observed in daikon fields in Yunlin, Taiwan. Transmission
electron microscopy revealed pleomorphic phytoplasma-like bodies within the
sieve elements of symptomatic plants. Molecular diagnostics and phylogenetic
analyses identified the causal agent as a 16Srll-A subgroup strain of ‘Candidatus
Phytoplasma aurantifolia’, designated NCHU2022. Hybrid genome assembly using
[llumina and Oxford Nanopore sequencing yielded a complete genome consisting
of a 632 kb circular chromosome and a 4.2 kb plasmid. Effector prediction and
functional assays identified two secreted proteins, SRP06 and SRP15, homologous
to SAP54/PHYL1 and SAP11, respectively, which induced phyllody and witches'-
broom symptoms through destabilization of floral MADS-domain and class Il TCP
transcription factors. Transcriptomic profiling of infected roots revealed activation
of auxin biosynthesis and signaling pathways, accompanied by suppression of
cytokinin signaling and induction of lignin biosynthesis, suggesting that hormonal
reprogramming contributes to abnormal root development. While previous studies
have primarily focused on aerial symptomatology—such as witches'-broom,
phyllody, and sterility—our findings highlight an underexplored dimension of
phytoplasma pathology: the profound impairment of root development driven
by auxin dysregulation and associated transcriptional remodeling.

KEYWORDS

phytoplasma, daikon, PHYL1, SAP11, auxin

01 frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
http://crossmark.crossref.org/dialog/?doi=10.3389/fmicb.2025.1654928&domain=pdf&date_stamp=2025-09-09
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full
mailto:jyang@nchu.edu.tw
mailto:chk@gate.sinica.edu.tw
https://doi.org/10.3389/fmicb.2025.1654928
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://www.frontiersin.org/journals/microbiology#editorial-board
https://www.frontiersin.org/journals/microbiology#editorial-board
https://doi.org/10.3389/fmicb.2025.1654928

Chiu et al.

Introduction

Phytoplasmas are pleomorphic, phloem-restricted bacterial
pathogens transmitted by phloem-feeding insects, such as leathoppers,
planthoppers, and psyllids (Trivellone and Dietrich, 2021). To date, 44
phytoplasma species have been classified in the genus ‘Candidatus
Phytoplasma’ based primarily on the similarity of the 16S rRNA gene
(Namba, 2019). Alternatively, they can be grouped using iPhyClassifier,
a virtual restriction fragment length polymorphism (RFLP) profiling
tool that aids in subgroup designation (Zhao et al., 2009). These
bacteria infect over 700 plant species and are responsible for a range
of disease symptoms, including stunting, yellowing, virescence,
phyllody, witches’-broom, vivipary, purple top, and general decline
(Kumari et al., 2019; Namba, 2019). In Taiwan, phytoplasmas are
known to infect a wide range of plant species, including vegetables,
ornamentals, medicinal herbs, and weeds, with identified strains
belonging to groups such as 16SrI, 16Sr1I, 16SrVIII, 16SrX, 16SrXI,
16SrXIl, and 16SrXIV (Yang et al., 2023).

The virulence factors secreted by phytoplasmas, SAP11, SAP54/
PHYL1, TENGU, and SAPO05, have been known to reprogram host
development and defense by targeting key transcription factors and
hormone signaling pathways (Sugio et al., 201 1b; Wang R. et al., 2024).
Among them, SAP54/PHYL1 induces phyllody by promoting
proteasomal degradation of floral MADS-box transcription factors
(MTFs) through RAD23-mediated recruitment (MacLean et al., 2014;
Maejima et al., 2014). SAPO5 prolongs the vegetative phase by
facilitating ubiquitin-independent degradation of SQUAMOSA
promoter-binding protein-like (SPL) transcription factors (Huang
et al, 2021). SAP11 destabilizes class II TCP (TEOSINTE
BRANCHEDI1, CYCLOIDEA, and PROLIFERATING CELL
FACTOR 1 and 2) transcription factors, thereby promoting axillary
meristem proliferation and suppressing jasmonic acid (JA)
biosynthesis through downregulation of LOX2, a JA biosynthetic gene
(Chang et al,, 2018; Sugio et al,, 2011a). TENGU, predominantly
found in 16SrI phytoplasma strains, induces floral sterility and
dwarfism by repressing auxin signaling via inhibition of ARF6 and
ARF8 expression (Hoshi et al., 2009; Minato et al., 2014).

Daikon (Raphanus sativus L. var. longipinnatus) is a widely
cultivated root vegetable belonging to the Brassicaceae family,
appreciated not only for culinary applications but also for its medicinal
properties in traditional Asian medicine (Baenas et al., 2016; Shukla
etal, 2011). The formation of storage roots is a precisely coordinated
developmental process, encompassing cell division, expansion,
differentiation, and biomass accumulation. Among phytohormones,
auxin is particularly critical, playing a central regulatory role across
these developmental stages (Kondhare et al., 2021). Recent research
has further connected auxin signaling to lignin biosynthesis,
highlighting how hormonal regulation influences cell wall
composition and tissue rigidity (Wang W. et al,, 2024). Thus,
maintaining finely-tuned auxin homeostasis is essential for proper
root morphogenesis.

In Taiwan, daikon cultivation is threatened by various pathogens,
including Xanthomonas campestris pv. campestris (black rot), Erwinia
carotovora (soft rot), Fusarium oxysporum f. sp. raphani (yellows), and
radish mosaic virus (Chuang et al., 1989; Lo and Sun, 1987; Wang
et al, 2014). In this study, the first genomic and functional
characterization of a phytoplasma associated with witches’-broom
disease in daikon was presented. Using a combination of genome
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sequencing, effector characterization, and transcriptomic profiling,
the molecular mechanisms underlying disease symptom development
and host responses were examined. Our findings provide a
comprehensive view of how phytoplasma infection can induce host
developmental reprogramming through key virulence factors and
hormone signaling disruption, with unique manifestations in root-
dominant crops like daikon.

Materials and methods
Sampling

Early bolting and witches-broom symptoms were observed in
three commercial daikon cultivation areas in Mailiao Township,
Yunlin County, Taiwan: Site I (23°45"44.7”N, 120°1500.1”E), Site II
(23°45'56.2"N, 120°14’49.4"E), and Site III (23°45'13.0"N,
120°15'28.2"E). The disease incidence was estimated at 0.56% (88
symptomatic plants out of 15,465), 0.25% (22/8,774), and 0.16%
(117/73,125) at Sites I, II, and III, respectively. A total of 11
symptomatic plants were selected for molecular analyses, including 4
from Site I, 3 from Site II, and 4 from Site III, and used for DNA
extraction and sequencing. To serve as healthy controls, five
asymptomatic daikon plants were collected from the same three sites
during the same period, including 2 from Site I, 1 from Site II, and 3
from Site III, ensuring that all control samples were matched for
growth stage, soil type, and environmental conditions.

Polymerase chain reaction (PCR) and
nested PCR

The genomic DNA (gDNA) from the leaves of healthy and
symptomatic plants was extracted by the Plant Genomic DNA
Purification Kit following the manufacturer’s instructions (DP022-
150, GeneMark). The gDNA was examined by nested PCR using the
phytoplasma universal primer pairs P1/P7 followed by R16F2n/R16R2
to amplify a 1.2 kb DNA fragment of the 16S ribosomal RNA (rRNA)
gene (Lee et al,, 1993). The first round of nested PCR was carried out
for 12 cycles in a final volume of 20 pL, in which 1 pL of the product
was used as a template for the second round PCR executed for
35 cycles. The P1/P7 primer pair-amplified DNA fragments were
further sequenced with P1 and a nested primer. To investigate the
genetic correlation of the 16SrII-A subgroup phytoplasma strains
associated with different plant diseases found in Yunlin, specific
primer sets designed according to the genome information of the ‘Ca.
P. aurantifolia’’ NCHU2014 (accession No. CP040925) and ‘Ca.
P. aurantifolia®® NTU2011 (accession No. NZ_AMWZ01000001.1-
13.1) were used for PCR analyses. The primer sequences are listed in
Supplementary Table S1.

Transmission electron microscopy

The procedure for transmission electron microscopy (TEM) was
conducted as described previously with modification (Buxa et al.,
2015). In brief, symptomatic samples were fixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (pH 7.2) and post-fixed with
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1% osmium tetraoxide. Samples were then dehydrated with an ethanol
series and immersed in LR White Resin. Ultrathin sections were cut
using an ultramicrotome and stained with uranyl acetate and lead
citrate. Then, sections were observed under a JEOL JEM-1400 series
120 kV Transmission Electron Microscope (Jeol), and photos were
collected by a Gatan Orius SC 1000B bottom mounted CCD-camera
(Gatan Inc.).

Western blotting

Samples were collected and ground in liquid nitrogen. Total cell
extracts were prepared by directly adding 2.5 x SDS sample buffer
(5mM EDTA, 5% SDS, 0.3 M Tris-HCI, pH 6.8, 20% glycerol, 1%
-mercaptoethanol, and bromophenyl blue) into ground samples,
which were heated at 95°C in a dry bath for 10 min. After
centrifugation at 13,000xg for 12 min, supernatants were obtained as
total cell extracts, and proteins were separated by
SDS-PAGE. Polyclonal antibodies against Imp and PHYLI were used
to monitor protein amounts (Tan et al.,, 2021; Liao et al., 2022).
Western blotting was performed using enhanced chemiluminescence
western-blotting reagents (Amersham), and chemiluminescence
signals were captured using ImageQuant LAS 4000 Mini
(GE Healthcare).

Phylogenetic tree construction

Phylogenetic trees were reconstructed using MEGA-X software
based on the sequence comparisons of 16S rRNA gene, PHYLI
homologs, or SAP11 homologs from different phytoplasma species.
Multiple sequence alignments were performed using the ClustalW
program and then processed to generate neighbor-joining phylogenies
with bootstrapping to perform molecular evolutionary analysis. The
numbers at the branch points are bootstrap values representing the
percentages of replicate trees based on 1,000 repeats.

iPhyClassifier analysis

Virtual RFLP patterns was generated by in silico digestion of the
1.2kb DNA fragment (R16F2n/R16R2) of the 16S rRNA gene
identified from Raphanus sativus L. witches-broom disease
phytoplasma (accession No. OK491387) using iPhyClassifier, an
interactive online tool' (Zhao et al., 2009).

Oxford Nanopore sequencing and Illumina
sequencing

Genomic DNA was extracted from aerial tissues, including shoots,
leaves, and flowers, of symptomatic Raphanus sativus plants. Oxford

Nanopore sequencing was performed using four MinION flow cells
(Oxford Nanopore Technologies, UK), with libraries prepared

1 https://plantpathology.ba.ars.usda.gov/cgi-bin/resource/iphyclassifier.cgi
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according to the manufacturer’s protocol (SQK-LSK109). To optimize
read length, four libraries (A1-A4) were constructed using different
size-selection strategies. Library Al was sequenced without size
selection. For library A2, DNA fragments smaller than 1kb were
removed using KAPA HyperPure Beads (Roche). For libraries A3 and
A4, fragments below 10 kb were depleted using Short Read Eliminator
(SRE) and SRE XL kits (Circulomics, USA). In parallel, Illumina
paired-end libraries (150 bp) were prepared using the NEBNext Ultra
DNA Library Prep Kit (New England Biolabs, USA) and sequenced
on the [llumina HiSeq 4000 platform. The resulting short reads were
used for hybrid genome assembly and error correction.

Genome assembly

To initiate genome assembly, raw Illumina and Oxford Nanopore
Technologies (ONT) reads were first filtered for phytoplasma-origin
sequences using ‘Ca. P. aurantifolia’’ NCHU2014 as a reference.
Ilumina reads were aligned using BWA v0.7.17 (Li and Durbin, 2009)
with an alignment score cutoff of 30, while ONT reads were aligned
using Minimap2 v2.15 (Li, 2018) with an alignment score cutoff of
1,000. All mapped reads were aligned to the NCHU2014 reference
genome, and the mapping results were evaluated programmatically
using the “mpileup” function in SAMtools v1.9 (Li et al., 2009), and
manually inspected using IGV v2.5.0 (Robinson et al., 2011) to
identify potential assembly errors. Regions with inconsistencies were
manually split and rearranged based on the continuity of ONT long
reads, followed by iterative validation using new mapping results. In
the early assembly stages, ONT reads provided scaffolding information
and supported the overall chromosomal architecture, particularly at
junctions between repetitive and unique regions. Reads mapped to
contig termini were visually examined in IGV to manually select
representative long reads for contig extension and gap closure. In later
iterations, Illumina reads were used to correct base-level errors and
validate small indels introduced during long-read sequencing. This
process was repeated until the final circular chromosome and plasmid
assembly was confirmed, with full read support across all genomic
regions. Sequencing depth was calculated using the “depth” function
in SAMtools. To estimate genome size based on k-mer distribution,
all llumina reads that mapped to the final assembly with an alignment
score >200 were extracted. K-mer frequencies (k =17-63) were
computed using Jellyfish v2.2.8 (Mar¢ais and Kingsford, 2011), and
the genome size was estimated by dividing the total k-mer count by
the peak depth as described by Lu et al. (2016).

Genome annotation

Gene prediction was carried out using RNAmmer v1.2 for rRNAs
(Lagesen et al., 2007), tRNAscan-SE v1.3.1 for tRNAs (Lowe and Eddy,
1997), and Prodigal v2.6.3 for coding sequences (Hyatt et al., 2010).
Gene annotation was based on homologous clusters identified from
other phytoplasma genomes using BLASTP v2.10.0 (Camacho et al.,
2009) and OrthoMCL v1.3 (Li et al, 2003), followed by manual
curation using public databases including GenBank (Benson et al.,
2018), KEGG (Kanehisa et al., 2010), and COG (Tatusov et al., 2003).
Putative secreted proteins were predicted using SignalP v6.0
(Armenteros et al., 2019) under the Gram-positive bacteria model.
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Proteins with predicted transmembrane domains (as identified by
TMHMM v2.0; Krogh et al, 2001) were excluded. Remaining
candidates were further filtered to retain only those with a signal
peptide length between 21 and 52 amino acids. The genome map was
visualized using Circos v0.69-6 (Krzywinski et al., 2009).

Quantitative real-time PCR (qRT-PCR) and
statistical analysis

Total RNA was extracted using TRIzol™ reagent (Invitrogen)
according to the manufacturer’s instructions. RNA samples were
treated with DNase I (Takara, Japan) at 37°C for 30 min to eliminate
genomic DNA contamination. First-strand cDNA was synthesized
from 1 pg of total RNA using the SuperScript™ III First-Strand
Synthesis SuperMix (Invitrogen) with a combination of random
hexamers and oligo(dT) o) primers. Reverse transcription was carried
out at 25°C for 10 min, followed by 50°C for 40 min. Quantitative
real-time PCR was performed using the KAPA SYBR® Fast qPCR Kit
(Kapa Biosystems) on a CFX96™ Real-Time PCR Detection System
(Bio-Rad). The thermal cycling conditions were: 95°C for 3 min
(initial denaturation), followed by 40 cycles of 95°C for 10 s and 55°C
for 30 s. Each reaction was conducted in three technical replicates.
Samples were obtained from three biologically independent healthy
and symptomatic radish plants, with one plant representing each
biological replicate. Relative gene expression levels were calculated
using the 2744 method and normalized to the expression of the
reference gene Actin. Statistical significance between healthy and
diseased samples was assessed using a two-tailed Student’s t-test.

10.3389/fmicb.2025.1654928

Primer sequences used for qRT-PCR are listed in Supplementary
Table S1.

RNA sequencing and transcriptomic
analysis

For transcriptome analysis, root tissues were collected from
mature daikon plants, including healthy roots and symptomatic
roots of RsWB-infected plants (Figure 1a), from Site I (23°45’44.7"N,
120°15'00.1”E). To capture the overall root response, each biological
replicate was prepared by pooling tissues from the upper, middle,
and lower segments of a single storage root. Three independent
biological replicates were obtained for both healthy and
symptomatic plants (n = 3 per condition). Total RNA was extracted
using the RNeasy Plant Mini Kit (Qiagen) according to the
manufacturer’s protocol. RNA quality was assessed by 1.2% (w/v)
formaldehyde-agarose gel electrophoresis and using the Experion
RNA analysis system (Bio-Rad, Munich). Only high-quality RNA
samples were used for library construction and sequencing. Next-
generation sequencing was performed on the Illumina HiSeq 4000
platform using 150 bp paired-end reads. For each dataset (Healthy
and infection), approximately 100 million reads were generated. De
novo transcriptome assembly was conducted, and the resulting
transcripts were annotated by BlastX searches against the
UniProt database.

Gene expression levels were normalized as fragments per kilobase
of transcript per million mapped reads (FPKM). Differentially
expressed genes (DEGs) were identified using a false discovery rate

€) Healthy

FIGURE 1

Phytoplasma-induced disease symptoms in daikon (Raphanus sativus L.). (a) Arrow indicates the symptomatic daikon with early-bolting symptom
found in the field (23°45'13.0”N, 120°15'28.2"E). (b) A significant reduction in the root development of symptomatic daikon compared to the healthy
one (left). (c) Phyllody and virescence symptoms with different severity observed in symptomatic daikon. (d) Close-up view of green leaf-like flowers in
symptomatic daikon. (e) Arrowheads indicate the undeveloped flower buds with a cauliflower-like appearance in symptomatic daikon.
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(FDR) threshold of <0.05 and a log, fold change (log,FC) > 1 or <—1
(Supplementary Tables S2, S3).

Results

Identification and classification of the
phytoplasma associated with the diseased
daikon

In the summer of 2021, commercial cultivation of a local daikon
cultivar named “YONG SIANG” was damaged by a disease exhibiting
an obvious phenotype with severe root growth retardation, which was
previously undocumented in Taiwan (Figure 1a). The diseased plants
also displayed symptoms with early-bolting, witches’ broom, phyllody,
virescence, and shoot proliferation from floral organs (Figures 1b-d).
In addition, plants with severe symptoms further produced
cauliflower-like heads with undeveloped flower buds (Figure le).
These morphological changes such as witches’ broom, phyllody, and
virescence displayed the typical symptoms observed in
phytoplasma diseases.

The diseased daikon was observed in three planting areas of
Mailiao, Yunlin County with 0.56% (88 out of 15,465), 0.25% (22 out
of 8,774), and 0.16% (117 out of 73,125) incidence rate, respectively.
To confirm the presence of phytoplasma, symptomatic leaves of the
diseased daikon were collected and examined under the transmission
electron microscope. Indeed, the pleomorphic phytoplasma of about
200-800 nm in size was found in the sieve elements
(Supplementary Figure S1). Further examination of the symptomatic
daikon by nested PCR and western blotting revealed that the specific
phytoplasma 16S rRNA gene and immunodominant membrane
protein (Imp) were only observed in the symptomatic plants
(Supplementary Figures S2a,b). DNA fragments of 16S rRNA gene
obtained from symptomatic daikon of a total of 11 plants in three
different planting areas were sequenced and shared 100% sequence
identity to each other. The DNA sequence was then deposited to
Genbank under accession No. OK491387 as a partial sequence of 16S
rRNA gene of R. sativus L. witches’ broom (RsWB) phytoplasma.
Further analysis by iPhyClassifier revealed that the virtual RFLP
pattern of the 16S rRNA sequence of RsWB phytoplasma can
be classified into the 16SrII-A subgroup (Supplementary Figure S3).
To illustrate the evolutionary relationship between RsWB phytoplasma
and the existing phytoplasmas identified in Taiwan, a phylogenetic
tree based on the sequence comparison of phytoplasmas’ 16S rRNA
gene was generated. As shown in Supplementary Figure S2¢, RsWB
phytoplasma displayed a high sequence identity to other strains within

the 16Sr1I group phytoplasma identified in Taiwan.

Genetic correlation of the phytoplasmas
found in different host species in Mailiao,
Taiwan

Aside from daikon, economically important crops and weeds, such
as peanut, mungbean, soybean, Ixeris chinensis, Desmodium triflorum,
Emilia sonchifolia, Nicotiana plumbaginifolia Viv., Digera muricata L.,
Parthenium hysterophorus L., Scaevola taccada, Celosia argentea L., and
Eclipta prostrata, were found to be infected by the 16SrII group
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phytoplasmas in or near Mailiao area (Chen et al., 2021; Chien et al,
2021a,b,c; Liao et al., 2022; Liu et al., 2015; Mejia et al., 2022; Wang et al.,
2021). To investigate the genetic correlation of the 16SrII group
phytoplasmas with  different
(Supplementary Figure S4a), molecular markers, in addition to the 16S

associated plant  diseases
rRNA gene, for the classification of phytoplasmas were examined by PCR
and DNA sequencing (Cho et al., 2020). DNA fragments of Imp, tufB,
rluA, degV, dnaD, and TIGR00282 were amplified only from the
symptomatic plants (#1 to #13) infected by the 16SrII group phytoplasmas
collected from Mailiao, but not from the symptomatic loofah (#14)
infected by the 16SrVIII group ‘Ca. P. luffa¢ NCHU2019 collected from
Dacheng as well as from healthy daikon (Supplementary Figures S4b-g)
(Huang et al., 2022). As a control, the 16S rRNA gene were amplified from
all symptomatic plants (#1 to #14) using the phytoplasma universal
primer pair (Supplementary Figure S4h). The PCR amplicons were
further sequenced. Comparative nucleotide sequence analyses revealed
that the molecular markers amplified from the 16SrII group phytoplasma-
infected plants (#1 to #13) shared 100% sequence identity
(Supplementary Table S4). These results suggest that the 16SrII group
phytoplasmas found in the different symptomatic plants collected from
Mailiao belong to the same strain.

Genome assembly and comparative
genomic analysis of ‘Ca. P. aurantifolia’
NCHU2022

As a pathogen associated with the economically important
crop diseases in Mailiao area, we decided to obtain the genome
information of phytoplasma identified in diseased daikon. With
the difficulty in establishment of an axenic culture of phytoplasma,
the symptomatic daikon was used to obtain genomic DNA for
preparation of genomic libraries. In order to achieve a complete
phytoplasma genome, the Oxford Nanopore Technologies (ONT)
sequencing and Illumina sequencing were performed to obtain
long- and short-reads, respectively. For long-read sequencing, four
libraries (A1-A4) with different DNA fragment sizes were
constructed to generate a total of 2,853,855 reads containing
11,850,376,858 bp (Supplementary Table S5). The average read
lengths ranged from 1.7 to 12.5 kb with a maximum read length of
127 kb. For short-read sequencing, one library (B1) for 150 bp
paired-end sequencing was constructed to generate 57,501,728
reads containing 8,682,760,928 bp (Supplementary Table S5).
Obtained reads were mapped to the reference genome of ‘Ca.
P. aurantifolia NCHU2014 (16SrII group) associated with
Echinacea purpurea witches’ broom (EpWB) disease without de
novo assembly. During assembly processing, the potential assembly
errors were manually adjusted based on the ONT long reads, and
the potential sequencing errors introduced by long reads were
verified using Illumina short reads. Overall, 0.68% of ONT long
reads and 1.7% of Illumina short reads were mapped to the
assembled genome, which consists of a circular chromosome with
632,992 bp and a plasmid with 4,225bp (Figure 2a). The
phytoplasma associated with the RsWB disease was then
recognized as ‘Ca. P. aurantifolia®’ NCHU2022 strain.

‘Ca. P. aurantifolia® NCHU2022 shares 100% sequence identity in
16S rRNA, Imp, tufB, rluA, degV, dnaD, and TIGR00282 genes with
those in ‘Ca. P. aurantifolia®: NCHU2014 (Supplementary Table S9).
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Genome architecture of ‘Ca. P. aurantifolia’ NCHU2022. (a) Circular genome map of the NCHU2022 strain is shown. Rings from the outside inward
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Groups (COG) functional categories; (3) predicted protein-coding genes on the reverse strand, color-coded as in (2); (4) rRNA genes (blue) and tRNA
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genes (red); (5) GC skew, with positive values indicated in dark gray and negative values in light gray; (6) GC content, with regions above the average
shown in dark gray and below average in light gray. (b) Gene organization of the potential mobile unit (PMU) identified in NCHU2022, showing PMU-
associated genes involved in DNA metabolism, transposition, and secretion, including fliA, ssb, himA, hflB, smc, tmk, dnaB, dnaG, and tra5. Arrows

However, it is 2,592 bp shorter than that of ‘Ca. P. aurantifolia’
NCHU2014 (Supplementary Table S6). The comparative genomic
analysis of these two closely related strains revealed that the average
nucleotide identity (ANI) is 99.92% across 98.5% of their
chromosomes. Consistently, pairwise genome alignment and
comparison showed that their chromosomes are highly collinear
except for an obvious deletion (2.4kb) in ‘Ca. P. aurantifolia’
NCHU?2022 (corresponding to the region from 261,100 to 263,535 bp
in ‘Ca. P. aurantifolia' NCHU2014) (Figure 3a). Since rearrangement
remain to be observed through pairwise genome comparison, specific
primers were designed to distinguish ‘Ca. P. aurantifolia® NCHU2022
and ‘Ca. P. aurantifolid NCHU2014 (Figure 3b). Using specific
primers Phy774/Phy775, the 206 bp DNA fragment presenting the
rearrange segment of ‘Ca. P. aurantifolia®. NCHU2022 were amplified
from the symptomatic plants (#1 to #13) collected from Mailiao,
Yunlin (Figure 3b). In contrast, only 187 bp DNA fragment could
be amplified from ‘Ca. P. aurantifolia®’ NCHU2014 (#15) collected
from Wufeng, Taichung (Figure 3b). As a negative control, none of
them was amplified from healthy plant and the symptomatic loofah
infected by ‘Ca. P. luffa¢ NCHU2019 (#14) (Figure 3b). These results
suggest that two strains (NCHU2014 and NCHU2022) of ‘Ca.
P. aurantifolia’ share a very close genetic status and similar genomic
characteristics with each other, but they carry evolutionary changes
resulted from distinct environmental conditions.

Genome annotation of ‘Ca. P. aurantifolia’
NCHU2022

‘Ca. P. aurantifoli® NCHU2022 has a small chromosome with low
GC content (24.5%), and the assembled chromosome encodes 478
protein-coding genes, 33 pseudogenes, 6 rRNA genes, and 27 tRNA
genes (Supplementary Table S6). Among the protein-coding genes,
there were 119 (25%) genes annotated as hypothetical proteins and
only 352 (75%) genes were assigned to Clusters of Orthologous Gene
(COG) categories with specific functions (Figure 2a). Further analysis
by BlastKOALA for KEGG orthology assignment resulted in the
assignment of 20 genes involved in the category of membrane
transporter including ABC transporters (16 genes) and Sec-SRP
components (4 genes), which are important for phytoplasma to
import essential ~ elements and secrete effectors
(Supplementary Figures S5, S6; Supplementary Table S7).

In order to identify putative effectors, SignalP 6.0 was used to
predict secreted proteins with a signal peptide. A total of 20
Secreted RsWB Proteins (SRPs), the potential effectors, were
identified (Figure 4; Supplementary Table S8). Interestingly, 7
SRPs (SRPO1, SRP02, SRP07, SRP08, SRP09, SRP13, SRP16)
appeared unique in ‘Ca. P. aurantifolia NCHU2022. Among them,
SRP07 was found in the Potential Mobile Unit (PMU), a putative
transposable element containing fliA (sigma factor), ssb (single-

stranded DNA-binding protein), himA (DNA-binding protein),
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hfIB (ATP-dependent protease), smc (chromosome segregation
ATPase-like protein), tmk (thymidylate kinase), dnaB (DNA
helicase), dnaG (DNA primase), and tra5 (transposase) (Ku et al.,
2013) (Figure 2b). Only 13 SRPs displayed similarities with other
secreted proteins identified in ‘Ca. P. luffa NCHU2019, ‘Ca.
P. ziziphi, ‘Ca. P. australiense’, ‘Ca. P. asteris AYWB, or ‘Ca.
P. asteris’ OYM (Figure 4). Compare to the Secreted AYWB
Proteins (SAPs) identified in ‘Ca. P. astetris AYWB, SRP05
showed >70% similarity with SAP40; SRP03, SRP06, SRP11,
SRP12, and SRP14 showed 50-70% similarities with SAP30,
SAP54/PHYLI, SAP68, SAP21, and SAPO5, respectively; SRP10
and SRP15 showed <50% similarities with SAP45 and SAP11,
respectively (Figure 4).

Effectors responsible for the phyllody,
virescence, and witches’-broom symptoms
associated with RsWB disease

Phylogenetic analysis revealed that SRP06 is a member of phyl-D
group, which displays 51.6% sequence similarity with SAP54 of
AYWB phytoplasma, a well-characterized phyl-A group effector
(Figure 5a). To understand whether SRP06 is responsible for the
phyllody and virescence symptoms associated with RsWB disease, the
expression and biochemical activities of SRP06 were examined.
Western blotting analysis revealed that SRP06 was detected only in
total protein extracts from symptomatic daikon but not healthy
daikon (Figure 5b). To further examine the ability of SRP06 in
destabilizing R. sativus MTFs, SRP06 and FLAG-tagged SEPALLATA
(RsSEP2 and RsSEP3), APETALAI (RsAP1), or SUPPRESSOR OF
CONSTANS OVEREXPRESSION 1 (RsSOC1) were co-expressed in
N. benthamiana using agroinfiltration. As a result, RsSEP2, RsSEP3,
and RsAP1, but not RsSOCI1, were absent or greatly decreased in
abundance in the presence of SRP06 compared with the vector alone
(Figure 5¢). These results suggest that SRP06 has the ability to degrade
the R. sativus floral homeotic MTFs, which in turn causes the phyllody
and virescence symptoms associated with RsWB disease observed in
symptomatic daikon.

In addition to SRP06, phylogenetic analysis revealed that SRP15
can be grouped with SAP11 homologs identified in phytoplasma
strains belonging to ‘Ca. P. aurantifolia’ (Figure 6a). However, SRP15
only displays 37.8% sequence similarity with the well-characterized
SAP11 of AYWB phytoplasma. To understand whether SRP15 is
responsible for the witches’-broom symptom associated with RsWB
disease, the expression and biochemical activities of SRP15 were
examined. RT-PCR analysis revealed that a cDNA fragment specific
for SRP15 was amplified only in total RNA extracts from symptomatic
daikon but not healthy daikon (Figure 6b). To further examine the
ability of SRP15 in destabilizing R. sativus TCPs, SRP15 and FLAG-
tagged RsTCP18 (class II CYC/TB1-TCP) or RsTCP20 (class
I PCF-TCP) were co-expressed in N. benthamiana using
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arrowhead indicated the corresponding DNA fragments amplified by the specific primer sets. Non-specific signals were indicated by asterisks.
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agroinfiltration. As a result, RSTCP18, but not RsTCP20, was absent
in abundance in the presence of SRP15 compared with the vector
alone (Figure 6¢). These results suggest SRP15 has the ability to
degrade the R. sativus class I CYC/TB1-TCPs, which in turn causes
the witches’-broom symptom associated with RsWB disease observed
in symptomatic daikon.

Hormonal rewiring and lignification
underlie root developmental defects
induced by RsWB phytoplasma

As a root vegetable, daikon is highly dependent on robust
underground development for yield. Infection by the RsWB
phytoplasma resulted in severe root growth retardation, significantly
reducing crop productivity (Figures 1a, 7a). However, this distinct
phenotype, which cannot be explained by canonical SAP11 (SRP06)
or SAP54 (SRP15) effectors alone, points to a broader strategy
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employed by RsWB to manipulate host developmental and defense
programs. To investigate the molecular basis of this developmental
defect, we conducted a transcriptomic analysis of healthy and
symptomatic daikon roots using de novo assembly followed by
functional annotation. Differentially expressed genes (DEGs) were
defined as those with |log, (fold change) | > 1, and visualized in a
volcano plot (Figure 7b). A total of 1,553 DEGs were identified,
including 709 upregulated and 844 downregulated genes
(Supplementary Tables S2, S3). Reliably, hierarchical clustering of
DEGs using FPKM values consistently grouped biological replicates,
demonstrating the robustness and reproducibility of the RNA-seq data
(Figure 7¢).

Among down-regulated genes, PAD4 (a central regulator of
SA-mediated immunity) (Feys et al., 2001), ARR4 (a cytokinin
signaling repressor) (Verma et al., 2015), CYPI8-3 (a cyclophilin-
type PPIase involved in hormone response and stress) (Li et al.,
2014), expansin (a cell wall-loosening factor) (Cosgrove, 2024),
WSCP-like (a protease inhibitor) (Rustgi et al., 2017), and CCX1
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(a calcium exchanger essential for ion homeostasis and defense
signaling) (Li et al., 2016) were notably suppressed. These
changes suggest that RsWB infection impairs salicylic acid
signaling, cytokinin regulation, protein folding, ion balance, and
cell wall extensibility-potentially weakening host defense and
7b;
Supplementary Table S3). Conversely, several defense- or

promoting rigidified, stunted root growth (Figure
development-associated genes were significantly up-regulated.
These include PP2-A1 (a phloem-associated lectin implicated in
systemic signaling) (Beneteau et al., 2010), IBHI-like (a BR/
GA-regulated bHLH transcription factor that represses cell
2014), IRX7 (a
glucuronosyltransferase involved in xylan biosynthesis and
lignification) (Petersen et al., 2012), BELI-like (a TALE-class
homeodomain protein modulating meristem identity) (Kumar
et al, 2007), ATHB-12-like (an ABA-inducible HD-Zip
transcription factor associated with stress and growth inhibition)
(Son et al., 2010), and MYB86 (an R2R3-MYB involved in cuticle
formation and abiotic stress tolerance) (Zhang et al., 2020)
7b; S2). these
transcriptomic changes illustrate a complex host response

elongation)  (Zhiponova et  al,

(Figure Supplementary Table Together,

involving hormonal imbalance, suppression of immune
regulators, induction of stress-responsive transcription factors,
and reinforcement of secondary cell walls. Such reprogramming
is likely orchestrated by RsWB phytoplasma to promote pathogen
colonization while impairing normal root architecture and
storage function.

In order to discover the likely biological functions of the DEGs,
a Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
enrichment analysis was carried out. This analysis led to the
mapping of DEGs onto 32 distinct KEGG pathways, with the
leading 20 pathways displayed in Figure 7d. Notably, the most
significantly enriched pathway is the plant hormone signal
transduction pathway (ko04075, with 31 DEGs), in which, four

auxin-related DEGs encoding auxin-responsive SAUR proteins and
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auxin response factor 4 (ARF4) were upregulated in symptomatic
roots; 11 cytokinin-related DEGs encoding type-A Arabidopsis
response regulators (ARR-A) were downregulated in symptomatic
roots. We further validated the expression levels of key auxin-
related genes including those involved in auxin biosynthesis
(TAR4, YUCY9) (Hofmann, 2011), auxin metabolism (IAMTI)
(Takubo et al., 2020), auxin transport (PIN3) (Tao et al., 2023), and
auxin responses (SAUR32, ARF4) (Cancé et al., 2022; Stortenbeker
and Bemer, 2019) by qRT-PCR analysis. As a result, all auxin-
related genes showed significantly elevated expression in
symptomatic roots compared to healthy controls (Figure 8a). Our
findings indicate that RsWB phytoplasma infection activates auxin
biosynthesis and signaling pathways, impairing root development
in daikon.

Such hormonal disruptions may act synergistically with ectopic
lignin deposition to exacerbate root architectural defects, forming a
multifaceted  basis for symptom development. Indeed,
phenylpropanoid biosynthesis (ko00940, with 21 DEGs), which is
essential for lignin production, was identified as the second most
significantly enriched KEGG pathway among the differentially
expressed genes (Figure 7d). Further analysis by qRT-PCR confirmed
that expression of three key lignin biosynthetic genes encoding
cinnamyl alcohol dehydrogenase 5 (CAD5) (Tronchet et al,, 2010),
cinnamoyl-CoA reductase 1 (CCRI) (Tu et al, 2010), and
caffeoyl-CoA O-methyltransferase 1 (CCoAOMT1) (Li et al., 1997)
were significantly upregulated in symptomatic roots (Figure 8b).
Consistently, safranin O staining also revealed excessive lignin
accumulation in symptomatic roots (Figure 8c), in which, lignified
areas were approximately five times larger than those in healthy
controls (Figure 8d). These results suggest that RsWB phytoplasma
infection triggers ectopic lignin deposition in daikon roots, which may
represent a defensive reaction. However, the accompanying stiffening
of root tissues likely impairs normal elongation and branching,
thereby contributing directly to the development of root-specific
disease symptoms.
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FIGURE 5

Molecular characterizations and phylogenetic analysis of the SRPO6 effector of Raphanus sativus L. witches’-broom (RsWB) phytoplasma. (a)
Phylogenetic tree was constructed by MEGA X software based on the phyl-A, -B, -C, and -D group of phytoplasma PHYL1/SAP54 homologs, in which
the SRPO6 of RsWB phytoplasma identified in this study is presented in red. (b) Western blotting was performed using the polyclonal antibody raised
against the PHYL1/SAP54 of peanut witches'-broom phytoplasma. The specific signal of the estimated SRPO6 was indicated by an arrowhead (upper
panel). The non-specific signal was indicated by asterisk. The large subunit of Rubisco visualized with Coomassie Brilliant Blue staining was used as a
loading control (lower panel). (c) Following transient co-expression in N. benthamiana, western blottings were performed to assess the relative
abundance levels of FLAG tagged RsSEP2, RsSEP3, RsAP1 and RsSOCL1 in the presence of SRP06. The specific signal of the FLAG tagged proteins and
SRPO6 were indicated by arrowhead (upper panel) and arrow (middle panel), respectively. The non-specific signal was indicated by asterisk. To ensure
accurate loading, the large subunit of Rubisco was visualized using Coomassie Brilliant Blue staining in the lower panel.

Discussion

Phytoplasma-induced developmental
reprogramming in daikon

Although phytoplasma infection in daikon has been previously
reported, its molecular identity and pathogenic mechanisms
remain incompletely understood, limiting our understanding of
host-pathogen interactions in this economically important root
crop. An early investigation by Schultz and Shaw (1991) described
an outbreak in the Columbia Basin of Washington State, where
symptomatic plants exhibited a premature induction of flowering,
virescence, and phyllody. The disease was attributed to a beet
leafthopper-transmitted virescence agent with a wide host range,
tentatively classified as a mycoplasma-like organism (MLO),
based on hybridization with plasmid DNA probes derived from
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the beet leathopper-transmitted virescence agent (BLT VA-MLO).
The “BLTVA-MLO” was assigned based on symptomatology and
plasmid hybridization, however no phylogenetic resolution or
genome-level characterization was done. This highlights a critical
knowledge gap regarding the molecular features and host impact
of daikon-infecting phytoplasmas, especially with respect to their
potential  manipulation of host developmental and
immune processes.

In this study, we identified the causal agent of witches’-broom
disease in daikon as a 16SrII-A subgroup strain of ‘Ca.
P. aurantifolia, designated RsWB phytoplasma, which is
phylogenetically closely related to the peanut witches’-broom
(PnWB) phytoplasma (Supplementary Figure S2c¢). Infected
daikon plants exhibited phyllody, virescence, witches’-broom,
and early bolting accompanied by severe root growth retardation,

resembling the disease symptoms previously attributed to
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Molecular characterizations and phylogenetic analysis of the SRP15 effector of Raphanus sativus L. witches'-broom (RsWB) phytoplasma. (a)
Phylogenetic tree was constructed by MEGA X software based on the phytoplasma SAP11 homologs, in which the SRP15 of RsWB phytoplasma
identified in this study is presented in red. (b) PCR was conducted to examine the phytoplasma gene encoding SRP15 using the specific primer pair
Genomic DNA samples were prepared from healthy (H) and symptomatic (S) daikon (R. sativus L.). The 0.2 kb DNA fragment of SRP15 gene was
indicated by an arrowhead; (c) Following transient co-expression in N. benthamiana, western blottings were performed to assess the relative
abundance levels of FLAG tagged RsTCP18 and RsTCP20 in the presence of SRP15. The specific signal of the FLAG tagged proteins and SRP15 were
indicated by arrowhead (upper panel) and arrow (middle panel), respectively. The non-specific signal was indicated by asterisk. To ensure accurate
loading, the large subunit of Rubisco was visualized using Coomassie Brilliant Blue staining in the lower panel.

BLTVA-MLO (Figures la-e). Our genomic and functional
analyses identified SAP11 and SAP54/PHYL1 homologs in RsWB
phytoplasma, which are responsible for witches’-broom, phyllody,
and virescence symptoms (Figures 5, 6). While effectors
underlying premature bolting and root growth retardation have
yet to be determined, transcriptomic analysis of symptomatic
roots indicates that the root phenotype arises from coordinated
transcriptional reprogramming involving hormonal imbalance,
immune suppression, and secondary cell wall reinforcement
(Figures 7b-d). Interestingly, this transcriptional reprogramming
strongly parallels recent efforts in other root-crop systems, such
as Angelica dahurica, where early bolting is characterized by a
rapid shift from vegetative to reproductive growth, which impairs
root biomass accumulation and triggers early lignification of
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storage tissues, ultimately reducing the yield and medicinal value
of the plant (Wu et al., 2023).

In both cases, auxin-responsive genes and secondary wall
regulators were strongly implicated, suggesting a conserved
regulatory network under stress or abnormal developmental
conditions. Notably, in RsWB-infected daikon roots, we observed
upregulation of IRX7, a key xylan biosynthesis enzyme involved
in secondary wall formation (Petersen et al., 2012), and PP2-Al,
a phloem lectin-like protein associated with wound and defense
responses (Beneteau et al., 2010)—both consistent with vascular
remodeling and cell wall fortification reported in other plant
pathosystems. Conversely, the downregulation of PAD4 and ARR4
in our study points to suppression of salicylic acid- and cytokinin-
mediated defense signaling (Feys et al., 2001; Verma et al., 2015),
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FIGURE 7

Transcriptomic analysis of daikon roots infected by RsWB phytoplasma. (a) Western blotting was performed using the polyclonal antibody raised
against the immunodominant membrane protein (Imp) of peanut witches'-broom phytoplasma (upper panel). The specific signal of Imp (19 kDa) was
indicated by an arrowhead. The large subunit of Rubisco visualized with Coomassie Brilliant Blue staining was used as a loading control (lower panel).
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FIGURE 7 (Continued)

differentially expressed genes.

(b) Volcano plot of log2 fold change of differential expression analysis for healthy and symptomatic roots of daikon. Blue and green points represent
genes with gene-level fold change >2 and <-2, respectively. Black points are no significant genes. Red points represent selected genes involved in
hormonal imbalance, suppression of immune regulators, induction of stress-responsive transcription factors, and reinforcement of secondary cell
walls. (c) Hierarchical clustering heatmap of DEGs in the roots of healthy and symptomatic daikon. The color scale indicates the level of log2 fold
change (blue, low; red, high). (d) KEGG enrichment analysis. Gene ratio and pathways are represented by the x-axis and y-axis, respectively; the size
and color of the dots indicate the gene count and the level of p value, respectively, was performed to identify overrepresented pathways among

a strategy possibly exploited by phytoplasmas to establish
colonization. Interestingly, A. dahurica also exhibited hormone
imbalance under bolting stress, with downregulation of ERFs and
MYC transcription factors involved in jasmonic acid signaling,
and alterations in MYB-regulated lignin biosynthesis pathways
(Wu et al., 2023). This convergence supports the hypothesis that
root developmental integrity under both biotic and abiotic stress
tightly

secondary metabolism.

relies on regulated hormone crosstalk and

These findings suggests that both phytoplasma infection and
premature reproductive transition can induce developmental
reprogramming aimed at structural fortification rather than
storage function, potentially as an adaptive or maladaptive
response to stress. Such transcriptional signatures imply that
lignification may be a default stress response strategy across
divergent species when confronted with either internal hormonal
cues or external biotic challenges. Thus, by drawing parallels
between a phytoplasma-driven disease system and a hormonally
deregulated bolting model, our findings suggest that phytoplasmas
such as RsWB may exploit host floral transition pathways,
vascular differentiation cues, and hormonal imbalances to disrupt
root architecture and facilitate systemic spread.

Host-specific modulation of auxin
signaling by phytoplasmas

Auxin is a central hormone governing diverse developmental
processes in plants, including cell elongation, organogenesis, vascular
differentiation, and apical dominance (Vanneste et al., 2025).
Disruption of auxin homeostasis or its signal transduction pathways
has been consistently linked to developmental abnormalities. In
phytoplasma-infected hosts, such disruptions commonly manifest as
witches-broom, phyllody, virescence, and altered flowering
phenotypes, which can be traced to auxin misregulation at both
transcriptional and post-transcriptional levels (Dermastia, 2019).

Mardi et al. (2015) demonstrated that infection by ‘Ca.
P. aurantifolia’ in Citrus aurantifolia induces widespread transcriptomic
reprogramming, prominently affecting hormone signaling networks
including auxin-related pathways. Several auxin biosynthesis and
response genes, including those encoding auxin response factors
(ARFs) and transporters, were differentially expressed in symptomatic
tissues, underscoring the centrality of auxin misregulation in symptom
development. Notably, the expression patterns varied across organs
and disease stages, pointing to a host- and tissue-specific modulation
of auxin dynamics. A similar phenomenon was observed in Ziziphus
jujuba infected by ‘Ca. P. ziziphi, where floral tissues exhibited
heightened
reprogramming,

sensitivity to infection-induced transcriptional

particularly ~within the auxin signaling
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pathway—consistent with the observed floral malformations and
phyllody symptoms (Ma et al., 2020).

Beyond transcriptional reprogramming, phytoplasma infection
also perturbs auxin signaling at the post-transcriptional level through
microRNA (miRNA) regulation. In Citrus aurantifolia, infection by
‘Ca. P. aurantifolia’ led to differential expression of several miRNAs,
including miR160, miR166, and miR167, which target key components
of the auxin signaling cascade such as ARFs and the auxin receptor
TIR1 (Ehya et al., 2013). This miRNA-mediated suppression of auxin
perception and response suggests a strategic modulation of hormone
pathways by the pathogen. Interestingly, while miR393—known to
repress TIR1 and enhance immunity in Arabidopsis under flg22-
triggered responses (Staiger et al., 2013)—was implicated in this
context, infected lime trees still exhibited elevated IAA levels (Ehya
et al., 2013). This paradox implies that phytoplasmas may hijack or
override typical miRNA feedback mechanisms, leading to auxin
overaccumulation despite regulatory repression.

Together, these findings underscore the complexity and host-
specificity of auxin signaling responses during phytoplasma infection.
Phytoplasmas appear to deploy multifaceted strategies—spanning
transcriptional reprogramming, miRNA-mediated regulation, and
hormonal feedback disruption—to tailor developmental outcomes in
a tissue-dependent manner, facilitating systemic colonization and
symptom expression.

Root-specific auxin disruption in
RsWB-infected daikon

While shoot proliferation and floral organ abnormalities are
widely recognized as common indicators of phytoplasma
infections across many plant species (Kumari et al., 2019; Namba,
2019), the effects on underground tissues, particularly root
development, have been less extensively studied. For early root
development, auxin is critical for stimulating meristematic activity
and initiating lateral roots (Roychoudhry and Kepinski, 2022).
During initial root thickening stages, elevated auxin levels
promote cambial cell proliferation and vascular differentiation.
However, transitioning effectively into the storage phase
necessitates a decrease in auxin concentration, permitting cell
enlargement, starch accumulation, and tissue maturation
(Kondhare et al., 2021). Thus, fine-tuned auxin homeostasis is
indispensable for proper root morphogenesis. Disturbances in this
delicate hormonal balance, whether induced externally or via
pathogen interaction, can drastically impact root structure and
overall yield.

In the case of RsWB-infected daikon, a prominent symptom is
severe root growth retardation accompanied by early bolting and
premature reproductive development (Figures 1a,b). Transcriptome
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FIGURE 8
Quantitative RT-PCR (qRT-PCR) analysis and Safranin O staining of daikon roots infected by RsWB phytoplasma. (a,b) gRT-PCR validation of selected
auxin-related genes (a) and lignin biosynthesis genes (b) exhibiting differential expression in symptomatic daikon roots. The relative expression levels of
genes in healthy daikon were set to 1 after normalizing to Actin2. (c) Histological staining of symptomatic daikon roots by Safranin O. p values are
indicated by stars, **p < 0.05, ***p < 0.001.

profiling of symptomatic roots revealed altered expression of auxin-  coordinated cytokinin signaling regulation (Figure 7b). To validate the
related genes, including key regulators such as ARR4 and CYPI8-3, transcriptomic observations, we performed qRT-PCR to quantify the
suggesting a shift toward auxin dominance at the expense of  expression levels of key auxin-related genes spanning various
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functional domains: biosynthesis (TAR4, YUCY), metabolism
(IAMT1), transport (PIN3), and signal response (SAUR32, ARF4). All
examined genes exhibited significantly elevated expression in
symptomatic roots relative to healthy controls, providing strong
molecular support that RsWB infection promotes auxin biosynthesis
and signaling activation (Figure 8a).

Together, these findings reveal a distinct host-pathogen
interaction in which the phytoplasma compromises daikon’s root
developmental program through multilayered interference with
auxin dynamics. Unlike many other phytoplasma-infected species
where aboveground structures are the primary targets, daikon
displays a belowground-centered pathology that underscores the
importance of root-specific hormone crosstalk and the need to
further investigate effector functions that may act within the
root niche.

Genomic Insights into Effector-Mediated
Pathogenicity of Broad-Host-Range
16Srll-A ‘Ca. P. aurantifolia’

Phytoplasma genomes are characteristically small, highly
AT-rich, and streamlined, typically ranging from 576 to 960 kb
(Wei and Zhao, 2022). A major contributor to their genomic
plasticity is the presence of potential mobile units (PMUs), which
are clusters of mobile genetic elements that mediate horizontal
gene transfer and genomic rearrangements (Bai et al., 2006).
Variation in PMU abundance is closely linked to genome size
differences among phytoplasmas, as strains with multiple PMUs
often have larger genomes and a greater capacity for effector
diversification. In this study, the genome of the ‘Ca. P. aurantifolia’
strain NCHU2022 was determined to be 633 kb, placing it at the
lower end of the known phytoplasma genome size range, and it
contains only a single PMU. By contrast, the genome of ‘Ca.
P. luffae’ is 769 kb and contains 13 PMUs (Huang et al., 2022). The
low PMU copy number in NCHU2022 likely reflects cumulative
historical recombination and rearrangement events, producing a
streamlined genome that is well adapted to diverse environmental
conditions and host species. Despite its reduced mobile genetic
content, the genome retains essential virulence determinants,
including key effectors SRP06 and SRP15, which are critical for
pathogenicity. Transient expression assays in Nicotiana
benthamiana demonstrated that SRP06, a homolog of SAP54,
induces phyllody by promoting the degradation of RsSEP2,
RsSEP3, and RsAP1 (Figure 5¢), whereas SRP15, a homolog of
SAP11, triggers witches’-broom by destabilizing class II CYC/
TB1-TCPs (Figure 6¢). Beyond their developmental effects, these
effectors also have been demonstrated to play important roles in
disease dissemination by influencing insect vector interactions. For
example, by targeting floral regulators such as MADS-box
transcription factors, SAP54 increases floral abnormalities that
enhance leathopper attraction, facilitating mating and subsequent
phytoplasma acquisition and transmission (Orlovskis et al., 2025).
Similarly, by destabilizing CIN-TCPs, SAP11 suppresses LOX2
expression and jasmonic acid biosynthesis, weakening plant
defenses and enhancing the fecundity of the leathopper Macrosteles
quadrilineatus (Sugio et al., 2011a). Together, these effectors
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modify host growth and physiology in ways that favor insect
vectors, ultimately promoting rapid disease spread and persistence
in agricultural ecosystems. In addition to vector-mediated
transmission, the broad host range of the 16SrII-A subgroup ‘Ca.
P aurantifolia’ likely contributes to local disease spread by
providing natural reservoir hosts. Field surveys in Yunlin revealed
that this phytoplasma infects not only daikon but also a wide array
of crops and weeds, including Ixeris chinensis, Desmodium
triflorum, Emilia sonchifolia, Nicotiana plumbaginifolia Viv., Digera
muricata L., Parthenium hysterophorus L., Scaevola taccada, Celosia
argentea L., and Eclipta prostrata (Figure S4, Table S4), with all
symptomatic plants exhibiting prominent witches’-broom and
phyllody phenotypes (Chen et al., 2021; Chien et al., 2020a,b,¢;
Liao et al., 2022; Liu et al., 2015; Mejia et al., 2022; Wang et al,,
2021). Although the precise mechanisms underlying this broad
host range remain unclear, the combined effects of SAP11 and
SAP54 on host development and insect vector interactions likely
play central roles in facilitating phytoplasma transmission across
diverse plant species.

Data availability statement

The complete genome sequence of ‘Ca. Phytoplasma aurantifolia’
strain NCHU2022 has been deposited in the NCBI database under
GenBank accession numbers CP097312 (chromosome) and CP097313
(plasmid). The genome sequencing project, including the associated
raw sequencing reads, is available under BioProject accession
number PRJNA834592.

Author contributions

Y-CC: Methodology, Validation, Investigation, Data curation,
Writing - review & editing, Resources, Writing — original draft,
Formal analysis. Y-CL: Resources, Methodology, Writing - review &
editing. S-HP: Writing - review & editing. Y-KC: Methodology,
Resources, Writing - review & editing. P-QL: Writing — review &
editing. HM: Writing - review & editing. C-RS: Resources, Writing —
review & editing. C-HK: Writing - review & editing, Supervision.
J-YY: Supervision, Writing - review & editing, Conceptualization,
Writing - original draft, Resources.

Funding

The author(s) declare that financial support was received for the
research and/or publication of this article. We appreciate the assistance
provided by the Laboratory of Transmission Electron Microscopy of
the Instrument Center at the Department of Plant Pathology, National
Chung Hsing University. This work was financially supported in part
by grants-in-aid from Academia Sinica, the Ministry of Science and
Technology  (111-2313-B-005-014-MY3;  113-2311-B-001-031;
114-2313-B-005-032-MY3), and the Advanced Plant Biotechnology
Center from the Featured Areas Research Center Program within the
framework of the Higher Education Sprout Project by the Ministry of
Education (MOE) in Taiwan. Yi-Ching Chiu was supported (in part)

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654928
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Chiu et al.

by the University Academic Alliance in Taiwan and the Texas A&M
University System (UAAT-TAMUS) project.

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.

Generative Al statement

The authors declare that no Gen Al was used in the creation of
this manuscript.

Any alternative text (alt text) provided alongside figures in this
article has been generated by Frontiers with the support of artificial
intelligence and reasonable efforts have been made to ensure accuracy,

References

Armenteros, J. J. A., Tsirigos, K. D., Senderby, 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

Baenas, N., Piegholdt, S., Schloesser, A., Moreno, D. A., Garcia-Viguera, C.,
Rimbach, G,, et al. (2016). Metabolic activity of radish sprouts derived isothiocyanates
in drosophila melanogaster. Int. J. Mol. Sci. 17:251. doi: 10.3390/ijms17020251

Bai, X., Zhang, J., Ewing, A., Miller, S. A., Jancso Radek, A., Shevchenko, D., et al.
(2006). Living with genome instability: the adaptation of phytoplasmas to diverse
environments of their insect and plant hosts. J. Bacteriol. 17, 3682-3696. doi: 10.1128/
]B.188.10.3682-3696.2006

Beneteau, J., Renard, D., Marche, L., Douville, E., Lavenant, L., Rahbé, Y., et al. (2010).
Binding properties of the N-acetylglucosamine and high-mannose N-glycan PP2-A1
phloem lectin in Arabidopsis. Plant Physiol. 153, 1345-1361. doi: 10.1104/pp.110.153882

Benson, D. A., Cavanaugh, M., Clark, K., Karsch-Mizrachi, I, Ostell, J., Pruitt, K. D.,
etal. (2018). GenBank. Nucleic Acids Res. 46, D41-D47. doi: 10.1093/nar/gkx1094

Buxa, S. V., Degola, E, Polizzotto, R., De Marco, E, Loschi, A., Kogel, K.-H., et al.
(2015). Phytoplasma infection in tomato is associated with re-organization of plasma
membrane, ER stacks, and actin filaments in sieve elements. Front. Plant Sci. 6:650. doi:
10.3389/fpls.2015.00650

Camacho, C., Coulouris, G., Avagyan, V., Ma, N., Papadopoulos, J., Bealer, K., et al.
(2009). BLAST+: architecture and applications. BMC Bioinformatics 10:421. doi:
10.1186/1471-2105-10-421

Cancé, C., Martin-Arevalillo, R., Boubekeur, K., and Dumas, R. (2022). Auxin
response factors are keys to the many auxin doors. New Phytol. 235, 402-419. doi:
10.1111/nph.18159

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. 105, 2290-2294. 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).
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

Chien, Y.-Y,, Tan, C. M., Kung, Y.-C,, Lee, Y.-C,, Chiu, Y.-C,, and Yang, J.-Y. (2021c).
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

Chiu, Y.-C,, Liao, Y.-Q.,, Mejia, H. M., Lee, Y.-C., Chen, Y.-K,, and Yang, J.-Y. (2023).
Detection, identification and molecular characterization of the 16SrII-V subgroup
phytoplasma strain associated with Pisum sativum and Parthenium hysterophorus L.
Plants. 12:891. doi: 10.3390/plants12040891

Cho, S.-T., Kung, H.-J., Huang, W., Hogenhout, S. A., and Kuo, C.-H. (2020).
Species boundaries and molecular markers for the classification of 16SrI phytoplasmas
inferred by genome analysis. Front. Microbiol. 11:1531. doi: 10.3389/fmicb.2020.01531

Frontiers in Microbiology

10.3389/fmicb.2025.1654928

including review by the authors wherever possible. If you identify any
issues, please contact us.

Publisher’s note

All claims expressed in this article are solely those of the authors
and do not necessarily represent those of their affiliated organizations,
or those of the publisher, the editors and the reviewers. Any product
that may be evaluated in this article, or claim that may be made by its
manufacturer, is not guaranteed or endorsed by the publisher.

Supplementary material

The Supplementary material for this article can be found online
at: https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/
full#supplementary-material

Chuang, M.-F, Tzeng, K.-C., and Hsu, S.-T. (1989). Soft rot of radish caused by Erwinia
carotovora subsp. Carotovora and Erwinki chrysanthemi. FAO Plant Prot. Bull. 31, 358-365.

Cosgrove, D. . (2024). Plant cell wall loosening by expansins. Annu. Rev. Cell Biol. 40,
329-352. doi: 10.1146/annurev-cellbio-111822-115334

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

Ehya, E, Monavarfeshani, A., Mohseni Fard, E., Karimi Farsad, L., Khayam
Nekouei, M., and Mardi, M. (2013). Phytoplasma-responsive microRNAs modulate
hormonal, nutritional, and stress signalling pathways in Mexican lime trees. PLoS One
8:¢66372. doi: 10.1371/journal.pone.0066372

Feys, B. J., Moisan, L. ., Newman, M. A,, and Parker, J. E. (2001). Direct interaction
between the Arabidopsis disease resistance signaling proteins, EDSI and PAD4. EMBO
J. 20, 5400-5411. doi: 10.1093/emboj/20.19.5400

Hofmann, N. R. (2011). YUC and TAA1/TAR proteins function in the same pathway
for auxin biosynthesis. Plant Cell 23:3869. doi: 10.1105/tpc.111.231112

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

Huang, W, MacLean, A. M., Sugio, A., Magbool, A., Busscher, M., Cho, S.-T, et al.
(2021). Parasitic modulation of host development by ubiquitin-independent protein
degradation. Cell 184:5212, 5201-5214. doi: 10.1016/j.cell.2021.08.029

Huang, W, MacLean, A. M., Sugio, A., Magbool, A., Busscher, M., Cho, S.-T, et al.
(2022). Comparative genome analysis of ‘Candidatus Phytoplasma luffae’ reveals the
influential roles of potential mobile units in phytoplasma evolution. Front. Microbiol.
13:773608. doi: 10.3389/fmicb.2022.773608

Hyatt, D., Chen, G.-L., LoCascio, P. F, Land, M. L., Larimer, E. W,, and Hauser, L. J.
(2010). Prodigal: prokaryotic gene recognition and translation initiation site
identification. BMC Bioinformatics 11, 1-11. doi: 10.1186/1471-2105-11-119

Kanehisa, M., Goto, S., Furumichi, M., Tanabe, M., and Hirakawa, M. (2010). KEGG
for representation and analysis of molecular networks involving diseases and drugs.
Nucleic Acids Res. 38, D355-D360. doi: 10.1093/nar/gkp896

Kondhare, K. R, Patil, A. B., and Giri, A. P. (2021). Auxin: an emerging regulator of
tuber and storage root development. Plant Sci. 306:110854. doi:
10.1016/j.plantsci.2021.110854

Krogh, A., Larsson, B., Von Heijne, G., and Sonnhammer, E. L. (2001). Predicting
transmembrane protein topology with a hidden Markov model: application to complete
genomes. J. Mol. Biol. 305, 567-580. doi: 10.1006/jmbi.2000.4315

Krzywinski, M., Schein, J., Birol, I., Connors, J., Gascoyne, R., Horsman, D., et al.
(2009). Circos: an information aesthetic for comparative genomics. Genome Res. 19,
1639-1645. doi: 10.1101/gr.092759.109

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

Kumar, R., Kushalappa, K., Godt, D., Pidkowich, M. S., Pastorelli, S., Hepworth, S. R.,
etal. (2007). The Arabidopsis BEL1-LIKE HOMEODOMAIN proteins SAW1 and SAW2
act redundantly to regulate KNOX expression spatially in leaf margins. Plant Cell 19,
2719-2735. doi: 10.1105/tpc.106.048769

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654928
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fmicb.2025.1654928/full#supplementary-material
https://doi.org/10.1038/s41587-019-0036-z
https://doi.org/10.3390/ijms17020251
https://doi.org/10.1128/JB.188.10.3682-3696.2006
https://doi.org/10.1128/JB.188.10.3682-3696.2006
https://doi.org/10.1104/pp.110.153882
https://doi.org/10.1093/nar/gkx1094
https://doi.org/10.3389/fpls.2015.00650
https://doi.org/10.1186/1471-2105-10-421
https://doi.org/10.1111/nph.18159
https://doi.org/10.1093/jxb/ery318
https://doi.org/10.1094/PDIS-12-20-2683-SC
https://doi.org/10.1094/PDIS-06-20-1302-PDN
https://doi.org/10.1094/PDIS-06-20-1303-PDN
https://doi.org/10.1094/PDIS-06-20-1304-PDN
https://doi.org/10.3390/plants12040891
https://doi.org/10.3389/fmicb.2020.01531
https://doi.org/10.1146/annurev-cellbio-111822-115334
https://doi.org/10.3389/fpls.2019.00477
https://doi.org/10.1371/journal.pone.0066372
https://doi.org/10.1093/emboj/20.19.5400
https://doi.org/10.1105/tpc.111.231112
https://doi.org/10.1073/pnas.0813038106
https://doi.org/10.1016/j.cell.2021.08.029
https://doi.org/10.3389/fmicb.2022.773608
https://doi.org/10.1186/1471-2105-11-119
https://doi.org/10.1093/nar/gkp896
https://doi.org/10.1016/j.plantsci.2021.110854
https://doi.org/10.1006/jmbi.2000.4315
https://doi.org/10.1101/gr.092759.109
https://doi.org/10.4161/mge.26145
https://doi.org/10.1105/tpc.106.048769

Chiu et al.

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, Redland, E. A,, Steerfeldt, H.-H., Rognes, T., and Ussery, D. W.
(2007). RNAmmer: consistent and rapid annotation of ribosomal RNA genes. Nucleic
Acids Res. 35,3100-3108. doi: 10.1093/nar/gkm160

Lee, I, Hammond, R., Davis, R., and Gundersen, D. (1993). Universal amplification
and analysis of pathogen 16S rDNA for classification and identification of
mycoplasmalike organisms. Phytopathol. 83, 834-842.

Li, H. (2018). Minimap?2: 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, M., Ma, X, Chiang, Y. H., Yadeta, K. A,, Ding, P, Dong, L., et al. (2014). Proline
isomerization of the immune receptor-interacting protein RIN4 by a cyclophilin inhibits
effector-triggered immunity in Arabidopsis. Cell Host Microbe 16, 473-483. doi:
10.1016/j.chom.2014.09.007

Li, L., Popko, J. L., Zhang, X. H., Osakabe, K., Tsai, C. ], Joshi, C. P, et al. (1997). A
novel multifunctional O-methyltransferase implicated in a dual methylation pathway
associated with lignin biosynthesis in loblolly pine. Proc. Natl. Acad. Sci. USA 94,
5461-5466. doi: 10.1073/pnas.94.10.5461

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

Li, Z., Wang, X., Chen, J., Gao, J., Zhou, X., and Kuai, B. (2016). CCX1, a putative
cation/Ca’* exchanger, participates in regulation of reactive oxygen species homeostasis
and leaf senescence. Plant Cell Physiol. 57, 2611-2619. doi: 10.1093/pcp/pcw175

Liao, P-Q., Chen, Y.-K., Mejia, H. M., Chien, Y.-Y,, Lee, Y.-C., Tan, C. M, et al. (2022).
Detection, identification, and molecular characterization of a 16SrII-V subgroup
phytoplasma associated with Nicotiana plumbaginifolia. Plant Dis. 106, 805-809. doi:
10.1094/PDIS-09-21-1968-SC

Liu, C.-T., Huang, H.-M., Hong, S.-E, Kuo-Huang, L.-L., Yang, C.-Y,, Lin, Y.-Y, et al.
(2015). Peanut witches' broom (PnWB) phytoplasma-mediated leafy flower symptoms
and abnormal vascular bundles development. Plant Signal. Behav. 10:e1107690. doi:
10.1080/15592324.2015.1107690

Lo, C., and Sun, S. (1987). Distribution and survival of radish yellows pathogen in
infested field. Plant Prot. Bull. 29, 109-116.

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

Lu, M., An, H,, and Lj, L. (2016). Genome survey sequencing for the characterization
of the genetic background of Rosa roxburghii Tratt and leaf ascorbate metabolism genes.
PLoS One 11:€0147530. doi: 10.1371/journal.pone.0147530

Ma, E, Huang, J., Yang, J., Zhou, J., Sun, Q., and Sun, J. (2020). Identification,
expression and miRNA targeting of auxin response factor genes related to phyllody in
the witches' broom disease of jujube. Gene 746:144656. doi: 10.1016/j.gene.2020.144656

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:¢1001835. doi: 10.1371/journal.pbio.1001835

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

Margais, G., and Kingsford, C. (2011). A fast, lock-free approach for efficient parallel
counting of occurrences of k-mers. Bioinformatics 27, 764-770. doi:
10.1093/bioinformatics/btr011

Mardi, M., Karimi Farsad, L., Gharechahi, J., and Salekdeh, G. H. (2015). In-depth
transcriptome sequencing of Mexican lime trees infected with Candidatus Phytoplasma
aurantifolia. PLoS One 10:¢0130425. doi: 10.1371/journal.pone.0130425

Mejia, H. M, Liao, P-Q,, Chen, Y.-K,, Lee, Y.-C,, Tan, C. M., Chiu, Y.-C,, et al. (2022).
Detection, identification, and molecular characterization of the 16SrII-V subgroup
phytoplasma strain associated with Digera muricata in Taiwan. Plant Dis. 106,
1788-1792. doi: 10.1094/PDIS-12-21-2647-SC

Minato, N., Himeno, M., Hoshi, A., Maejima, K., Komatsu, K., Takebayashi, Y., et al.
(2014). The phytoplasmal virulence factor TENGU causes plant sterility by
downregulating of the jasmonic acid and auxin pathways. Sci. Rep. 4:7399. doi:
10.1038/srep07399

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

Ma, F, Huang, J., Yang, J., Sun, Q., and Sun, J. (2020). The phytoplasma SAP54 effector
acts as a molecular matchmaker for leathopper vectors by targeting plant MADS-box
factor SVP. Elife 13.

Frontiers in Microbiology

17

10.3389/fmicb.2025.1654928

Petersen, P. D, Lau, J., Ebert, B, Yang, E,, Verhertbruggen, Y., Kim, J. S., et al. (2012).
Engineering of plants with improved properties as biofuels feedstocks by vessel-specific
complementation of xylan biosynthesis mutants. Biotechnol. Biofuels 5:84. doi:
10.1186/1754-6834-5-84

Robinson, J. T., Thorvaldsdéttir, 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

Roychoudhry, S., and Kepinski, S. (2022). Auxin in root development. Cold Spring
Harb. Perspect. Biol. 14:a039933. doi: 10.1101/cshperspect.a039933

Rustgi, S., Boex-Fontvieille, E., Reinbothe, C., von Wettstein, D., and Reinbothe, S.
(2017). Serpinl and WSCP differentially regulate the activity of the cysteine protease
RD21 during plant development in Arabidopsis thaliana. Proc. Natl. Acad. Sci. USA 114,
2212-2217. doi: 10.1073/pnas.1621496114

Schultz, T., and Shaw, M. (1991). Occurrence of the beet leathopper-transmitted
virescence agent in red and daikon radish seed plants in Washington State. Plant
Dis. 75:751.

Shukla, S., Chatterji, S., Mehta, S., Rai, P. K., Singh, R. K, Yadav, D. K,, et al. (2011).
Antidiabetic effect of Raphanus sativus root juice. Pharm. Biol. 49, 32-37. doi:
10.3109/13880209.2010.493178

Son, O., Hur, Y. S., Kim, Y. K., Lee, H. J., Kim, S., and Kim, M. R. (2010). ATHB12, an
ABA-inducible homeodomain-leucine zipper (HD-zip) protein of Arabidopsis,
negatively regulates the growth of the inflorescence stem by decreasing the expression
of a gibberellin 20-oxidase gene. Plant Cell Physiol. 51, 1537-1547. doi:
10.1093/pcp/pcql08

Staiger, D., Korneli, C., Lummer, M., and Navarro, L. (2013). Emerging role for
RNA-based regulation in plant immunity. New Phytol. 197, 394-404. doi:
10.1111/nph.12022

Stortenbeker, N., and Bemer, M. (2019). The SAUR gene family: the plant's toolbox
for adaptation of growth and development. J. Exp. Bot. 70, 17-27. doi:
10.1093/jxb/ery332

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. USA 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

Takubo, E., Kobayashi, M., Hirai, S., Aoi, Y., Ge, C., Dai, X,, et al. (2020). Role of
Arabidopsis indole-3-acetic acid carboxyl methyltransferase 1 in auxin metabolism.
Biochem. Biophys. Res. Commun. 527, 1033-1038. doi: 10.1016/j.bbrc.2020.05.031

Tan, C. M,, Lin, Y.-C,, Li, J.-R., Chien, Y.-Y,, Wang, C.-]., Chou, L., et al. (2021).
Accelerating complete phytoplasma genome assembly by immunoprecipitation-based
enrichment and MinION-based DNA sequencing for comparative analyses. Front.
Microbiol. 12:766221. doi: 10.3389/fmicb.2021.766221

Tao, L., Zhu, H., Huang, Q,, Xiao, X., Luo, Y., Wang, H., et al. (2023). PIN2/3/4 auxin
carriers mediate root growth inhibition under conditions of boron deprivation in
Arabidopsis. Plant J. 115, 1357-1376. doi: 10.1111/tpj.16324

Tatusov, R. L., Fedorova, N. D,, Jackson, J. D., Jacobs, A. R., Kiryutin, B., Koonin, E. V.,
et al. (2003). The COG database: an updated version includes eukaryotes. BMC
Bioinformatics 4, 1-14. doi: 10.1186/1471-2105-4-41

Trivellone, V., and Dietrich, C. (2021). Evolutionary diversification in insect vector—
phytoplasma-plant associations. Ann. Entomol. Soc. Am. 114, 137-150. doi:
10.1093/aesa/saaa048

Tronchet, M., Balagué, C., Kroj, T., Jouanin, L., and Roby, D. (2010). Cinnamyl alcohol
dehydrogenases-C and D, key enzymes in lignin biosynthesis, play an essential role in
disease resistance in Arabidopsis. Mol. Plant Pathol. 11, 83-92. doi:
10.1111/j.1364-3703.2009.00578.x

Tu, Y., Rochfort, S., Liu, Z., Ran, Y., Griffith, M., Badenhorst, P, et al. (2010).
Functional analyses of caffeic acid O-methyltransferase and Cinnamoyl-CoA-reductase
genes from perennial ryegrass (Lolium perenne). Plant Cell 22, 3357-3373. doi:
10.1105/tpc.109.072827

Vanneste, S., Pei, Y., and Friml, J. (2025). Mechanisms of auxin action in plant growth
and development. Nat. Rev. Mol. Cell Biol. 1-19. doi: 10.1038/s41580-025-00851-2

Verma, V., Sivaraman, J., Srivastava, A. K., Sadanandom, A., and Kumar, P. P. (2015).
Destabilization of interaction between cytokinin signaling intermediates AHP1 and
ARR4 modulates Arabidopsis development. New Phytol. 206, 726-737. doi:
10.1111/nph.13297

Wang, R., Bai, B., Li, D., Wang, J., Huang, W., Wu, Y,, et al. (2024). Phytoplasma: a
plant pathogen that cannot be ignored in agricultural production—research progress
and outlook. Mol. Plant Pathol. 25:e13437. doi: 10.1111/mpp.13437

Wang, C., Chang, Y., and Chen, Y. (2014). Characterization of the Taiwan isolate of
radish mosaic virus. Plant Pathol. J. 23, 139-158. doi: 10.6649/PPB.201406_23(2).0005

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654928
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.3389/fmicb.2019.01349
https://doi.org/10.1093/nar/gkm160
https://doi.org/10.1093/bioinformatics/bty191
https://doi.org/10.1093/bioinformatics/btp324
https://doi.org/10.1093/bioinformatics/btp352
https://doi.org/10.1016/j.chom.2014.09.007
https://doi.org/10.1073/pnas.94.10.5461
https://doi.org/10.1101/gr.1224503
https://doi.org/10.1093/pcp/pcw175
https://doi.org/10.1094/PDIS-09-21-1968-SC
https://doi.org/10.1080/15592324.2015.1107690
https://doi.org/10.1093/nar/25.5.955
https://doi.org/10.1371/journal.pone.0147530
https://doi.org/10.1016/j.gene.2020.144656
https://doi.org/10.1371/journal.pbio.1001835
https://doi.org/10.1111/tpj.12495
https://doi.org/10.1093/bioinformatics/btr011
https://doi.org/10.1371/journal.pone.0130425
https://doi.org/10.1094/PDIS-12-21-2647-SC
https://doi.org/10.1038/srep07399
https://doi.org/10.2183/pjab.95.028
https://doi.org/10.1186/1754-6834-5-84
https://doi.org/10.1038/nbt.1754
https://doi.org/10.1101/cshperspect.a039933
https://doi.org/10.1073/pnas.1621496114
https://doi.org/10.3109/13880209.2010.493178
https://doi.org/10.1093/pcp/pcq108
https://doi.org/10.1111/nph.12022
https://doi.org/10.1093/jxb/ery332
https://doi.org/10.1073/pnas.1105664108
https://doi.org/10.1146/annurev-phyto-072910-095323
https://doi.org/10.1016/j.bbrc.2020.05.031
https://doi.org/10.3389/fmicb.2021.766221
https://doi.org/10.1111/tpj.16324
https://doi.org/10.1186/1471-2105-4-41
https://doi.org/10.1093/aesa/saaa048
https://doi.org/10.1111/j.1364-3703.2009.00578.x
https://doi.org/10.1105/tpc.109.072827
https://doi.org/10.1038/s41580-025-00851-2
https://doi.org/10.1111/nph.13297
https://doi.org/10.1111/mpp.13437
https://doi.org/10.6649/PPB.201406_23(2).0005

Chiu et al.

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) in Taiwan. Plant Dis. 105:2012. doi: 10.1094/PDIS-12-20-2714-PDN

Wang, W,, Li, Y., Cai, C., and Zhu, Q. (2024). Auxin response factors fine-tune lignin
biosynthesis in response to mechanical bending in bamboo. New Phytol. 241, 1161-1176.
doi: 10.1111/nph.19398

Wei, W, and Zhao, Y. (2022). Phytoplasma taxonomy: nomenclature, classification,
and identification. Biology 11:1119. doi: 10.3390/biology11081119

Wu, P, Wang, X., Guo, J., Zhang, S., Li, Q., Zhang, M., et al. (2023). Analysis of the
difference between early-bolting and non-bolting roots of Angelica dahurica based on
transcriptome sequencing. Sci. Rep. 13:7847. doi: 10.1038/541598-023-34554-5

Yang, J.-Y., Chien, Y.-Y., Chiu, Y.-C., Mejia, H. M., and Tan, C. M. (2023). Chapter
7 - diversity, distribution, and status of phytoplasma diseases in Taiwan. In: Phytoplasma

Frontiers in Microbiology

18

10.3389/fmicb.2025.1654928

diseases in Asian countries. eds. A. K. Tiwari, K. Caglayan, A. M. Al-Sadi, M. Azadvar
and M. S. Abeysinghe, (Cambridge, MA: Academic Press), 149-168.

Zhang, P, Wang, R,, Yang, X,, Ju, Q.,, Li, W,, Li, S, et al. (2020). The R2R3-MYB
transcription factor AtMYB49 modulates salt tolerance in Arabidopsis by modulating
the cuticle formation and antioxidant defence. Plant Cell Environ. 43, 1925-1943. doi:
10.1111/pce.13784

Zhao, Y., Wei, W,, Lee, I.-M., Shao, J., Suo, X., and Davis, R. E. (2009). Construction
of an interactive online phytoplasma classification tool, iPhyClassifier, and its application
in analysis of the peach X-disease phytoplasma group (16SrlIIl). Int. J. Syst. Evol.
Microbiol. 59, 2582-2593. doi: 10.1099/ijs.0.010249-0

Zhiponova, M. K., Morohashi, K., Vanhoutte, I., Machemer-Noonan, K., Revalska, M.,
Van Montagu, M., et al. (2014). Helix-loop-helix/basic helix-loop-helix transcription factor
network represses cell elongation in Arabidopsis through an apparent incoherent feed-
forward loop. Proc. Natl. Acad. Sci. USA 111, 2824-2829. doi: 10.1073/pnas.1400203111

frontiersin.org


https://doi.org/10.3389/fmicb.2025.1654928
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://doi.org/10.1094/PDIS-12-20-2714-PDN
https://doi.org/10.1111/nph.19398
https://doi.org/10.3390/biology11081119
https://doi.org/10.1038/s41598-023-34554-5
https://doi.org/10.1111/pce.13784
https://doi.org/10.1099/ijs.0.010249-0
https://doi.org/10.1073/pnas.1400203111

	Comprehensive genomic and functional characterization of a phytoplasma associated with root retardation, early bolting, witches’-broom, and phyllody in daikon (Raphanus sativus L.)
	Introduction
	Materials and methods
	Sampling
	Polymerase chain reaction (PCR) and nested PCR
	Transmission electron microscopy
	Western blotting
	Phylogenetic tree construction
	iPhyClassifier analysis
	Oxford Nanopore sequencing and Illumina sequencing
	Genome assembly
	Genome annotation
	Quantitative real-time PCR (qRT-PCR) and statistical analysis
	RNA sequencing and transcriptomic analysis

	Results
	Identification and classification of the phytoplasma associated with the diseased daikon
	Genetic correlation of the phytoplasmas found in different host species in Mailiao, Taiwan
	Genome assembly and comparative genomic analysis of ‘Ca. P. aurantifolia’ NCHU2022
	Genome annotation of ‘Ca. P. aurantifolia’ NCHU2022
	Effectors responsible for the phyllody, virescence, and witches’-broom symptoms associated with RsWB disease
	Hormonal rewiring and lignification underlie root developmental defects induced by RsWB phytoplasma

	Discussion
	Phytoplasma-induced developmental reprogramming in daikon
	Host-specific modulation of auxin signaling by phytoplasmas
	Root-specific auxin disruption in RsWB-infected daikon
	Genomic Insights into Effector-Mediated Pathogenicity of Broad-Host-Range 16SrII-A ‘Ca. P. aurantifolia’


	References

