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ABSTRACT

Phytoplasmas are insect-transmitted plant pathogens that manipulate host development
through secreted effector proteins. While they are notorious for causing agricultural losses, in
the ornamental plant poinsettia (Euphorbia pulcherrima), phytoplasma infection is uniquely
harnessed to induce the commercially desirable free-branching trait. However, the effectors
responsible for this phenotype have remained unknown. To address this question, we
sequenced and analyzed the genome of ‘Candidatus Phytoplasma pruni’ PR2021, a strain
associated with the high-branching cultivar Princettia Pink. Comparative genomics confirmed its
species assignment and revealed an unusual effector repertoire. PR2021 lacks most previously
described effectors but encodes two distinct SAP11 homologs, a family of effectors known to
induce plant branching. Genomic context analysis showed that one homolog is located within a
potential mobile unit (PMU) and is nearly identical to the SAP11 of the distantly related ‘Ca. P.
asteris’, while the other is located outside PMU regions and is divergent in sequence and
predicted structure. Functional assays using Agrobacterium-mediated transient expression in
Nicotiana benthamiana demonstrated that each homolog independently induced significant
branching, whereas co-expression did not enhance the phenotype, indicating overlapping
functions. These findings establish a direct connection between poinsettia branching and
SAP11-homologous effectors, providing the first experimental evidence linking phytoplasma
effector activity to this horticulturally important trait. This work expands understanding of
phytoplasma effector diversity and mobility, while offering a functional framework for

developing pathogen-free strategies to modulate ornamental plant architecture.
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IMPACT STATEMENT

Phytoplasmas are uncultivated bacterial pathogens that reprogram host development
through secreted effectors. While they are notorious for causing agricultural losses,
phytoplasma infection is uniquely harnessed to induce the desirable free-branching trait in
poinsettia, although the molecular basis has remained unresolved. Through analysis of the
complete genome of ‘Candidatus Phytoplasma pruni’ PR2021, a strain associated with a high-
branching cultivar, we identified two SAP11-homologous effectors with contrasting genomic and
evolutionary contexts. One appears vertically inherited and divergent from previously
characterized homologs, whereas the other is embedded in a potential mobile unit and likely
acquired through horizontal transfer. Importantly, both homologs induce branching despite
substantial sequence divergence. Taken together, this work advances understanding of
phytoplasma genome evolution and effector diversity, while providing experimental evidence
that links effector function to host developmental manipulation. Beyond its horticultural
relevance, it illustrates how horizontal gene transfer and lineage-specific retention shape
phytoplasma effector complements, offering a foundation for future efforts to dissect and re-

engineer effector—host interactions.

DATA SUMMARY
All genome assemblies analyzed in this study were obtained from the National Center
for Biotechnology Information (NCBI) Genome Database. The accession numbers are provided

in Table S1.


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

71

72

73

74

75

76

77

78

79

80

81

82

83

84

85

86

87

88

89

90

91

92

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.17.683024; this version posted October 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under a CC-BY 4.0 International license.

INTRODUCTION

Phytoplasmas are insect-transmitted plant pathogens that infect > 1,000 plant species
(Lee et al. 2000; Hogenhout et al. 2008; Bertaccini et al. 2014; Namba 2019). These uncultivated
bacteria are classified into more than 40 species in the genus ‘Candidatus Phytoplasma’ (‘Ca. P.)
(Wei & Zhao 2022; Bertaccini et al. 2022). Similar to other related lineages in the phylum
Mycoplasmatota, phytoplasmas are characterized by a lack of cell wall, small cell size, and
reductive genomes with low GC content (Gasparich et al. 2025). However, phytoplasmas are
unique among Mycoplasmatota genera in their ability of manipulating the development
programs of infected plants, causing symptoms such as stunting (shortening of internodes,
reducing the size of leaves and flowers), witches' broom (proliferation of stems and leaves),
virescence (greening of flowers), and phyllody (abnormal development of floral parts into leaf-
like tissues).

These abnormalities of host development are modulated through small secreted
proteins produced by phytoplasmas known as effectors. Notable examples include: (1) SAPQS5,
which induces witches’ broom and prolongs the host lifespan (Huang et al. 2021); (2) SAPQ6,
which stunts vegetative growth and increases seed dormancy (Correa Marrero et al. 2024); (3)
SAP11/SWP11, which alters the morphogenesis of leaves and roots, phosphate starvation
response, and defense response (Sugio et al. 2011, 2014; Lu et al. 2014; Chang et al. 2018; Bai
et al. 2009; N. Wang et al. 2018; Nan Wang et al. 2018; Chiu et al. 2025); (4) SAP54/PHYL1,
which induces leaf-like flower development and promotes insect colonization on the plants
(MacLean et al. 2011; Maejima et al. 2014; MacLean et al. 2014; Orlovskis et al. 2025; Orlovskis

& Hogenhout 2016; Suzuki et al. 2023; Chiu et al. 2025); and (5) TENGU, which causes witches’-
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93  broom and stunting (Hoshi et al. 2009; Sugawara et al. 2013), as well as down-regulation of
94  jasmonic acid and auxin pathways to result in plant sterility (Minato et al. 2014). It is worth
95 noting that all of these effectors were initially characterized in ‘Ca. P. asteris’ and some were
96 later studied in other ‘Ca. P species. The presence/absence patterns regarding the homologous
97 genes of these effectors are highly variable among different ‘Ca. P species and strains (Huang et
98 al.2022).
99 The ability of manipulating plant development, coupled with their wide host range and
100 geographic distribution, made phytoplasmas serious threats to agriculture (Lee et al. 2000;
101  Bertaccini et al. 2014). Intriguingly, in one notable exception, their unique ability of modulating
102  plant development is harnessed for the production of an ornamental plant. In this case, the
103  bushy growth and dwarfism induced by phytoplasma infection are favorable traits of poinsettia
104  (Euphorbia pulcherrima), resulting in many axillary shoots and “flowers” (modified leaves with
105  bright red/pink colors called “bracts”) (Lee et al. 1997). This “free-branching” phenotype is
106 important for large-scale production of vegetative cuttings and also increases the commercial
107  value. Therefore, the poinsettia branch-inducing (PoiBI) phytoplasmas associated with such trait
108 have been integrated into most commercial poinsettia cultivars. Reflecting this importance, the
109  annual market value of potted poinsettias in the USA is approximately $157 million USD
110 (National Agricultural Statistics Service 2021)
111 Recent studies of this poinsettia-phytoplasma system demonstrated that phytoplasma
112  titer in stock plants was positively correlated with the branching phenotype of propagated
113  cuttings, and higher phytoplasma loads were consistently detected in source leaves from the

114  lower parts of the plant (Lee et al. 2021). In addition, expression of the poinsettia phenylalanine


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2025.10.17.683024; this version posted October 17, 2025. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under a CC-BY 4.0 International license.

115 ammonia-lyase gene (EpPAL) varied among tissues and was negatively correlated with

116  phytoplasma titer, suggesting that EpPAl-linked defense pathways may restrict pathogen growth
117 (Lee etal. 2022). However, the exact phytoplasma effectors associated with the poinsettia

118  branching phenotype remained unknown. Identifying these effectors is not only critical for

119 explaining the poinsettia branching phenotype but also offers broader opportunities to link

120 effector function with mechanisms of plant development. In the long term, such insights may
121  enable the replacement of phytoplasmas, which can be highly variable, with breeding strategies
122 or synthetic effector mimics to achieve desirable traits.

123 To address this question, we conducted metagenomic shotgun sequencing of the

124  poinsettia cultivar Princettia Pink. The complete genome sequence of phytoplasma strain

125  PR2021 associated with this cultivar was determined using a hybrid assembly method that

126  combined Illumina and Oxford Nanopore Technologies (ONT) sequencing results. To provide
127  early data access for the research community, the genome sequence of PR2021 has been made
128  publicly available and published as a genome announcement (Pei et al. 2023). In this work, we
129  present the branching phenotype comparison among poinsettia cultivars that led to the

130 selection of Princettia Pink as the target of our sequencing effort, detailed analysis of the

131  PR2021 genome and comparisons with other phytoplasmas, and experimental validation of two
132  distinct SAP11 homologs from PR2021 that can induce branching phenotype in model plant

133 Nicotiana benthamiana.

134

135 METHODS

136  Quantification of branching performance among poinsettia cultivars
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137 To identify a PoiBIl phytoplasma that is likely associated with a strong branching

138 phenotype of its host, we compared the branching performance among nine poinsettia cultivars.
139  These include Christmas Mouse, Luv U Pink, Noel, Pepride Red, Peterstar, Rose Star, Prima Red,
140  Princettia Pink, and Princettia ROSA, all from the collection maintained at the Taoyuan District
141  Agricultural Research and Extension Station, Shulin Substation (New Taipei, Taiwan). For each
142  cultivar, 32 cuttings containing six to seven nodes were generated from maternal plants in May
143  2023. Wounding sites were treated with a phytohormone solution (1,500 mg/L indole-3-butyric
144  acid and 500 mg/L 1-naphthaleneacetic acid) prior to planting in rockwool grow cubes to

145 promote adventitious root formation. After new roots were formed, the plants were repotted
146 into 5-inch pots, then maintained in a glass greenhouse at the Substation. After the plants grew
147  to have more than 10 nodes, they were pinched to leave exactly 10 nodes. The branching

148 performance was evaluated at three weeks after pinching. Newly formed branches with at least
149 0.5 cmin length were defined as effective branches.

150

151 Phytoplasma genome analysis

152 The procedures of comparative genomics and phylogenetic analysis were largely based
153  onthose described in our previous studies (Chung et al. 2013; Huang et al. 2022; Cho et al.

154  2020). More detailed information is provided in the following sections. Unless stated otherwise,
155  the methods were based on the cited references and the bioinformatic tools were used with the
156  default settings.

157 For analysis of PR2021 genome, the annotated assembly was obtained from National

158 Center for Biotechnology Information (NCBI) GenBank (accession GCA_029746895.1). The
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159 chromosome map was drawn using Circos v0.69-6 (Krzywinski et al. 2009). To identify its close
160 relatives, we obtained all 272 phytoplasma genome assemblies available from NCBI as of March
161 1, 2025 (Table S1). Assemblies with N50 <10 kb were excluded to minimize the impact of highly
162 fragmented genomes. Pairwise genome-wide average nucleotide identity (ANI) values were

163  calculated using FastANI v1.33 (Jain et al. 2018). Strains sharing 290% ANI with PR2021 were
164  retained for comparative analyses.

165 After identification of strains that are closely related to PR2021, we referred to the ‘Ca. P’
166  phylogenetic trees based on 16S rRNA gene (Huang et al. 2023) and core genome (Huang et al.
167 2022)to select other representative species for comparative analysis at genus level.

168  Acholeplasma laidlawii (GCA_000018785.1) was included as the outgroup. Homologous genes
169  were identified using BLASTP v2.11.0 (Boratyn et al. 2013) with e-value cutoff set to 1e-15,

170 followed by clustering of similarity result using OrthoMCL v1.3 (Li et al. 2003).

171 To infer core genome phylogeny, homologous genes that are conserved as single-copy in
172  all genome analyzed were used. For phylogenetic inference, multiple sequence alignments were
173  prepared using MUSCLE v3.8.31 (Edgar 2004) and visualized using JalView v2.11 (Waterhouse et
174  al. 2009). Maximum likelihood phylogenies were inferred using PhyML v3.3 (Guindon & Gascuel
175  2003) and visualized using FigTree v1.4.4. PHYLIP v3.697 (Felsenstein 1989) was used for

176  bootstrap analysis. For comparison of effector gene content, the homologous gene clustering
177  result was examined manually based on annotation.

178 For comparative analysis of potential mobile units (PMUs), which are important for the
179  evolution of phytoplasma effectors (Chung et al. 2013; Tokuda et al. 2023; Ku et al. 2013),

180 methodology of PMU identification in PR2021 and selection of representatives for comparisons
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181  were based on that established previously (Huang et al. 2022). Briefly, based on the knowledge
182  thatintact PMUs can be up to 30 kb in size, we first identified genomic regions with at least four
183  PMU core genes (i.e., tra5, dnaB, dnaG, tmk, hflB, himA, ssb, and rpoD) (Bai et al. 2006), each
184  within < 15 kb from the nearest neighbor. The PMU core genes located between two tras

185 homologs, which mark the PMU boundaries, were manually examined for their orientation to
186  confirm that these genes belong to the same PMU. Visualization was performed using

187  genoplotR v0.8.11 (Guy et al. 2010).

188

189  Bioinformatic analysis of SAP11 homologs

190 The methods for multiple sequence alignment and phylogenetic inference were based
191 onthat described for core genome phylogeny in the previous section. For detailed examination
192  of the protein sequences, signal peptide was predicted using SignalP v5.0 (Almagro Armenteros
193  etal. 2019). Nuclear localization signal was predicted using two separate tools, with positive
194  result from either one considered as valid, including WoLF PSORT (Horton et al. 2007) webtool
195 (organism type set to “Plant”) and PredictNLS v1.0.20 (Cokol et al. 2000). Coiled-coil domain
196  was predicted using COILS-WRAP (Lupas et al. 1991) with the settings “-m MTIDK -w 1”.

197 The method for protein structure prediction followed a recent study (Mirkin et al. 2025),
198  which used AlphaFold2 (Jumper et al. 2021) via ColabFold (Mirdita et al. 2022). Prediction

199  parameters included msa_mode: MMseqs2 (UniRef+Environmental), num_models: 5,

200 num_recycles: 12, and stop_at_score: 100. For each protein, the model with the highest

201  average predicted local distance difference test score among the five generated was selected for

202  visualization using webtool Mol* 3D Viewer (Sehnal et al. 2021).
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203

204 Transient expression assays

205 For experimental investigation of putative effector genes, we performed transient

206  expression assays in Nicotiana benthamiana (Shi et al. 2020; Hoshi et al. 2009). The candidates
207  include two SAP11 homologs identified in the genome of ‘Ca. P. pruni’ PR2021 (locus tags:

208 PR2021 2540 and PR2021_3970). The codon-optimized sequences, designed for Nicotiana

209  benthamiana and without the secretory signal peptide, were synthesized by GenScript

210  (Piscataway, NJ, USA). The synthesized sequences were cloned into a potato virus X (PVX) based
211  expression vector pgR106 (Lu et al. 2003) using NEBuilder HiFi DNA Assembly (New England

212  Biolabs). The resulting vectors were transformed into Agrobacterium tumefaciens strain GV3101
213  with pSOUP (Addgene 165419) via electroporation. The empty vector was included as the

214  negative control.

215 For agroinfiltration in three-week-old Nicotiana benthamiana plants, the agrobacterial
216  strains harboring the desired plasmids were cultured in lysogeny broth with rifampicin (50

217  pg/mL), gentamicin (10 pg/mL), and kanamycin (50 pg/mL) for 48 hours at 28 °C, harvested by
218  centrifugation at 4,000 x g for 15 minutes, and resuspended in infiltration buffer (10 mM MgCl2,
219 10 mM MES, 100 uM acetosyringone, pH 5.7) with ODgqg adjusted to 0.5. Three leaves of each
220 plant were randomly selected to perform infiltration of 2 ml bacterial suspension. At three

221  weeks after leaf infiltration, the number of side branches with at least three unfolded leaves for
222  each plant was recorded. In each batch, five plants were used as biological replicates for each

223  treatment. A total of three batches were performed during June-August, 2025 using plant

10
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224 growth chambers in Academia Sinica (Taipei, Taiwan). Methods for statistical tests and
225  visualization followed that described for poinsettia branching performance.
226

227  Statistical tests and visualization of branching counts

228 The statistical significance was evaluated using the Kruskal-Wallis test followed by

229  Dunn’s post-hoc tests with Bonferroni correction for multiple comparisons, implemented with
230 the packages stats v4.4.0 and dunn.test v1.3.6 in the R statistical environment v4.4.0 (R Core
231 Team 2024). A non-parametric approach was chosen because pre-examination of branching
232 count data with residual quantile—quantile plots and the Shapiro—Wilk test, implemented with
233  the stats v4.4.0, raised concern about violations of normality assumptions in both experiments.
234  Data visualization was performed using ggplot2 v3.5.1 (Wickham 2016), with all individual data
235  points shown. The mean = standard deviation was plotted for ease of interpretation, and letters
236  assigned with multcompView v0.1-10 denote groups significantly different at p < 0.05.

237

238  RESULTS AND DISCUSSION

239  Strong branching of Princettia Pink motivated genomic characterization of its phytoplasma

240 In our branching performance evaluation, the Kruskal-Wallis test followed by Dunn’s
241  post-hoc comparisons separated the nine cultivars into three overlapping significance groups (a-
242  c) (Fig. 1). The four top-performing cultivars were assigned to the highest group (a), while Prima
243  Red and Noel were assigned to the lowest group (c). The remaining three cultivars fell into

244  intermediate overlapping groups (ab, abc, bc), reflecting that they were not significantly

245  different from at least one higher and one lower cultivar. The highest-performing cultivar,

11
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Princettia Pink, developed 5.5 £ 2.0 effective branches at three weeks after pinching, which is
notably higher than the ~2.4-2.7 range observed for the three lowest performing cultivars.
Although only one batch was evaluated and seasonal effects were not tested, the
performance difference was pronounced. Therefore, we selected Princettia Pink as the target
for genomic characterization of its associated phytoplasma, designated strain PR2021. The
vigorous growth of this cultivar also provided sufficient leaf midribs, the preferred tissue for
metagenomic sequencing targeting phloem-residing phytoplasmas. As reported previously, we
obtained the complete genome sequence of PoiBI phytoplasma strain PR2021 through a hybrid

assembly approach (Pei et al. 2023).

Comparative analysis of PR2021 and other phytoplasmas

For comparative analysis of PR2021 genome, we first identified its close relatives from
publicly available assemblies (Table S1). Being uncultivated bacteria, phytoplasma genomes are
typically reconstructed from metagenomic data. Due to the lack of reliable reference sets for
assessing completeness and contamination, standard quality control tools such as CheckM
(Parks et al. 2015) are not applicable. Overall assembly size is also unsuitable for evaluating
completeness, since even complete circularized assemblies representing chromosomes within a
single species can differ by nearly 50%, as the case of 576-853 kb range in well-studied ‘Ca. P.
asteris’ (Cho et al. 2020). Therefore, we used assembly contiguity as a quality filter and excluded
49 highly fragmented assemblies with an N50 value below 10 kb. Considering the formal

guideline of a 95% ANI threshold for delineating different ‘Ca. P/ species (Bertaccini et al. 2022),

12
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267  we applied a more inclusive cutoff of 90% ANI to capture closely related but potentially distinct
268 taxa, and identified eight strains (Fig. 2).

269 Compared to these closely related strains, PR2021 shares 82.3% alignment fraction and
270  97.8% ANI with strain CX associated with Canada X-disease and described as ‘Ca. P. pruni’ (Lee
271  etal. 2015; Davis et al. 2013), confirming its species assignment (Pei et al. 2023; Bertaccini et al.
272 2022). Meanwhile, although strain ChTDIII associated with chinaberry trees (Melia azedarach L.)
273  in Argentina was initially identified as a member of ‘Ca. P. pruni’ (Fernandez et al. 2020), this
274  strain, together with two other South American strains, CicWB-2022 from Argentina (Fernandez
275 etal. 2024) and Vc33 from Chile (Zamorano & Fiore 2016), represent a distinct ‘Ca. P/ species.
276 For genus-level analysis, we inferred a core genome phylogeny based on 163 conserved
277  single-copy genes with 59,155 aligned amino acid sites (Fig. 3). Two PR2021-related strains,

278 MA1 (197 contigs, N50 = 12 kb) and Vc33 (36 contigs, N50 = 36 kb), were excluded in the core
279  genome analysis due to the lack of annotation in these assemblies. The phylogenetic

280 placements further support the aforementioned species delineation, with strains with > 95%
281  ANIforming distinct monophyletic clades. Comparative analysis of effector gene content

282  revealed that PR2021 has two SAP11 homologs, but no other known phytoplasma effectors (Fig.
283  3). Given the complete circularized chromosomal contig of PR2021, these gene absences are
284  unlikely to reflect false negative results caused by assembly artifacts.

285 This finding of effector gene content is noteworthy, because SAP11 homologs from

286 diverse phytoplasmas have been reported to induce branching phenotypes. The effector SAP11
287  was first reported from ‘Ca. P. asteris’ strain AYWB and known to target plant nuclei (Bai et al.

288  2009). Transgenic expression of this gene in Arabidopsis thaliana increases stem numbers,

13
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289  reportedly through the destabilization of plant TEOSINTE-BRANCHED, CYCLOIDEA,

290 PROLIFERATION FACTOR 1 and 2 (TCP) transcription factors (Sugio et al. 2011). Follow-up studies
291 for transgenic expression of different phytoplasma SAP11 homologs in Arabidopsis thaliana

292  (Chang et al. 2018; Nan Wang et al. 2018) and Nicotiana benthamiana (N. Wang et al. 2018)

293  reported similar phenotypes and mechanisms. Based on these previous studies, the SAP11

294  homologs found in PR2021 are likely linked to the branching phenotype of its poinsettia host,
295  therefore warrant further investigation.

296

297 SAP11 homologs in PR2021 differ in genomic context and evolutionary origin

298 Intriguingly, the two SAP11 homologs in PR2021 have distinct genomic contexts. One
299  homolog (locus tag: PR2021_2540) is 17.7 kb away from the nearest PMU gene and 69.0 kb
300 away from the nearest intact PMU, therefore is not considered as PMU-associated (Fig. 4). By
301 contrast, the other SAP11 homolog (PR2021 3970) is clearly located within a long PMU,

302 designated as PR2021 2 (Figs. 4 and 5), suggesting distinct evolutionary histories for these two
303 homologs.

304 Comparisons of PMUs among representative phytoplasmas revealed that ‘Ca. P. pruni’
305 harbors usually long PMUs. PR2021, which has a complete genome assembly, contains three
306 intact PMUs ranging from 45 to 62 kb. Strain 6A1, which has a high-quality assembly with a N50
307  value of 336 kb, harbors three PMUs ranging from 12 to 56 kb. For strain CX, although only one
308 33 kb PMU was identified, PMU content could not be accurately assessed for this highly

309 fragmented assembly with a N50 value of 39 kb. Together, compare to the size range of 6-28 kb

310 observed in previously defined PMUs across diverse phytoplasmas (Huang et al. 2022) (Fig. 5),
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311 the newly characterized ‘Ca. P. pruni’ genomes revealed that phytoplasma PMU diversity is

312  higher than previously recognized.

313 Our closer inspection of the PMU PR2021_2 revealed that PR2021 3970 is co-localized
314  with several other SAP homologs, including SAPO9 and SAP68 (Fig. 5B). A similar association
315 among these genes was found in the PMU AYWB_4 from ‘Ca. P. asteris’, which contains the first
316 experimentally characterized SAP11 (Bai et al. 2009; Sugio et al. 2011). Although PR2021 2 and
317 AYWB_4 share little overall synteny conservation, possibly due to the long evolutionary distance
318 between ‘Ca. P. pruni’ and ‘Ca. P. asteris’ (Fig. 3), the similarity of this SAP gene set is

319 noteworthy and supports a role for PMUs in horizontal gene transfer across divergent

320 phytoplasma lineages.

321 Sequence- and structure-based comparisons further highlight the contrasting

322  evolutionary histories of the two PR2021 SAP11 homologs. The protein sequence encoded by
323  PR2021 3970 shares 97.5% amino acid identity to ‘Ca. P. asteris’ SAP11 (locus tag: AYWB_370)
324  (Fig. 6A) and clusters closely with it in phylogenetic analyses (Fig. 6B), despite the long

325 divergence between the two species (Fig. 3). AlphaFold2 structural predictions also yielded

326 nearly indistinguishable models (Fig. 6C). These observations are consistent with PR2021 3970
327 having been acquired recently through horizontal transfer, likely mediated by PMUs. By contrast,
328 PR2021 2540 is highly divergent from AYWB_370, sharing only 39.0% identity and 47.9%

329  similarity in their protein sequences (Fig. 6A). It shares 56.0-56.9% identity and 68.1% similarity
330 totwo other SAP11 homologs found in other ‘Ca. P. pruni’ strains, namely CPX_001780 from
331  strain CX and QFY14_00375 from strain 6A1. These findings, together with the non-PMU

332  chromosomal location of PR2021_2540, suggested that PR2021_2540 represents a vertically
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333  inherited homolog retained within ‘Ca. P. pruni’. This inference raises the question of whether
334  these two evolutionarily distinct homologs are functionally equivalent.
335

336 Both SAP11 homologs are sufficient to induce branching in Nicotiana benthamiana

337 The findings that PR2021 3970 is nearly identical to the experimentally characterized
338 AYWB_370, both in their amino acid sequences and predicted protein structures (Fig. 6), makes
339  this SAP11 homolog an obvious candidate for explaining the branch-inducing property of PoiBI
340 phytoplasmas. However, whether the second SAP11 homolog PR2021 2540 also plays a

341  functional role is unclear. On one hand, it exhibits high levels of sequence divergence and bears
342  lower similarity in the predicted protein structure. On the other hand, its predicted structure
343  also contains three alpha helices as seen for PR2021_3970 and AYWB_370 (Fig. 6C). To

344  empirically test if these two SAP11 homologs found in PR2021 are capable of inducing

345  branching in host plants, we used a PVX-based transient expression system to express codon-
346 optimized versions of these two genes, both individually and jointly, in N. benthamiana. At three
347  weeks post agroinfiltration, control plants transformed with the empty vector were mostly

348 unbranched, whereas expression of either homolog alone induced ~4-5 side branches per plant,
349  and co-expression averaged ~6 branches (Fig. 7).

350 Although the expression levels of these genes were not directly quantified, consistent
351 phenotypic differences were observed across independent batches. Rank-based comparisons
352 showed that all three treatments differed significantly from the negative control, while not

353  differing from one another. Thus, each SAP11 homolog is independently sufficient to induce

354  branching. The activity of PR2021 3970 is consistent with its near identity to the AYWB SAP11
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355  (Fig. 6) previously characterized in Arabidopsis (Sugio et al. 2011, 2014), whereas the

356 comparable activity of the highly divergent, non-PMU PR2021_2540 is notable. The lack of
357  significant additivity in co-expression suggests action on a shared host pathway, likely involving
358  TCP destabilization, or saturation of the branching response, confirming functional redundancy.
359 Together with the genomics and sequence analyses above, these results show that PR2021
360 harbors two distinct SAP11 homologs, allowing for robust manipulation of host development.
361

362 CONCLUSION

363 In this study, we characterized the genome of the poinsettia-associated phytoplasma
364  PR2021 and linked its effector repertoire to the free-branching trait of its host. Comparative
365 genomics confirmed PR2021 as ‘Ca. P. pruni” and revealed unusually long PMUs distinct from
366 previously defined types. This genome encodes two SAP11 homologs, one likely retained

367  through vertical inheritance and the other acquired through horizontal transfer, but no other
368 known phytoplasma effectors. Functional assays demonstrated that each homolog is

369 independently sufficient to induce branching in N. benthamiana. Notably, the branch-inducing
370 property of PR2021 2540, despite its high sequence divergence from other SAP11 homologs,
371  reveals functional conservation within this effector family that was not previously recognized.
372 The absence of additive effects between the two homologs indicates functional redundancy,
373  which may contribute to robust host manipulation. Beyond explaining an unusual plant—

374  pathogen interaction with horticultural benefit, our results, together with prior work, highlight
375  TCP transcription factors as promising targets for breeding or synthetic effector-based

376  approaches to engineer branching traits without reliance on phytoplasma infection.
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582 FIGURE LEGENDS

583  Fig. 1. Branching performance among poinsettia cultivars. Poinsettia cuttings were pinched to
584  exactly 10 nodes, and branching performance was evaluated three weeks later. Newly formed
585  branches =0.5 cm in length were counted as effective branches. (A) Representative images of
586 the low-branching cultivar Prima Red and the high-branching cultivar Princettia Pink. Effective
587  branches are highlighted in red. (B) Quantification of branching performance across nine

588 cultivars. Each point represents an individual plant. N indicates the number of cuttings scored
589  per cultivar. Mean = standard deviation are shown as horizontal bars in the plot and as

590 numerical values below the x-axis. Statistical comparisons were performed using the Kruskal—
591  Wallis test followed by Dunn’s post-hoc tests. Different letters indicate significant differences at
592  p <0.05 after multiple-testing correction.

593

594  Fig. 2. Pairwise genome similarity among ‘Ca. P. pruni’ PR2021 and closely related strains. The
595 alignment fraction and average nucleotide identity (ANI) values for each pairwise comparison
596 are provided below and above diagonal, respectively. Values in the diagonal cells indicate

597 genome sizes.

598

599  Fig. 3. Core genome phylogeny and effector gene content. The maximum likelihood phylogeny
600 was inferred using 163 conserved single-copy genes, the concatenated alighment contained
601 59,155 aligned amino acid sites. Based on 1,000 bootstrap resampling, the grouping of PR2021
602 and PDA15 received 61% support, all other internal nodes received > 98% support. Strains with

603 complete genome assemblies are highlighted in bold, N50 values are provided in parentheses
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604  for strains with incomplete draft assemblies. The three major phylogenetic groups of

605 phytoplasmas are indicated by colored background, Acholeplasma laidlawii was included as the
606  outgroup. For the five characterized phytoplasma effectors, gene presence is indicated by filled
607 circles, with copy number given inside; gene absence is indicated by empty circles.

608

609 Fig. 4. Chromosome map of ‘Candidatus Phytoplasma pruni’ PR2021. Concentric rings from
610 outside in: (1) Scale marks (kb). (2) Genes associated with potential mobile units (PMUs) or
611 annotated as encoding putative secreted proteins; color-coded according to the scheme

612 illustrated in Fig. 5. The three gene clusters corresponding to intact potential mobile units

613  (PMUs) are highlighted by blue lines. PMU identifiers and the two SAP11 homologs are

614  indicated with blue and red labels outside of the scale mark ring, respectively. (3 and 4) Coding
615 sequences on the forward and reverse strand, respectively. Color-coded by functional categories
616 illustrated. (5) GC skew (positive: dark gray; negative: light gray). (6) GC content (above average:
617  dark gray; below average; light gray).

618

619 Fig. 5. Gene organization of representative potential mobile units (PMUs). (A) Representative
620 PMUs selected from diverse phytoplasmas. Defined PMUs are labeled with the phytoplasma
621 strain name and a numerical identifier. Coding sequences in the defined regions were drawn to
622  scale, with their orientations indicated by arrows. Homologs of previously described secreted
623  AYWB proteins (SAP) are labeled. (B) An enlarged view comparing the regions containing SAP11
624  homologs between PR2021 2 and AYWB_4. (C) Color codes for PMU core genes and genes

625 encoding putative secreted proteins.
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626

627  Fig. 6. Bioinformatic analysis of SAP11 homologs. (A) Multiple sequence alignment. All

628 homologs are identified by the locus tags from their respective genome annotation. The two
629 homologs found in the PR2021 genome are highlighted in bold. Predicted domains are

630  highlighted with colored backgrounds. (B) Maximum likelihood phylogeny. Bootstrap support
631 levels were assessed based on 1,000 resampling. Homologs are labeled with lowercase

632 alphabets as illustrated in panel A. (C) Protein structure prediction of the three key homologs,
633 including the previously studied SAP11 from ‘Ca. P. asteris” AYWB (locus tag: AYWB_370) and the
634 two homologs identified in the PR2021 genome. Regions of the predicted structures are color-
635 coded according to the confidence values based on predicted local distance difference test

636  (pLDDT).

637

638  Fig. 7. Experimental characterization of PR2021-encoded SAP11 homologs. SAP11 homologs
639  were expressed in three-week-old Nicotiana benthamiana by agroinfiltration. Side branches
640  with at least three unfolded leaves were counted three weeks post infiltration. Fully unfolded
641 leaves were removed prior to imaging to facilitate branch counting. Each treatment included 15
642  plantsin total, with five biological replicates per batch across three independent batches. (A)
643  Photos of representative plants from each treatment. (B) Quantification of branch counts. Each
644  point represents an individual plant. Mean £ standard deviation are shown as horizontal bars in
645 the plot and as numerical values below the x-axis. Statistical comparisons were performed using
646  the Kruskal-Wallis test followed by Dunn’s post-hoc tests. Different letters indicate significant

647  differences at p < 0.05 after multiple-testing correction.
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SUPPLEMENTARY MATERIALS

Table S1. List of the genome assemblies analyzed in this study.

29


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

(A)

(B) 10. L S I, be abc ab L T S, 8 eeeeeeerers L
B b - T o I A
0 : : : 5
£ : : : :

(@] B ] cisnsei s s s e R 4 SR 8 R A 5 8 e S SRR A S8 e R A 4 e S TR B € ? SR
c : : ; i
O z
Q ............................................................................................................................ L R e “ ........................ . ...................... r .................. 0000000
Y S S SRR Y SR A T e ] I |
.; —
8 - —
....................................... osssstossss  TEHEE . esesese
by
m CeIYED [eeasa]
TR § NEPR- US| ER————  ——— "NSS—— NNN—— SeY——— secsss  ssssscssce  sess
5 T T
(ILJ e SR IS .... ____________________ A
0 : :
E “ ........................ @@ e . ............................................................................. . ...............
= | :
Z S S R - R S N
ol S o S R R AN N B R
Cuifivar Prima K] Luv U Pepride Peterstar Christmas  Princettia Rose Princettia
Red Pink Red Mouse ROSA Star Pink
N 14 18 11 10 22 21 29 31 29

Av £ SD 24+15 2.7+1.8 2T £1.7 3816 48+1.8 49+16 49+1.0 51£15 55+2.0


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

QQ(J’Q > &(b/\ G Qovi\% 6‘7'“\ @?'“\ O‘{\&O\\\ o\<§ ¢ 40%
PR2021 97.9 97.8 9 9 95.0 92.9 91.9 91.9
ZT3-1 84.9 99 ° 99 .4 95.3 92.9 91.9 91.9
CX 82.3 S 9 99.4 95.4 92.9 921 924
PDA15 78.4 89.0 87.8 9 95.2 92.9 92.3 92.4
6A1 8 93.4 89 84.5 954 93.0 91.8 92.1
MA1 70.9 78.6 79.1 78.1 76.3 93.3 93.0 92.6
ChTDIII 67.1 2.8 73.0 70.8 71.2 65.3 96 96.4
CicWB-2022 78.5 80.6 77.0 74.3 82.5 69.2 68.8 97.9
Vc33 75.4 79.8 771 75.0 79.9 71.5 72.8 80.0
95

Above diagonal: Average nucleotide identity (%) | |
Diagonal: Genome size (kb) 70
Below diagonal: Alignment fraction (%) | |



https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

-‘Ca. P. pruni’ PR2021
L ‘Ca. P. pruni PDA15 (N50: 27 kb)

1 ‘Ca. P. pruni’ CX (N50: 39 kb)

‘Ca. P. pruni’ 6A1 (N50: 336 kb)

‘Ca. P. pruni’ ZT3-1 (N50: 103 kb)

‘Ca. P. sp. ChTDIII (N50: 31 kb)

{‘Ca. P. sp.’ CicWB-2022 (N50: 101 kb)

0.1
= ‘Ca. P. australasiaticum’ NCHU2014

‘Ca. P. cynodontis’ GY2015

‘Ca. P. sacchari’ SCWL1

‘Ca. P. luffae’ NCHU2019

‘Ca. P. ziziphi’ Jwb-nky

‘Ca. P. mali’ AT

‘Ca. P. australiense’ PAa

‘Ca. P. asteris’ AYWB

% /L Acholeplasma laidlawii PG-8A

»

3%
RS
N
Q NP

0l0] ° 100,
00000
QOO0
QOO0
OO000O
OO00O
00000
00000
OO00O
OO00O
00000
00000
' 10] ' 10]@.
OO0O0OO
00000
OO0

RS
X o cof o &L

\ \
&

N


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

PR2021_3

INFORMATION
[ [V] Translation

[ [K] Transcription
[ [L] Replication

POORLY CHARACTERIZED
. [R] General prediction only

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

available under a CC-BY'ZGJ W}tional license.

[ B

‘Ca. Phytoplasma pruni’
PR2021
705,138 bp

A PR2021 2
PR2021_3970

CELL PROCESS

[l (D] Cell cycle

[ [V] Defense

[][T] Signal transduction

[][M] Cell wall, membrane,
& envelope

Il IN] Motility
[][W] Extracellular structure
|:| [U] Trafficking, secretion,
& transport
[][O] Posttranslational modification

[]1X] Mobilome

PR2021_1

Alm

METABOLISM

[l [C] Energy

[l [G] Carbohydrate
I [E] Amino acid
[ [F] Nucleotide
[] [H] Coenzyme
. [1] Lipid

[ [P] Inorganic ion

191 Beq8paRRs



https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

(A)

‘Ca. P. pruni’

‘Ca. P. luffae’

‘Ca. P. asteris’

‘Ca. P. mali’

SAP50

SAP53 SAP42

5 (kb)

SAP09

SAP11(PR2021_3970)
i SAP68
PR2021_2 &—o-mpmmp—0—0—o-Spi-——0-00

AYWB_4 SR Boor s e <G
— y

~

10 20
[ | :
PR2021_1
PR2021 2
SAP36 SAP50
PR2021_3
SAPOY9 SAP11SAP44 SAP41
6A1_1 ke
SAP68  SAP19/40
6A1_2
6A1 3 P
SAP09

cx. e Y e === R

SAP09  SAP19/40 (B) .
NCHU2019_1

SAP36SAP50
AYWB_1
SAP53SAP54
AYWB_2
SAPas SAP45SAP51

AYWB_3

SAP11 SAP67 SAP66
SAP0Y 7 LS

AYWB_4 o A

SAPG8 SAP56

SAP09
AT 1

/(C)

\_

=

rpoD

=

tmk

=

ssb

=

dnaB

=

himA

=

dnaG

- = )

hflB  putative
secreted
protein

:> |:>
trab other /



https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

(A)

e . 2, © & &
[a] AYWB_370 MLKLKNQFKIITSTYLFVFIGLLFININ--QVIA[SPKK-ESSDKKRD IPKINKSEEKNKKQ
[b] PR2021_3970 MLKLKNQFKI INIYLFVFIGLLFININ--QVIASSPKK-ESSDKKRD ISKINKSEEKNKKQ
[c]WJU30 00098 |MLKLKNQFKIISIYLFVFIGLLFINVN--QVIASPKK-ESSDKKRD ISEMNKSEEKNKKQ
[d] LFWB_0640 MVKSKKQLSIFTSILFICLGLFLITNN--QIYGSPKK-=---------- DISSSKE---1E
[e] LFWB_5860 MVKSKKQLSIFTSILFICLGLFLITNN--QIYG|SPKK----------- DISSSKE---1E
[f] LFWB_1510 MVKSKKQLSIFTSILFICLGLFLITNN--QIYGSPKK-=---------- DISSLKE---1E
[9] EPWB_v2c3970 |[MMQ | KNKLYFLPLFLMSFLGLFLLINI-NPVIAAPEKNDKGK- - - - - - KIASSEKQEKTT
[h] U9532_03780 MFKSKNQFKTIYLCLITFLGILFIFHN-YQVMAJAPKK-EKGK- - - - - - EIASSKEIKKTN
[i]CW085 00890 |[MVKLQNQFKIISICLFTFLGLFLITNNVHQIMAAPKK-NHGK- - - - - - DIISSKE---ES
[j]CWO85 02055 |[MLKFKHNLFFLNIFLFIILGMFLITNNFHQIMAASKN--NGK------ DI ISSKE---EA
[k] PR2021_2540 MFKVKNQFKVISIYLFVFISLLFIFNN-NQVMAJAPKK-EHGK- - - - - - GIASSKEPEETT
[1]CPX_001780 MFKIKNNLLLLNVFALIFLGLFLISSN-NYIMAAPKK-EHGK- - - - - - EIASSKEPEKTT
[m] QFY14_00375 |[MFKIKNNLLLLNVFALIFLGLFLISSD-NYIMAAPKK-EHGK----- - EIASSKEPEKTT
[n] ATP_00189 MFKFKSQIKVIYICLFIILGLFFIINN-NHVMAISPPKKDSNKGKS IDKSVSSKRE- - - - -
Conservation

1 7|O 1 8|0 1 9|0 1 1|00 1 1|10 1 1|20 1 1|$O

KED IKRFYTIHKEFKEYSIEKNNE | IKILENPELME ILKQKAEEETKNL - - - KEEJGSSSKQPDDSKK- - - - -

KEDIKRFYTIHKEFKEYSIEKNNEIIKILENPEJMEILKQKAEEETKNL---KEEGSSSKQSDDSKK -----

RED IKRFYQIHKEFKEYSIEKNNE| IKILENPELME | LIKQKAEEEMKNL - - - KEEIGSSSKKSDDSKK- - - - -

KQD | KNYFDLYNTLENCSNEERNI I IQILSNSKTVDLLKQMAKEEAKNKPTNKEEGSSSQQPDSSKK- - - - -
KQD IKNYFDLYNTLENCSNEERNI I IQILSNSKTVDLLKQMAKEEAKNKPTNKEEGSSSQQPDSSKK- - - - -
KQD | KNYFDLYNTLENCSNEERNI I IQILSNSKTVDLLKQMAKEEAKNKPTNKEEGSSSQQPDSSKK- - - - -

P S S S S S U S S S St S
S —F——TJTQ-~0Q 00T QO
RPN A e Ml | |

KKDISQYYELYNTLENYSEEDRNKI IQMLSDSQTLKILQEEALKSKKK------- GSSSKKPDDYKK- - - - -
KTDVQNYFELYKILENYSEEDRNKIIEILENPDLVEILKQKAEEESKSS---KEKGSSSKQSDDSKK- - - - -
KKDVKNFYELHNTLENYSEEDRNKI| IQMLSNPEITKILEKKAKETKTQ- - - - - EKGSSSKKPNKKQK- - - - -
I[KNNVKKYYELYNTLENYSEEERNK|I IQMLSNPE I[IKTLEEKIKETKTQ]- - - - - EKGSFSKKPDNLKK- - - - -
KQD I KNYFELYNVLEKCSDEDRNK I IEMLQDPEFTQLLQKKPKRKQKK=- - - - - - - - - oo oo oo oo m oo
KQDVKNYFELYNVLETCSNEDRNKI IEILQDPELKQMLQNQTKKKTKKL ---NEKGSSSKQSDNSKK- - - - -
KQDVKNYFELYNVLETCSNEDRNKI IEILQDPELKQMLQNQTKKKTKKL ---NEKGSSSKQSDNSKK- - - - -
TVSIRE[YRELEMALNQLPEEJERNT IMETLNNPEKMEVLLKKAQDEANK- - - - KRGGSSSSQHDDNNKDKGKK

Protein Domain [_] Nuclear Localization Signal (NLS) [] Coiled Coil Domain (CC) [ ] Signal Peptide

(B) (C)

n - AYWB_370
Bootstrap (%) s
— =65
""""""" <65 C NNy
— . PR2021_3970
0.1 ’
h » a § :: I s
j i Bl - .
.- PR2021_2540
g L . : N ’
P ‘ s aeintl
K 50 70 90
| | [ | [
e m Predicted Local Distance

fd Difference Test (pLDDT)


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

(A)

(B) b 4 a 2
11 - b
10 -

0w 8-
0]
e
o 7 ‘ a8
&
8 97 |
Y
o 5 00 ¢
5 —+ |
Qo 41 |
-
S5 3 |
Z
2-
1- & =
N -
——
Empty PR2021_2540 &
Treatment Vector PR2021_2540 PR2021_3970 PR2021_3970

Av = SD 0.5+0.8 43+29 4.7 +2.1 6.2+3.0


https://doi.org/10.1101/2025.10.17.683024
http://creativecommons.org/licenses/by/4.0/

