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Simple Summary

Analyses comparing phylogenetic trees of phytoplasmas (bacterial plant pathogens) to
those of their hemipteran insect vectors show significantly non-random patterns of as-
sociations, despite numerous cases of phytoplasmas colonizing multiple vector species,
vectors associating with multiple unrelated phytoplasmas and other patterns deviating
from strict cospeciation. The results indicate that the ~300-million-year association between
phytoplasmas and their insect vectors has been driven by multiple processes (e.g., host
switching, losses, failure to diverge, codiversification), some of them being phylogeneti-
cally constrained to a certain degree. This provides an eco-evolutionary framework for
predicting the potential emergence and spread of vector-borne plant diseases.

Abstract

Vector-borne plant pathogens exhibit a remarkable capacity to colonize distantly related
hosts, reflecting long-term ecological and evolutionary interactions among pathogens,
plants, and insect vectors. Phytoplasmas, which are obligate bacterial parasites transmitted
by hemipteran insects, represent a model system for investigating how host—pathogen
associations diversify across ecological and evolutionary timescales. Despite extensive
knowledge of phytoplasma diversity and vector relationships, the historical processes
shaping these associations remain poorly understood. Here, we investigated the eco-
evolutionary dynamics of global phytoplasma-hemipteran associations using complemen-
tary cophylogenetic approaches that integrate phylogenetic relationships, divergence time
estimates, and host association data. We tested the hypothesis that community assembly of
phytoplasma—-vector networks over the last ~300 million years has been driven by multiple
processes, including host switching, lineage duplication, and cospeciation, with additional
influences from environmental change and historical biogeography. Our analyses revealed
limited evidence for cospeciation across the evolution of the associations. Instead, duplica-
tion, host switching, and lineage losses were the predominant processes shaping current
associations, with more than 90 inferred incongruent links between phytoplasmas and their
insect hosts. A significant cophylogenetic signal was detected only between Psyllidae and
phytoplasma group 165rX, suggesting a history of relative ecological stability or specializa-
tion following their concurrent emergence in the Late Cretaceous. Reconstruction of the
origins of phytoplasma associations with particular families of insect vectors indicates that
the common ancestor of modern Cicadellidae may have already acquired an association
with phytoplasmas, but that associations with other vector families were acquired more
recently. These findings indicate that phytoplasma-vector associations are largely dynamic
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and shaped by ecological opportunity rather than strict codiversification. Integrating evo-
lutionary history with ecological interactions provides a framework to better understand
the emergence, persistence, and potential future spread of vector-borne plant diseases.

Keywords: Auchenorrhyncha; cooccurrence; codivergence; global-fit model; event-based
model; Candidatus Phytoplasma

1. Introduction

Vector-borne plant pathogens retain an extraordinary capability to colonize distantly
related organisms at different stages of their often complex life histories, reflecting repeated
cycles of host switching, ecological fitting, adaptation, and subsequent establishment [1].
Such pathogens are often associated with, or directly cause, significant economic losses in
major agricultural crops, and their interactions with plant and insect hosts require complex
modeling approaches to provide a solid theoretical framework for testing hypotheses and
generating predictions about future emergence of vector-borne diseases [2,3]. Several
authors have suggested that an evolutionary perspective is necessary to understand the
mechanisms underlying the expansion and contraction of a pathogen’s host repertoire and
to effectively anticipate or predict the risk of emerging diseases, including vector-borne
diseases [4,5].

Phytoplasmas are insect-vectored plant pathogens that have undergone extensive
reductive evolution, leading to their current status as obligate parasites [6-8]. Despite
their reduced genomes, they retain key functional genes involved in host (plant and insect)
interaction, including effector proteins that modulate host physiology and behavior [9].
These traits may facilitate persistence under changing environmental conditions and host
shifts, making phytoplasmas a suitable model for investigating the eco-evolutionary dy-
namics that shape host—pathogen associations over time. Phytoplasmas are transmitted
by hemipteran insects, which acquire the bacteria while feeding on the phloem of infected
plants and subsequently inoculate other plants during consecutive feeding events. This
repeated exposure of insect populations to phytoplasma cells is considered a prerequisite
for the evolution of vector competence. Molecular clock estimates suggest that phytoplas-
mas and hemipteran insects may have been associated for more than 300 million years,
providing substantial evolutionary time for diversification of interactions and transmission
strategies [10]. Previous studies have shown that the ability of pathogens to colonize hosts
across multiple kingdoms may arise from the evolution of associations that vary along a
mutualism—parasitism continuum [11]. These authors proposed a conceptual distinction
between carrier hosts and primary hosts, noting that some insect vectors may tolerate
infection by certain pathogens, favoring transmission efficiency. In rare cases where in-
sects function both as vectors and primary hosts, such systems may represent transitional
stages in the evolution of pathogen-host relationships. More generally, empirical studies in
plant pathogen—vector systems support the existence of a broad spectrum of interaction
outcomes (from commensal to parasitic) between pathogens and their insect vectors [12].
Such variability is also evident in phytoplasma-vector associations. Some strains have been
associated with neutral or positive effects on vector fitness [13], whereas others significantly
reduce survival and fecundity [14]. Experimental evidence has also shown that immune
responses may differ depending on phytoplasma lineage, as demonstrated in Euscelidius
variegatus (Kirschbaum), where protective immunity was elicited against one phytoplasma
group but not another [15]. Comparable patterns of host-specific adaptation have been
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observed in other insect-bacterium systems, suggesting that long-term associations may
promote efficient retention, transmission, and dispersal [16].

When interacting lineages occupy the same ecological niche over extended periods,
they may influence each other in different ways with both ecological and evolutionary con-
sequences. At ecological timescales, processes such as plant-mediated host manipulation
can alter transmission dynamics and interaction networks. Over evolutionary timescales,
mutual adaptation may lead to co-accommodation [17], whereas concurrent isolation may
drive cospeciation [18]. Although concomitant cladogenesis is not necessarily synonymous
with coevolution, cophylogenetic analyses provide a widely used framework to investi-
gate the historical assembly of interacting lineages by comparing their phylogenies and
identifying signatures of congruence or incongruence [19]. Event-based cophylogenetic
approaches further allow the quantification of specific evolutionary events, including
cospeciation, host switching, lineage duplication, extinction, and failure to diverge, thereby
providing a mechanistic interpretation of host—parasite associations. Integrating phylo-
genetic relationships with divergence-time estimates and biogeographic information also
enables reconstruction of the historical assembly of host-parasite systems and the processes
underlying present-day associations [20,21].

Phytoplasmas and their hemipteran insect vectors represent an especially suitable sys-
tem for such investigations because of their long evolutionary history, obligate transmission,
and broad diversity of host associations across lineages [22]. Despite extensive knowledge
of phytoplasma diversity and vector relationships, the historical processes that have shaped
global phytoplasma-vector associations remain poorly understood. In particular, it remains
unclear to what extent these associations reflect long-term codiversification versus repeated
host switching and lineage turnover.

In this study we aim to answer three questions: (i) Are current vector-phytoplasma
associations phylogenetically structured? (ii) Which evolutionary events best explain those
associations? (iii) How did phytoplasma-insect associations evolve through deep time?

We hypothesized that the assembly of phytoplasma—vector associations over the
last ~300 million years has been driven primarily by host switching, lineage duplication,
and losses rather than strict cospeciation, with additional influences from environmental
change and historical biogeography. To test this hypothesis, we applied complementary
cophylogenetic reconstruction approaches to a global dataset of phytoplasma—hemipteran
associations, integrating phylogenetic information, divergence times, and host association
data to infer the dominant processes shaping these interaction networks.

2. Materials and Methods
2.1. Taxon Sampling and Molecular Markers

Two datasets were considered for the analyses: one containing competent hemipteran
vectors and their associated phytoplasma strains (hereafter, the reduced dataset), and an-
other containing both competent and putative vectors and their associated phytoplasma
strains (hereafter, the full dataset). The insect-phytoplasma associations were compiled
from published literature and retrieved from the online Hemiptera—Phytoplasma-Plant
Biological Interaction Database [23]. The reduced dataset includes only competent vectors,
defined as species whose ability to acquire phytoplasmas from infected plants and success-
fully transmit them to another plant has been demonstrated experimentally. Consequently,
this dataset represents relatively well-established and well-known vector—phytoplasma
associations. In contrast, the full dataset also includes the putative vectors, for which vector
competence has not been confirmed and whose epidemiological role has not yet been
clarified. Here, a hemipteran was classified as a putative vector when evidence from the
literature indicated an association with phytoplasmas based on molecular detection (e.g.,
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PCR, qPCR, or sequencing), together with indirect evidence such as repeated association
with diseased plants or ecological observations, but without experimental confirmation
of phytoplasma transmission. Accordingly, detection of phytoplasma DNA in an insect
was considered evidence of an association with the pathogen; however, classification as
a putative vector should not be interpreted as evidence of vector competence. Therefore,
analyses based on the full dataset may include uncertainty arising from unverified or po-
tentially erroneous insect-phytoplasma associations that have not been validated through
transmission assays.

Barcode sequences were obtained from the Barcode of Life Data Systems (BOLD) [24]
and the National Center for Biotechnology Information (NCBI) database [25]. Molecular
data for the reduced dataset included 47 hemipteran vector species and 24 phytoplasma
strains, and the full dataset included 66 hemipteran species and 31 phytoplasma strains
(see Supplementary Table Sla,b [26-51]).

Phylogenetic relationships among hemipteran insects were reconstructed using the
mitochondrial cytochrome c oxidase subunit I (COI) barcode region. Phylogenetic relation-
ships among phytoplasmas were reconstructed using the 165 ribosomal RNA (16S rRNA)
gene, a highly conserved housekeeping marker widely used for bacterial taxonomy and
phylogenetic inference (Supplementary Table Sla,b).

2.2. Phylogenetic Analyses

Sequences from the full and reduced datasets were aligned using the MUSCLE algo-
rithm with default settings in MEGA 7.0 [52,53]. The aligned sequences were analyzed
in PartitionFinder (v. 2.1.1) to identify the most appropriate substitution models for phy-
logenetic reconstruction using the corrected Akaike Information Criterion (AICc) [54,55].
For both datasets, the General Time Reversible model with gamma-distributed rate varia-
tion among sites (GTR + G) was selected as the best-fitting substitution model based on
the lowest AICc value. Phylogenetic trees were inferred using the Maximum Likelihood
(ML) method implemented in RAXML [56] using raxmIGUI 2.0 [57]. Branch support was
assessed using 1000 bootstrap replicates, with bootstrap support values mapped onto the
corresponding branches.

2.3. Cophylogenetic Analyses

Phylogenetic trees and the corresponding insect—phytoplasma association matrix
were analyzed using two complementary cophylogenetic approaches: global-fit and event-
based methods.

Overall phylogenetic congruence between phytoplasma and hemipteran insect phy-
logenies was assessed using two distance-based global-fit methods: the Procrustean
Approach to Cophylogeny (PACo) [58,59], implemented in the R v4.5.0 packages PACo
v0.4.2 [60] and vegan v2.7-2 [61], and ParaFit [62], implemented in the parafit function of
the ape v5.8-1 R package [63]. Both methods test whether the observed insect—phytoplasma
associations exhibit greater phylogenetic congruence than expected by chance and estimate
the contribution of individual associations to the overall cophylogenetic signal. Greater
congruence is generally interpreted as evidence of a shared evolutionary history, although
it may also arise from alternative evolutionary processes, including host switching, dupli-
cation (sympatric speciation), and lineage extinction [64].

PACo and ParaFit differ in the hypotheses they evaluate. ParaFit tests whether phy-
toplasma strains are randomly associated with their hemipteran vectors, whereas PACo
evaluates the extent to which phytoplasma phylogeny is constrained by hemipteran phy-
logeny using a Procrustean goodness-of-fit statistic. Both methods accommodate complex
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many-to-many association matrices, allowing multiple phytoplasma strains to be associated
with multiple vector species and vice versa.

For both analyses, insect and phytoplasma phylogenies were converted to patristic
distance matrices using the ape package. ParaFit was performed using the Cailliez correc-
tion for negative eigenvalues and 100,000 random permutations of the association matrix
to assess the significance of both the global cophylogenetic signal and individual vector—
phytoplasma associations. PACo was also run with 100,000 random permutations, and the
contribution of individual associations to the global goodness-of-fit statistic was estimated
using the jackknife procedure [58,60]. Both analyses were conducted for the reduced and
full datasets. Tanglegrams were generated in R using the graphics v4.5.0 package [65].

To complement the distance-based cophylogenetic analyses, we performed an event-
based reconciliation analysis using JANE 4.0 [66]. JANE reconstructs the evolutionary
history of interacting lineages by identifying the combination of evolutionary events that
minimizes the total reconciliation cost between the two phylogenies. Event costs were
assigned following four commonly adopted cost schemes in cophylogenetic studies: (0, du-
plication = 1, host switch (duplication with host switch) = 2, loss = 1, failure to diverge = 1),
JANE default values; (0,0,2,1,1), TreeFitter [67] default values; (0,1,1,1,1), TREEMAP [68]
version 2b default values; (1,1,1,1,1), equal weights. The optimal reconciliation was inferred
using the default genetic algorithm settings (100 generations and a population size of 400).
Statistical significance was assessed by comparing the minimum reconciliation cost to a
null distribution generated by randomizing insect-phytoplasma tip associations 100 times.
A significantly lower observed reconciliation cost than expected under random associations
was interpreted as evidence of non-random cophylogenetic congruence between insect
vectors and phytoplasma lineages. Event-based reconciliation analyses were conducted
only on the reduced dataset comprising experimentally confirmed vector-phytoplasma
associations, as ancestral event reconstruction requires biologically validated associations.

2.4. Ancestral Reconstruction of Phytoplasma Insect Host Repertoire

To investigate the evolutionary history of phytoplasma associations with their in-
sect host families, we reconstructed ancestral vector-family states across the phytoplasma
phylogeny using the R-package corHMM v2.8 [69]. The analysis was performed using
the comprehensive time-calibrated phytoplasma phylogeny by Cao et al. [10], comprising
169 phytoplasma strains. Insect-phytoplasma association data were then compiled from
the hemiptera—phytoplasma—plant associations database [23,70]. Both experimentally con-
firmed vectors and phytoplasma detections in insect bodies were considered as evidence
for the association, and the corresponding insect family or superfamily was assigned as the
discrete binary character for each analysis. Phytoplasma strains lacking any information on
a given insect family were coded as unknown (“?”). The resulting dataset included associa-
tions with representatives of one superfamily in the Sternorrhyncha suborder (Psylloidae),
and 7 families in the Auchenorrhyncha suborder (Cicadellidae, Delphacidae, Derbidae,
Dictyopharidae, Cixiidae, Issidae, Flatidae). Ancestral reconstructions were performed
on family-specific pruned phylogenies that retained only phytoplasma strains for which
vector associations were known, and separate analyses were conducted for each of the
eight major vector families. This approach minimized uncertainty arising from missing ob-
servations while preserving the original branch lengths and divergence times of the dated
phylogeny. Ancestral states were reconstructed under continuous-time Markov models
implemented in corHMM. Model comparison between the Equal Rates (ER) and All Rates
Different (ARD) models was performed for each vector family using AICc (Supplementary
Table S52). Because the ARD model provided the best fit for seven of the eight vector families,
ancestral-state reconstructions were based on the ARD model. The ER and ARD models
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nevertheless produced nearly identical ancestral-state probabilities, inferred acquisition
ages, and numbers of independent acquisition events. Marginal ancestral-state probabilities
were estimated for every internal node.

To quantify phylogenetic conservatism of each insect-associated family, the D statistic
by Fritz and Purvis [71] was calculated using the R-package caper v1.0.4 [72], comparing
the observed distribution of vector associations against expectations under random and
Brownian models of trait evolution. Values of D near 1 indicate phylogenetically random
distributions, whereas values approaching 0 indicate Brownian phylogenetic structure.
Negative values indicate stronger phylogenetic clustering than expected under Brown-
ian evolution.

To infer the temporal origin of vector-family associations, ancestral-state probabilities
were combined with node ages from the time-calibrated phylogeny. For vector families
reconstructed as absent at the root but present within descendant clades, independent
evolutionary origins were identified as transitions from low ancestral probability (p < 0.5)
to high descendant probability (p > 0.9). The age of each acquisition event was estimated as
the midpoint between the parent and descendant node ages. For families reconstructed
as already associated near the root of the phytoplasma phylogeny, the association was
interpreted as predating the diversification of extant phytoplasma lineages, and no internal
acquisition age was estimated.

3. Results
3.1. Phylogenetic Analysis

The hemipteran dataset comprised species from five families, including three fami-
lies within the suborder Auchenorrhyncha (Cicadellidae, Cixiidae, Dictyopharidae) and
two families within Sternorrhyncha (Psyllidae and Triozidae). The insect phylogenies for
the two datasets were reconstructed from alignments of length 658 and 663 bp, respec-
tively. The resulting maximum-likelihood trees recovered the major taxonomic groups
with strong support and were largely consistent with current classifications of leafhoppers,
planthoppers, psyllids, spittlebugs, and related hemipteran lineages [73]. The phytoplasma
phylogeny was reconstructed from alignments of representative 16Sr subgroup sequences
for the reduced and full datasets spanning 1463 and 1518 bp of the 165 ¥YRNA gene, respec-
tively. The phylogenies recovered the recognized relationships among phytoplasma groups,
with closely related 16Sr groups clustering together [74].

To evaluate cophylogenetic congruence, these independently reconstructed phylo-
genies were subsequently linked through experimentally confirmed vector—phytoplasma
associations (reduced dataset) and through the full dataset including putative associations
(Section 3.2).

3.2. Cophylogenetic Analysis

The reduced dataset comprised 47 hemipteran vector species and 24 phytoplasma
strains connected by 74 experimentally confirmed vector-phytoplasma associations. The
full dataset comprised 66 hemipteran species and 31 phytoplasma strains connected by
135 associations, including both experimentally confirmed and putative interactions. The
overall pattern of associations in the reduced dataset is illustrated by the cophylogenetic tan-
glegram (Figure 1), whereas the corresponding tanglegram for the full dataset is provided
in Supplementary Figure S1.
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Figure 1. Tanglegram illustrating the cophylogenetic relationships between hemipteran vectors (left)
and phytoplasma 16Sr subgroups (right) based on the reduced dataset containing only experimentally
confirmed vector-phytoplasma associations. Red lines highlight associations involving species of
Cacopsylla, which collectively accounted for the strongest cophylogenetic signal in both PACo and
ParaFit analyses. The topology summarizes the maximum-likelihood phylogenies reconstructed
independently for insects and phytoplasmas.

Both PACo and ParaFit recovered significant overall cophylogenetic congruence be-
tween hemipteran vectors and phytoplasma lineages. PACo yielded a global goodness-of-fit
of m? = 0.81 (p value < 0.001) for the reduced dataset and m? = 0.84 (p value < 0.001) for the
full dataset. Likewise, ParaFit detected significant global congruence for both the reduced
dataset (ParaFitGlobal = 2.54, p = 0.001) and the full dataset (ParaFitGlobal = 8.65, p = 0.001)
(Table 1).

Table 1. Outcome of the cophylogenetic analyses in PACo and ParaFit for the reduced and full datasets.

Datasets  No. Links PACo ParaFit
No. Sign. % Sign.
2 2] g
m p Value Fl.stat p.F1 Links Links/Tot
Reduced ! 74 0.81 <0.00001 2.54 0.001 7 9.5
Full 2 135 0.84 <0.00001 8.65 0.001 28 20.7

! Including 47 confirmed hemipteran vectors and 24 associated-phytoplasma strains. ? Including
66 confirmed and potential hemipteran vectors and 31 associated-phytoplasma strains.
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Jackknife residuals from PACo revealed substantial heterogeneity among individual
associations (Supplementary Table S3a,b). In the reduced dataset, the largest residuals
were concentrated within the Cacopsylla-165rX associations, including C. peregrina-16SrXA,
C. pictai-165rXA, C. pruni-165rXB, C. pyricola-165rXC, C. melanoneura-16SrXA, and C. pyri-
165rXA and XC. All of these associations were individually significant according to ParaFit.
Similar results were obtained for the full dataset, where the same Cacopsylla-165rX associ-
ations remained among the highest-ranking and were consistently supported by ParaFit
despite the inclusion of putative vector-phytoplasma associations. The full dataset addi-
tionally recovered several individually significant associations with comparatively lower
PACo residuals, including Nephotettix virescens-165rXIA, Exitianus capicola-16SrXIVA /XIVB,
and Orosius orientalis-16Sr11C /IID/IIE. Comparison of individual associations showed
broad agreement between PACo and ParaFit in both datasets (Supplementary Table S3a,b).
Nearly all of the high-ranking associations identified by PACo were also individually
significant in ParaFit, particularly those involving the Cacopsylla-165rX complex. Across all
interactions, PACo jackknife residuals and ParaFit F1 statistics were positively correlated
in both the reduced (Pearson’s r = 0.54) and full (Pearson’s r = 0.50) datasets, indicating
broad agreement between the two methods in identifying evolutionarily important insect—
phytoplasma associations.

Event-based reconciliation analyses performed in JANE produced slightly different
combinations of evolutionary events depending on the cost scheme employed (Table 2),
consistent with previous studies showing that reconciliation outcomes are sensitive to
assumptions regarding event costs [75]. Nevertheless, all four cost schemes recovered
highly significant cophylogenetic structure (p = 0.001) and converged on the same overall
evolutionary scenario, in which losses, host-switching events, and failure-to-diverge events
greatly outnumbered cospeciation events. Importantly, this pattern remained unchanged
even under reconciliation schemes that penalized host switching more heavily, indicat-
ing that the inferred evolutionary history is robust to reasonable variation in event costs.
Across the four cost schemes, the optimal reconciliation inferred one or two cospeciation
events, 9-12 duplications, 9-13 host switch events, 118-123 losses, and 50 failure-to-diverge
events (Table 2). Losses were consistently the most frequent reconciliation event, followed
by failure-to-diverge events, whereas cospeciation was rare. Notably, event-based rec-
onciliation did not infer cospeciation for the Cacopsylla-16S5rX complex. Instead, these
associations were primarily reconstructed as duplication and host-switching events; their
evolutionary history was explained by an ancestral duplication followed by host switching
and subsequent diversification within the Cacopsylla lineage. Conversely, the few inferred
cospeciation events involved associations that also exhibited some of the lowest PACo
residuals, including the Nephotettix-16S5rXI-A association, indicating that these represent
the strongest candidates for genuine codiversification.

Table 2. Outcome of the cophylogenetic analyses in JANE, employing various cost schemes. The
number of different event types retrieved and the statistical significance based on 1000 randomizations
are indicated for each reconstruction. Event costs are ordered as codivergence, duplication, host
switch, loss, and failure to diverge.

Event Cost  Codivergence Duplication  Host Switch Loss Failure to Diverge Total Cost p Value
0,1,2,1,1) 1 2 9 12 119 50 202 0.001
(0,0,2,1,1) 2 2 12 9 123 50 191 0.001
0,1,1,1,1)3 1 9 13 118 50 190 0.001
(11,1114 1 9 13 118 50 191 0.001

L JANE default values; 2 TreeFitter default values; > TREEMAP version 2b default values;
4 Equal weights.
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3.3. Evolutionary History of Phytoplasma—Insect Family Associations

Ancestral-state reconstructions revealed marked differences in the evolutionary his-
tory of phytoplasma associations among the major families of insect vectors (Table 3).
Cicadellidae showed the strongest evidence of long-term association with phytoplasmas.
The marginal probability of presence at the root node was 0.79, providing strong support
for an ancestral association between phytoplasmas and Cicadellidae. Posterior probabilities
remained close to one across the deepest internal nodes, suggesting that this association
was likely already established in the common ancestor of extant phytoplasmas (~300 Ma).
This interpretation was further supported by the significant phylogenetic conservatism of
Cicadellidae associations (D = 0.47, P random = 0.003; P Brownian = 0.035).

Table 3. Phylogenetic conservatism and ancestral reconstruction of major phytoplasma vector families.
For each insect family/superfamily, the table reports the marginal probability that the association
was present at the root of the phytoplasma phylogeny (Root prob.), phylogenetic D statistic, and the
associated probabilities that the observed distribution does not differ from a random distribution
(P(r)) or from the expectation under Brownian evolution (P(Br)). Values of D near 1 indicate a random
phylogenetic distribution, values near 0 indicate Brownian phylogenetic structure, and negative
values indicate stronger phylogenetic clustering than expected under Brownian evolution. The last
two columns report the estimated age (million years ago, Ma) of the earliest inferred acquisition of
each vector family (Ass. Ma) and inferred number of independent acquisition events (# origins).

lssiﬁill'}f’alamily Root Prob. D Statistic P(r) P(Br) Ass (Ma) # Origins
Cicadellidae 0.79 0.47 0.003 0.035 Near crown  Ancestral
Psylloidea 0.20 —0.58 <0.001 0.889 176.6 1
Cixiidae 0.18 0.26 0.001 0.204 40.5 2
Derbidae 0.04 1.21 0.647 0.056 - 0
Dictyopharidae 0.06 0.73 0.168 0.108 - 0
Delphacidae 0.05 0.45 0.114 0.386 - 0
Flatidae 0.03 —3.82 0.069 0.824 - 0
Issidae 0.02 -3.11 0.151 0.709 - 0

In contrast, Psylloidea showed a low root probability (p = 0.16), indicating that associ-
ations with this vector family were acquired after the diversification of the phytoplasma
ancestral lineage. A single acquisition of phytoplasma association with this superfamily was
inferred at 176.6 million years ago (Ma), followed by diversification within the 165rX lineage.
Likewise, Cixiidae displayed a low ancestral probability at the root (p = 0.24), but two inde-
pendent acquisition events were inferred, occurring at approximately 40.5 Ma and 24.5 Ma,
suggesting repeated recruitment of this vector lineage during phytoplasma evolution.

The remaining vector families (Derbidae, Dictyopharidae, Delphacidae, Flatidae, and
Issidae) exhibited very low root probabilities (<0.05), also indicating relatively recently
derived associations restricted to relatively few phytoplasma lineages. Several vector
families showed strong phylogenetic clustering (negative D values), indicating that their
associations are concentrated within particular phytoplasma lineages (e.g., Psylloidea and
165rX). In contrast, families with positive D values exhibited weaker phylogenetic structure,
suggesting broader evolutionary distributions across the phytoplasma phylogeny.

4. Discussion

As previously noted by Nadarasah and Stavrinides [11], the ability of some pathogens
to colonize hosts from more than one kingdom may arise from the evolution of associations
spanning the mutualism—parasitism continuum. These authors also proposed a distinction
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between ‘carriers” and ‘primary hosts’, referring to whether the pathogen causes pathology
in the insect vector (i.e., its entomopathogenic potential). They argued that vector efficiency
may depend on evolutionary trade-offs that reduce pathogenic effects while maintaining
transmission. Because only rare cases are known in which an insect acts simultaneously as
both vector and primary host, this condition has been interpreted as a possible transitional
stage in the evolution of phytopathogen—vector and phytopathogen-host associations. Our
cophylogenetic analyses provide an evolutionary framework for evaluating how these
long-term associations originated and diversified across phytoplasma lineages.

Restricting our analyses to experimentally confirmed vector-phytoplasma associations
strengthened the cophylogenetic signal and increased the agreement between PACo and
ParaFit. This suggests that uncertain or unverified associations may introduce noise that
obscures the understanding of the underlying evolutionary relationships. The strongest con-
cordance between insect-phytoplasma lineages, and for the two algorithms, was observed
for the Cacopsylla-165rX associations, supporting the hypothesis that these interactions
are evolutionarily conserved. In contrast, Aphrodes bicinctus (now A. bicincta) consistently
ranked among the strongest contributors in PACo but was not individually significant in
ParaFit. Because PACo measures the contribution of each interaction to the overall Pro-
crustes fit whereas ParaFit assesses whether a particular interaction contributes uniquely to
the observed cophylogenetic pattern, this discrepancy likely reflects the relatively general-
ist ecology of A. bicincta, whose multiple phytoplasma associations reinforce the overall
phylogenetic structure without being individually indispensable. We are aware that PACo
tests the classical view of whether parasite phylogeny is constrained by the host phylogeny,
and does not explicitly test evolutionary scenarios [76]. Congruence alone should not
be interpreted as evidence of codiversification. Distance-based methods quantify the de-
gree of phylogenetic correspondence between hosts and pathogens but do not identify
the evolutionary processes generating that correspondence. Consequently, the significant
global congruence recovered by PACo and ParaFit provides evidence for non-random
evolutionary associations but does not distinguish between cospeciation, host switching,
duplication, or lineage persistence.

Although the vector-phytoplasma association network exhibited significant cophylo-
genetic structure, event-based reconciliation analysis suggested that this congruence has
not been generated primarily through strict codiversification. Across all reconciliation
cost schemes, losses and failure-to-diverge events overwhelmingly dominated the inferred
evolutionary history, whereas cospeciation events were rare. Event-based reconciliation
therefore suggests that the significant phylogenetic congruence detected by PACo and
ParaFit did not arise primarily through repeated parallel diversification of phytoplasmas
and their insect vectors. Instead, historical host switches may have established associations
with particular vector lineages, and these associations subsequently may have persisted
and diversified within those lineages, producing phylogenetic congruence that resembles
codiversification even though true cospeciation events were rare. Losses occur when a host
lineage diversifies, but the pathogen persists in only one descendant host lineage, whereas
failure to diverge occurs when host speciation is not accompanied by pathogen speciation
and the same pathogen lineage continues to infect multiple descendant host species [66].
This interpretation is consistent with the concept of ecological fitting, whereby pathogens
exploit conserved ecological or physiological traits shared among related hosts without
requiring substantial evolutionary innovation [77]. Remarkably, the Cacopsylla-165rX associ-
ations that were key contributors to the global cophylogenetic signal were not recovered in
the event-based approach as the primary locations of cospeciation events, but were instead
explained by an ancestral duplication and host switch followed by diversification within
the Cacopsylla lineage. This result provides a concrete example of the broader evolution-
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ary scenario inferred by the reconciliation analyses: the strong phylogenetic congruence
observed for the 165rX phytoplasma group and its psyllid vectors appears to have arisen
through an ancestral host switch followed by diversification within the newly colonized
vector lineage rather than through repeated cospeciation. Similar evolutionary scenarios
have recently been proposed for other vector-borne and plant-associated pathogens. For
example, studies of the xylem-borne bacterial plant pathogen Xylella fastidiosa demon-
strated that host specialization arose repeatedly following historical host switches across
distantly related plant lineages rather than through gradual diversification along host
phylogenies [78]. Likewise, analyses of Sclerotiniaceae fungi concluded that broad host
ranges evolved primarily through repeated host switches combined with relatively low
pathogen speciation rates. Together, these studies support the emerging view that host
shifts, followed by ecological specialization within the newly colonized lineage, represent a
common mechanism underlying host-associated pathogen diversification [79].

Our ancestral-state reconstructions further support this scenario by revealing marked
differences in the evolutionary history of phytoplasma associations with individual families
of insect vectors. Cicadellidae exhibited the strongest phylogenetic conservatism (D ~ 0.47),
with ancestral-state reconstruction indicating a high probability that this association was
already present at the root of the phytoplasma phylogeny. This suggests that leathoppers
represent the ancestral vector lineage and that their association predates the diversification
of extant phytoplasmas. In contrast, Cixiidae displayed a more recent origin, with two
independent acquisitions estimated at approximately 41 Ma and 25 Ma, indicating repeated
recruitment of vectors in this planthopper family during phytoplasma evolution. Psylloidea
presented an intermediate pattern. Despite an extremely clustered distribution (D < 0),
ancestral reconstruction suggested a single deep acquisition near the base of the 165rX
lineage followed by long-term evolutionary persistence. This timing is broadly compatible
with estimates for the radiation of both 165rX phytoplasmas (approximately 96 Ma [10])
and Psylloidea (approx. 100-338 Ma [73], even though Wu et al. [80] estimated a much
more recent time of origin, 49-129 Ma, based on a limited outgroup sample), supporting
the hypothesis that this highly specialized association originated early in the diversification
of both groups. Whether this pattern reflects an ancient host switch followed by geographic
isolation or an ancestral association subsequently lost from all other phytoplasma lineages
remains unresolved, but both scenarios are considerably more parsimonious than repeated
independent acquisitions.

This evolutionary framework reconciles the apparent contradiction between significant
cophylogenetic signal and the predominance of host-switching events, suggesting that
present-day phytoplasma-vector specificity reflects the long-term stabilization of successful
host colonization events rather than continuous parallel diversification of pathogens and
their insect vectors. These results are consistent with previous studies that suggested that
long-term plant-pathogen cospeciation is rare [18].

All the well-documented phytoplasma—vector associations are based on research
in agroecosystems or anthropogenic environments, which have shown global losses in
biodiversity due to continuous disturbance [81]. As a consequence, phytoplasma—host
associations may not be representative of the broader diversity of such associations in
nature [22]. Recent research suggests that a large proportion of extant phytoplasma diver-
sity remains undiscovered in natural areas and the numbers and identities of potential
vectors are also largely unknown [82-84]. This clearly represents a limitation for our study,
and the cophylogenetic patterns revealed here will need to be revisited as the currently
undocumented diversity of these associations becomes better known.

A second consideration concerns the evolutionary history of the vectors themselves.
Phylogenetic relationships among the major leafthopper lineages remain incompletely re-
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solved, probably because an ancient rapid radiation gave rise to most extant cicadellid
subfamilies over a relatively short evolutionary interval during the Mesozoic, as reflected
by the short internal branches connecting the principal lineages [85]. This uncertainty is
unlikely to have substantially affected the present analyses because the currently confirmed
phytoplasma vectors belong to only six of the nineteen recognized cicadellid subfamilies
and most are associated with a single subfamily, Deltocephalinae. Nevertheless, future
studies incorporating newly discovered phytoplasma—insect associations across a broader
taxonomic spectrum should consider the potential influence of uncertainty in vector phy-
logeny on cophylogenetic inference and ancestral-state reconstruction.

5. Conclusions

Taken together, these results indicate that phytoplasma diversification has been shaped
by a combination of ancient, evolutionarily stable vector associations and more recent
episodes of vector-family recruitment. Rather than a history dominated by strict codiversi-
fication, phytoplasma evolution appears to follow a dynamic process in which occasional
host switches establish novel vector associations that subsequently become evolutionarily
conserved within particular lineages. Once established, these associations persist through
failure-to-diverge events and repeated transmission among closely related vector species,
producing the strong phylogenetic signal detected by distance-based methods despite
relatively few true cospeciation events.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/insects17090942 /s1, Table Sla: List of cytochrome c oxidase
subunit I (COI) gene sequences downloaded from GenBank or BOLD. na: not assigned. * = hemipteran
species selected for the reduced dataset which includes known competent vectors; Table S1b: List
of 165 rRNA gene sequences downloaded from GenBank. na: data not available. * = strain selected
for the reduced dataset which includes phytoplasmas for which competent vector species is (are)
known; Table S2. Comparison of Equal Rates (ER) and All Rates Different (ARD) models used for
ancestral-state reconstruction; Table S3a: Individual insect host—phytoplasma associations included
in the reduced dataset used for cophylogenetic analyses. ParaFitLink statistics (F1.stat and F2.stat),
permutation-based p values (p.F1 and p.F2), PACo residuals, and the inferred support for each
interaction are shown. Significant ParaFitLink tests indicate associations contributing significantly to
the global cophylogenetic pattern, whereas lower PACo residuals denote stronger contributions to
the overall Procrustes fit; Table S3b: Individual insect host-phytoplasma associations included in the
full dataset used for cophylogenetic analyses. ParaFitLink statistics (F1.stat and F2.stat), permutation-
based p values (p.F1 and p.F2), PACo residuals, and the inferred support for each interaction are
shown. Significant ParaFitLink tests indicate associations contributing significantly to the global
cophylogenetic pattern, whereas lower PACo residuals denote stronger contributions to the overall
Procrustes fit; Figure S1: Tanglegram of the full dataset including experimentally confirmed vector—
phytoplasma associations together with putative associations reported from phytoplasma detections
in insects. Red lines highlight associations involving insect species which collectively accounted for
the strongest cophylogenetic signal in both PACo and ParaFit analyses. The topology summarizes
the maximum-likelihood phylogenies reconstructed independently for insects and phytoplasmas.
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