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ABSTRACT Pathogen introductions have led to numerous disease outbreaks in na-
ive regions of the globe. The plant pathogen Xylella fastidiosa has been associated
with various recent epidemics in Europe affecting agricultural crops, such as almond,
grapevine, and olive, but also endemic species occurring in natural forest landscapes
and ornamental plants. We compared whole-genome sequences of X. fastidiosa sub-
species multiplex from America and strains associated with recent outbreaks in
southern Europe to infer their likely origins and paths of introduction within and be-
tween the two continents. Phylogenetic analyses indicated multiple introductions of
X. fastidiosa subspecies multiplex into Italy, Spain, and France, most of which
emerged from a clade with limited genetic diversity with a likely origin in California,
USA. The limited genetic diversity observed in X. fastidiosa subspecies multiplex
strains originating from California is likely due to the clade itself being an introduc-
tion from X. fastidiosa subspecies multiplex populations in the southeastern United
States, where this subspecies is most likely endemic. Despite the genetic diversity
found in some areas in Europe, there was no clear evidence of recombination occur-
ring among introduced X. fastidiosa strains in Europe. Sequence type taxonomy,
based on multilocus sequence typing (MLST), was shown, at least in one case, to not
lead to monophyletic clades of this pathogen; whole-genome sequence data were
more informative in resolving the history of introductions than MLST data. Although
additional data are necessary to carefully tease out the paths of these recent disper-
sal events, our results indicate that whole-genome sequence data should be consid-
ered when developing management strategies for X. fastidiosa outbreaks.

IMPORTANCE Xylella fastidiosa is an economically important plant-pathogenic bac-
terium that has emerged as a pathogen of global importance associated with a dev-
astating epidemic in olive trees in Italy associated with X. fastidiosa subspecies
pauca and other outbreaks in Europe, such as X. fastidiosa subspecies fastidiosa and
X. fastidiosa subspecies multiplex in Spain and X. fastidiosa subspecies multiplex in
France. We present evidence of multiple introductions of X. fastidiosa subspecies
multiplex, likely from the United States, into Spain, Italy, and France. These introduc-
tions illustrate the risks associated with the commercial trade of plant material at
global scales and the need to develop effective policy to limit the likelihood of
pathogen pollution into naive regions. Our study demonstrates the need to utilize
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whole-genome sequence data to study X. fastidiosa introductions at outbreak stages,
since a limited number of genetic markers does not provide sufficient phylogenetic
resolution to determine dispersal paths or relationships among strains that are of bi-
ological and quarantine relevance.

KEYWORDS Xylella fastidiosa, emerging disease, genomic diversity, outbreaks,
recombination, quarantine

The risks associated with emerging infectious diseases to humans, animals, and
plants, have become increasingly recognized due to high-profile epidemics in

recent years (1). The latest Ebola virus epidemics in Africa have highlighted the regional
and global threats of zoonotic spillover events originating from pathogen endemic
disease cycles (2). Likewise, the commercial trade of amphibian species, which facili-
tates and speeds the spread of pathogens at the global scale (3), contributed to massive
amphibian decline due to infection with the chytrid fungus Batrachochytrium dendro-
batidis (4). The chytrid-driven pandemic represents a case of pathogen pollution where
anthropogenic activities, such as animal trade, led to movement of the fungus beyond
its natural range (3, 5). Pathogen pollution has also been identified as a major
contributor to novel plant diseases, with introductions being associated with over half
of the emerging diseases reported (6). One recent emerging plant disease driven by
such a mechanism is the ongoing epidemic of olive quick decline syndrome (OQDS) in
southern Italy, caused by the introduction of a strain of the bacterium Xylella fastidiosa
subsp. pauca from Central America into the region, likely via the commercial trade of
infected plant material (7). Recently, X. fastidiosa has been intercepted in nursery plant
material at European ports of entry (e.g., 8), and various naturally existing strains have
also been reported in southern Europe, from Portugal to Italy (9–11). Understanding the
mechanisms and paths of dispersal has become of significant importance, as introduc-
tions appear to continue and over 500 plant species are already listed as susceptible to
infection by X. fastidiosa (12, 13).

Xylella fastidiosa is a xylem-limited plant pathogen spread by xylem sap-feeding
insects. It is taxonomically divided into three major subspecies (X. fastidiosa subspp.
fastidiosa, multiplex, and pauca) (14), although additional subspecies have been sug-
gested (i.e., X. fastidiosa subspp. sandyi and morus [15]). The main subspecies have
allopatric origins in the Americas but have dispersed and established various times,
with North, Central, and South America serving as both sources and sinks of introduc-
tions (16–18). In addition to the subspecies categorization, X. fastidiosa can be subdi-
vided into sequence types (STs) using a multilocus sequence typing (MLST) approach
based on seven housekeeping genes (19). MLST is a portable and robust platform that
is widely used to assign strains to genetic groups (20) while providing information on
host plant species that may be susceptible to particular strains (21).

Xylella fastidiosa emerged as a pathogen of global importance in 2013, when it was
found associated with olive trees in Italy, and since then it has been reported in several
countries outside the Americas (7). Four subspecies of the pathogen (X. fastidiosa
subspp. fastidiosa, multiplex, sandyi, and pauca) have been reported in Europe; more-
over, up to nine STs, mostly of X. fastidiosa subsp. multiplex, have already been detected
(12, 13). The taxonomic placement of X. fastidiosa strains in Europe is of applied
relevance, as European Commission-mandated management strategies are based on
the subspecies present in each outbreak. Nonetheless, the generalization of biological
and ecological features of strains belonging to a subspecies is limited since fundamen-
tal aspects of X. fastidiosa biology, including plant host range, vary even at the more
resolved ST level (e.g., 21). In addition, ST-level genetic resolution among strains may
not permit the identification of closely related but different strains. Finally, X. fastidiosa
is naturally competent (22), and while MLST is particularly powerful for the taxonomy
of recombinogenic taxa, it is also possible that strains belonging to the same ST may
not be phylogenetically related or share similar traits, such as host plant range. For
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these reasons, whole-genome sequence data should probably be used when consid-
ering X. fastidiosa quarantine, eradication, and containment strategies.

Here, we focus on X. fastidiosa subsp. multiplex, the causal agent of several diseases
in almond, oak, plum, and shade trees, among other plant species. Whole-genome
sequence data were used to analyze the origin of X. fastidiosa subspecies multiplex
introductions into Europe and Brazil. While some of the X. fastidiosa subsp. multiplex
strains found in Europe have been previously described (i.e., CFBP8416, CFBP8417, and
CFBP8418 from Corsica, France), the present study includes new isolates from Spain
(Alicante and the Mallorca and Menorca islands) and Tuscany, Italy. Thus, the results
provide a clearer picture of the history of X. fastidiosa subsp. multiplex introductions,
likely from the United States, into Spain, Italy, and France, as well as into Brazil. We also
investigated recombination patterns among European strains. The data also show that
some STs may not be monophyletic. Finally, X. fastidiosa subspecies multiplex is divided
into two groups based on MLST, one with limited and another with significant evidence
of recombination (23). We found that this subdivision is supported by core genome
sequence data and that X. fastidiosa subspecies multiplex strains obtained from Euro-
pean samples belong to the “non-IHR” group (isolates not showing intersubspecific
homologous recombination), previously described by Nunney et al. (23). Moreover, our
data indicate that the clade with limited recombination is relatively young, potentially
explaining the difference in recombination rates. In summary, whole-genome se-
quences provide higher phylogenetic resolution than other genotyping methods and
allow for better inferences on pathogen-spread pathways and mechanisms.

RESULTS
Multiple introductions of X. fastidiosa subsp. multiplex into Europe. A maximum

likelihood (ML) phylogenetic tree (Fig. 1a) was built with the available X. fastidiosa
subsp. multiplex genome sequences and using X. fastidiosa subsp. fastidiosa strains
from Mallorca Island, Spain (24), and M23 from California, USA, as an outgroup. We note
that X. fastidiosa subsp. fastidiosa strains from Mallorca Island were introduced into the
region and currently represent the only report of X. fastidiosa subsp. fastidiosa in Europe
(24). We also performed an ancestral state reconstruction using strain geographic
location as a character. The results indicate that the ancestral nodes within X. fastidiosa
subsp. multiplex originated in the southeastern United States, suggesting that isolates
from California, Europe, and Brazil are the consequence of introductions. Although the
relationships presented in the phylogenetic tree were supported by high bootstrap
values, the directionality of pathogen dissemination is complex. For instance, the
introduction of X. fastidiosa subsp. multiplex into Brazil (RAAR14 plum 327) from the
United States was first reported in the 1970s, which constitutes the only reported case
of X. fastidiosa subsp. multiplex in South America (25). Similarly, isolates from Tuscany,
Italy, might have been introduced from California or from the southeastern United
States (Figure 1a). We note that strain polygala was collected from an urban garden in
California not geographically near agricultural areas in the state and may have itself
been an introduction from another region (i.e., Polygala myrtifolia is an ornamental
plant that has been associated with most X. fastidiosa outbreaks in Europe, regardless
of location and strain phylogenetic placement).

Another clade of X. fastidiosa subsp. multiplex (including ST6, ST7, and ST81)
associated with introductions into Europe has, in fact, evidence of four independent
introduction events into three distinct regions (the island of Corsica, the Menorca and
Mallorca islands, and Alicante, in mainland Spain). This monophyletic clade has limited
diversity compared to X. fastidiosa subsp. multiplex at large. Furthermore, based on the
likelihood of the ancestral state reconstruction, we propose that this clade is also
associated with introductions into California, USA, Europe, and Georgia, USA (strain
Griffin1 [26], was isolated from an oak tree, Quercus rubra). The interpretation that this
clade is endemic to Europe and expanded via multiple introductions into the United
States and within Europe, while possible, is unlikely. A parsimonious interpretation of
the phylogeny indicates that X. fastidiosa subsp. multiplex was introduced into the
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FIG 1 Phylogenetic trees and cladograms showing the complex relationship between isolates from the American and European continents. Font colors
correspond to geographic location: southeastern United States (black), California, USA (light blue), Brazil (pink), Corsica, France (dark blue), Tuscany, Italy (green),

(Continued on next page)

Landa et al. Applied and Environmental Microbiology

February 2020 Volume 86 Issue 3 e01521-19 aem.asm.org 4

https://aem.asm.org


French island of Corsica twice, once into the Menorca and Mallorca islands in Spain, and
one last time into Alicante, in mainland Spain. Additionally, our results showed that
there is a lack of ST monophyly for isolates assigned to ST6 using MLST analysis. We
found that isolates from Alicante that clustered closer to isolates belonging to ST7, and
isolates belonging to the original ST6 from California and France clustered in a
paraphyletic group closer to isolates belonging to ST81 from Menorca and Mallorca.
These inferences were based on core genomic data including regions subject to
recombination. Omitting the recombinant regions from the data set reduced the
alignment length by �24% (250,533 bp with recombinant regions versus 192,126 bp
without recombinant regions). The phylogenetic tree generated without recombinant
loci was less informative. Nonetheless, when the analyses were repeated only for X.
fastidiosa subsp. multiplex (without X. fastidiosa subsp. fastidiosa), phylogenetic trees
with and without recombination produced the same topological relations, particularly
within the “non-IHR” group compared to the “IHR” group (i.e., isolates showing inter-
subspecific homologous recombination) (Fig. 1b and c).

Evidence of recent introductions of X. fastidiosa subsp. multiplex into Europe.
The single-nucleotide polymorphism (SNP) analysis of 41 X. fastidiosa subsp. multiplex
genomes, including coding sequences and intergenic regions, revealed 5,630 core SNPs
and 23,437 noncore SNPs. The ML phylogenetic tree built with the core SNP matrix (Fig.
2) produced the same topology as that obtained from the same 41 core genome
sequences (Fig. 1a), with a few exceptions (isolates XF27 and XF28 from the southeast-
ern United States), and most of the internal nodes were supported by high bootstrap
values. We found that the clade comprising the ancestral nodes originated in the
Southeast United States, and the IHR X. fastidiosa subsp. multiplex strains and
“intermediate-IHR” X. fastidiosa subsp. multiplex strains are supported by 190 common
core SNPs, whereas the clade comprising the non-IHR X. fastidiosa subsp. multiplex
strains share 117 core SNPs. Strains from Alicante, Tuscany, and the Menorca and
Mallorca islands form compact clusters sharing, respectively, 79, 129, and 41 core SNPs.
The overall genetic diversity of isolates from Alicante, the Menorca and Mallorca islands,
and Tuscany was very low, as inferred by the short branch lengths and the very low
number of differentiating SNPs within each subpopulation (10 SNPs for strains from
Alicante, 3 SNPs for strains from the Menorca and Mallorca islands, and only 1 SNP for
the Tuscany strains). These findings are indicative of a recent introduction in each of
those areas. These results were further supported by nucleotide diversity data which
indicate that the isolates within the southeastern United States are far more genetically
diverse (nucleotide diversity [�] � 354.40) than isolates from California (� � 59.53) or
Europe as a whole (� � 54.27). Results also showed that the nucleotide diversity
between California, USA, and Europe is low (� � 60.06), and each of those regions/
populations show similar genetic diversities compared to the Southeast United States
(southeastern United States versus California, � � 289.21; southeastern United States
versus Europe, � � 293.81). While the smaller sample size in the California population
could bias nucleotide diversity estimates, the sample size between the European and
southeastern populations is similar. Thus, the reported differences in nucleotide diver-
sity are likely the product of biological and evolutionary processes and not the result
of sample size biases.

FIG 1 Legend (Continued)
Mallorca, Spain (red), Menorca, Spain (yellow), and Alicante, Spain (orange). The sequence type (ST) is included on each isolate name. Isolates without a
sequence type are marked with an asterisk (*). Bootstrap values indicate node confidence, with values lower than 70 not shown. (a) An ML phylogeny built using
a core genome alignment (311 genes, 250,533 bp) from 41 draft or finished whole-genome sequences shows the evolutionary relationship between isolates
from the European and American continents. X. fastidiosa subsp. fastidiosa isolates are used as an outgroup. X. fastidiosa subsp. multiplex isolates (shaded in
gray) show a complex relationship, suggestive of multiple introductions to the European continent from the Americas. X. fastidiosa subsp. multiplex isolates are
divided into two main groups, the IHR group (isolates showing intersubspecific homologous recombination) at the base of the tree (formed by most
southeastern U.S. isolates) and the recently divergent and non-IHR group (48). Isolate XF20 BH-Elm is described as an intermediate recombinant. The likelihood
of the southeastern United States as the point of origin was obtained via an ancestral reconstruction analysis. Filled circles, 51 to 69% likelihood; stars, 92 to
97% likelihood. (b) An ML unrooted phylogeny built using a core genome alignment (348 genes, 272,908 bp) shows the evolutionary relationship between X.
fastidiosa subsp. multiplex isolates. Node support and tree topology are largely identical to those seen in panel A when X. fastidiosa subsp. fastidiosa is included.
(c) ML unrooted cladogram built using a core genome alignment after removal of recombinant segments (180,549 bp). The cladogram was used to facilitate
tree display due to short branch lengths. Tree topology is largely conserved within the non-IHR group; multiple changes are observed within the IHR group.
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Recombination detected among strains may predate presence in Europe. A
recombination detection analysis was performed among European isolates of X. fasti-
diosa subsp. fastidiosa and subsp. multiplex. A total of 104 X. fastidiosa subsp. fastidiosa
genes and 74 X. fastidiosa subsp. multiplex genes were located within recombinant

FIG 2 ML phylogeny showing the genetic relationships among X. fastidiosa subsp. multiplex isolates
reconstructed using 5,630 core single-nucleotide polymorphisms (SNPs) from 41 draft or finished
whole-genome sequences. The numbers on the branches indicate the values of the bootstrap analyses.
The numbers between brackets in each node indicate the numbers of SNPs exclusive of the cluster. Font
colors correspond to geographic location: Corsica, France (dark blue), Tuscany, Italy (green), Mallorca,
Spain (red), Menorca, Spain (yellow), and Alicante, Spain (orange).
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regions (see Table S1 in the supplemental material). Most of the recombinant genes
identified were classified as hypothetical proteins with unknown functions. Several
recent (or strain-specific) recombination events were detected among European strains,
with X. fastidiosa subsp. fastidiosa sequences acting as donors to individual X. fastidiosa
subsp. multiplex organisms (Fig. 3b and c). No ancestral (or lineage-specific) recombi-
nation events were detected. Interestingly, no recombinant events were detected with
sequences from Alicante. Among the observed recombinant regions, X. fastidiosa
subsp. fastidiosa sequences from Mallorca Island, Spain, and X. fastidiosa subsp. multi-
plex sequences from Tuscany, Italy, shared the highest number of events. Fewer events
were detected between X. fastidiosa subsp. multiplex sequences from Corsica and X.
fastidiosa subsp. fastidiosa (Fig. 3c). Few events were observed between X. fastidiosa
subsp. fastidiosa and X. fastidiosa subsp. multiplex strains from Mallorca and Menorca in
Spain; Mallorca Island is the only place in Europe where the two subspecies are known

FIG 3 Phylogenetic trees and plots show recombination patterns between Xylella fastidiosa subsp. fastidiosa and subsp. multiplex isolates. Font colors
correspond to geographic location: Corsica, France (dark blue), Tuscany, Italy (green), Mallorca, Spain (red), Menorca, Spain (yellow), and Alicante, Spain (orange).
(a) ML phylogeny built using a core genome alignment (1,588 genes, 1,569,508 bp); X. fastidiosa subsp. fastidiosa isolates are used as an outgroup. Bootstrap
values indicate node confidence, with values lower than 70 not being shown. (b) FastGEAR plot output showing recent or strain-specific recombination events
between European isolates. The plot shows two evolutionarily distinct groups, X. fastidiosa subsp. fastidiosa (red) and X. fastidiosa subsp. multiplex (blue).
Colored bars show donor and recipient recombinant segments along the length of the core genome alignment. White spaces indicate gaps. (c) Circle plot
showing the frequency of recombination events and their location along the length of the core genome alignment of European isolates. Each line indicates
a recombinant segment, with the thickness of the line indicating its length.
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to be sympatric. While the algorithm identified these recombination events as “recent,”
it is worth noting that there was more evidence of recombination between allopatric
populations of different X. fastidiosa subspecies (the Menorca and Mallorca islands in
Spain and Tuscany in Italy) than sympatric populations (in Mallorca Island). It is possible
that that is the case, but we interpret these recent events as exchanges that occurred
in North America prior to the introduction of these clades into Europe.

DISCUSSION

Pathogen pollution is a leading driver of emerging plant diseases (6). We used
whole-genome sequence data to analyze long-distance spread of the plant pathogen
X. fastidiosa, focusing on X. fastidiosa subsp. multiplex. This analysis also included strains
obtained from natural environments in Europe. Based on available data, results dem-
onstrate several introductions of X. fastidiosa subsp. multiplex into Europe and one into
Brazil, all with origins in the United States. The introduction into Brazil may, in fact, be
associated with the spread of an earlier introduction into South America, although
details remain unclear due to the lack of data (25). We interpret these results as a
consequence of commercial trade of plant material infected with X. fastidiosa. Because
X. fastidiosa, as a species, infects hundreds of plants, primarily without disease symp-
toms (12, 13), and insect vectors are unlikely to disseminate at continental scales, it is
reasonable to assume that anthropogenic activities are linked to the introductions of
these pathogen strains into Europe (e.g., 1, 12).

While it was expected that whole-genome sequence data would assist in the
phylogenetic resolution of X. fastidiosa strains and related clades (27, 28), it has been
generally accepted that MLST is sufficient to discern relevant biological groups and
dispersal pathways (17). We show that this may not be always the case. First, we
demonstrate that STs may not be monophyletic, illustrated here by the paraphyletic
clade in which all ST6 strains were included. MLST is useful in resolving taxonomic
discrepancies for bacterial species with high recombination rates, such as X. fastidiosa
(18); however, issues related to phylogenetic resolution have been observed in the past
with MLST, leading to proposals such as the “fuzzy species” concept (29). This has a
number of implications in regard to the use of MLST for phylogenetic purposes but is
also of applied relevance for the identification of potential host plant species suscep-
tible to particular STs. Lastly, studies have suggested that there is no congruence
between X. fastidiosa genotype and host plant species phylogenies (7, 21). Our results
concerning the lack of ST monophyly raise additional questions about the phylogenetic
resolution appropriate for X. fastidiosa eradication, quarantine, and trade-related
decision-making.

The use of strains belonging to X. fastidiosa subsp. fastidiosa as an outgroup, notably
isolates from grapevine in the United States, and those recovered from grapevine in the
Balearic Island of Mallorca (a recent introduction as well), allowed for insights into the
evolution and diversity of X. fastidiosa subsp. multiplex. Nunney et al. (23) demonstrated
that there are two major groups within X. fastidiosa subsp. multiplex, defined as one
with high recombination rates (“intersubspecific recombination” or IHR clade), another
with limited evidence of recombination (non-IHR clade), and an “intermediate” clade
between IHR and non-IHR. The non-IHR X. fastidiosa subsp. multiplex nonrecombining
group is a monophyletic clade, while the IHR X. fastidiosa subsp. multiplex group is not
a clade but is paraphyletic, representing three separate X. fastidiosa subsp. multiplex
clades stemming from the three most ancestral nodes of the X. fastidiosa subsp.
multiplex phylogeny. Vanhove et al. (18) recovered a similar pattern at the genome
scale, also demonstrating that the recombining group of X. fastidiosa subsp. multiplex
was the recipient of several DNA fragments from X. fastidiosa subsp. fastidiosa. The rate
of substitution accumulation in our data set, i.e., branch lengths, as well as the
paraphyly in the IHR clade, suggest an alternative explanation for the two groups
previously proposed. It is possible that instead of one group being more subject to
recombination than another, the non-IHR clade (to which all nonsoutheastern U.S.
strains belong) is much younger, as represented by the lower levels of genetic diversity.
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In other words, it is possible that detectable recombination events are less frequent in
these strains because they belong to a more recent lineage. While this hypothesis was
not explicitly tested, a phylogenetic tree that did not include recombining regions also
showed that branch lengths for the IHR clade were substantially longer than for the
non-IHR clade (Fig. 1c). Interestingly, the geography-based ancestral state reconstruc-
tion analysis performed suggested that X. fastidiosa subsp. multiplex originates from the
southeastern United States and that it was more recently spread into western states
such as California. Since ancestral/endemic populations tend to be more genetically
diverse than introduced ones, and the nucleotide diversity of both California, USA, and
Europe is similar, these results also support the notion that both populations are
relatively young. Moreover, nucleotide diversity estimates also varied within Europe.
Except for the island of Corsica (� � 36), all nucleotide diversity estimates ranged from
1e-05 (Tuscany, in Italy, and the Menorca and Mallorca islands, in Spain) to 0.2 (Alicante,
in mainland Spain). This pattern supports the hypotheses of recent multiple introduc-
tions to Corsica compared to the single recent introductions to Italy and Spain. Due to
the lack of older isolates, the data set used in this study did not allow the implemen-
tation of a tip-dating-based molecular clock; nonetheless, it is possible that additional
data will assist in testing this hypothesis. It is worth noting that all strains introduced
into Europe are from the non-IHR clade, although it is not evident what that may
indicate.

Although X. fastidiosa subsp. multiplex has been successfully established in several
nonnative regions, patterns of spread cannot be easily inferred. We assume that X.
fastidiosa subsp. multiplex originates from the southeastern United States, following
likelihoods derived from the ancestral state reconstruction, overall branch lengths, and
basal placement of southeastern U.S. strains within the clade (i.e., subspecies). As such,
introductions occurred into Brazil (RAAR14 plum327), California (polygala), and Tus-
cany, Italy (TOS strains). However, it is not possible to determine if the introduction into
Tuscany originated in California or if the polygala strain itself was introduced into
California independently. The latter strain was obtained from an ornamental plant in an
urban yard on a host plant species considered an indicator species for X. fastidiosa
surveillance in Europe (12). In other words, it is possible that this clade lacks represen-
tatives from the area of origin. The other clade includes strains from two independent
introductions into Spain (Alicante and the Mallorca/Menorca islands), another two into
the island of Corsica, and isolates from California and Georgia, USA. While the multiple
introductions into Europe are evident, dispersal paths are not always clear. In one case,
strain Griffin1 was obtained from oak in the southeastern United States, potentially a
natural host of the strain in its original range. Based on the ancestral state reconstruc-
tion, there is a 99% likelihood that Griffin1 was introduced from California back into the
southeastern United States. M12, its sister taxon, was obtained from almond commer-
cially grown in California. On the other hand, between Europe and the United States,
there are difficulties in interpreting the directionality of introduction at other nodes
within this clade. Generally, considering the likelihood of strains being introduced and
established at one location and then being reintroduced back to the region of origin,
the most parsimonious interpretation of the data is that X. fastidiosa subsp. multiplex
was introduced into California, where it spread in almond and other crop and noncrop
plant species, and was then introduced into France and Spain via the commercial trade
of plants.

Soubeyrand et al. (30) proposed two scenarios for the emergence of X. fastidiosa
subsp. multiplex in Corsica based on mathematical models, the first with an introduc-
tion in �2001 (1998 to 2005) and the second with an introduction in �1985 (1978 to
1993), also supporting the hypothesis that this is a young clade. The lack of a robust
molecular clock for this data set does not permit inferences on when introductions
occurred, but the lack of diversity within the Alicante, the Mallorca and Menorca, and
the Tuscany populations indicates that these are relatively recent introductions. It
should be noted that trade of plants such as almond trees is currently highly regulated,
so these introductions either occurred prior to enforcement of regulations, through
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other nonsusceptible plant species, or through illegal introductions. Unfortunately, X.
fastidiosa was considered to be a virus until the 1970s and was poorly studied until the
late 1990s (31), thus impacting efforts to limit its spread to new geographic regions.

Recombination events may be recent (i.e., between strains in a population) or
ancestral (i.e., events that are fixed in a population). Ample evidence of recombination
in X. fastidiosa populations has led to suggestions that the process may be associated
with the emergence of novel diseases (e.g., 15, 23, 25, 32). Therefore, there is substantial
concern that the continuous introductions of X. fastidiosa into new geographic regions
present risks beyond the inherent historical threats associated with the genotypes
introduced (17, 32). Using genome sequences for strains present in Europe, including
both X. fastidiosa subsp. multiplex and X. fastidiosa subsp. fastidiosa, we attempted to
determine if there was evidence of recent recombination among those populations.
While recombination was detected in the data set, it is not clear if those events
occurred prior to or after pathogen establishment in Europe, since all events involved
strains from X. fastidiosa subsp. fastidiosa in the Menorca and Mallorca islands. There
was one shared recombination event with X. fastidiosa subsp. multiplex in that archi-
pelago, which is present in all isolates. Similarly, all other events are shared among all
strains within a particular population, suggesting that these are all ancestral and
occurred prior to these introductions. It is worth noting that the analyses indicate that
strain CFPB8416 (ST7) has recombination events with a genotype(s) not included in the
analyses, further suggesting its distinction from the other strains from Corsica.

In summary, our results indicate that X. fastidiosa subsp. multiplex has been intro-
duced multiple times into Europe and once into Brazil. It appears that most introduc-
tions into Europe originated from California, although X. fastidiosa subsp. multiplex itself
was introduced into California, and the phylogenetic placement of strain polygala
suggests that novel introductions continue to occur into the western United States.
There is evidence of recombination between X. fastidiosa sympatric populations (e.g.,
27, 33), but there is no conclusive evidence that it has already occurred in Europe. In
addition, the data show that MLST-based STs are not monophyletic. This study dem-
onstrates the need to utilize whole-genome sequences to study pathogen introduc-
tions at outbreak stages, where a limited number of genetic markers do not provide
sufficient phylogenetic resolution to determine paths of dispersal or relationships
among strains that are of biological and quarantine relevance. Overall, the work
illustrates the risks associated with the commercial trade of plant material at global
scales and the need to develop effective policy to limit the likelihood of pathogen
pollution into naive regions.

MATERIALS AND METHODS
Bacterial isolate data and sequencing. Table 1 contains metadata for all of the

published and unpublished isolates included in this study. New X. fastidiosa subsp.
multiplex isolates were sequenced with the Illumina HiSeq 4000 platform. The raw reads
and metadata for newly sequenced isolates are publicly available at the GenBank SRA
database (Table 1). Sequence quality was assessed using MultiQC (34). Low-quality
reads and adapter sequences were removed from all raw reads using seqtk v1.2 (35)
and Cutadapt v1.14 (36), respectively. After preprocessing, the genomes of the isolates
sequenced were assembled de novo with SPAdes v3.13 (37, 38). Assembled contigs
were reordered using the Mauve contig mover function (39). Complete publicly avail-
able assemblies were used as references; specifically, X. fastidiosa subsp. fastidiosa
scaffolds were reordered using the Temecula 1 assembly (GCA_000007245), while X.
fastidiosa subsp. multiplex scaffolds were reordered using the M12 assemblies
(ASM1932v1; 40) as references, respectively. Assembled and reordered genomes were
then annotated using Prokka (41). Depth coverage, coverage, and other assembly-
related data for all new isolates are presented in Table 2.

Core genome analyses. Roary v3.11.2 (42) was used to obtain the core, soft-core,
shell, and cloud genomes of X. fastidiosa subsp. fastidiosa and subsp. multiplex. A core
genome alignment was created using Prokka annotations for isolates from Europe,
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Brazil, and the United States (Table 1 and 2). Subsequently, a maximum likelihood (ML)
tree was built with RAxML (43) using the GTRCAT substitution model. Tree topology
and branch support were assessed using 1,000 bootstrap replicates. Similarly, a core
genome alignment and ML tree were built only for isolates of X. fastidiosa subsp.
multiplex. In addition, recombinant regions were later identified and removed from the
X. fastidiosa subsp. multiplex core alignment and used to build a third ML cladogram.
A final core gene alignment and ML tree were built for X. fastidiosa subsp. fastidiosa and
subsp. multiplex isolates obtained from European infected plants.

The pan-genome of X. fastidiosa subsp. fastidiosa and subsp. multiplex isolates was
inferred with Roary v3.11.2 (42). Roary was used to produce a gene presence/absence
matrix that was visualized in Phandango (www.phandango.net), and an accessory tree
based on the binary accessory presence/absence matrix was built and plotted using the
binary model at IQ-TREE (http://iqtree.cibiv.univie.ac.at/). The branches of the tree were
proportionally transformed with Figtree (http://tree.bio.ed.ac.uk/software/figtree/).

Single-nucleotide polymorphism analysis. Single-nucleotide polymorphisms (SNPs)
were identified from a total of 41 X. fastidiosa subsp. multiplex genomes using kSNP3.02
software (44) with annotated nucleotide GenBank files as input data. SNP discovery was
based on k-mer analysis (21_kmer), i.e., single variant positions within sequences of
nucleotide length k. A core SNP matrix was generated and used as input in MEGA7
alignment software. This matrix was subsequently analyzed using the maximum like-
lihood (ML) method. Robustness of the ML tree was assessed using 1,000 bootstrap
replications. Additionally, nucleotide diversity (�) within and between populations
defined based on geographical regions (southeastern United States, California, and
Europe) estimated from the core genome alignment was calculated using the PopGe-
nome v2.7.1 package in R (45).

Phylogenetic analyses and geographic ancestral state reconstruction. Six geo-
graphic character states were coded as possible locations for the ancestor represented
at each internal node of the phylogeny. These six regions were Spain, Italy, France,
Brazil, southeastern United States, and California, USA. The marginal ancestral state
likelihood estimates of each location for all internal nodes of the ML phylogenetic tree
were calculated using the rerooting method of Yang et al. (46) in the R package
Phytools (47) and mapped using the package APE (48). The ML estimates at each node
were calculated based on both the equal rate transition model (i.e., fixed rate of
geographic change between any locations) and the symmetrical rate transition model
(i.e., fixed rates of geographic change symmetrically pairwise between locations but not
between all locations). The fit of the two models to the data was compared using the
Akaike information criterion (AIC). The symmetrical rates model had a lower AIC value
than the equal rates model; thus, it was chosen for ML estimates at internal nodes.

Recombination detection. Ancestral and recent recombinant regions in the core
genome alignment were identified using fastGEAR with default parameters (49). Re-
combination levels were detected between lineages (ancestral recombination) and

TABLE 2 Assembly information from the strains sequenced in this study

Isolate name
No. of
contigs

Total
length (bp)

Genome
coverage (�) N50 (bp)

L50

(kpb)
Maximum contig
length (bp)

GC content
(%)

No. of predicted
genes (Prokka)

IVIA6586-2 341 2,578,155 941 78,73 9 251.315 51.8 2,431
IAS-AXF-212H7 336 2,522,542 932 103,609 7 309.947 51.8 2,376
IVIA6629 1,099 2,731,703 890 96,774 8 309.951 53.2 2,429
IVIA6902 1,584 2,870,108 1177 94,781 9 309.939 53.5 2,510
IVIA6903 534 2,602,829 787 103,089 7 309.946 52.1 2,410
IAS-AXF-235T10 432 2,550,209 1159 103,901 7 309.939 51.7 2,399
IVIA6731 422 2,598,893 782 98,660 7 309.939 51.9 2,441
RAAR14 plum327 192 2,543,559 776 96,594 8 342.38 51.6 2,471
RAAR6 Butte 140 2,466,226 719 128.621 7 311.304 51.8 2,337
XF3348 392 2,573,395 914 102,161 7 257.114 51.8 2,422
XYL1981 353 2,554,510 757 96,968 9 275.285 51.8 2,409
XYL1752 422 2,579,375 895 98,273 9 245.39 51.8 2,429
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between strains (recent recombination). Donor and recipient recombinant regions were
visualized using the fastGEAR plotRecombinations script. Additionally, recent recombi-
nant regions were mapped using the R package Circlize (50). An in-house Python v3.6
script was used to identify genes contained entirely within identified recombinant
segments. Recombinant genes were identified using the publicly available genomes
XYL1732 (51, 24) for X. fastidiosa subsp. fastidiosa and CFBP8416 (52) for X. fastidiosa
subsp. multiplex (Table 1).

Data availability. Newly determined data accession numbers for IVIA6586-2, IAS-
AXF-212H7, IVIA6629, IVIA6902, IVIA6903, IAS-AXF-235T10, IVIA6731, RAAR14 plum327,
RAAR6 Butte, XF3348, XYL1981, and XYL1752 are shown in Table 1.

SUPPLEMENTAL MATERIAL
Supplemental material is available online only.
SUPPLEMENTAL FILE 1, XLSX file, 0.02 MB.
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