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Abstract: Xylella fastidiosa (Xf) is a vascular plant pathogen native to the Americas. In 2013, it
was first reported in Europe, implicated in a massive die-off of olive trees in Apulia, Italy. This
finding prompted mandatory surveys across Europe, successively revealing that the bacterium was
already established in some distant areas of the western Mediterranean. To date, the Balearic Islands
(Spain) hold the major known genetic diversity of Xf in Europe. Since October 2016, four sequence
types (ST) belonging to the subspecies fastidiosa (ST1), multiplex (ST7, ST81), and pauca (ST80) have
been identified infecting 28 host species, including grapevines, almond, olive, and fig trees. ST1
causes Pierce’s disease (PD) and together with ST81 are responsible for almond leaf scorch disease
(ALSD) in California, from where they were introduced into Mallorca in around 1993, very likely via
infected almond scions brought for grafting. To date, almond leaf scorch disease affects over 81% of
almond trees and Pierce’s disease is widespread in vineyards across Mallorca, although producing on
average little economic impact. In this perspective, we present and analyze a large Xf-hosts database
accumulated over four years of field surveys, laboratory sample analyses, and research to understand
the underlying causes of Xf emergence and spread among crops and wild plants in the Balearic
Islands. The impact of Xf on the landscape is discussed.

Keywords: disease epidemiology; invasive plant pathogens; landscape disease; pathogen ecology;
Pierce’s disease; quarantine plant pathogen; vector transmission; Xylella fastidiosa spread

1. Introduction

The international plant trade has facilitated the entry of an increasing number of
invasive pathogens that threaten crops and forests in Europe [1-3]. Among traded plants,
ornamentals have notably contributed to the introduction of exotic pathogens from their
native ranges to new biogeographic zones [4]. Pathogens with an endophytic stage are
remarkably difficult to detect because they show asymptomatic infections [5]. While many
quarantine-listed pathogens are intercepted annually at borders by plant health inspectors,
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an unknown number of asymptomatic plants carrying pathogens and non-catalogued new
taxa escape controls [4]. Most of these released pathogens will fail to establish, but in a
few cases, discovery of their presence occurs too late when they are already established,
causing significant damage to crops and forests. Despite wide scientific consensus on the
problem [6], to date, alien invasive pathogens continue to breach biosecurity systems.

The recent detection of the bacterium Xylella fastidiosa (Xf) in Europe illustrates the
risks, pitfalls, and potential impacts posed by invasive plant pathogens at crop, landscape,
and regional scales. In 1989, the European and Mediterranean Plant Protection Organization
(EPPO) listed Xf as an Al quarantine pest in order to protect the European wine industry
from Pierce’s disease (PD) of grapevines in the USA (EPPO/OEPP 1989). Since then, in spite
of some sporadic and unconfirmed reports [7], Europe remained free of the pathogen until
2013, when an outbreak of Xf on olive trees was reported in the Salento region of Italy [8].
This unprecedented massive mortality of olive trees heightened concern about the risk of
Xf spreading across Europe. As a result, mandatory surveys of EU member states were
conducted, revealing that the bacterium had also established itself in Corsica, Provence,
the Alpes, and Cote d’Azur in France, and Alicante and the Balearic Islands in Spain [9-11].
The current threat to Europe and the Mediterranean basin has increased after multiple Xf
subspecies and genotypes were detected in Italy, France, and Spain [12]. Research carried
out in Corsica indicated that the pathogen had likely been established for longer than
previously thought [13]. The same conclusion was reached in Mallorca after studying the
huge mortality of almond trees that began around 2003 in the east of the island, which had
been previously associated with fungal diseases [14]. The likely introductions of the ST1 of
subsp. fastidiosa and the ST81 of the subsp. multiplex in Mallorca were traced back to around
1993, based on the reconstruction of the almond leaf scorch disease (ALSD) epidemic using
evidence from epidemiology, dendrochronology, and molecular biology [15].

Xf in the Balearic Islands exemplifies all the risks posed by invasive plant pathogens:
(i) it escaped from biosecurity controls; (ii) it was overlooked due to latency and/or being
confused with other diseases; and (iii) was locally present several years before being
regulated as a harmful organism in the Annex list of the Council Directive 2000/29/EC.
With this perspective, we analyze the data gathered during the four years since the first
detection of Xf in the Balearic Islands, outlining the main results of this field experiment
taking place in the intersection between agriculture and natural plant communities. The
experimental scenario is currently quite advanced, and it is possible to evaluate Xf impact
on the landscape, which enables us to draw some conclusions related to the ecology and
epidemiology of Xf-caused diseases.

2. Results of Xylella fastidiosa Surveys

The unexpected detection of Xf on Mallorca in October 2016 prompted the extension
of the surveys to the other islands of the archipelago. Between November 2016 and De-
cember 2020, a total of 13,610 plant samples were analyzed at the Official Laboratory of
Plant Health Service of the Balearic Islands (LOSVIB). Samples were received from three
main sources: (i) official monitoring as a consequence of the application of the Commis-
sion Implementing Decision (EU) 2015/789 and Commission Implementing Regulation
(EU) 2020/1201, applying random sampling to prospecting grids; (ii) within the context
of several research projects (see funding projects); and (iii) from cooperatives, farmers,
and agricultural extension services. The first group of samples included symptomatic and
asymptomatic plants, whereas the second and third group of samples were all symptomatic.
These included samples from 453 plant taxa within 96 botanical families and different life
forms, i.e., from therophytes to phanerophytes, from crop fields, garden centers and wild-
lands (Figure 1). In order to obtain a representative picture of the situation, sampling efforts
were maintained over time and were as balanced as possible among islands (Figure 1).
For this, the total number of samples was programmed in relation to the surface of each
island. For instance, although the greatest number of samples analyzed were from Mallorca
(n = 6840 plants), the ratio of samples per surface was the lowest, 1.98 samples km~2,
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compared to the 8.7 samples km~2 from Ibiza. Economically significant crops such as
almond trees (Prunus dulcis), grapevines (Vitis vinifera), orange (Citrus spp.), and olive
trees were sampled more frequently resulting in certain bias. However, at the end of the
four-year period, the survey covered sufficiently extensive areas and environments of each
island to obtain a reliable picture of Xf at landscape scale.
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Figure 1. Sampling distribution for Xylella fastidiosa (Xf) over time, among islands, different environ-
ments, and plant life forms.

In total, 9.05% of the 13,610 samples across the four main islands, Mallorca, Menorca,
Ibiza, and Formentera, tested positive for Xf by molecular diagnostics tests using real-
time/quantitative PCR (qPCR) assays [16,17]. Of these, 28 plant species belonging to
14 botanical families have been identified as hosts (Table 1), representing only 6.2% of the
total number of potential hosts analyzed. Four species, Olea europaea, P. dulcis, V. vinifera,
and Ficus carica accounted for 60.8% of all positives. The frequency of Xf positives among
the three major islands did not vary significantly (x = 0.638, df = 2, p = 0.73). Interestingly,
despite intense surveys (n = 1028 samples), Xf was not detected on the island of For-
mentera. All hosts belong to the chamaephytes and phanerophytes Raunkiaer’s life-forms
classification, which corroborates a preference of Xf towards woody plant species [18].

Table 1. List of hosts infected by Xylella fastidiosa in the Balearic Islands updated to December 2020.

Number of
Number of Samples
Species Family Xf Subspecies ST Samples Analvzed b
qPCR+1 natyzed by
qPCR

Acacia saligna Leguminosae multiplex & pauca ST80 & ST81 3 48
Calicotome spinosa Leguminosae fastidiosa ST1 1 18
Cistus albidus Cistaceae pauca & nd 2 ST80 & nd 4 168
Cistus monspeliensis Cistaceae fastidiosa ST1 1 106
Clematis cirrhosa Ranunculaceae multiplex ST81 1 13
Ficus carica Moraceae multiplex ST81 28 421
Fraxinus Oleaceae multiplex ST81 7 29

angustifolia
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Table 1. Cont.

Number of
Number of Samples
Species Family Xf Subspecies ST Samples P
PCR+ 1 Analyzed by
1 qPCR
Genista lucida Leguminosae fastidiosa ST1 1 6
Juglans regia Juglandaceae fastidiosa ST1 1 10
Lavanfiulq Lamiaceae multiplex ST81 2 43
angustifolia
Lavandula dentata Lamiaceae multiplex & pauca ST80 & ST81 16 257
Nerium oleander Apocynaceae multiplex & pauca nd 6 582
Olea europaca Oleaceae multiplex & pauca ST80 & ST81 193 1975
europaea
Olea europaca Oleaceae multiplex & pauca ST80 & ST81 495 3012
sylvestris
Phagnalon saxatile Asteraceae Nd nd 1 14
thlly’rea. Oleaceae multiplex ST81 1 50
angustifolia
Polygala myrtifolia Polygalaceae multiplex & pauca ST7,ST80 & ST81 28 219
Prunus avium Rosaceae fastidiosa ST1 3 48
Prunus domestica Rosaceae multiplex ST81 1 78
Prunus dulcis Rosaceae multiplex, fastidiosa ST1,ST7,ST80 & 266 1071
& pauca ST81
Rhamnus alaternus Rhamnaceae multiplex ST81 & ST1 15 130
Rosmaritiis Lamiaceae multiplex & pauca ST80 & ST81 22 830
officinalis
Ruta chalepensis Rutaceae fastidiosa ST1 1 8
Salvia officinalis Lamiaceae Nd nd 1 1
Santolina magonica Asteraceae Nd nd 1 29
Teucrium capitatum Lamiaceae fastidiosa ST1 1 62
Ulex parviflorus Leguminosae Nd nd 1 4
Vitis vinifera Vitaceae fastidiosa ST1 134 953

1 Number of samples showing a positive amplification by the qPCR protocols of Harper and Francis [16,17]. 2 nd = Not determined.

3. Genetic Diversity and Population Genetics

Precise identification of Xf at an infraspecific level is essential for epidemiological
and surveillance analyses, and to allow a proper description of the population structure
and dynamics. In addition, the taxonomic placement of Xf strains in Europe is of applied
relevance, as European Commission-mandated management strategies are based on the
subspecies present in each outbreak. In Europe, the Multi-Locus Sequence Typing (MLST)
scheme is used to type the different detections of Xf at the species and ST level [19]. It is
based on conventional PCR amplification and sequencing of seven housekeeping genes,
either from strains or from plant and insect samples.

Soon after Xf was detected on Mallorca in October 2016, subsequent surveys revealed
that the bacterium was widespread in the other islands. Knowledge of the association of the
different subspecies with their host plants is useful to better understand Xf ecology, and is
particularly relevant in cases of new outbreaks or for the description of new hosts, such as
was the case of the Balearic Islands. For that, in parallel to the extensive surveys conducted
throughout the different islands of the archipelago to highlight Xf outbreaks, extension,
and host range, an effort was made to type the positive Xf samples to the species and ST
level by using the conventional MLST protocol [19] or a newly designed nested-MLST
approach [20]. This allowed us to determine the presence of three Xf subspecies and four
STs in the Balearic Islands (Table 1): (i) Xf subsp. fastidiosa ST1, which causes Pierce’s
disease on grapevines and almond leaf scorch disease (ALSD) in California, recorded only
in Mallorca [15,21]; (ii) a new ST of Xf subsp. pauca (ST80) that is found only in Ibiza,
mainly on olive trees (O. europaea); and (iii) another novel ST of Xf subsp. multiplex (ST81)
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that is closely related to ST6 and is present in Mallorca and Menorca [15]. In addition, there
have been two detections of Xf subsp. multiplex ST7 in Mallorca (Table 1).

The finding of Xf in olive trees in the Balearic Islands was the second report of this
bacterium on this crop in Europe. This heightened alarms in the olive agricultural sector
that was covered by local and national media, being a reason of great concern to mainland
Spain. However, the subspecies and STs detected in the Balearic Islands were different to
those detected in Apulia, Italy: The subspecies multiplex ST81 was associated to wild olive
tree decline in Mallorca; then, the subspecies pauca ST80 was related to olive decline and
mortality in Ibiza on November 2016, and three months later the first positive of Xf on
wild olive trees in Menorca was detected associated to subspecies multiplex ST81.

The genetic resolution at ST-level among Xf strains may not permit the identification
of closely related but different strains, and it has been shown that strains belonging to the
same ST may not be phylogenetically related or share similar traits, such as host plant
range [14]. For these reasons, whole-genome sequence data should probably be used
when considering Xf quarantine, eradication, and containment strategies. Following this
reasoning, an effort to obtain genome sequences of representative isolates present in the
Balearic Islands was made soon after the first detection in 2016. Thus, the genomes of three
isolates of Xf subsp. fastidiosa ST1, collected from Mallorca and several from Xf subsp.
multiplex ST81 were obtained [10,11,22]. Those publications reported the presence of a 38 kb
plasmid pXFAS_5235, with a high sequence similarity to the conjugative plasmid pXFAS01
from isolate M23 causing ALSD in California. In addition, a close genetic relationship
between Mallorcan Xf isolates belonging to ST1 and ST81 and Californian Xf isolates
related to Pierce’s disease and ALSD was confirmed recently by phylogenetic analysis
based on core genomes [12,15,21]. Bayesian phylogenetic inference predicted that both
Xf subspecies found in Mallorca, fastidiosa ST1 (95% highest posterior density: 1990-
1997) and multiplex ST81 (95% highest posterior density: 1991-1998), shared their most
recent common ancestors with Californian Xf populations associated with almonds and
grapevines [15]. In addition, by comparing the core genomes of isolates from Mallorca and
Menorca belonging to ST81 we could determine that this ST was introduced to Menorca
from Mallorca [15]. These findings have been crucial to disentangle the biogeographic and
evolutionary relationships between Xf genotypes in the Balearic Islands.

Among the genomes of Majorcan Xf isolates, almost all the genetic recombination
detected between the fastidiosa and multiplex subspecies precede their introduction onto
the island [12]. This could suggest that the ancestral population had already undergone
stabilizing selection, likely as an adaptation to the almond trees in California and thus
it would be unlikely that there would be an emergence of new genotypes with different
virulence or host ranges in Mallorca. However, we do see a notable risk of disruptive
selection if the ST80 strain of subsp. pauca comes into contact with the other subspecies.
New recombinants with unpredictable virulence and host ranges could be generated.
All phytosanitary efforts should be directed to avoid this risk, although the challenge of
detecting new introductions among millions of infected plants is enormous, especially in
plants such as the almond tree that can host all three subspecies.

Finally, comparison of the genomes of several isolates of Xf subsp. fastidiosa ST1 and Xf
subsp. multiplex ST81 collected from Mallorca from different hosts revealed a little genetic
polymorphism within the Mallorcan population (short number of SNPs) as compared to
isolates from California from the same subspecies [16]. This pattern is expected to occur for
the introduction of a small subset of genotypes from a larger source population into a new
area (founder effect), and supports the hypothesis of the introduction of a single or few
Xf genotypes through infected buds or scions and their subsequent long-distance spread
through grafting or vectors across the island.

4. Pathways of Introductions and Establishment

Xf localization in coastal unconnected areas of the Mediterranean basin (Figure 2)
raises questions about the environmental and socio-economic factors explaining its distri-
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bution in Europe. The ornamental plant trade has been proposed as the main pathway
of Xf introduction and spread within Europe. This view is supported by data of Eurostat
that point to a significant volume of potential ornamental host plants being imported from
Central America to Europe since 2000 [23]. Although there are no data on the volume of
plants imported from America into the Balearic Islands, we do not think this is higher than
in other regions of Europe, and nothing makes us think differently for Apulia, Corsica,
and Alicante [23]. A recent phylogenetic study showed the close relatedness of the strain
ST53 of subsp. pauca responsible for the olive quick decline syndrome in Italy with isolates
from Costa Rica [24]. In addition, the same ST53 had been intercepted on ornamental
coffee plants imported from Central America [25]. Other interceptions of ornamental plants
infected by diverse genetic profiles of Xf would confirm the relevance of this pathway [26].
In the case of the Balearic Islands, the ST80 of subsp. pauca has been found only in Ibiza
and it is unknown in other areas of the world. Furthermore, whole genome sequences
indicate that is a new genotype not previously described, and genetically differentiated
from other Xf subsp. pauca strains (L.F. Arias-Giraldo, M. Roman, E. Moralejo, B.B. Landa,
unpublished results). This suggests a likely introduction through imported ornamental
plants. We believe this introduction would have occurred at least one decade ago given the
high incidence and spread of ALSD and olive decline in 2012 in Ibiza that can be inferred
from images of Google Map Street View. Almost all imported ornamental plants coming to
Mallorca are also delivered into garden centers in Menorca and Ibiza, as was demonstrated
for the quarantine plant pathogen Phytopthora ramorum [1]. However, surprisingly the
ST80 remains known only in Ibiza. The distribution of Xf among the islands indicates
the strong geographic barrier imposed by the sea, irrespective of the distance between
islands. For example, the small island of Formentera only 3.6 km from Ibiza is still free of
Xf, whereas the ST81 of subsp. multiplex was introduced into Menorca from Mallorca [15]
which is 63 km away. This shows that the likelihood of establishment of an introduction is
an odd stochastic event conditioned by factors more related to human activity than natural
dispersal. This agrees with the known short-distance dispersal of P. spumarius.

The second main pathway of introductions is likely related to the movement of
plant material for breeding purposes and crop improvement programs, such as those
implemented in the major almond-producing countries in the 1980s and 1990s. As pointed
out in genetic studies on the diversity of the subsp. multiplex in Europe, they share their
most recent common ancestors with isolates from California, mainly related to almond leaf
scorch disease [12,15]. Furthermore, the introductions of the ST1 (subsp. fastidiosa) and
ST81 (subsp. multiplex) into Mallorca from California have been estimated at around 1993,
and the likely origins of the strains in Alicante and Corsica are also related to strains of
ALSD in California [12,15]. Other introductions such as that of the subsp. fastidiosa in Iran
might have followed the same pathway [27]. While the ornamental trade pathway ensures
an even distribution of infected plants across Europe, this second pathway of introduction
is much more localized, and directly exposes the Xf strain to the field, providing many
more chances of Xf strains becoming established.

A third pathway of Xf introduction via infectious insect vectors seems to be less
probable. Long-distance transport of infectious vectors hitchhiking on cargo containers
associated to plant trade from the Americas into the EU cannot be ruled out. However, it
seems highly unlikely this has occurred since, as far as we know, none of the American
vectors have become established in Europe. In addition, the number of infectious vectors
arriving alive and needed to establish and originate an outbreak in a new area depends
on several factors. If a potential primary infection took place in some of the islands by
this means, then local vectors could have spread the infection within an island. Finally,
inadvertent transportation of vectors in vehicles, boats, or the important ferryboat traffic
between the islands may be the cause of the spread of subsp. multiplex ST81 from Mallorca
to Menorca.
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Figure 2. Distribution of Xf in the Balearic Islands and Europe. Outbreaks considered eradicated are

marked with a red +. All areas where Xf is well established (black dots) are less than 50 km from the

coast. Size of circles is proportional to the area affected by the outbreaks.

All the evidence presented above indicates that Xf genetic diversity in the Balearic
Islands is probably the result of these two main pathways of introduction: the ornamental
plant trade and the movement of plant material for breeding purposes and crop improve-
ment programs. However, much uncertainty surrounds the origin of ST7 strains detected
only in two samples, Polygala and Prunus dulcis in Mallorca. Until we obtain an isolate and
sequence its genome, we can only speculate on their origin, but different hypotheses can be
raised: (i) that ST7 was also introduced into Mallorca at the same time as genotypes ST1 and
ST81, since this ST has also been identified in almonds (https://pubmlst.org/xfastidiosa/,
accessed on 15 January 2021); (ii) that ST7 comes from infected ornamental plants from
European nurseries, since ST7 has also been identified in France [9,12,28]; (iii) that ST7 is a
reminiscent genotype of the founder population from California which very soon evolved
into the ST81, as genotypes adapted to wild olive trees.

5. Crop Diseases

Xf has had a very severe impact on the Mallorcan iconic landscape of flowering al-
mond trees. Between 2010 and 2019 the total surface of almond tree orchards has decreased
from 29,789 ha to 11,814 ha (https:/ /www.mapa.gob.es/es/estadistica/temas, accessed on
1 December 2020), mainly due to Xf infections but also influenced by other socio-economic
factors. The almond tree decline began around 2003 at the east of the island. Between
2008 and 2010 the disease was studied, arriving at the conclusion that an assortment of
trunk fungal pathogens was associated with the almond decline [14]. After the detection
of Xf, the almond decline has been revisited and the epidemiology reconstructed using
updated information: the decline has now been attributed to Xf infections [15]. We showed
that ALSD symptoms precede any symptoms previously associated to fungi; indeed, Xf
infection induces a biological drought which activates a number of endophytes living in the
bark and wood from a commensal to a necrotroph-pathogenic stage. This synergy remains
poorly studied and has not yet been quantified; however, it reminds us how complex
and easily misinterpreted the interactions between plants and microorganisms and their
ecological function can be.
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A new technique using a combination of dendrochronology and molecular analysis
(including MLST and qPCR) has revealed almond infections on growth rings back to
1998 [15]. This simple approach has enabled estimations of the median survival time from
Xf infection to tree collapse of around 14 years, and the frequent observation of trees still
alive 20 years after infection. Such large time periods make it difficult to relate a pathogen
with symptoms; so, it is understandable that ALSD could be confounded with a general
decline due to drought under Mediterranean climates. On the island of Ibiza something
similar occurred but in this case the ALSD was caused by the ST80 of subspecies pauca. The
extent of the ALSD incidence in Ibiza has not been calculated, but based on our experience
in Mallorca we anticipate similar incidences in Ibiza. On the island of Menorca, almond
orchards are uncommon but samples from almond trees revealed that they were infected
by ST81. Almond trees are the only host that has been infected by the four STs found in the
Balearic Islands (Table 1). All these STs are capable of developing ALSD at epidemic levels.

Our reconstruction of the introduction of the ST1 and ST81 assumes that ST1 pop-
ulations were soon transmitted by P. spumarius from almond orchards to vineyards in
Mallorca. PD is currently widespread in vineyards of the island; however, its incidence
is highly variable, ranging from 0 to 99% [21]. Most vineyards following conventional
viticulture techniques have retained PD incidence at low levels, with even the viticulturists
being unaware of the disease, but PD incidence of over 90% has been observed in organic
vineyards. PD could be very severe locally. Isolates from almond trees and grapevines
belonging to ST1 share haplotypes with identical core genomes and their populations
are not structured by the hosts, indicating frequent cross infections [16]. Pierce’s disease
affects at least 23 grapevine cultivars in Mallorca with different severities. It has been
shown in inoculation tests that almost all cultivars are susceptible to infection [21]. Vine
to vine transmission is predominant in orchards where vector pressure is raised due to
relaxed weed and insect control. These epidemiological aspects should be considered in
risk assessment so as not to underestimate the spread and economic impact of Pierce’s
disease if Xf is introduced into mainland.

The ST80 of subspecies pauca in Ibiza is probably the main threat to olive trees in
mainland Spain. Although it seems less virulent than its pauca-relative ST53 on olive
trees in Italy, ST80 causes a deadly dieback too. Olive trees and wild olive trees are
both affected. The symptoms are very similar to those of olives in Italy, but the survival
times, though not yet estimated with data, seem somehow longer. Thus, during these last
four years of monitoring most of the olive trees show severe decline but few have died.
Symptoms look like something between the sub-lethal diebacks (no mortality) caused by
ST81 of subspecies multiplex on wild olive in Mallorca and Menorca and those of ST53
in Italy (Figure 3). The ST80 also affects other hosts in Ibiza (Table 1). Recently, we have
obtained several isolates from olive and almond which are being sequenced to understand
their phylogenetic position with respect to other subspecies pauca in the world and their
evolutionary trajectory on the island.

An emergent disease affecting fig trees is caused by the ST81 of subspecies multiplex in
Mallorca and Menorca. The etiology of the disease has not been yet studied, but the disease
seems quite extended and severe enough to justify more attention. Symptoms begin with
marginal leaf necrosis and leaf interveinal chlorosis, progressive tip and shoot dieback, and
finally tree death several years after infection (Figure 4).

Finally, Xf’s impact is already changing the agricultural landscape of Mallorca and to
a lesser extent that of Ibiza. Almond orchards, a dominant crop of the Mallorcan landscape,
are progressively being substituted by open fields and carob orchards. In all conflicts there
are losers and winners. Carob trees, so far, have been resistant to the two strains of Xf in
Mallorca and thus are being intensively planted to replace the almond plantations. In the
next decade, the agricultural landscape of Mallorca will be very different to that viewed by
former generations. Changes are slow but in the next ten years we will witness the death of
almost all the almond trees which are now infected, unless Xf resistant or tolerant almond
varieties are found.
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Figure 3. Cultivated olive and wild olive trees infected by different genotypes of X. fastidiosa in
Europe. Left, olive tree infected by ST53 subsp. pauca in Apulia, Italy; center, dead olive tree infected
by ST80, subsp. pauca in Ibiza, Spain; right, wild olive tree showing severe dieback caused by ST81
subsp. multiplex in Mallorca.

Figure 4. Leaf symptoms of fig tree (Ficus carica) infected by multiplex ST81.

6. Transmission and Crop Disease Management

The insect Philaenus spumarius seems to be the main vector of ALSD and PD in the
Balearic Islands [15,21]. Transmission vine-to-vine, almond-to-almond and almond-to-
vine has been demonstrated in greenhouse transmission experiments [15,21], and cross
transmission experiments with wild olive trees are underway. While P. spumarius is the
most prevalent vector, other potential vectors have been captured with much less frequency,
such as Neophilaenus campestris and Neophilaenus lineatus. In Mallorca, DNA of both Xf
subsp. fastidiosa and Xf subsp. multiplex has been found in P. spumarius specimens collected
in a vineyard and its surroundings [15,20]. Weed and pest management have a strong
influence on vector populations and hence on disease transmission by Xf, although there
is not necessarily a connection between vector number and vector transmission. This
was one of the main ideas put forward by Xf investigators from the USA and Brazil to
Europeans during the two international Xylella conferences held by the European Food
Safety Authority (EFSA). Unlike the epidemiology of PD and ALSD in California, annual
and perennial weeds seem to play a minor role, if any, as a pathogen reservoir in almond
orchards and vineyards of the Balearic Islands. A similar situation has been reported for the
olive quick disease syndrome in Apulia, Italy, where the role of weeds in Xf transmission
seems to be negligible [29]. None of the 57 annual and biannual plant species analyzed
(n = 149 samples) that are usually associated with agriculture were positive for Xf, despite
Convolvulus arvensis, Erodium spp., Portulaca oleracea, Heliotropium europaeum, and Sorghum
halepense are listed as known hosts [18]. These observations raise the question of why
weeds escape infection while the larval stage of P. spumarius develops and feeds on them.
A reasonable explanation would be that the lifecycle of weeds in the Balearic Islands is
regulated by the availability of soil water, whereas Xf growth depends on temperatures
above 20 °C [30]. These two limiting factors for each group do not juxtapose except in
irrigated fields, thereby P. spumarius adults are presumably Xf-free when they move from
weeds to the tree canopy in May.
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7. Pathogenicity, Host Range, and Phylogenetic Signal

The mechanism behind pathogen-host specificity in Xf remains unresolved [31]. In
the American continent, Xf causes economically significant diseases on non-native fruit
crops such as coffee (Africa), citrus (Asia), almond (Asia), grapevine (Europe), peach
(Asia), and olive (Europe), whereas the native wood crops, avocado, chocolate tree, rubber,
vanilla, cherimoya, and papaya are not reported as hosts [32]. Non-coevolved hosts
thus would seem to be more vulnerable to Xf-induced diseases. Nonetheless, this does
not need to be exactly so. There is increasing evidence that only a small fraction of
non-American plants develop disease when exposed to the pathogen. For example, of
the 1,729 native plant taxa on the Balearic Islands only 28 plant species out of 454 taxa
examined were positive to Xf during these four years (Table 1; Figure 5), whilst in the case
of Corsica only 30 hosts were reported out of 2500 plant species comprising its flora [9].
Ecological and geographic barriers might have excluded part of the Balearic flora from
Xf exposure; however, reasonably the great bulk of plants, especially in ruderal and
scrub plant communities, might have been in contact with infected insect vectors over
these 20 years. The same pattern would be expected for Corsica, given the widespread
occurrence of Xf-infected P. spumarius throughout the island [33]. Further surveys are
needed to elucidate the full host range extent in the Balearic Islands. For the time being, O.
europaea var. sylvestris is by large the main wild host, and other hosts composing wild olive
trees and shrubs such as rosemary, Cistus spp., or lavender could have a big impact in the
Balearic Islands (Table 1).

A B ~ o
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Figure 5. Phylogenetic signal in host range of Xf different STs (clonal lineages) detected in the Balearic
Islands between October 2016 and February 2020. (A) Phylogenetic distances of Xf hosts. Each of
the ST shares hosts that evolutionarily diverged for > 100Myr (million years). (B) Phylogenetic tree
including all plant species (1 = 348) analyzed for Xf until February 2020. Blue square, ST1; red square,
ST81; green square, ST80; and yellow square, ST7.

The phylogenetic signal in host ranges of pathogens is increasingly used as a tool for
predicting potential new hosts in risk assessments [34]. It is based on a coevolution princi-
ple in which closely related species share more similar traits involved in host-pathogen
interactions than evolutionary distant ones. Thus, the host range of a particular genetic
lineage (e.g., ST) can predict the likelihood of infection on genetically related hosts in other
areas where it has been introduced [35]. Based on this principle, the presence of ALSD
and PD was anticipated in Mallorca in the spring of 2017 before any field symptoms were
observed after receiving confirmation that the MLST profiles of isolates from P. dulcis and
Polygala sp. were identical to those causing ALSD and PD in California. We used the
database of plants analyzed for Xf in the Balearic Islands to investigate the relationship
between the phylogenetic distance and the likelihood of being infected by a particular
ST. No apparent phylogenetic signal was observed for clades diverging over 100 million
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years (Myr), although hosts tended to cluster together in more recent divergent genetic
lineages (Figure 5). For example, ST1 can infect V. vinifera-Genista lucida, with a genetic
divergence > 100 Myr; ST80 can infect P. dulcis-O. europaea >100 Myr; and ST81 can infect
Cistus monspeliensis-Rosmarinus officinalis >100 Myr, whereas each ST tends to cluster in
botanical families such as Oleaceae, Leguminosae or Lamiaceae (Figure 4). Recently, the
phylogenetic relationship among 55 Xf sequence types and their known hosts was tested
for co-evolutionary congruence, obtaining no significant co-evolutionary fit [35]. Other
results indeed would be surprising, since by definition co-evolution occurs only between
organisms interacting in time and space and, as we explained before, most of the 579 listed
Xf hosts are non-American plants. In addition, the evolutionary history of the formation
scales of plants and Xf differ in several Myr [36]. In general terms, we conclude that the
likelihood of each Xf genetic lineage sharing hosts does not decline continuously as a
function of evolutionary distance, and this relationship is erratic.

The frontiers between agriculture and wild landscape in the Balearic Islands are fre-
quently diluted by the presence of the widespread wild olive trees as a primary competitive
colonizer of uncultured soils. Wild olive trees serve in many instances as corridor species
connecting agricultural settlements with scrub vegetation and forests, and thus are prone
to Xf exposure. Therefore, analyzing the results of all plants tested, whether positives or
negatives, adds new insights into the host-range of each Xf genetic group. For example,
244 samples of Quercus ilex were analyzed in the Balearic Islands and all tested negative for
Xf, despite oak stands live sympatrically with wild olive trees and in several of the sampled
locations adjacent to almond orchards where 100% ALSD incidence is common. Moreover,
no symptoms were obtained when Q. ilex samplings were inoculated with isolates of ST1
and ST81 during a two-year assay, confirming that holm oak is not a host for these strains
(LOSVIB, unpublished results). There seems to be a strong genetic barrier to infection of
holm oaks by strains ST1 and ST81, since the vector P. spumarius is frequently captured in
their canopy. Less is known about the resistance of holm oaks to strain ST80 of subspecies
pauca, since holm oaks are very scarce in Ibiza. The same can be said about Aleppo pine
(n = 41 samples all negative), with respect to its resistance to Xf which together with oaks
constitute the main forests in the Balearic Islands. Other important trees and shrubs species
common on the three islands and thus which have been exposed to the genetic spectrum
of Xf during many years such as Ulmus minor (n = 264), Pistacia lentiscus (n = 279), Myrtus
communis (n = 129), Juniperus oxycedrus (n = 68) and Juniperus phoenicia (n = 83) seem to be
non-hosts to the three Xf sequence types detected in Mallorca. In addition, we can claim,
with high confidence, that Citrus spp. (n = 793 samples analyzed) and carob tree (1 = 37)
also seem to be non-hosts to the Xf genotypes found in the Balearic Islands.

8. Xf-Water Relationship

Perhaps the main reason why Xf was overlooked for so many years in the Balearic
Islands is the overlap between drought and Xf-induced symptoms during summer. Years
with wetter late-springs correlate with a delay of the onset of ALSD symptoms and
milder severity [15]. Similar effects of late-spring rain on decreasing disease severity
have also been observed for wild olive trees in Mallorca in 2017, 2018 and 2019. By con-
trast, years with drier springs exhibit more severe symptoms, increasing the perception of
landscape drought.

The effect of drought on Xf behavior within the plant vascular system is not well
understood, though branch and crown diebacks in woody hosts seem to be more severe
in drier climates, such as the Mediterranean climate. The large differences reported on
ALSD incidence and mortality in irrigated almond orchards in California (average < 2%)
compared to those in rainfed almond fields in Mallorca (>78%) [21], suggest that stom-
atal conductance plays a significant role in Xf colonization and thus in its transmission.
Furthermore, the fact that almond irrigated fields in Mallorca are scarcely affected by Xf
as occurs in California supports the view that irrigated plants reduce disease expression
and likely transmission between trees within and among orchards. Similarly, PD severity
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in vineyards increases with drought in California both in the field and under controlled
experiments [37]; although the effect of drought on infected grapevines seems to be lesser
than on almonds, since even well-irrigated grapevines become infected and express disease.
In recent inoculation experiments, 29 out of 30 rootstock-scion combinations irrigated
throughout the experiment to soil field capacity developed PD symptoms irrespective of
the soil moisture [21]. Understanding why severity is modulated by water potential in
so many hosts while not in others could provide interesting clues for understanding the
mechanism that triggers Xf from a ‘planktonic’ lifestyle (commensal endophyte) to a sticky
pathogenic stage [38].

The relationship between water and disease epidemiology could be even more com-
plex. It has been shown that the ALSD progress curve entered in the exponential stage
between 2004 and 2010, the extended period of wet springs favoring almond tree productiv-
ity [15]. Spring precipitation might be conducive to higher populations of P. spumarius and
other potential vectors thus increasing the likelihood of transmission. In turn, wet springs
usually correlate with a decrease in the mean temperature that slows Xf multiplication
within the plant. However, the effect of climate conditions on the population dynamics of
the vector and the pathogen within the hosts remains poorly studied.

9. Conclusions

After Xf was first detected in October of 2016, a debate took place between the
European Commission and the Balearic Government regarding the need to implement
eradication or contingency measures. Retrospectively, after more than four years of huge
sampling effort and research, it has been shown that neither of those proposed measures
was epidemiologically sound, since the pathogen was already widespread and established
in the fields for several decades. The reconstruction of the landscape epidemiology of Xf in
the Balearic Islands, specially concerning that of PDs and ALSD, has important implications
for European plant health policy by calling into question the adequacy of eradication and
contingency strategies without any prior investigation into the epidemiological history of
the outbreaks that are intended to be contained.
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