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Abstract

The invasive plant pathogen Xylella fastidiosa currently threatens European flora through the loss of economically and cultur-
ally important host plants. This emerging vector- borne bacterium, native to the Americas, causes several important diseases 
in a wide range of plants including crops, ornamentals, and trees. Previously absent from Europe, and considered a quarantine 
pathogen, X. fastidiosa was first detected in Apulia, Italy in 2013 associated with a devastating disease of olive trees (Olive Quick 
Decline Syndrome, OQDS). OQDS has led to significant economic, environmental, cultural, as well as political crises. Although 
the biology of X. fastidiosa diseases have been studied for over a century, there is still no information on the determinants of 
specificity between bacterial genotypes and host plant species, which is particularly relevant today as X. fastidiosa is expand-
ing in the naive European landscape. We analysed the genomes of 79 X. fastidiosa samples from diseased olive trees across 
the affected area in Italy as well as genomes of the most genetically closely related strains from Central America. We provided 
insights into the ecological and evolutionary emergence of this pathogen in Italy. We first showed that the outbreak in Apulia 
is due to a single introduction from Central America that we estimated to have occurred in 2008 [95 % HPD: 1930–2016]. By 
using a combination of population genomic approaches and evolutionary genomics methods, we further identified a short list 
of genes that could play a major role in the adaptation of X. fastidiosa to this new environment. We finally provided experimental 
evidence for the adaptation of the strain to this new environment.

DATA SUMMARY
All the sequencing data have been deposited in the NCBI SRA 
database under the BioProject PRJNA505446 (Submission ID: 
SUB4579352). All the supporting data have been provided 
through supplementary data files.

INTRODUCTION
The introduction of a pathogen in a new environment can have 
highly detrimental impacts on human health or agriculture. 
While several factors underlying the emergence of pathogens 
have been identified, the expansion of the human population 

and globalization of trade are considered as the two most 
important ones [1]. A number of human disease outbreaks are 
of zoonotic origin while many agricultural plant pathogens 
result from the spillover of wild reservoirs into cultivated 
areas [2]. Several recent outbreaks emphasize the rapidity 
with which an emerging pathogen can then spread across the 
world thanks to human activities when the environmental 
conditions are met. However, only a few microorganisms 
introduced in a naive environment will lead to an outbreak. 
The ability of the introduced microorganism to withstand the 
biotic and abiotic pressures that it will encounter in this new 
habitat is indeed key to its establishment and growth [3]. The 
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adaptation of the invader is a crucial factor contributing to 
invasion success.

In the case of pathogenic microorganisms, interactions with 
their hosts are crucial to colonization and establishment [4], 
as hosts represent their primary, and sometimes only, habitat. 
The composition and genetic diversity of the host population 
and of its resident microbiota present in the new environment 
play a major role in the establishment, growth and spread 
of the introduced microorganism. For instance, in agricul-
tural landscapes, the high density and uniformity of crop 
plants that microorganisms encountered in monocultural 
systems are highly conducive to the emergence and spread 
of pathogens [5]. Although the main factors leading to the 
emergence of pathogens and the stepwise process leading to 
it have been deciphered [3, 6, 7], the origins of the emerging 
pathogens as well as the genetic mechanisms underlying host 
adaptation are usually difficult to assess [2]. Understanding 
the ecological and evolutionary history of disease outbreaks 
is however crucial to developing sustainable plant protection 
strategies [5].

The plant- associated bacterium Xylella fastidiosa is known 
for causing devastating epidemics in several crop species. 
Indeed, while it does not produce disease symptoms on most 
of its host plants, X. fastidiosa has been reported to cause 
several diseases in crops (e.g. grapevines, almonds, coffee, 
sweet orange, peach), ornamentals (e.g. oleander, hibiscus), 
and trees (e.g. oak, sycamore, elm) [8]. Despite having long 
been thought to be a generalist because of its broad host range 
of at least 595 plant species [8, 9], the host range of a given X. 
fastidiosa strain is much narrower, infecting a limited number 
of plant species, and causing disease in a small number of plant 
species [10, 11]. Three main X. fastidiosa’s subspecies, namely 
fastidiosa, multiplex, and pauca, have so far been described, 
each of them displaying a different host range [12, 13]. These 
subspecies have been further divided into sequence types 
(ST) based on their allelic profile of seven housekeeping 
genes (MLST genotyping) [14]. Besides this wide host range, 
X. fastidiosa is transmitted by all xylem- sap feeding hemip-
terans without apparent specificity [8], implying that native 
insect vector species are readily available for pathogen spread 
virtually anywhere in the world [8, 13].

Previously thought to be restricted to the Americas, the recent 
detection of X. fastidiosa in Europe has raised new concerns 
worldwide due to its highly noxious potential. Reported for 
the first time in Italy in 2013 [15], its subsequent spread across 
Southern Apulia has led to the death of several millions of 
olive trees, with significant environmental, social, political 
and economic consequences. This first confirmed report in 
Europe was soon followed by its progressive detection in 
several other E.U. countries, with X. fastidiosa reportedly 
infecting over one hundred plant species [9]. A major concern 
regarding this pathogen gradually expanding its geographical 
range worldwide is its ability to form novel associations with 
host plants [8]. However, the genetic mechanisms driving X. 
fastidiosa adaptation to novel plants or environments remain 
unknown. The emergence of X. fastidiosa in Italy represents 

an opportunity to study the ecological and evolutionary 
processes driving and unfolding with an emerging bacterial 
plant disease epidemic. Within this framework, here we used 
genomic tools to analyse a population of X. fastidiosa isolates 
obtained from olive trees across the affected area in Southern 
Italy.

METHODS
Samples collection
Twig samples from 75 olive trees (Olea europaea cv. ‘Cellina 
di Nardò’ or ‘Ogliarola Salentina’) showing typical OQDS 
symptoms were collected between 2013 and 2017 in Apulia, 
Italy, from different foci emerging as the epidemic continued 
spreading in the region. The data can be visualized here: 
https:// microreact. org/ project/ 9Ywd h72F hz7g ihnv uuJya2. 
X. fastidiosa was successfully cultured from 65 of these 
samples onto BCYE medium [16] as previously described 
[17]. After triple cloning, X. fastidiosa clones preserved in 
a −80 °C freezer had their DNA extracted for sequencing 
purposes using the DNeasy Plant Mini kit (Qiagen, Valencia, 
CA, USA). For the ten samples for which colonies could not 
be obtained, DNA was directly extracted from twigs using 
the CTAB- based protocol as described in [18]. Samples were 
sent for Illumina sequencing at the QB3 Vincent J. Coates 
Genomics Sequencing Laboratory (Berkeley, CA, U.SA.). 
Each sample was sequenced twice (40 samples) or three 
times independently (35 samples - including the ten total 
DNA samples) using the Illumina HiSeq 4000. Raw reads of 
individual isolates were combined for further analyses. One 
isolate (APL16) was removed from the analyses because of 
low- quality sequencing. All raw reads and metadata have 
been submitted to the NCBI SRA database (Submission ID: 
SUB4579352, BioProject PRJNA505446).

Impact Statement

Xylella fastidiosa is an emerging plant pathogenic bacte-
rium causing several diseases of economic importance 
worldwide. First detected in Europe in 2013, it has already 
caused the death of millions of Italian olive trees and is 
continuing to spread in the affected region. By analysing 
a population of strains from Italian olive trees along with 
closely related genomes from other plant species and 
locations, we have shown that the outbreak is due to a 
single introduction from Central America which would 
have occurred in 2008 [95 % HPD: 1930–2016]. We have 
further identified a few genes likely to have played a role 
in the adaptation of the introduced strain in this naive 
environment. This is the first study tackling the enduring 
question of the genetic determinants of X. fastidiosa 
adaptation to a new environment and sheds light on 
processes linked to the emergence of devastating plant 
diseases.

https://microreact.org/project/9Ywdh72Fhz7gihnvuuJya2
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De novo assembly and phylogenetic analyses
The De Donno genome was reassembled with Unicycler v0.4.4 
[19] using a combination of the Illumina and Pacbio raw 
reads previously published [20] and the default parameters. 
The assembly was then circularized using Circlator v1.5.5 
[21]. As the De Donno plasmid could not be closed and 
circularized using a combination of Unicycler and Circlator, 
the Recycler v0.7 algorithm dedicated to plasmid assembly 
[22] and Circlator were used instead. An assembly generated 
by SPAdes v3.9.0 using the careful parameter with -k of 21, 
33, 55, 77 and 99 [23] was used as an input of Recycler. The 
combined De Donno assembly thus generated was of similar 
length (2492475 bp for the chromosome and 35441 bp for the 
plasmid) as the one previously obtained [20] but of a higher 
quality; notably the sequencing errors from PacBio reads were 
corrected by the Illumina reads. The assembly was eventually 
manually curated to correct for the few remaining sequencing 
errors detected. All other isolates – including the three Costa 
Rican isolates previously sequenced and for which raw reads 
are publicly available on NCBI - were de novo assembled using 
SPAdes v3.9.0 with the careful parameter and -k of 21, 33, 55, 
77 and 99. The contigs were then reordered using progres-
siveMauve v2.4.0 [24] before being annotated with Prokka 
v1.13.3 [25]. A ST53 pangenome was obtained using Roary 
v1.14.6 [26] and the 64 Apulian isolates sequenced for this 
project, the five isolates from this region previously sequenced 
and published (CoDiRO, De Donno, SQ here named APL87, 
Salento- 1 and Salento- 2) [12, 20, 27, 28] as well as the three 
ST53 Costa Rican isolates (COF0407: XFAS006- SEQ- 1- 
ASM- 1, OLS0478: XFAS005- SEQ- 1- ASM- 1 and OLS0479: 
XFAS004- SEQ- 2- ASM- 1). The core genome alignment was 
used to build a ST53 Maximum Likelihood tree using RaxML 
v8.2.12 [29]. The best- scoring tree was generated using the 
GTRGAMMA substitution model and 1000 bootstrap repli-
cates. In a similar manner, a ML tree of subsp. pauca was built 
using all the published pauca genomes as well as the ones 
generated in this study. The Apulian core genome alignment 
was used to construct a haplotype network. The network was 
built using the HaploNet function in the R package ‘pegas’ 
v1.0 [30], which calculates the number of mutations within 
the dataset.

Whole genome comparisons
Two different approaches were used to compare the whole 
genomic sequences of the X. fastidiosa isolates infecting 
olive trees (Olea europaea) in Italy and the isolates infecting 
coffee (Coffea sp.) and oleander (Nerium oleander) in Costa 
Rica. First, the Harvest suite designed to obtain a rapid core- 
genome alignment for bacterial genomes [31] was applied 
to all ST53 isolates. Secondly, we used the breseq pipeline 
developed by Deatherage and coauthors to detect mutations 
in microbial re- sequenced samples [32]. In both cases, the 
Costa Rican coffee strain COF0407 was used as a reference. 
SNPs and indels were independently plotted using the circlize 
R package v0.4.12 [33]. Ancestral (lineage- specific) and recent 
(strain- specific) introgression events in the ST53 data set were 
determined using FastGEAR and the default parameters [34]. 

Genomic region copy number variation was calculated with 
the CNOGpro R package v1.1 [35]. Briefly, FASTQ files for 
each Apulian field collected isolated were mapped against 
genome assembly Pr8x (ASM145629v1) using Bowtie2 
v2.3.4.1 [36]. Samtools v1.8 [37] was then used to convert 
SAM files into BAM and subsequently sort them. Finally, 
individual hit files were constructed following the instruc-
tions listed in the CNOGpro manual. Copy number variation 
(CNV) was calculated through a Hidden Markov Model and 
using 1000 bootstrap replicates to estimate confidence inter-
vals. CNV was calculated over a window size of 100 bp after 
correcting for GC bias. The Pr8x genome assembly was again 
used as a reference. A flow chart summarizing the different 
tools used in this study is provided (Fig. S1, available in the 
online version of this article).

Detection of regions under positive selection and 
selective sweeps
First, Tajima’s D test were performed on the Apulian core 
genome alignment using the PopGenome R package v2.7.5 
[38] and a sliding window of 500 bp. Second, in order to assess 
evidence of selection at the gene level, a gene- based approach 
using a combination of maximum- likelihood and counting- 
based approaches to infer the ratio of substitution rates at 
non- synonymous and synonymous sites (dN/dS) was used. 
This test, called SLAC (Hyphy’s v2.5.14), enables to test for 
pervasive selection within a population [39, 40]. We found 
homologous sequences for each functionally characterized 
gene within the Apulian population. We focused on genes 
with defined functions since a significant proportion of the 
hypothetical genes in the data set were partial sequences or 
singletons. Homologous sequences were defined and aligned 
using GET_HOMOLOGUES v2 [41] and Macse v2.03 [42]; 
individual ML gene trees were constructed with RAxML 
v8.2.12. The gene alignments and ML trees were then used 
as input for SLAC.

Molecular dating
To perform inference of divergence times, we performed a 
core genome alignment using the 72 ST53 isolates as well 
as 48 previously published X. fastidiosa genomes [12]. 
Recombining regions were identified using ClonalFrameML 
[43] and subsequently removed. Due to the limited number 
of SNPs found within our Italian isolates, we only applied 
molecular rate dating to extract node ages for branching 
events; Bayesian inferences were performed using BEAST 
v1.8.4 [44] using the evolutionary rate previously found for X. 
fastidiosa (7.62×10−7 substitutions per site per year [12]) and 
the same parameters as in that work. Five independent chains 
in which samples were drawn every 10 000 MCMC steps from 
a total of 100 000 000 steps were run, after a discarded burn- in 
of 10 000 000 steps. Convergence to the stationary distribu-
tion and sufficient sampling and mixing were checked by 
inspection of posterior samples (effective sample size >200). 
Parameter estimation was based on the samples combined 
from the different chains. The best- supported tree was esti-
mated from the combined samples using the maximum clade 
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credibility method implemented in TreeAnnotator as previ-
ously described [12].

Read mapping, SNP calling and Mantel test
Read mapping and SNP calling were performed as in [12], 
using as reference the newly assembled De Donno genome. 
Reads statistics are summarized in Table S1. Correlation 
between genetic and geographic distance among Apulian 
isolates was assessed using a Mantel test using the ecodist R 
package and 10 000 permutations [45]. Genetic distance was 
calculated as the Bray- Curtis dissimilarity between isolates 
while geographic distances were computed as Euclidean 
distances.

Plant inoculations, X. fastidiosa pathogenicity and 
transmissibility assessment
Ten Olea europeae and three Coffea sp. plants were needle- 
inoculated in January 2018 using a turbid suspension of the 
strain De Donno (~109 cells ml−1) as previously described 
[17]. In parallel, three coffee and three olive plants were 
mock- inoculated (i.e. inoculated with resuspension buffer 
only). The small number of coffee plants used was due to the 
limited availability of this plant species for experimentation 
when the work was performed. Bacterial colonization of the 
inoculated plants was monitored by real time PCR [46] on leaf 
petioles sampled at the inoculation points and at the distal 
points (up to 20 cm far from the inoculation point) [17]. From 
the plants that yielded positive qPCR- results at the distal 
points, culturing was then performed to confirm bacterial 
multiplication and systemic infections. In the case of olives, 
isolation was performed from twigs as previously described. 
For coffee, isolation was made from four leaf petioles and 
midribs homogenized in Phosphate- Buffered Saline – PBS 
(1 : 10 W:v); ten- fold serial dilutions of the extracts were plated 
onto Periwinkle Wilt Gelrite (PWG) medium and incubated 
at 28 °C for 4–8 weeks. The tissues used for bacterial isola-
tion from olive and coffee plants were chosen according to 
previous publications to yield the highest X. fastidiosa popula-
tions while limiting contamination and inhibitors [17, 47]. 
Symptoms were visually assessed every month for a period 
of almost 2 years.

To assess the bacterial transmissibility from the two host plant 
species, two olive and two coffee plants testing positive by 
qPCR, and from which colonies were successfully isolated, 
were used for transmission tests using X. fastidiosa- free 
adults of Philaenus spumarius (the vector species of impor-
tance locally in Italy). Between 20 and 25 adult specimens 
were caged on each infected plant for 3 days of acquisition 
access period (AAP). Following the AAP, insects in groups 
of five individuals were transferred to periwinkle or young 
olive plants (cultivar Cellina di Nardò), for a 3 day inocula-
tion access period (IAP), as previously done [48, 49]. Insects 
recovered after the IAP were individually tested by qPCR 
for X. fastidiosa, and transmission was then assessed by 
testing the recipient plants for the presence of X. fastidiosa; 
periwinkle recipient plants were tested 3 months after the 

IAP and olive trees 6 months after the IAP. A higher number 
of olive trees than periwinkle plants were used as recipient 
plants since (i) periwinkle plants after the IAP often suffer 
from fungal root attack compromising the experiments and 
(ii) olive trees correspond to the plant species of interest in 
Apulia, Italy. Three independent transmission experiments 
were performed in late summer 2019 (approx. 20 months after 
the inoculation of the source plants).

RESULTS

The outbreak in Apulia is the result of a recent 
single pathogen introduction
The genome sequences of 75 X. fastidiosa samples collected 
from olive trees between 2013 and 2017 were generated. The 
average depth of coverage for most samples was 144- fold, 
while ten samples were sequenced from total plant DNA 
with average 11- fold depth of coverage (Table S1; one isolate 
was dropped due to poor quality). Because the latter ten 
samples had lower depth of coverage they led to incomplete 
de novo assemblies; as such those samples were only used for 
genomic comparisons described below and are summarized 
in Fig. S1. Five previously published isolates from olive trees 
in Apulia were used, as well as three Costa Rican strains that 
served as the most closely related outgroups available [12], 
and confirmed with a phylogenetic approach (Fig. 1b). The 
tree showed a monophyletic group including all Apulian 
isolates along with three closely related isolates from Costa 
Rica (this clade/population with the Costa Rican and Apulian 
isolates is commonly known as ST53). The Costa Rican 
strain from coffee (COF0407) is a sister taxon to the Apulian 
isolates while the two other Costa Rican strains isolated from 
oleander (OLS0478 and OLS0479) share an older ancestor on 
the phylogeny (Fig. 1a). A total number of 1355 SNPs were 
detected in the dataset including the Costa Rican isolates 
(ST53 clade) when mapped to the reference strain De Donno, 
while 455 SNPs were observed within the olive population 
alone.

To estimate the introduction date of X. fastidiosa in Apulia 
a maximum likelihood SNP- based phylogeny of the ST53 
population was constructed using additional previously 
published genomic data [12], resulting in 120 genomes and 
a time span of 33 years. Applying this previously obtained 
substitution rate, an introduction date of 9.4 years [95 % 
highest posterior density (HPD): 1.4–87.4 years] before our 
latest sample of 2017 was obtained, that is to say 2008 [95 % 
HPD: 1930–2016] (Fig. S2). The credible interval obtained 
here is similar as in a prior study that included X. fastidiosa 
genomes from various subspecies and regions (95 % HPD: 
1952–2015) [12]. In order to test whether we could use a 
phylogeography approach to reconstruct the spread of X. 
fastidiosa in Apulia, we performed a Mantel test. The test 
indicated no association between genetic and geographic 
distances among isolates (r=5.35×10−3, P- value=0.37). This 
lack of spatial correlation is illustrated by a star- like haplotype 
network of the OQDS isolates (Fig. 1c), and can be further 
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visualized here: https:// microreact. org/ project/ 9Ywd h72F 
hz7g ihnv uuJya2.

Recombination events within the ST53 population
Two different lineages were detected within the ST53 popula-
tion. The first one includes all Apulian isolates and the Costa 
Rican coffee strain (APL- COF) while the second one includes 
the two Costa Rican strains coming from oleander (OLS, Fig. 
S3). No ancestral recombination event (between lineages) was 
detected, while four recent (between isolates) events were 
identified. Two introgression events of 19.2 kb and 23.7 kb 
of the APL- COF lineage into Costa Rican oleander isolate 
OLS0478 were observed while the two other events consisted 
of the introgression of segments from an ‘unknown’ lineage 
into COF0407 and APL38, of 1.9 kb and of 14.8 kb respectively 
(Fig. S3). The removal of the recombinant segments did not 
change the ST53 phylogeny.

Whole genome comparison between Costa Rican 
and Apulian isolates
An analysis of the pangenome of the ST53 clade revealed that 
its core genome was composed of 1557 genes, which repre-
sents 65 % of the De Donno genes (Fig. S4). The ST53 core 

genome was primarily composed of genes involved in essen-
tial physiological functions (Fig. S4). An additional 518 genes 
were present in the soft- core genome – corresponding to the 
genes present in ≥95 % of the genomes (Fig. S4). The core 
and soft- core genomes together are more likely to represent 
the core genome due to assembly and annotation limitations 
[50–52].

To identify potential loci linked to X. fastidiosa adaptation to 
olive trees and Apulia biotic and abiotic stresses, we hypoth-
esized that the genes should either be present in all isolates 
from olive trees and absent in the ST53 strains from Costa 
Rica (i.e. gene acquisition), country where olive trees are rare 
[53], or contain non- synonymous mutations in all Apulian 
isolates in comparison to the Costa Rica strains [54, 55]. As 
loss of functional mutations (including null mutations, i.e. 
complete gene deletion) have been shown to play crucial roles 
in the adaptation of several pathogens to new hosts, a third 
non- exclusive scenario that could lead to host adaptation 
would be deletion of certain genes within the olive- infecting 
population that were present in the Costa Rican strains 
[56, 57]. We thus looked for (i) insertion or duplication events, 
(ii) deletions and (iii) non- synonymous mutations shared 
by the Apulian population. We found five genes present in 

Fig. 1. The X. fastidiosa outbreak in Apulia is due to a single introduction from Costa Rica (a, b) followed by its establishment and spread 
(c). X. fastidiosa subsp. pauca (b) and ST53 (a) maximum likelihood phylogenetic trees including all the sequenced Apulian isolates. A X. 
fastidiosa subsp. fastidiosa strain was used as an outgroup in (b). The Apulian isolates appear in green (region of origin: Lecce), orange 
(Brindisi) and pink (Taranto) based on their region of origin while the Costa Rican strains appear in blue. Bootstrapping values over 80 % 
corresponding to 1000 replicates are indicated by an asterisk (a, b). C shows the haplotype network linking X. fastidiosa isolates from 
Apulia.

https://microreact.org/project/9Ywdh72Fhz7gihnvuuJya2
https://microreact.org/project/9Ywdh72Fhz7gihnvuuJya2
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all Apulian isolates and absent in those from Costa Rica: a 
frameshifted alkaline phosphatase (PhoA, B9J09_02565), an 
autotransporter translocation and assembly factor annotated 
as a pathogenicity protein (TamB, B9J09_08570), a zonula 
occludens toxin (P- loop_NTPase, B9J09_08545), a protein of 
unknown function (B9J09_05845) and a predicted transcrip-
tional regulator (B9J09_01520).

We then compared the Apulian and Costa Rican strains using 
breseq [32] using the coffee strain (COF0407) as reference. 
Sixty- three genes in the chromosome and fifty- four in the 
plasmid evidenced mutations in all Apulian isolates when 
compared to the Costa Rican ones (Fig. 2). All shared muta-
tions present in the plasmid corresponded to complete gene 
deletions (Fig.  2a, Table S2), primarily genes involved in 
plasmid maintenance, conjugation and replication (Fig. 2b, 

Table S2). Apart from phage- related genes, those in the 
chromosome were involved in metabolism (acetolactate 
synthase, ABC transporter substrate- binding protein), 
DNA replication (DNA primase and ATP- dependent heli-
case), signalling (hybrid sensor histidine kinase (rpfC), 
two- component system response regulator (rpfG) [58] and 
SPFH/Band 7/PHB domain protein [59, 60]), gene expres-
sion (helix- turn- helix domain containing protein, transcrip-
tional regulator Crp), cell wall growth/lysis [61] (lysozyme 
and UDP- N- acetylmuramoyl- l- alanyl- d- glutamate-−2, 
6- diaminopimelate ligase), peptidase, ATP synthase and 
pathogenesis (zonula occludens toxin, Fig. 2c, Table S2). We 
note some of the genes also encoded for proteins of unknown 
function that were either complete or incomplete (i.e. pseu-
dogenes, Fig. 2, Table S2).

Fig. 2. Mutations shared by the entire Apulian population. The types (one circle corresponding to one mutation type) and positions of the 
shared mutations are shown on the Costa Rican coffee strain genome, COF0407 (a). The names appearing outside the circle correspond 
to the names of COF0407 contigs (a). Functions of the proteins with mutations (SNPs or indels) encoded in the plasmid (b, n=54) and 
chromosome (c, n=63).
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Using a second comparative approach, the rapid core- genome 
alignment software Parsnp, we found shared synonymous and 
non- synonymous mutations among the Apulian population. 
These mutations were also found using the previous approach 
confirming our results (Table S2). Finally, analyses of the copy 
number variations of protein- coding and intergenic regions 
of the ST53 genomes did not reveal conserved duplication 
events in the Apulian population (Fig. S5).

Detection of selection in the Apulian population
As positive selection is considered to be an important 
mechanism of adaptation, two different statistical methods 
were undertaken to investigate signs of adaptation in the 
Apulian population: a frequency- based method (Tajima’s D) 
and a gene- based method (SLAC) [39]. A negative value of 
−2.9 was obtained for the Tajima’s D test indicating a surplus 
of rare alleles [62]. In order to determine whether we could 
detect genes under positive selection, a test combining 
maximum- likelihood and counting- based approaches to 
measure the dN/dS ratio was used (SLAC). This approach 
tested for pervasive selection at individual sites [39]. As many 
of the genes encoding for proteins of unknown functions 
were either incomplete or shared only by a few isolates, they 
were not included in the analyses (see, Methods). Most of the 
genes that were tested showed no variation - i.e. genes were 
found to be under neutral selection, dN/dS ≈ 1 (Table S3). 
However, dN/dS>1 were obtained for 115 genes, indicating 
positive selective pressure on those genes. Eighty- four genes 
were also found to have dN/dS<1, indicating the presence 
of genes being under purifying selection in the data set. The 
following categories showed at least a 25 % enrichment among 
the genes under positive selection in comparison to the genes 
under neutral evolution: cell motility, intracellular trafficking, 
signal transduction, energy production and conversion, 
defence mechanisms, coenzyme transport and metabolism, 
lipid transport and metabolism with cell motility displaying 
the highest enrichment (Fig. 3).

Coffee plants are poor sources of the Apulian strain 
for vector spread
In order to test whether the Apulian strain De Donno could 
infect coffee, we mechanically inoculated this strain into 
three coffee and ten olive plants in a greenhouse. While 
mock- inoculated plants remained negative for the length 
of the experiment, 1 month post- inoculation, all plants 
were positive for X. fastidiosa at the inoculation point 
(qPCR- based detection). At 10 months post- inoculations, 
distal leaves (~10–15 cm above the point of inoculation) 
were tested; seven of ten olive plants tested positive at these 
distal points, but all coffee plants were negative. The test 
was repeated at 18 months post- inoculation with two out 
of three coffee and seven out of ten olive trees testing posi-
tive at distal points; X. fastidiosa colonies were recovered 
from these positive plants. At 10 months post- inoculation, 
initial shoot dieback was first observed in three out of the 
seven infected olives. Leaf scorching was observed in the 
coffee plants but symptoms could not be associated with 
X. fastidiosa infections as they were also present in the 
mock- inoculated plants. By the end of the second year 
post- inoculation, all seven infected olive plants showed 
typical OQDS symptoms, whereas no clear symptom could 
be observed in the two X. fastidiosa infected coffee plants. 
A transmission experiment using the insect species driving 
the OQDS epidemic in Italy, namely the spittlebug Philaenus 
spumarius, was performed to test for pathogen spread from 
olive and coffee plants (Table S4). Results showed that the 
acquisition and the overall transmission rate when coffee 
plants were used as a source for the spittlebugs were lower 
than when using olive plants. Overall, these experiments 
showed that (i) the olive infecting strain can colonize and 
multiply in coffee plants and that (ii) coffee plants may 
represent a latent carrier of the bacterium; (iii) coffee plants 
are a poor acquisition source for De Donno transmission by 
spittlebugs when compared to olive trees.

Fig. 3. Functional categories of the genes found to be under negative selection (Ω<1, n=84), neutral (Ω=1, n=628) and under positive 
selection (Ω>1, n=115) within the Apulian data set.
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DISCUSSION
While Xylella fastidiosa causes severe disease symptoms in 
some crop plant species, most strains- plant species interac-
tions result in asymptomatic infections, which unfortunately 
facilitate the global trade of X. fastidiosa infected plants. 
After the detection of X. fastidiosa in Apulia in 2013, several 
confirmed reports have now been made elsewhere in Italy, 
as well as in France, Spain, Portugal [63]. We focused on the 
first X. fastidiosa outbreak in Europe and confirmed that the 
epidemic devastating olive trees in Apulia was caused by the 
introduction and subsequent establishment of a single X. 
fastidiosa subsp. pauca strain from Central America, likely 
Costa Rica – as previously suggested by studies using MLST 
data [64, 65]. By using a tip- dating approach, we estimated 
that this introduction would have occurred in ~2008 [95 % 
HPD: 1930–2016]. We note that this estimate is similar to the 
previous one (i.e. 2008 [95 % HPD: 1952–2015]), the latter 
estimation having been previously made using a similar 
approach with only a subset of the strains used here [12]. 
Besides the higher number of strains used in our study, the 
reassembly of the De Donno strain generated here, correcting 
for sequencing errors generated by PacBio reads, did not 
impact this estimation. One important component of such 
dating efforts is that we cannot ascertain if the proposed 
introduction date of 2008 represents an inference on the time 
when the pathogen was first introduced into Apulia, when 
it first adapted to olive trees as a host plant, or when the 
epidemic effectively initiated. Lastly, while the pathways for 
the different X. fastidiosa introduction events that have taken 
place in Europe might differ, similar introduction dates were 
obtained regarding the introduction of X. fastidiosa subsp. 
multiplex strains in Corsica, France using a meta- population 
approach (estimated to have occurred between 1985 and 2000 
[66]); and the introduction of X. fastidiosa subsp. multiplex 
and fastidiosa strains in Mallorca, Spain, estimated to have 
occurred around 1993 using a range of approaches including 
tree ring data and a molecular clock as used here [67]. 
Combined, these studies indicate that X. fastidiosa infected 
plant material was introduced multiple times into Europe, 
predominantly from the USA, when trade regulations were 
less strict.

The genetic relatedness among the ST53 coffee isolate from 
Costa Rica and the Apulian isolates observed in this study 
(Figs 1 and S2) along with the numerous reports of coffee 
plants infected with X. fastidiosa imported into Europe from 
Central America [68–70] point towards an introduction from 
a X. fastidiosa infected coffee plant - probably as an orna-
mental plant - into Italy. This introduction was then followed 
by subsequent establishment and adaptation to this new envi-
ronment as suggested by the evidence of positive selection. 
First, while the ST53 Costa Rican coffee strain, COF0407, 
was isolated from coffee plants displaying disease symptoms 
in 2009 [71], no symptom associated to X. fastidiosa infection 
was observed for coffee plants inoculated with an Apulian 
isolate in our study. In addition, our results indicate a slower 
colonization process of coffee plants by the Apulian strain, 
which could be the result of the adaptation of this strain to its 

new environment (olive trees), decreasing its ability to infect 
coffee plants. However, as no direct comparison could be 
made between the colonization and virulence of a ST53- coffee 
strain and the Apulian strain in coffee and olive plants, the 
conclusions based on a loss of pathogenicity in coffee plants 
require further testing. We also observed a higher number of 
X. fastidiosa infected insects and higher transmission rates 
when olive trees were used as a source of the Italian De Donno 
strain compared to coffee plants. These higher transmission 
rates observed when using olive trees as source plants could 
be due to higher bacterial population sizes within these 
plants, transmission efficiency being positively correlated 
with bacterial population in plants [72, 73]. Altogether, these 
data support a scenario in which the selection of a strain for 
faster movement and multiplication within the main host 
plant species found in this new environment - that is olive 
trees - may have occurred, thus increasing both its transmis-
sion efficiency and its virulence. The uniform physical and 
genetic environments found in monocultures has indeed been 
hypothesized to favour the emergence of host- specialized 
pathogens with increased virulence; the pathogen being 
under homogeneous selective pressure [2, 5, 13] and dispersal 
being a key step in the invasion process [3].

Another scenario, not contradictory with the previous one, 
explaining the high virulence of the Apulian strain on olive 
trees is that the interactions between the bacterium and this 
new host have not yet been finely regulated by selection 
leading to highly virulent infections [74]. The higher number 
of complete zonula occludens toxins (zot), a known virulence 
factor [75–77], within the De Donno strain (five against two 
complete zot in COF0407 and OLS0478 and one complete zot 
in OLS0479) may contribute to the pathogenicity of this strain 
in olive trees, as previously reported in grapevines [77]. In 
addition to these differences in zot copy numbers, four other 
genes - including another pathogenicity factor and a tran-
scriptional regulator - were found to be present in the Apulian 
population while absent in the Costa Rican strains. While 
zot copy number could be the result of duplication followed 
by diversification events, the four other genes would need to 
have been horizontally acquired. In addition, 78 genes mainly 
present within the plasmid (70 % of the deleted genes) were 
found to be absent in the Apulian isolates while present in 
the Costa Rican ones. These gene losses could either be adap-
tive, contributing to X. fastidiosa strain propagation success 
in Apulia or due to genetic drift [2, 78]. While gene deletion 
events, frequently found during bacterial adaptation, have 
been hypothesized to be the first phases that generally occur in 
the adaptation of bacterial populations to a new environment 
[57], deletion of genes under relaxed selection are also often 
observed during bacterial evolution undergoing population 
bottlenecks [78]. Interestingly, further comparison between 
the Costa Rican coffee strain and the Apulian strain genomes 
revealed the presence of non- synonymous mutations affecting 
11 different genes (Table S2). Most of these mutations were 
found using two different comparative approaches. Six of 
these genes were also found to be under positive selection, 
making them good candidates for X. fastidiosa’s adaptation 
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to this new environment. This included the transcriptional 
regulator crp, the genes encoding for the two proteins of X. 
fastidiosa’s quorum sensing system (rpfC, DSF membrane 
sensor kinase and rpfG, the response regulator), an ATP- 
dependent helicase, an ABC transporter substrate- binding 
protein and an enzyme involved in the biosynthesis of bacte-
rial cell- wall peptidoglycan (murE). Interestingly, a study by 
Killiny and Almeida [79] showed that disruption of quorum 
sensing signalling by knocking out rpfF (which is required 
to produce the DSF signal) increased the host range of X. 
fastidiosa. Moreover, among studies that have identified the 
molecular basis of some bacterial species host specificity, 
a structural protein from the cell envelope was shown to 
mediate the specificity between Xhenorhabdus nematophila 
and its worm host [80] while a two- component sensor kinase 
was shown to modify the host range of Vibrio fischeri [81]. 
Another ~100 genes were under positive selection within the 
Apulian population. It is noteworthy that these genes were 
enriched in categories corresponding to pathogen virulence 
(cell motility, energy production, defence mechanisms). 
Moreover, shared indels or 2 bp- substitutions were detected 
in three different genes. In order to determine whether these 
mutated genes and/or genes under positive selection are 
indeed involved in the adaptation of X. fastidiosa to this new 
environment and, to distinguish between mutations linked 
to the founder event and those involved in adaptation, func-
tional genomic studies would be required. While essential, 
such studies might be difficult to carry out with the Apulian 
isolates, which remain difficult to genetically manipulate [82].

We were able to use X. fastidiosa genomic data to accurately 
reconstruct the emergence of OQDS in Italy, including 
highlighting the similarity in disease emergence data to 
other recent reports of X. fastidiosa introductions in Europe 
[66, 67]. This is the first study aiming at addressing the long- 
standing question of the genetic determinants of X. fastidiosa 
adaptation to a new environment. While we could not provide 
a decisive answer, we have identified a short number of 
candidate genes that could be involved in the adaptation of X. 
fastidiosa to olive trees in Italy. Finally, although homologous 
recombination has so far been considered as the main driver 
of X. fastidiosa evolution and adaptation, our work suggests 
that mutations also play an important role in X. fastidiosa 
evolution and may lead to new outbreaks.
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