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Introduction

Xylella fastidiosa Wells et al. (1987) is a xylem-limited, 
fastidious phytopathogenic bacterium of the Xanthomon-
adaceae family which colonizes a very large number of 
hosts, including both cultivated and wild plant species. 
A recent review reported 309 plant species belonging to 
63 families as hosts of this species group (EFSA 2015). 
Xylella fastidiosa is transmitted by several xylem sap-feed-
ing insect vectors that primarily belong to the Hemiptera 
order and Cicadellidae, Cercopidae and Machaerotidae 
families (Purcell 2008). The European Plant Protection 
Organization (EPPO) includes Xylella fastidiosa in the A1 
list of regulated pest pathogens. Based on a DNA–DNA 
hybridization (DDH) relatedness assay and the sequenc-
ing of 16S-23S rRNA intergenic transcribed spacers (ITS), 
Schaad et al. (2004a) described and formally proposed 
the occurrence of three subspecies: X. fastidiosa subsp. 
piercei, which was later emended into subsp. fastidiosa 
(Schaad et al. 2004b); X. fastidiosa subsp. multiplex; and 
X. fastidiosa subsp. pauca. However, it should be noted 
that for the subspecies pauca the strain that is claimed to 
be representative of the taxon, namely ICMP 15198, has 
not been deposited in two publicly accessible services 
collections in two countries (Bull et al. 2010, 2012) as 
required by rule 30 of the International Code of Nomen-
clature of Bacteria (Lapage et al. 1992). Subsequently, 
based on multilocus sequence typing (MLST) analyses of 
seven housekeeping genes, two additional subspecies that 
are restricted to host plants from which the pathogen was 
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originally isolated, i.e., X. f. subsp. ‘sandyi’ isolated from 
Nerium oleander and X. f. subsp. ‘morus’ isolated from 
Morus alba, have also been proposed but not formally 
described (Scally et al. 2005; Nunney et al. 2014; Almeida 
and Nunney 2015).

Recently, a X. fastidiosa strain belonging to the subsp. 
pauca, namely CoDiRO, was found to be associated with 
the ‘olive quick decline syndrome’ and is causing severe 
damage (i.e., twig and branch wilting and plant death) in 
cultivated olive (Olea europea) trees in the province of 
Lecce (Apulia region, Southern Italy) (Loconsole et al. 
2014; Cariddi et al. 2014). Additionally, X. fastidiosa 
subsp. multiplex has recently been reported to be associated 
with the decline of the ornamental shrub Polygala myrti-
folia in some locations of southern France (i.e., Southern 
Corsica and the Maritime Alps) (EPPO 2015). The rapid 
emergence of this regulated phytopathogen in Southern 
Europe has not previously been reported, and this imposes 
the application of rapid and reliable detection techniques to 
prevent the further introduction of latently infected plant 
material. Within this framework, knowledge of the basic 
taxonomy and population structure of the pathogen is fun-
damental for the development of an efficient detection and 
prevention protocol.

The incorporation of genomic data into bacterial tax-
onomies and systematic procedures has recently greatly 
contributed to the advancement of such disciplines 
(Thompson et al. 2013, 2015; Chun and Rainey 2014; 
Kim et al. 2014; Ramasamy et al. 2014). Regarding phy-
topathogenic bacteria, this approach has contributed to 
the clarification of the taxonomic relationships among 
phytopathogenic Pseudomonas species (Scortichini et al. 
2013; Marcelletti and Scortichini 2014, 2015). In the pre-
sent study, we retrieved complete and draft genomes of 
21 X. fastidiosa strains isolated from 13 plant species that 
are cultivated on all the continents in which the pathogen 
has been reported. To infer the taxonomic relationships of 
these strains using these data, we performed the follow-
ing analyses: a) a genome-wide phylogenetic tree (Lerat 
et al. 2003) and Neighbor-net network analysis (Huson 
and Bryant 2006) using 820,088 nucleotides (i.e., approx-
imately 30–33 % of the entire genome); b) a consensus 
tree was created with 956 gene sequence alignments of 
the X. fastidiosa core genome (Huson and Bryant 2006); 
c) genome-wide-based average nucleotide identity (ANI) 
and tetranucleotide frequency correlation coefficient 
(TETRA) analyses (Konstantinidis and Tiedje 2005; 
Goris et al. 2007); and d) an MLST analysis (Maiden 
et al. 1998) with seven housekeeping genes that are cur-
rently used to type X. fastidiosa strains.

Materials and methods

Genome‑wide phylogenetic and consensus trees 
and split Neighbor‑net network

A data set containing ortholog alignment was prepared 
using a multistep procedure based on several ad hoc 
PERL scripts. First, the predicted protein sequences of all 
genomes were analyzed for the identification superfamilies 
of homologs by a procedure based on reciprocal smallest 
distance algorithm (Wall et al. 2003). Subsequent applica-
tion of the branch clustering algorithm BranchClust (Popt-
sova and Gogarten 2007) allowed delineation of families of 
orthologs within superfamilies containing one or more par-
alogous gene families. The gene families selection of the X. 
fastidiosa core genome was obtained as described by Mar-
celletti and Scortichini (2015). For the X. fastidiosa strains 
CFBP 8072 and 8073 (Jacques et al. 2015), annotation was 
performed by the RAST server (http://rast.nmpdr.org/) 
(Aziz et al. 2008), which utilized GeneMark, Glimmer and 
tRNAscan-SE searches. In total, 956 gene sequence align-
ments, spanning 820,088 nucleotide sites, were selected for 
building the phylogenetic and the consensus trees. For the 
latter, the trees from each individual DNA sequence align-
ment were obtained by recursively running PhyML using 
LC as a substitution model and nearest neighbor inter-
change (NNI) for the tree topology estimate. From the 956 
gene sequence alignment ML trees, a consensus tree was 
obtained with Splits Tree4 software (http//www.splitstree.
org), using a mean network construction (Huson and Bry-
ant 2006). In addition, with the 820,088 nucleotides, a 
Neighbor-net network was obtained with Splits Tree4 soft-
ware (Huson and Bryant 2006). The gene sequences were 
concatenated to obtain a single large alignment that was 
submitted to Neighbor-net network analysis with Splits 
Tree4 using the neighbor-joining (NJ) algorithm with the 
Hamming distance method. Bootstrap analysis with 1.000 
replications was performed by using the same software.  
X. o. pv. oryzae KACC 10331 was used as outgroup.

Average nucleotide identity (ANI) and tetranucleotide 
frequency correlation coefficients (TETRA)

To further evaluate the taxonomic relationships of 21 
strains, previously classified as Xylella fastidiosa (Table 1), 
the whole-genome-based average nucleotide identity 
(ANI) and the tetranucleotide frequency correlation coef-
ficients (TETRA) analyses were performed (Konstanti-
nidis and Tiedje 2005; Goris et al. 2007). The genome 
data from X. fastidiosa strains were downloaded from the 
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National Center of Biotechnology Information (NCBI) 
(see Table 1). The analyses of sequences for the determi-
nation of their relatedness according to ANI and TETRA 
were performed with the software JSpecies (Richter and 
Rosselló-Móra 2009). ANI was calculated using algorithms 
obtained with the data structure named suffix tree and the 
BLASTN software (Altschul et al. 1997). TETRA was used 
as an alignment-free genomic similarity index as oligonu-
cleotide frequencies carry a species-specific signal (Richter 
and Rosselló-Móra 2009). Xanthomonas oryzae pv. oryzae 
KACC 10331 was used as outgroup.

Multilocus sequence typing (MLST) analysis 
and recombination assessment

To compare the results obtained by means of the genome-
wide assessments with a commonly used approach to type 
X. fastidiosa strains, a multilocus sequence typing (MLST) 
analysis was also carried out. The maximum likelihood 

(ML) analysis was performed with nucleotide sequences 
using seven housekeeping genes (gltT, holC, lacF, leuA, 
nuoL, petC, rfbD) commonly used for the X. fastidiosa 
typing (Scally et al. 2005), for a total of 6021 nucleotides. 
ML analysis was inferred with PhyML version 3.0 (Guin-
don and Gascuel 2003), with 1000 bootstrap replicates. 
To select the best-fit model for ML, we used a phymltest 
procedure implemented in the R package APE (Paradis 
et al. 2004), and JC69 was used as best nucleotide model 
for nucleotide. The tree was visualized using FigTree 
software, version 1.1.2 (http://tree.bio.ed.ac.uk/software/
figtree/). X. o. pv. oryzae KACC 10331 was used as out-
group. To investigate homologous recombination within 
X. fastidiosa strains, with the seven housekeeping genes 
assessed by means of MLST, a recombination network 
analysis was performed by using Splits Tree4 software. In 
such evolutionary networks, reticulation indicates possible 
events of recombination among strains (Huson and Bryant 
2006).

Table 1  List of Xylella fastidiosa strains used in this study, their strain code, genome accession number and G+C percentage content

The strains CO33, CFBP 8072 and CFBP 8073 have been intercepted in Italy and France, respectively, from Coffea spp. cultivated in Central 
America

* Subspecies type strain

Strain Host plant Geographical origin Accession number %GC Genome length

ATCC 35879*
=DSM 10026
=LMG 17159
=ICMP 15177

Vitis vinifera USA (Florida) JQAP01000000 (WGS Project) 51.8 2,522,328

Temecula 1 Vitis vinifera USA (California) GCA_000007245.1 (GenBank) 51.8 2,521,148

GB514 Vitis vinifera USA (Texas) GCA_000148405.1 (GenBank) 51.8 2,517,383

Dixon
=ATCC 700965

Prunus amygdalus USA (California) AAAL02000000 (WGS project) 52.0 2,622,287

M12 Prunus amygdalus USA (California) GCA_000019325.1 (GenBank) 51.9 2,475,130

M23 Prunus amygdalus USA (California) GCA_000019765.1 (GenBank) 51.7 2,573,987

MUL0034 Morus alba USA (California) GCA_000698825.1 (GenBank) 51.9 2,666,577

Mul-MD Morus alba USA (Maryland) AXDP00000000 (WGS Project) 51.6 2,520,555

Griffin-1 Quercus rubra USA (Georgia) AVGA00000000 (WGS Project) 51.7 2,387,314

EB92-1 Sambucus canadensis USA (Florida) AFDJ01000000 (WGS Project) 51.5 2,475,426

Sy-Va Platanus occidentalis USA (Virginia) JMHP00000000 (WGS Project) 51.6 2,475,880

Ann_1 Nerium oleander USA (California) GCA_000698805.1 (GenBank) 52.1 2,780,908

ATCC35871*
=LMG 9063
=ICMP 15199

Prunus salicina USA (Georgia) AUAJ01000000 (WGS Project) 51.7 2,413,091

9a5c Citrus sinensis Brazil (Sao Paulo) GCA_000006725.1 (GenBank) 52.6 2,731,748

32 Coffea arabica Brazil (Sao Paulo) AWYH00000000 (WGS Project) 52.5 2,607,546

6c Coffea arabica Brazil (Sao Paulo) AXBS00000000 (WGS Project) 52.4 2,606,002

CO33 Coffea arabica Costa Rica—Italy LJZW00000000 (WGS Project) 51.7 2,681,926

CFBP 8072 Coffea arabica Ecuador—France LKDK00000000 (WGS Project) 51.9 2,496,662

CFBP 8073 Coffea canephora Mexico—France LKES00000000 (WGS Project) 51.6 2,582,150

CoDiRO Olea europea Italy (Apulia) JUJW01000000 (WGS Project) 52.0 2,542,932

PLS 229 Pyrus pyrifolia Taiwan JDSQ00000000 (WGS Project) 53.0 2,733,013

http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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Results

Genome‑wide phylogenetic and consensus trees, 
and split Neighbor‑net network

The genome-wide phylogenetic tree (Fig. 1), the Neigh-
bor-net network (Fig. 2), both constructed with 820,088 
nucleotides, and the consensus tree with a cutoff value of 
0.30 and based on 956 trees retrieved from the core genome 
of X. fastidiosa (Fig. 3) clearly revealed the robust occur-
rence of three distinct genetic clusters within X. fastidiosa 
that corresponded to subspecies fastidiosa, multiplex and 
pauca. Additionally, an evident divergence of the strain PLS 
229, which was isolated in Taiwan from P. pyrifolia, was 
observed. Within the subspecies fastidiosa, the three strains 
isolated from Vitis vinifera and the strains obtained from 
Sambucus canadensis and Prunus amygdalus exhibited 
lower genetic divergence compared with the other strains of 
this subspecies. Interestingly, both the trees and the Neigh-
bor-net network suggest that the five strains belonging to the 
subspecies pauca appeared to have diverged from the X. fas-
tidiosa strains of the other two subspecies (Figs. 1, 2, 3).

Average nucleotide identity (ANI) and tetranucleotide 
frequency correlation coefficients (TETRA), GC content

The 21 X. fastidiosa strains were also cross-compared 
to determine their sequence similarities. The ANI value 

calculations and the TETRA analyses are shown in Fig. 4 
and Tables S1 and S2. With the exception of PLS 229, the 
other 20 strains exhibited ANI values that ranged from 
95.69 to 99.98 %. The five strains classified as pauca as 
inferred by the genome-wide phylogenetic and consensus 
tree approaches, exhibited ANI values between 95.69 and 
96.63 % when compared with subspecies fastidiosa and 
multiplex. The ANI values for the subspecies fastidiosa and 
multiplex ranged from 97.82 to 99.93 %, and from 99.29 to 
99.95 %, respectively. The GC content (i.e., percentage) of 
the three X. fastidiosa subspecies showed different ranges: 
from 51.5 to 52.1 % in subsp. fastidiosa; from 51.6 to 52.0 % 
in subsp. multiplex; and from 51.9 to 52.6 % in subsp. pauca. 
Notably, the ANI values for PLS 229 relative to the other 
strains ranged from 83.56 to 83.96 %. This strain also exhib-
ited a GC content that was higher (i.e., 53.0 %) than those of 
the other X. fastidiosa strains (Table 1).

MLST and recombination analyses

The MLST analysis revealed the occurrence of genetic 
clusters that partially corresponded to the three subspecies, 
also highlighting the distinct nature of PLS 222 (Fig. S1). 
Two strains isolated from Morus alba that were included 
in the fastidiosa subspecies according to the genome-wide 
analyses were placed in the multiplex subspecies as diverg-
ing cluster based on the MLST analysis. The recombina-
tion networks performed with seven housekeeping genes 

Fig. 1  Genome-wide phylogenetic tree as obtained from 820.088 
nucleotides (i.e., about 30–33 % of the Xylella fastidiosa genome) 
showing the phylogenetic relationships among 21 Xylella fastidi-

osa strains. Bootstrap values are shown at the nodes. Strain legend is 
shown in Table 1. Xanthomonas oryzae pv. oryzae KACC 10331 was 
included as outgroup
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identified strong signs of recombination events within the 
X. fastidiosa strains in each of the genes assessed here 
(Figs. S2–S8). Note that each gene showed a different 
grouping of the X. fastidiosa strains.

Discussion

By applying different taxonomic approaches to 21 X. fas-
tidiosa strains, this study clearly demonstrated the occur-
rence of three distinct genetic clusters within this species. 
Additionally, our analyses also highlighted the presence of 
one clearly distinct strain, i.e., PLS 229, which was isolated 
in Taiwan from Pyrus pyrifolia (Leu and Su 1993; Su et al. 
2014). The three clusters matched with the three subspecies 
proposed and described by Schaad et al. (2004a, b), namely 
fastidiosa, multiplex and pauca. In the present study, we 
included only two of the three type strains of the subspecies 
used by these authors, i.e., ATCC 35879 and ATCC 35871 
for fastidiosa and multiplex, respectively, because the 
pauca type strain ICMP 15198 has not yet been sequenced.

According to Staley and Krieg (1984), a subspecies 
is ‘based on minor but consistent phenotypic variations 

within the species or on genetically determined clusters 
of strains within the species.’. Additionally, Wayne et al. 
(1987) stated that ‘subspecies designation can be used for 
genetically close organism that diverge in phenotype.’ Con-
cerning two pathogenic species such as Pasteurella multo-
cida and Actinobacillus equuli, Christensen et al. (2007) 
stressed that ‘phenotypic cohesion between subspecies and 
related species must be fully documented as well as associ-
ation with particular disease and host.’ In addition to differ-
ent DDH values Schaad et al. (2004a) found some differ-
ences between the three X. fastidiosa subspecies in terms 
their growth on a bacterial culture medium and in their 
sensitivity to penicillin and carbencillin, and host ranges. 
For these reasons, the designation of the three subspecies, 
which is based on current opinion and was confirmed in the 
present study, appears to be correct.

Schaad et al. (2004a) circumscribed the three subspecies 
by applying DDH and 16S-23S ITS sequencing assays. 
ANI and TETRA analyses have been found to correlate 
well with DDH, and ANI values of 95–96 % have been 
demonstrated to be equivalent to the 70 % DDH threshold, 
i.e., the value of the bacterial species boundary (Goris et al. 
2007; Richter and Rosselló-Móra 2009). Therefore, this 

Fig. 2  Neighbor-net network as obtained from 820.088 nucleotides 
(i.e., about 30–33 % of the Xylella fastidiosa genome) and regarding 
21 Xylella fastidiosa strains. Bootstrap values are shown at the nodes. 

Strain legend is shown in Table 1. Xanthomonas oryzae pv. oryzae 
KACC 10331 was included as outgroup
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Fig. 3  Consensus tree as obtained from 956 gene sequence alignment of 21 Xylella fastidiosa strains. The scale bar indicates the number of 
substitution per nucleotide position. Strain legend is shown in Table 1. Xanthomonas oryzae pv. oryzae KACC 10331 was included as outgroup

Fig. 4  Comparison of the aver-
age nucleotide identity (ANI) 
(i.e., percentage) between each 
genome of 20 Xylella fastidi-
osa strains and Xylella PLS 229 
isolated in Taiwan from Pyrus 
pyrifolia, and the outgroup 
Xanthomonas oryzae pv. oryzae 
KACC 10331. The comparison 
shows higher similarities as the 
colors get darker
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new approach has been proposed as a substitute for DDH 
in species demarcation (Richter and Rosselló-Móra 2009). 
When compared with the other 20 X. fastidiosa strains, the 
PLS 229 strain exhibited ANI values ranging from 83.56 
to 83.95 %. This difference was confirmed by other taxo-
nomic approaches used here. Indeed, in all of the dendro-
grams, this strain was found to be strongly segregated from 
the 20 genuine X. fastidiosa strains. The combination of 
the present and previous results (Chen et al. 2014) strongly 
supports the notion that PLS 229 represents a novel Xylella 
species. The name X. taiwanensis has been proposed for 
this strain (Chen et al. 2014). However, a formal descrip-
tion is necessary to properly name and describe this new 
taxonomic entity. This finding also indicates that phy-
topathogenic xylem-restricted bacteria that are transmitted 
by xylem sap-feeding insects are present also on continents 
other than North and South America.

Interestingly, we also found that the five X. fastidiosa 
strains classified as pauca that were assessed here exhibited 
ANI values in between 95.69 and 96.63 % relative to the 
other strains, suggesting that this subspecies has diverged 
from the other two subspecies. This finding was also found 
by Barbosa et al. (2015). The present study does not sup-
port the proposal for subspecies ‘sandyi’ and ‘morus’ in 
contrast to the studies of Scally et al. (2005) and Nunney 
et al. (2014). Additionally, the MLST analyses involv-
ing seven housekeeping genes that are commonly used 
to type X. fastidiosa strains provided partially discrepant 
results that suggested the inclusion of the strains obtained 
from M. alba into the subspecies multiplex. These results 
strongly support the importance of delineating taxonomic 
relationships between bacterial strains using genome-wide 
approaches.

These findings do not exclude the possibility that X. fas-
tidiosa strains of the three subspecies can exchange por-
tions of their genomes that are involved in the coloniza-
tion of and multiplication in new host plants. Indeed, it has 
been demonstrated that X. fastidiosa is naturally competent 
(Kung and Almeida 2011) and that prophage-like regions 
in the genome can exert relevant influences on genome dif-
ferentiation (De Mello Varani et al. 2008). Additionally, the 
acquisition of large mobile genetic elements can contribute 
to the augmentation of the variability within this species as 
demonstrated for the pauca strains associated with citrus 
variegated chlorosis in Brazil (Da Silva et al. 2007). Strong 
signals of gene recombination have been found also in the 
present study by assessing the seven MLST housekeeping 
genes by the recombination networks. For these reasons, 
we applied a more robust phylogenetic assay that has taken 
into consideration 956 gene families retrieved from the core 
genome of X. fastidiosa. Recently, such an approach has 
been used to elucidate γ-Proteobacteria (Lerat et al. 2003) 
and Xanthomonas taxonomy (Rodriguez-R et al. 2012).

The introduction of new X. fastidiosa strains to new 
geographic areas and subsequent intrasubspecific genomic 
introgressions and recombination with endemic strains 
have been demonstrated to play a relevant roles in shifts 
in the host ranges of the pathogen and consequent occur-
rences of new crop diseases in those areas (Nunney et al. 
2012, 2014). A relevant order of recombination between 
X. fastidiosa strains has been also detected in the pre-
sent study. The X. fastidiosa subsp. pauca CoDiRO strain 
which is currently involved in the ‘olive quick decline 
syndrome’ in Apulia region appears to be different from 
the other pauca strains that have been isolated in Central 
and South America from Citrus sinensis and Coffea ara-
bica. Genome sequencing revealed that this strain exhib-
ited the greatest similarities with a pauca strain that was 
isolated in Central America (Giampetruzzi et al. 2015) 
and is capable of infecting N. oleander, C. arabica and 
Mangifera indica (Digiaro and Valentini 2015). Other X. 
fastidiosa subsp. pauca strains infecting olive trees have 
been also detected in Argentina (Haelterman et al. 2015) 
and isolated in Brazil, and the latter strain differs from the 
CoDiRO strain based on MLST analysis (Coletta-Filho 
et al. 2016).

In the pauca strains isolated from C. sinensis in Brazil, 
Da Silva et al. (2007) found some molecular markers that 
were previously unique to the X. fastidiosa strains isolated 
in North America from other host plants. The utilization of 
specific molecular marker(s) is fundamental for the proce-
dures leading to X. fastidiosa strain identification (Guan 
et al. 2015). However, regarding the diagnostic procedures 
for quarantine protocols to be adopted, especially in the 
areas where the pathogen is not yet present, we suggest to 
develop detection techniques that are capable of discrimi-
nating X. fastidiosa strains at the subspecies level. This 
approach is required to precisely intercept a known subset 
of the genetic variability of the pathogen. Indeed, the uti-
lization of a strain-specific marker or markers that are tar-
geted to identify particular strains infecting just one plant 
host (e.g., M. alba) can lead to the unexpected contempo-
rary interception of strains of other subspecies which infect 
another crop (e.g., O. europea) (Guan et al. 2015). This 
issue is putatively related to other, still unknown, interre-
lationships between other diagnostic markers that are com-
mon to taxonomically different strains of this pathogen, and 
this possibility can cause doubts (i.e., those related to false 
positive results) especially for asymptomatic plant material 
from new, unexpected, X. fastidiosa hosts (Jacques et al. 
2015), as has been recently occurred in Southern Europe.

Subspecies description: The description of X. fastidi-
osa subspecies is based on the features provided by Schaad 
et al. (2004a) and on the data obtained from the genome-
wide assessment of the present study. For the composi-
tion of bacterial culture media, see EPPO (2004). The list 
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of major X. fastidiosa host plants has been updated even 
though new hosts could be found in the future.

Xylella fastidiosa subsp. fastidiosa (fas.tid.i.o’sa. N.L. 
m. adj. fastidiosus, highly critical, referring to the nutri-
tional fastidiousness of the organism). Strains of this sub-
species grow on the following media: PD2, PW, BCYE 
and CS20. They are less resistant to carbencillin than X. 
fastidiosa subsp. multiplex and pauca strains. Serology 
differentiates X. fastidiosa subsp. fastidiosa from X. fas-
tidiosa subsp. multiplex and X. fastidiosa subsp. pauca. 
This subspecies cause disease to grape (Vitis vinifera L.), 
almond (Prunus amygdalus L.), cherry (Prunus avium 
L.), alfalfa (Medicago sativa L.), coffee (Coffea arabica 
L. and C. canephora L.), oleander (Nerium oleander L.), 
maples (Acer spp.), American black elderberry (Sambu-
cus canadensis L.). Due to a not restricted host specializa-
tion, other cultivated and wild plant species can be infected 
and/or colonized by strains of this subspecies. An average 
nucleotide identity (ANI) assessment indicates a genome 
similarity percentage within the subspecies fastidiosa 
strains ranging from 97.82 to 99.93 %. The GC content 
of the subspecies ranges from 51.5 to 52.1 %. The type 
strain of the subspecies fastidiosa is ATCC 35879 (=ICPB 
50025 = DSM 10026 = ICMP 15197 = LMG 17159).

Xylella fastidiosa subsp. multiplex (mul’ ti. plex. adj. mul-
tiplex, numerous, named to recognize the large number of 
host plants in which the bacterium causes disease). Strains 
of this subspecies grow much faster on PW medium than on 
PD2, BCYE and CS20. They are more resistant to carbencil-
lin and more susceptible to penicillin than X. fastidiosa subsp. 
fastidiosa strains. Serology differentiates X. fastidiosa subsp. 
multiplex from X. fastidiosa subsp. fastidiosa and X. fastidi-
osa subsp. pauca. This subspecies causes disease to plum 
(Prunus salicina Lindl.), peach (Prunus persica (L.) Batsch), 
almond (Prunus amygdalus L.), sycamore (Platanus occi-
dentalis L.), mulberry (Morus alba L.), oaks (Quercus spp.), 
elms (Ulmus spp.), myrtle-leaf milkwort (Polygala myrtifo-
lia L.), Spanish broom (Spartium junceum L.). Due to a not 
restricted host specialization, other cultivated and wild plant 
species can be infected and/or colonized by strains of this 
subspecies. An average nucleotide identity (ANI) assessment 
indicates a genome similarity percentage within the subspe-
cies multiplex strains ranging from 99.29 to 99.95 %. The 
GC content of the subspecies ranges from 51.6 to 52.0 %. 
The type strain of the subspecies multiplex is ATCC 35871 
(=ICPB 50039 = ICMP 15199 = LMG 9063).

Xylella fastidiosa subsp. pauca (pau’ ca L. fem. adj. 
pauca, few, named to recognize the narrow host range of 
this bacterium). Strains of this subspecies grow more 
slowly than X. fastidiosa subsp. fastidiosa strains on PD2, 
PW, BCYE and CS20. They are susceptible to penicillin 
and more resistant to carbencillin than X. fastidiosa subsp. 
fastidiosa strains. Serology differentiates X. fastidiosa 

subsp. pauca from X. fastidiosa subsp. fastidiosa and X. 
fastidiosa subsp. multiplex. This subspecies causes dis-
ease to citrus (Citrus spp.) and coffee (C. arabica). Strains 
of this subspecies have been found associated with ole-
ander, almond, cherry and with olive (Olea europea L.) 
trees showing extensive leaf scorching/wilting and twig 
die-back in Apulia (Southern Italy), Argentina and Brazil. 
Due to a not restricted host specialization, other cultivated 
and wild plant species can be infected and/or colonized by 
strains of this subspecies. An average nucleotide identity 
(ANI) assessment indicates a genome similarity percentage 
within the subspecies pauca strains ranging from 98.01 to 
99.15 %. The ANI values related to the other two X. fastidi-
osa subspecies ranged from 95.69 to 96.63 %. The GC con-
tent of the subspecies ranges from 51.9 to 52.6 %. The type 
strain of the subspecies pauca is ICMP 15198.
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