AMERICAN

Applied and Environmental
SOCIETY FOR . '
MICROBIOLOGY MICI’ObIO'Ogy

] CrossMark
& click for updates
-

New Coffee Plant-Infecting Xylella fastidiosa Variants Derived via
Homologous Recombination

Marie-Agnés Jacques,® Nicolas Denancé,®® Bruno Legendre,” Emmanuelle Morel,® Martial Briand,? Stelly Mississipi,®"°°
Karine Durand,? Valérie Olivier,® Perrine Portier,2 Francoise Poliakoff,? Dominique Crouzillat®

INRA, UMR1345 Institut de Recherche en Horticulture et Semences, SFR4207 QUASAV, Beaucouzé, France?; Anses Laboratoire de la Santé des Végétaux, Angers, France®;
Nestlé R&D Tours, Tours, France®

Xylella fastidiosa is a xylem-limited phytopathogenic bacterium endemic to the Americas that has recently emerged in Asia and
Europe. Although this bacterium is classified as a quarantine organism in the European Union, importation of plant material
from contaminated areas and latent infection in asymptomatic plants have engendered its inevitable introduction. In 2012, four
coffee plants (Coffea arabica and Coffea canephora) with leaf scorch symptoms growing in a confined greenhouse were detected
and intercepted in France. After identification of the causal agent, this outbreak was eradicated. Three X. fastidiosa strains were
isolated from these plants, confirming a preliminary identification based on immunology. The strains were characterized by
multiplex PCR and by multilocus sequence analysis/typing (MLSA-MLST) based on seven housekeeping genes. One strain, CFBP
8073, isolated from C. canephora imported from Mexico, was assigned to X. fastidiosa subsp. fastidiosa/X. fastidiosa subsp. san-
dyi. This strain harbors a novel sequence type (ST) with novel alleles at two loci. The two other strains, CFBP 8072 and CFBP
8074, isolated from Coffea arabica imported from Ecuador, were allocated to X. fastidiosa subsp. pauca. These two strains
shared a novel ST with novel alleles at two loci. These MLST profiles showed evidence of recombination events. We provide ge-
nome sequences for CFBP 8072 and CFBP 8073 strains. Comparative genomic analyses of these two genome sequences with pub-
licly available X. fastidiosa genomes, including the Italian strain CoDiRO, confirmed these phylogenetic positions and provided
candidate alleles for coffee plant adaptation. This study demonstrates the global diversity of X. fastidiosa and highlights the di-

versity of strains isolated from coffee plants.

Vlella fastidiosa is a Gram-negative gammaproteobacterium

limited to the xylem of host plants and transmitted by sap-
feeding insects. This bacillus has been associated with economi-
cally disastrous diseases such as citrus variegated chlorosis (CVC)
in orange trees, Pierce’s disease (PD) in vineyards, and leaf scorch
of olive trees. X. fastidiosa strains have been found to infect at least
309 plant species (1), mostly in the Americas. Nevertheless, X.
fastidiosa strains have been isolated from nashi pear trees and
grapevines in Taiwan (2, 3), from grapevines and almond trees in
Iran (4), and recently from olive trees, almond trees, oleanders,
and some other hosts in Italy (1, 5, 6). Detections of Xylella strains
from plant species grown in other locations, such as Kosovo or
Turkey, have not been not confirmed by strain isolation (1). It is
important to note that most X. fastidiosa-colonized plants are
asymptomatic (7).

X. fastidiosa is genetically diverse and has been divided into six
subspecies (8-11), but only two subspecies (X. fastidiosa subsp.
fastidiosa and X. fastidiosa subsp. multiplex) are currently taxo-
nomically valid (12, 13). (i) X. fastidiosa subsp. fastidiosa causes
PD and infects a large host range, including grapevine, almond
trees, alfalfa, and maple (9). It has long been assumed that this
subspecies originated from the United States, but recently it was
proposed that a single genotype was introduced into the United
States from Central America in the 1880s (14). (ii) X. fastidiosa
subsp. multiplex is associated with scorch diseases of a range of
trees, including almond, peach, and oak (1). This subspecies is
thought to be native to temperate climates of northern America.
X. fastidiosa subsp. multiplex causing plum leaf scald was first de-
tected in 1935 in Argentina and then in Paraguay and Brazil. It was
supposedly introduced from the United States (15). Once intro-
duced into Brazil, these plum-infecting strains are suspected of
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recombining with native X. fastidiosa subsp. pauca strains, gener-
ating genetic variation which would have facilitated a switch from
native hosts toward citrus and coffee (16). (iii) X. fastidiosa subsp.
sandyi causes oleander leaf scorch (OLS). It is also supposed to
have been introduced into the United States from Central Amer-
ica (9, 17). (iv) X. fastidiosa subsp. tashke was isolated from an
ornamental tree (Chitalpa tashkentensis Elias and Wisura) in the
United States (10) but has not been reported since that first study
and remains poorly described. (v) X. fastidiosa subsp. morus in-
fects mulberry (Morus spp.) and might have been generated by
intersubspecific recombination events between X. fastidiosa
subsp. fastidiosa and X. fastidiosa subsp. multiplex strains (11). (vi)
Finally, X. fastidiosa subsp. pauca infects mostly Citrus spp. and
Coffea spp. (18). Strains from this subspecies have thus far been
isolated mainly from South America. Recently a variant of X. fas-
tidiosa subsp. pauca was isolated from coffee and oleander plants
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TABLE 1 List of X. fastidiosa strains used in the study

Diversity and Variants of X. fastidiosa in Coffee Plants

CFBP strain code  Other code(s)” X. fastidiosa subspecies” (MLSA result) ~ Host of isolation Place (yr) of isolation®
CFBP 7969 LMG15553 NA (fastidiosa) Vitis rotundifolia cv. Carlos  NC, USA
CFBP 7970 LMG17159, ATCC 35879, ICMP15197  fastidiosa Vitis vinifera FL, USA

CFBP 8068 LSV 00.54, ATCC 35873 fastidiosa (multiplex) Ulmus (elm) DC, USA
CFBP 8069 LNPV 00.56 PD 89.1 NA (fastidiosa) Vitis sp. NA

CFBP 8070 LSV 40.38 GA Plum multiplex Prunus spp. GA, USA
CFBP 8071 LSV 40.41, ATCC 35870, LMG15099 NA (fastidiosa) Prunus dulcis CA, USA
CFBP 8072 LSV41.03 NA (pauca) Coffea arabica Ecuador (2012)
CFBP 8073 LSV42.09 NA (fastidiosa) Coffea robusta Mexico (2012)
CFBP 8074 LSV42.10 NA (pauca) Coffea arabica Ecuador (2012)
CFBP 8076 LSV 42.31 2689 oak, ATCC 35874 fastidiosa (multiplex) Quercus rubra DC, USA
CFBP 8077" LSV 42.36, Ann-1, ATCC 700598 multiplex/sandyi (sandyi) Nerium oleander CA, USA
CFBP 8078 LSV 43.11, ATCC 35878 fastidiosa (multiplex) Vinca sp. FL, USA

CFBP 8082 LMG9064, ATCC 35876 fastidiosa Ambrosia artemifolia FL, USA

CFBP 8083 LMG15554, 13351 NA (fastidiosa) Vitis vinifera NC, USA
CFBP 8084 LMG15098, ATCC 35869 NA (morus) Morus alba GA, USA

“ For each strain, the first cited name refers to the collection that provided us the specimen, which is followed by the synonymous code in other collections. LSV, Laboratoire de la
Santé des Végétaux, Anses, France, private collection; ATCC, American Type Culture Collection, USA; ICMP, International Collection of Microorganisms from Plants, New

Zealand; LMG, BCCM/LMG, Belgium.

b As originally indicated. If our MLSA results indicated a phylogenetic position different from the original, the subspecies derived from our MLSA is indicated in parentheses. NA,

not available.
¢ NA, not available.

in Costa Rica (19). Strains of X. fastidiosa recently isolated from
olive trees in Argentina and in Italy are similar to this new variant
of X. fastidiosa subsp. pauca (6, 20).

Coffee leaf scorch (CLS), due to X. fastidiosa, was first identi-
fied in 1995 in Brazil (21) and later in Latin American coffee-
producing countries such as Costa Rica (22). Symptoms of CLS
include drying of infected branches, shortening of internode re-
gions, decreased fruit size, chlorosis, and early senescence of
leaves. It affects plant productivity but rarely leads to plant death
(23). Within the Rubiaceae family, the genus Coffea includes 124
described species according to Davis and colleagues (24, 25), but
only two, Coffea arabica (65%) and Coffea canephora (35%), ac-
count essentially for the worldwide production of coffee (Interna-
tional Coffee Organization; http://www.ico.org/). C. canephora,
the Robusta coffee, is a highly heterozygous diploid whose ge-
nome sequence has been recently deciphered (26). C. arabica, the
Arabica coffee, is a tetraploid species issued from the hybridiza-
tion of C. canephora and Coffea eugenioides (27). Both Robusta
and Arabica species are subject to the propagation of somatic em-
bryogenesis, through secondary embryogenesis from embryo-
genic suspensions (28). For propagation, the first step is to sample
plant leaves from healthy plants in coffee plantations to establish
explants. Testing primary plant material is hence essential to en-
sure safe propagation.

In April 2012, Coffea species plants grown in a containment
facility in France were declared infected by X. fastidiosa, based on
enzyme-linked immunosorbent assays (ELISAs) performed by a
private laboratory in accordance with the grower’s voluntary
scheme of phytosanitary surveillance. These samples originated
from plant cuttings imported from Central and Latin America.
Coffee plants were asymptomatic in plantations. The cuttings
have been rooted and cultivated in growth chambers since 2010.
This outbreak was eradicated (29). The objectives of the present
study were to isolate the pathogens, confirm their identification,
and decipher their phylogenetic relationships with other X. fasti-
diosa strains infecting coffee plants as well as the recently reported

March 2016 Volume 82 Number 5

Applied and Environmental Microbiology

CoDiRO strain isolated from olive trees in Italy. As the coffee
plant-infecting strains are phylogenetically distant while having in
common coffee plant infection abilities, our study focused on
searching for determinants specific to coffee plant-infecting
strains in genome sequences, including the two new genome se-
quences that are provided in this study.

MATERIALS AND METHODS

Bacterial strains and growth conditions. A collection of 17 X. fastid-
iosa strains was established at the French Collection of Plant-Associ-
ated Bacteria (CIRM-CFBP; http://wwwé6.inra.fr/cirm_eng/CFBP-
Plant-Associated-Bacteria) (Table 1). These strains were grown on
B-CYE medium (30), except that agar was replaced with Phytagel (Sig-
ma; reference no. P8169) at 15 g liter . Incubation lasted up to 28
days at 25°C. Suspensions made from fresh cultures were stored in a
40% glycerol solution at —80°C.

Isolation from coffee samples. Leaves were sampled from 40 symp-
tomatic and asymptomatic coffee plants grown in containment facilities
in France. The foliar symptoms were chlorotic blotches and reddish dis-
coloration surrounding necrotic spots. Fragments of veins near the symp-
tomatic blades, petioles, and midribs were dilacerated into a sterile phos-
phate-buffered saline (PBS) buffer (NaCl, 8 g liter'; Na,HPO,-12H,0,
2.7 gliter”'; NaH,PO,-2H,0, 0.4 g liter ') after surface sterilization with
70% alcohol. To isolate the pathogen, aliquots from leaf extracts were
streaked on B-CYE and modified PWG media (31). Plates were incubated
for up to 21 days at 28°C.

Immunological assays. Plant extracts were subjected to an immuno-
fluorescence analysis using a rabbit polyclonal antiserum. This antiserum
was produced in collaboration with UR1268 BIA INRA, Angers-Nantes,
France, and was validated in-house for specificity, inclusivity, and detec-
tion thresholds (data not shown). Plant extract aliquots of 40 wl and
dilutions up to 1/1,000 were deposited on multiwell slides and fixed with
95% alcohol. Immunofluorescence was performed using EPPO standard
PM7/97 (32).

DNA extraction. Boiled bacterial suspensions were used for identifi-
cation tests. For genomic sequencing, DNA was extracted using a DNeasy
plant minikit (Qiagen) to reach a final concentration of 1 to 5 g DNA in
50 pl.
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TABLE 2 List of X. fastidiosa strains for which data available on the
pubMLST website were used in this study

X. fastidiosa Country (yr) of Host of

Strain subspecies isolation isolation
COF0209 fastidiosa Costa Rica (2000) Coffea arabica
COF0222 fastidiosa Costa Rica (2000) Coffea arabica
COF0245 fastidiosa Costa Rica (2000) Coffea arabica
COF0246 fastidiosa Costa Rica (2000) Coffea arabica
COF0394 sandyi Costa Rica (2000) Coffea sp.
COF0400 fastidiosa Costa Rica (2000) Coffea sp.
COF0402 fastidiosa Costa Rica (2000) Coffea sp.
COF0404 sandyi Costa Rica (2000) Coffea sp.
COF0405 fastidiosa Costa Rica (2000) Coffea sp.
COF0406 fastidiosa Costa Rica (2000) Coffea sp.
COF0412 sandyi Costa Rica (2009) Coffea sp.
COF0413 sandyi Costa Rica (2009) Coffea sp.
CVC0145 pauca Brazil (2000) Citrus sp.

PCR-based assays for identification of X. fastidiosa subspecies. A
multiprimer PCR test using ALM1/ALM2, XF2542-L/XF2542-R, and
XF1968-L/XF1968-R primers was performed to differentiate strains from
the three X. fastidiosa subspecies, fastidiosa, multiplex, and sandyi (33).
Primers CVC-1 and 272-2-Int were used to specifically identify strains of
X. fastidiosa subsp. pauca (34).

Housekeeping gene sequencing. Primers and conditions for partial
sequencing of seven housekeeping genes (cysG, gltT, holC, leuA, malF,
nuoL, and petC) were provided as indicated on the X. fastidiosa MLST
website (http://pubmlst.org/xfastidiosa/) (35) with the cysG-R primer
sequence of Yuan et al. (17). PCR amplifications were performed with
an Applied Biosystems thermocycler. The purity and yield of PCR
products were checked by running an 8-pl reaction mixture in 1.2%
agarose gels and poststaining with ethidium bromide. The remaining
PCR products were sequenced with reverse and forward primers by
Genoscreen (France).

Sequence acquisition, alignment, and analyses. Forward and reverse
nucleotide sequences were edited, assembled, translated, and aligned us-
ing Geneious Pro 4.8.5 software to obtain high-quality sequences (36).
Sequences were concatenated by following the alphabetic order of the
genes. Multilocus sequence analysis (MLSA) was conducted as described

by Jacques et al. (37). Multilocus sequence typing (MLST) was per-
formed according to the X. fastidiosa MLST website (http://pubmlst.org
/xfastidiosa/). Table 2 presents a list of strains with MLST data available on
the X. fastidiosa MLST website (http://pubmlst.org/xfastidiosa/) which
were used in this study. Novel alleles and sequence types (STs) were
submitted for inclusion in the X. fastidiosa MLST website website and
were assigned numbers 28 and 29 for the two novel cysG alleles, 25 for the
novel holC allele, 19 for the novel nuoL alleles, and ST74 and ST75 for the STs.

Genome sequencing, assembling, and annotation. The genome se-
quences of CFBP 8072 and CFBP 8073 were obtained with the Illumina
HiSeq 2000 and HiSeq 2500 sequencing platforms (Genoscreen, France),
respectively. Genome assembly was performed using a combination of
Velvet (38), SOAPdenovo, and SOAPGapCloser (39). Annotation was
conducted with EuGene-PP using similarities with known protein se-
quences (40).

Analyses of the Xylella genome sequences and their translated se-
quences. Sequences of the CFBP 8072 and CFBP 8073 genomes were
compared to 17 available genomes of X. fastidiosa (Table 3). The average
nucleic identities based on blast (ANIb) (41) were calculated using JSpe-
cies (http://imedea.uib-csic.es/jspecies/about.html#chap9 [42]). A list of
orthologous genes shared between X. fastidiosa genomes was generated
using the OrthoMCL companion tool (https://bbric-pipelines.toulouse
.nra.fr/orthomcl-companion/web/index.html). Venn diagrams were ob-
tained using jvenn software (43). The predicted proteome (translated ge-
nome) of each bacterial strain was used to generate a phylogenomic tree
with CV-Tree (44). Prophage regions were identified using the PHAge
Search Tool (PHAST [45]). Genes coding for putative virulence factors of
X. fastidiosa were listed based on reports of Simpson et al. (46) and van
Sluys et al. (47) and on the Carbohydrate-Active enZYmes (CAZy; http:
/lwww.cazy.org/ [48]) and KEGG (http://www.genome.jp/kegg/ [49])
databases and searched for in the genome sequences of strains CFBP 8072,
CFBP 8073, 6¢, and 32 based on tblastn.

Identification of genomic fragments specific to X. fastidiosa strains
isolated from coffee plants. Genomic fragments specifically associated
with strains isolated from coffee plants were highlighted by generating 20-
and 25-bp-long k-mers in genome sequences of strains 32 and CFBP 8072.
k-mers having perfect matches (as assessed with tblastn) with genome
sequences of strains isolated from coffee plants (CFBP 8073, 6¢, and CFBP
8072 or 32, respectively) were conserved. These k-mers were subsequently
searched using blast against all X. fastidiosa genome sequences to remove
aspecific fragments. All sequences were aligned using MUSCLE in Ge-

TABLE 3 Main characteristics of 19 X. fastidiosa genome sequences used in the study

Strain X. fastidiosa Genome No.of No.of No. of plasmids No. of

designation”  subspecies Accession no. Host of isolation Place (yr) of isolation size (Mb) GC% proteins genes (size [kb]) contigs Reference
M23 fastidiosa NC_010577 Prunus dulcis CA, USA (2003) 2.54 51.8 2,161 2,280 1(38) 2 69
Temeculal  fastidiosa NC_004556 Vitis vinifera USA (NA%) 2.52 51.8 2,034 2,123  NA 2 47

GB514 fastidiosa NC_017562 Vitis vinifera TX, USA (NA) 2.49 51.8 2,183 2,238 1(26) 2 Unpublished
EB92.1 fastidiosa NZ_AFDJ00000000.1 Sambucus nigra USA (1992) 2.48 51.5 2,337 2,392 NA 168 70

CFBP 8073 fastidiosa/sandyi LKES00000000 Coffea canephora Mexico (2012) 2.58 51.5 2,572 2,629 NA 328 This study
Ann-1 sandyi CP006696 Nerium oleander USA (NA) 2.75 52.1 2,598 2,728 1(30) 2 9

Mul-MD morus AXDP00000000 Morus alba USA (NA) 2.52 51.6 2,279 2,279 NA 101 71

Mul0034 morus CP006740 Morus alba USA (NA) 2.64 52.0 2,408 2,527 1(24) 2 Unpublished
Dixon multiplex NZ_AAAL00000000  Prunus dulcis USA (NA) 2.62 52.0 2,358 2,408 NA 32 Unpublished
Mi2 multiplex NC_010513 Prunus dulcis CA, USA (2003) 2.48 51.9 2,104 2,368 NA 1 69

Griffin-1 multiplex AVGA01000000 Quercus rubra GA, USA (2006) 2.39 51.7 2,053 2,240 NA 84 72

Sy-VA multiplex JMHP00000000 Platanus occidentalis VA, USA (NA) 2.48 51.6 2,226 2,226 NA 128 73

ATCC 35871 multiplex NZ_AUAJ00000000  Prunus salicina GA, USA (NA) 2.41 51.6 1,963 2,071 NA 66 Unpublished
CFBP 8072 pauca LKDK00000000 Coffea arabica Ecuador (2012) 2.50 51.9 2,545 2,599 NA 258 This study
CoDiRO pauca JUJW00000000 Periwinkle Ttaly (2013) 2.51 51.8 2,269 2,053 1(35.3) 12 74

6¢ pauca NZ_AXBS00000000  Coffea sp. Brazil (NA) 2.61 52.4 2,336 2,506 1(39.5) 46 58

32 pauca NZ_AWYH00000000 Coffea sp. Brazil (NA) 2.61 52.4 2,302 2,477 NA 56 58

9a5¢ pauca NC_002488 Citrus sinensis Brazil (1992) 2.68 52.7 2,766 2,838 2(51land1) 3 46

PLS 229" JDSQ00000000 Pyrus pyrifolia Taiwan (NA) 2.73 53.1 3,259 NA NA 75

“ NA, not available.

b As recognized after publication of the genome sequence, this strain does not belong to X. fastidiosa (63).
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neious Pro 4.8.5 software to visualize the specificity of the fragments and
the effect of polymorphism at the protein level.

Nucleotide sequence accession numbers. The CFBP 8072 and CFBP
8073 genome sequences reported here have been deposited in the NCBI
genome database under accession numbers LKDK00000000 and
LKES00000000, respectively.

RESULTS

Isolation and identification of X. fastidiosa strains from coffee
samples. The presence of X. fastidiosa was first assessed in 40
symptomatic and asymptomatic coffee plants based on immuno-
fluorescence analyses, and four samples were detected as contam-
inated with X. fastidiosa. Three strains were isolated from three of
these samples showing leaf scorches (see Fig. S1A and B in the
supplemental material). Two strains, CFBP 8072 and CFBP 8074,
were isolated from C. arabica plants originating from cuttings
sampled on different trees in the same orchard in Ecuador, while
the remaining strain, CFBP 8073, was isolated from C. canephora
plants that originated from cuttings sampled in Mexico (see Fig.
S1Cto E).

According to multiple PCR identification tests (50-52), these
three strains were identified as X. fastidiosa (data not shown).
Moreover, a multiprimer PCR test (33) was performed for sub-
species identification of these three X. fastidiosa strains. The CFBP
8073 strain presented a profile similar to that of X. fastidiosa subsp.
sandyi CFBP 8077 (=strain Ann-1). Both strains presented a spe-
cific profile with one band at 638 bp (see Fig. S2A in the supple-
mental material). The strains CFBP 8072 and CFBP 8074 pre-
sented the same profile with two bands, one at 638 bp and one at
412 bp (see Fig. S2A). This unusual genetic profile was not previ-
ously described (33) and differed from all the profiles obtained
with the 12 strains included in this study (see Fig. S2A). It should
be noted, however, that no strains from X. fastidiosa subsp. pauca
are available from any international culture collections and hence
no strains from this subspecies could be included in this work as a
control. The PCR identification test design by Pooler and Har-
tung (34) was performed on these two strains in order to test
for identification as X. fastidiosa subsp. pauca. This test was
designed to amplify a fragment specific to the X. fastidiosa
subsp. pauca strains. The bands obtained for strains CFBP 8072
and CFBP 8074 were indeed at the expected size with this test
(see Fig. S2B). As strains isolated from coffee plants from Brazil
were already assigned to X. fastidiosa subsp. pauca (18), these
results were considered primary indicators of identification ev-
idence for these two strains. In summary, based on PCR iden-
tification tests, the CFBP 8073 strain isolated from the Mexican
C. canephora plant was presumed to belong to X. fastidiosa
subsp. sandyi, and strains CFBP 8072 and CFBP 8074 sampled
from Ecuadorian C. arabica plants were putatively assigned to
X. fastidiosa subsp. pauca.

MLSA confirms that the newly isolated strains from coffee
plants belong to two subspecies of X. fastidiosa. Sequence anal-
yses of seven housekeeping genes (cysG, gltT, holC, leuA, malF,
nuoL, and petC) were performed, and the results were compared
to the sequences of 41 isolates covering the X. fastidiosa subspecies
fastidiosa, morus, multiplex, pauca, and sandyi by using a scheme
dedicated to X. fastidiosa (http://pubmlst.org/xfastidiosa/). Max-
imum likelihood (ML) trees were constructed based on individual
gene fragment sequences and on the concatenated data set (Fig. 1
and see Fig. S3 in the supplemental material). The three strains
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FIG 1 Maximum likelihood tree based on the concatenated partial sequences
of ¢cysG, gltT, holC, leuA, malF, nuoL, and petC. Bootstrap scores (1,000 repli-
cates) are displayed at each node.

isolated from coffee plants originating from Mexico and Ecuador
did not cluster on any of the phylogenetic trees. Strains CFBP 8072
and CFBP 8074 clustered on a branch close to the X. fastidiosa
subsp. pauca clade. The strains CFBP 8072 and CFBP 8074 were
identical based on their seven-housekeeping gene profiles; hence,
only one strain, CFBP 8072, was kept for subsequent analyses.

In contrast to the results obtained with the multiprimer iden-
tification PCR test, strain CFBP 8073, which was isolated from a
Mexican coffee plant, clustered with other strains isolated from
Costa Rican coffee plants (http://pubmlst.org/xfastidiosa/) (Fig.
1). This group of strains falls into X. fastidiosa subsp. fastidiosa. On
the ML tree (Fig. 1), the Ann-1 strain of X. fastidiosa subsp. sandyi
is close to a group of strains that was also isolated from coffee
plants in Costa Rica (http://pubmlst.org/xfastidiosa/). Hence, cof-
fee plant-colonizing strains are genetically diverse, not only in a
comparison of strains from South America and Central America
but also in a comparison of strains within Central America.

The phylogenetic trees built with an ML algorithm for each of
the seven loci and the concatenated data set did not all depict the
same phylogenetic history (Fig. 1; see Fig. S3 in the supplemental
material). The Shimodaira-Hasegawa test (53) performed on in-
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dividual gene sequences and on the data set of concatenated se-
quences (see Table S1 in the supplemental material) showed that
all trees were significantly incongruent with each other but were
not significantly different from the tree based on the data set of
concatenated sequences, except for gltT. The seven genes used
here presented a large range of GC content (from 50.6% for malF
to 61.8% for cysG) (see Table S2 in the supplemental material),
which embraces the mean genomic Xylella GC content (52%)
(54). This large range of GC content is quite surprising for house-
keeping genes, since these genes are supposed to evolve slowly and
to code for basic metabolic functions. Nevertheless, neutrality es-
timates indicated that these genes were not positively or negatively
selected (see Table S2). This was confirmed by the K, /K| ratios for
the seven loci. The values ranged from 0.0631 (for gltT) to 0.2650
(for petC) (data not shown). All loci were polymorphic, and the
number of polymorphic sites ranged from 19 for petC, the least
polymorphic loci, to 48 for cysG, the most polymorphic locus. The
number of alleles at each locus ranged from 9 for petC to 18 for
¢cysG (see Table S2).

Allelic characterization at some loci highlights intersubspe-
cific recombination events. In MLST, the combination of the al-
lele number at each of the seven loci gives rise to a sequence type
(ST). To date, the PubMLST database describes 58 STs for X.
fastidiosa, named ST1 to ST62, with ST12, ST36, ST59, and ST60
lacking sequences. While no one ST is shared between strains be-
longing to different subspecies, some allele sharing is observed
between subspecies. This is the case for cysG (allele 18), gltT (allele
3), and petC (allele 3) for strains belonging to X. fastidiosa subsp.
morus and X. fastidiosa subsp. multiplex (Table 4). X. fastidiosa
subsp. fastidiosa and X. fastidiosa subsp. sandyi shared alleles 1 and
10 of gltT and allele 17 of holC.

Strains CFBP 8072 and CFBP 8073 presented alleles already
observed in X. fastidiosa strains, except that CFBP 8072 presented
a yet undescribed cysG allele (allele 28) and a novel holC allele
(allele 25), while CFBP 8073 presented a novel allele for cysG (al-
lele 29) that was different from the new one of CFBP 8072 and a
novel allele for nuoL (allele 19) (Table 4; see Fig. S4 in the supple-
mental material). Because both CFBP 8072 and CFBP 8073 pre-
sented yet undescribed alleles at some loci, these strains define two
new STs. Strain CFBP 8072 is associated with ST74, while strain
CFBP 8073 is affiliated with ST75.

Phylogenetic networks highlight conflicting signals in the gene
sequence data. Relevant reticulations were found mainly for cysG,
gltT, holC, malF, and nuoL (Fig. 2; see Fig. S2 in the supplemental
material). The position of the reticulations in a tree is a proxy of
their time of occurrence, via the genetic distance. It is quite clear
by these figures that recombination events occurred during evo-
lution and even recently, at least for holC. It is also clear that
reticulations are found at the base or along the branches that bear
the two new STs defined for our strains.

Sequencing, assembly, and annotation of draft genomes
from CFBP 8072 and CFBP 8073 strains. As the MLSA and MLST
analyses revealed that the two coffee-infecting strains were phylo-
genetically distant and distinct from previously described CLS-
related strains (16, 55), we sequenced the genomes of X. fastidiosa
strains CFBP 8072 and CFBP 8073. The shotgun sequencing
yielded 17,551,806 and 20,038,038 paired-end reads with insert
sizes of ca. 100 bp for CFBP 8072 and CFBP 8073, respectively.
Assembling yielded 258 and 328 contigs larger than 250 bp (N5, =
87,332 and 67,596 bp), with the largest contig being 224,836 and
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247,073 bp for a total assembly size of 2,496,737 and 2,582,171 bp
for CFBP 8072 and CFBP 8073, respectively. The genome sizes and
other general features of these genome sequences fell into the
range of previously reported X. fastidiosa genome sequences (Ta-
ble 3).

Phylogenetic analysis of CFBP 8072 and CFBP 8073 based on
genomic data. Based on these data, an entire genome-based phy-
logenetic tree was built using CV-Tree (44) by comparing protein
sequences predicted from annotation analysis performed on
CFBP 8072 and CFBP 8073 to 17 publicly available predicted pro-
teomes (Fig. 3). The strain CFBP 8072 isolated from Arabica cof-
fee originating from Ecuador clustered within X. fastidiosa subsp.
pauca, yet in a different subclade. As found with multiprimer PCR
but in contrast with MLSA, strain CFBP 8073 isolated from Ro-
busta coffee originating from Mexico clustered with X. fastidiosa
subsp. sandyi Ann-1 strain and not with the X. fastidiosa subsp.
fastidiosa strains. The identities of CFBP 8072 and CFBP 8073
were also monitored with average nucleic identities (ANI) (see
Table S3 in the supplemental material), which is an in silico sub-
stitution of the DNA-DNA hybridization method (42) (http:
/Iwww.imedea.uib.es/jspecies/about.html). All strains share more
than 95% identity, except strain PLS 229, for which ANIb values
close to 83% were found for each pairwise comparison (see Table
S3 in the supplemental material). Strain clustering at a threshold
higher than 98% identity grouped strains into the previously de-
fined subspecies: Temeculal, M23, GB514, and EB92-1 formed X.
fastidiosa subsp. fastidiosa (ANIb values > 99.6%); Mul-MD and
Mul0034 formed X. fastidiosa subsp. morus (ANIb values >
99.7%); ATCC 35871, Sy-VA, M12, Griffin-1 and Dixon formed
X. fastidiosa subsp. multiplex (ANIb values > 99.3%); and strains
9a5¢, 6¢, 32, and CoDiRO formed X. fastidiosa subsp. pauca (ANIb
values > 98.1%). The ANIb values between the strain Ann-1 ge-
nome and genomes of strains from X. fastidiosa subsp. morus and
X. fastidiosa subsp. fastidiosa were between 97.8% and 98.1%, in-
dicating close relationships but not as close as the ones existing
within every other subspecies. Based on ANIb values, CFBP 8072
is similar to X. fastidiosa subsp. pauca but seems to present some
divergence (ANIDb values > 97.7% identity). In coherence with the
MLSA results, strain CFBP 8073 was closer to the X. fastidiosa
subsp. fastidiosa strains (ANIb values > 98.7%) than to the X.
fastidiosa subsp. sandyi Ann-1 strain (ANIb values of 97.97 and
98.12) (see Table S3 in the supplemental material).

Gene content of CFBP 8072 and CFBP 8073 in relation to that
of other X. fastidiosa strains. In order to avoid bias due to differ-
ent annotation methods, all the genome sequences (Table 3) were
reannotated using EuGene-PP (40). We decided to exclude the
PLS 229 genome from the comparative genomic analysis, since
that strain does not belong to X. fastidiosa (56). According to gene
predictions, the X. fastidiosa pan-genome was composed of 4,668
coding sequences (CDSs) (see Table S4 in the supplemental ma-
terial); 3,529 of them (76%) were shared by at least two strains.
Moreover, each strain harbored some single-copy specific pro-
teins, ranging from 6 to 122, which represents 0.24 to 5.27% of
their predicted proteomes.

As strains CFBP 8072 and CFBP 8073 do not belong to the
same subspecies, although they were both isolated from coffee
plants, an OrthoMCL analysis was performed to identify the rela-
tive importance of the host plant versus the geographical location
of strain isolation on the gene content (Fig. 4). The strain CFBP
8072 (C. arabica, Ecuador) genome was compared to those of X.
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TABLE 4 Allele designations for each gene and ST determined from the concatenated data set for every strain of X. fastidiosa used in this study”

Allele designation” for:

X. fastidiosa subspecies Strain code cysG gitT holC leuA malF nuoL petC ST
fastidiosa CFBP 8069 1 1* 1 1 1 1 1 1
CFBP 8071 1 1* 1 1 1 1 1 1
EB92.1 1 1* 1 1 1 1 1 1
GB594 1 1* 1 1 1 1 1 1
M23 1 1* 1 1 1 1 1 1
Temeculal 1 1* 1 1 1 1 1 1
ATCC 35879 1 1* 1 1 4 1 1 2
CFBP 7969 1 1* 1 1 4 1 1 2
CFBP 7970 1 1* 1 1 4 1 1 2
CFBP 8082 1 1* 1 1 4 1 1 2
CFBP 8083 1 1* 1 1 4 1 1 2
COF0246 12 1* 18 1 10 10 1 17
COF0209 14 1* 15 10 10 11 1 19
COF0222 12 11 17* 1 10 11 1 20
COF0245 14 12 15 10 10 11 1 21
COF0400 23 1* 20 13 10 5 1 47
COF0402 14 1* 18 10 10 10 1 52
COF0406 12 10* 18 1 10 10 1 55
COF0405 12 11 18 1 10 11 1 57
CFBP 8073 29 1* 1 9 10 19 1 75
sandyi Ann-1 2 2 2 2 2 2 2 5
COF0394 15 10* 19 11 14 13 9 33
COF0412 25 1* 19 11 11 12 9 54
COF0404 15 10 17* 11 11 12 9 56
COF0413 15 10* 16 11 11 12 9 61
morus CFBP 8084 18* 3* 5 4 6 4 3* 29
Mul-MD 18* 3* 4 6 4 3* 29
Mul0034 8 3* 5 4 6 5 30
multiplex Dixon 3 3* 3 3 3 3 3* 6
Griffin-1 7 3% 3 3 3 3 3* 7
MI12 7 3* 3 3 3 3 3* 7
Sy-VA 5 7 4 3 5 3 3* 8
CFBP 8076 5 4 4 3 5 3 3* 9
CFBP 8070 3 5 6 5 3 3 4 10
ATCC 35871 18* 3* 9 3 5 3 3* 41
CFBP 8068 18* 3% 9 3 5 3 3* 41
CFBP 8078 3 3* 4 3 5 15 3* 51
pauca CVC0145 9 8 10 7 7 8 7 11
9a5¢c 8 10 7 7 7 6 13
6¢ 11 9 12 8 8 9 8 14
32 10 8 11 7 8 8 6 16
CoDiRO 24 14 10 7 16 16 6 53
CFBP 8072 28 8 25 7 8 16 6 74
CFBP 8074 28 8 25 7 8 16 6 74

@ Allele numbers and STs are coded in agreement with the X. fastidiosa MLST website (http://pubmlst.org/xfastidiosa/).
b For each locus, allele numbers marked with an asterisk are shared between different X. fastidiosa subspecies.

fastidiosa subsp. pauca strains 6¢ (C. arabica, Brazil) and 9a5¢
(Citrus sinensis, Brazil). A smaller number of genes was shared by
CFBP 8072 and 9a5c¢ or 6¢ than between strains 6¢ and 9a5c to-
gether. As the size of the genomes in terms of groups of orthologs
is variable among strains (see Table S4 in the supplemental mate-
rial), values were reported for the total number of groups of or-
thologs per strain. Strain 6¢ shared 77.07% of its orthologs with
CFBP 8072, while it shared 86.69% of its orthologs with 9a5c. This
indicates that the geographical location (i.e., isolation from Brazil)
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had a stronger impact on gene content than the host plant itself
(coffee plant for CFBP 8072 and 6c versus citrus plant for 9a5c)
(Fig. 4).

In order to add an element to the positioning of CFBP 8073 in
X. fastidiosa subsp. sandyi versus X. fastidiosa subsp. fastidiosa, the
genome of strain CFBP 8073 (C. canephora, Mexico) was com-
pared to those of the Temeculal X. fastidiosa subsp. fastidiosa
strain (V. vinifera, USA) and the X. fastidiosa subsp. sandyi Ann-1
strain (Nerium oleander, USA) (Fig. 4; see Table S1 in the supple-
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FIG 2 Split graph of multilocus sequence analysis of the X. fastidiosa strains of each sequence type (ST) for the data set of the concatenated sequences. The
designation for each leaf indicates the ST number. See Tables 1 and 4 for strain designations and ST correlations, respectively.
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FIG 3 CV-Tree results based on the entire genome sequences of 19 X. fastid-
iosa strains.
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mental material). These comparisons indicated that a higher number
of orthologs was shared between CFBP 8073 and the Ann-1 strain
(84.93% of total number of CFBP 8073 orthologs) than between
CFBP 8073 and Temeculal (82.79% of total number of CFBP 8073
orthologs), indicating a closer proximity of CFBP 8073 to X. fastid-
iosa subsp. sandyi than to X. fastidiosa subsp. fastidiosa.

Genes encoding potential virulence factors in the genome se-
quences of coffee plant-infecting X. fastidiosa. Lists of candidate
genes associated with secretion systems and with other virulence

A B
CFBP 8072 6c CFBP 8073 Ann1
71 136
[3.25; 2.88] [5.94; 5.79]
1828 1808
[83.62; [78.99;
74.19; 74.16;
73.86] 80.11]
264 155
[22.79] [6.87]
9a5c Temeculal

FIG 4 Venn diagrams illustrating results of OrthoMCL analyses. Values are
the numbers of groups of orthologs, i.e., the CDSs present in single copy in
each genome, while values in brackets are the percentages of ortholog groups
relative to the total number of ortholog groups in each genome; values at
intersections are indicated for listed strains clockwise from the left. (A) Com-
parison of gene contents of three X. fastidiosa subsp. pauca strains: CFBP 8072
isolated from coffee plants from Ecuador, 9a5c iolated from Brazilian citrus,
and 6¢ isolated from the Brazilian coffee plant. (B) CFBP 8073 is compared
with the X. fastidiosa subsp. fastidiosa strain Temeculal and X. fastidiosa subsp.
sandyi strain Ann-1 isolated from oleander.

March 2016 Volume 82 Number 5


http://aem.asm.org

Diversity and Variants of X. fastidiosa in Coffee Plants

TABLE 5 Identification of prophage sequences in the genome sequences of CFBP 8072 and CFBP 8073 based on PHAST analysis®

Region No. of No. of candidate Completeness of

Strain length (kb) phage CDSs Possible phage phage CDSs phage sequence GC%

CFBP 8072 17.2 14 PHAGE_Haemop_Aaphi23_NC_004827 4 Incomplete 51.86
20.9 21 PHAGE_Pseudo_PPpW_3_NC_023006 17 Incomplete 57.41
41.4 29 PHAGE_Haemop_Aaphi23_NC_004827 12 Intact 57.59
25.7 23 PHAGE_Xylell_Xfas53_NC_013599 8 Incomplete 52.74
126.8 114 PHAGE_Xylell_Xfas53_NC_013599 31 Intact 53.99

CFBP 8073 12.3 14 PHAGE_Pseudo_PPpW_3_NC_023006 9 Incomplete 57.08
24 6 PHAGE_Cellul_phiSM_NC_020860 1 Incomplete 54.78
11.3 9 PHAGE_Xantho_Cflc_NC_001396 3 Incomplete 46.42
31.9 15 PHAGE_Xylell_Xfas53_NC_013599 14 Questionable 55.01
25.9 23 PHAGE_Xylell_Xfas53_NC_013599 13 Intact 56.16
58.7 22 PHAGE_Xylell_Xfas53_NC_013599 7 Intact 52.85
31.1 7 PHAGE_Ralsto_RSK1_NC_022915 2 Incomplete 52.72
79.5 69 PHAGE_Xylell_Xfas53_NC_013599 14 Intact 52.07
23.7 16 PHAGE_Haemop_Aaphi23_NC_004827 2 Questionable 54.95
16.5 16 PHAGE_Aggreg S1249_NC_013597 6 Incomplete 54.42
64.6 55 PHAGE_Xylell_Xfas53_NC_013599 12 Intact 54.88

“In each concatenated genome sequence, ordered from the largest to the smallest contig, PHAST identified regions of phage origin. Included are the size of each region, the number
of predicted phage CDSs in that region, the predicted candidate phage with the highest number of CDSs, completeness of the phage sequence, and the GC%.

factors with a putative role in X. fastidiosa pathogenicity were
established (see Table S5 in the supplemental material). Orthologs
were searched for (tblastn) in the translated genome sequences of
the four coffee plant-infecting X. fastidiosa strains (CFBP 8072,
CFBP 8073, 6¢, and 32). All candidates associated with the type I
secretion system are conserved in the five strains. Most of the type
II secretion system genes were also conserved, with few excep-
tions, such as a 1,4-beta-cellobiosidase gene that appeared to be
poorly conserved in CFBP 8073. Genes associated with the type IV
secretion system are poorly conserved in the coffee plant-infecting
strain, and strain CFBP 8072 did not possess any of the searched
candidates. The repertoire of genes coding for the type V secretion
system appeared to be partially conserved, with the absence of
several genes encoding hemolysins and hemagglutinins in both
CFBP 8072 and CFBP 8073, as well as in the two other coffee
plant-infecting strains. Finally, some other known virulence fac-
tors are conserved in CFBP 8072 and CFBP 8073; this is the case
for the colicin V toxin. Four genes (hicA, hicB, higA, vapI) clus-
tered in strain Temeculal (PD1340 to PD1343) were missing from
the CFBP 8072 genome sequence but were fully conserved in
CFBP 8073.

A high prevalence of prophage sequences is a common fea-
ture of X. fastidiosa genomes. Since evidence of homologous
recombination was provided for both genomes, we checked the
presence of prophages in a concatenated version of the genome
sequences of CFBP 8072 and CFBP 8073 to assess the influence
of horizontal gene transfer (HGT) on genome evolution. Ac-
cording to PHAST analysis (45), CFBP 8072 and CFBP 8073
contained 5 and 11 regions with sequences of phage origin,
respectively (Table 5).

The sequences of 10 phages from 9a5c¢ (XfP1 to -10) and eight
from Temeculal (Xpdl to -8) were sought in the genomes of
CFBP 8072 and CFBP 8073 due to the known positions of the
phage regions in the 9a5c¢ and Temeculal genomes (57) (see Fig.
S5 and S6 in the supplemental material). The data illustrated how
phage regions were conserved in the whole genomes of the tar-
geted strains and indicated that a given phage from strain 9a5c or
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Temeculal was not necessarily found as a single region but could
be found fragmented in several regions of the targeted genomes.
Regarding the phages from strain 9a5c, both strains CFBP 8072
and CFBP 8073 possess phage regions with a high level of identity
(see Fig. S5) with all but Xfp9 phages on at least 50% of the phage
sequence length. The most relevant conservation was for phages
Xfp6, Xfp7, Xfp8, and Xfp10 in CFBP 8072 and to a lower extent in
CFBP 8073. The highest conservation of phage sequences in CFBP
8072 versus CFBP 8073 was not surprising, since both strains 9a5¢
and CFBP 8072 belong to the same subspecies, X. fastidiosa subsp.
pauca, while CFBP 8073 does not. Considering the phages from
strain Temeculal, both strains CFBP 8072 and CFBP 8073 pos-
sessed phage regions with a high level of identity (see Fig. S6) with
all Xpd1 to -8 phages. The most relevant conservation was noted
for Xpdl, Xpd2, Xpd6, and Xpd7.

Identification of allelic variants specific to X. fastidiosa iso-
lated from coffee plants. The genome sequences of the follow-
ing four X. fastidiosa strains that were isolated from coffee
plants are available: CFBP 8072 isolated from C. arabica origi-
nating from Ecuador, CFBP 8073 isolated from C. canephora
originating from Mexico, and strains 6¢ and 32 (isolated from
Coffea spp. from Brazil) (55, 58). To identify potential determi-
nants of coffee plant adaptation, we compared these genome se-
quences to the 13 other available X. fastidiosa genome sequences
representing X. fastidiosa strains which are not known to infect
coffee plants (Table 3, excluding the PLS 229 strain that does not
belong to X. fastidiosa). First, the core genome of coffee plant-
infecting strains was compared to the pan-genome of non-coffee-
plant-infecting strains. Unfortunately, we did not identify any or-
thologous group specific to coffee plant-infecting strains.
Therefore, another approach based on the presence of specific
k-mers associated with strains isolated from coffee plants was per-
formed. A set of five fragments was obtained (see Fig. S7 in the
supplemental material). These fragments are located in genes en-
coding a methionyl-tRNA synthetase (MetG), a von Willebrand
factor type A, a cellobiosidase, a phage antirepressor, and a hypo-
thetical protein. In regard to the methyl-tRNA synthetase, the
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k-mer region contained one single-nucleotide polymorphism
(SNP) that had no effect on the amino acid translation. The k-mer
fragment of the hypothetical protein contains six variable loci be-
tween coffee plant-infecting strains and non-coffee-plant-infect-
ing strains; they were all synonymous. Two loci were variable in
the coffee plant-specific k-mer region of the von Willebrand factor
type A, one SNP had a nonsynonymous effect, the other SNP had
a synonymous effect, and the combination of both loci was spe-
cific at the nucleotidic level, but the protein sequence was not
specific. The specific k-mer fragment associated with a phage an-
tirepressor was located either within the CDS or in an intergenic
region approximately 250 bp upstream or 40 bp downstream of
the CDS. Finally, the coffee plant-specific k-mer region was non-
synonymous for the cellobiosidase. In the latter case, this fragment
was present five times in a serine/glycine-rich region of the gene in
strain 6¢ but only twice in CFBP 8072 and once in strains 32 and
CFBP 8073. These modifications did not localize in a functional
domain but between a glycosyl hydrolase family 6 (GH6) domain
(positions 33 to 401 in 9a5c¢ protein) and a carbohydrate-binding
module family 2 (CBM2) domain (positions 609 to 681 in 9a5¢
protein).

DISCUSSION

Several Xylella-contaminated coffee plants were recently inter-
cepted in Europe (present study and reference 59). As coffee is not
cropped in Europe, it is not submitted to any quarantine regula-
tion. Nevertheless, since X. fastidiosa is listed in the A1 Annex of
the EU Council Directive EC 2000/29, its occurrence in the Euro-
pean Union must be declared and contaminated plants should be
eradicated. This work allows the identification of two novel STs
for the X. fastidiosa strains isolated from coffee plant cuttings orig-
inating from Mexico and Ecuador. One strain fell into the X. fas-
tidiosa subsp. fastidiosa-X. fastidiosa subsp. sandyi group, while
the other fell into a genetic lineage close to X. fastidiosa subsp.
pauca strains, being yet slightly divergent. Candidate alleles and/or
ortholog coding elements associated with coffee plant adaptation
are described.

Various assays are available to identify X. fastidiosa strains, but
because of recombination events that affect the genomes of these
pathogens, taxonomic assignation of strains can lead to conflict-
ing results. Indeed, strain CFBP 8073, which was isolated from a
Mexican coffee plant, is identified as X. fastidiosa subsp. sandyi
based on a multiprimer PCR identification test (33), on a whole-
genome-based phylogenetic tree using CV-Tree, and on ANI cal-
culations, but based on MLSA, this strain clusters with other cof-
fee plant-infecting strains isolated from Costa Rica (http:
/Ipubmlst.org/xfastidiosa/) into X. fastidiosa subsp. fastidiosa. The
X. fastidiosa subspecies fastidiosa and sandyi are supposed to
originate from Central America, and only a limited part of their
original diversity was introduced into the United States (14, 17).
Increasing the available genomic data in these two subspecies with
strains isolated in the origin and/or diversification area would help
to clarify this point.

Strain CFBP 8072 was assigned to X. fastidiosa subsp. pauca.
This strain clusters on a branch close to, but divergent from, the X.
fastidiosa subsp. pauca clade and especially in a divergent branch
from the X. fastidiosa subsp. pauca strains that were isolated from
Brazilian coffee plants (18). Interestingly, the CoDiRO strain,
which is the causal agent of the current epidemics in olive trees in
Italy (6), also belongs to X. fastidiosa subsp. pauca. It seems that
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first the clade clustering CFBP 8072 and CFBP 8074 diverged, and
then the CoDiRO strain diverged from the clade containing the
strains infecting coffee and citrus plants (6¢, 32, and 9a5c). Adding
genome sequences to represent the diversity of X. fastidiosa subsp.
pauca strains is also needed to clarify the boundaries of this sub-
species.

While an ANT threshold range (95 to 96%) for species demar-
cation had previously been suggested based on a comparative in-
vestigation between DNA-DNA hybridization and ANI values
(42), no ANI threshold has been provided for subspecies delinea-
tions. Strain PLS 229, which was isolated from nashi in Taiwan
(56), does not belong to the X. fastidiosa species, as indicated by
ANIb values close to 83% for each pairwise comparison. This
strain may form a novel species, tentatively named Xylella taiwan-
ensis (56). ANIDb results highlight that strain clustering at a thresh-
old higher than 98% identity grouped strains into the previously
defined subspecies. It is thus tempting to propose an ANIb value
in the range of 98 to 99% as an indicative threshold for subspecies
clustering; however, this would necessitate a much larger data set.

A first line of evidence of multiple recombination events at the
origin of these coffee plant-infecting strains comes from the anal-
ysis of allele combinations. CFBP 8072 is an X. fastidiosa subsp.
pauca strain showing alleles at gltT, leuA, and petC loci that are
common among X. fastidiosa subsp. pauca strains (i.e., already
identified in 9a5c¢, 32, and/or CoDiRO). The nuoL allele is of un-
known origin and was recently reported in X. fastidiosa subsp.
pauca strains isolated from oleander and coffee plants from Costa
Rica (19) and in olive trees in Italy (6). The alleles of CFBP 8072 at
¢ysG and holCloci are yet undescribed. Similarly, CFBP 8073 pre-
sented alleles at gltT, holC, malF, and petC that are common
among X. fastidiosa subsp. fastidiosa strains (Table 4). In contrast,
the leuA allele is quite rare and was previously identified in strain
ALS12 with a totally different set of alleles at other loci that defined
ST18 (35). Also, alleles of CFBP 8073 at cysG and nuoL loci were
novel. These unusual allele combinations for X. fastidiosa strains
are indications of recombination among strains from other sub-
species. Donors may be of unknown origin, as is obviously the case
for the novel alleles, or may have been previously described, which
is the case for the leuA allele 9 already identified in X. fastidiosa
subsp. multiplex ALS12 (9, 35).

Another line of indication for recombination events is brought
forth by phylogenetic trees and networks. Conflicting signals in
the gene sequence data suggest exchange or acquisition of genetic
material among strains. In a phylogenetic network, alternative
phylogenies are represented by parallelograms. The more reticu-
lation there is in a network, the more conflicting signals exist in the
sample, possibly due to exchange of genetic material. Relevant
reticulations are found for five out of the seven housekeeping
genes from the MLSA scheme (i.e., ¢ysG, gltT, holC, malF, and
nuoL). Recombination events occurred during evolution and even
recently, especially at the base or along the branches that bear the
two new STs defined for our strains. Lack of congruency among
individual housekeeping genes and/or with the tree based on the
concatenated data set was already observed with other sets of
genes in a collection of Brazilian X. fastidiosa subsp. pauca strains
(18). In this work, this observation is extended to the other X.
fastidiosa subspecies.

From gene analysis, extensive evidence of intersubspecific re-
combination within X. fastidiosa has appeared to support genetic
variation, potentially involved in host shifts. X. fastidiosa is natu-
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rally competent, at least in vitro, and recombination efficiencies
are higher for attached cells (54), which is the case when Xylella
cells are present in high numbers in insects and in xylem vessels
(60). This natural competency could be a route through which
horizontal gene transfer occurs for sympatric strains in natural
environments. High recombination rates coupled with the un-
controlled movement of strains can have disastrous conse-
quences. For example, X. fastidiosa subsp. multiplex causing plum
leaf scald was first detected in South America, i.e., Brazil, Argen-
tina, and Paraguay, in the mid-1930s (61). Strains isolated from
infected plums in Brazil showed close genetic proximity with U.S.
isolates of X. fastidiosa subsp. multiplex (62). The latter species is
supposed to be native to the United States (14, 17). This pathogen,
feasibly introduced into Brazil, could have evolved in sympatry
with native X. fastidiosa subsp. pauca, whose host range is cur-
rently unknown. Then an intersubspecific recombination be-
tween representatives of these two subspecies may have led to a
host shift from yet unknown native hosts of X. fastidiosa subsp.
pauca to citrus and coffee (16). Recently, other cases of intersub-
specific recombinations were documented in the United States as
linked with the emergence of X. fastidiosa in mulberry, blueberry,
and blackberry (11, 63).

The strains isolated from coffee plants grown in Central and
South America are polymorphic at the seven MLST loci, with at
least 17 STs (http://pubmlst.org/xfastidiosa/). At least four STs
(ST14, ST16, ST53, and ST74) were identified for the coffee plant-
infecting X. fastidiosa subsp. pauca strains. For these STs, no one
locus presents a single allele, indicating that there is genetic vari-
ation at all seven loci. As the coffee plant species C. canephora and
C. arabica are both grown in large but different areas of Latin
America, it is not likely that bacterial genetic differentiation is
linked to host genotypes. In addition, both coffee species were
introduced less than 300 years ago in Latin America (64) via dif-
ferent introduction events. It has been suggested that in Brazil,
coffee species had recruited X. fastidiosa subsp. pauca through
intersubspecific recombination (16). Indeed, it was hypothesized
that Brazilian X. fastidiosa subsp. pauca was originally unable to
infect coffee plants, but that adaptation to this host plant became
possible only after the introduction of novel genetic variation. The
first description of CLS appears in 1995 (21). Even if the disease
had been previously present but unidentified, it has been hypoth-
esized that the recombination event leading to the host shift has
been a relatively recent event (16). It should therefore be observed
that either this original recombinant strain diversified quickly and
invaded most equatorial coffee-producing areas from Central to
South America or that coffee species recruited an already diversi-
fied but Xylella-adapted population.

Recombination is an important driving force of genome evo-
lution in X. fastidiosa, including homologous recombination but
also gene acquisition through HGT (15, 55). X. fastidiosa has the
largest ratio of phage genes to genome size (7 to 9%) in a set of 37
phytopathogenic bacterial genomes (65). Various phage species,
including Xfas53, were predicted in the sequenced genomes. The
temperate phage Xfas53 has been propagated and purified from
the X. fastidiosa strain Temecula (66). This lytic phage has a chi-
meric structure that combines characteristics of P2- and P22-type
phages. It harbors a genome of 36.7 kb that contains 45 CDSs (66).
In CFBP 8072, alarge region of 126.8 kb is predicted to contain 31
CDSs from Xfas53, and 8 CDSs are located in another region. In
CFBP 8073, five regions contained from seven to 14 Xfas53 CDSs.
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The other sequences identified by PHAST were similar to lytic
prophages of various origin, some of which are found in other
plant-pathogenic bacteria, such as Pseudomonas spp. (prophage
F10) and Ralstonia solanacearum (prophage RSK1), or in bacteria
associated with decaying plant material (prophage ®SM from Cel-
lulomonas spp.). Apart from lytic phages, sequences of filamen-
tous phages have been identified. This is the case of the filamen-
tous phage Cfl that has been commonly found infecting
Xanthomonas species. This phage has the ability to reduce the
growth of infected cells (67). While several phages have been iden-
tified in X. fastidiosa strains 9a5c, 6¢, and 32 (X. fastidiosa subsp.
pauca), Temeculal (X. fastidiosa subsp. fastidiosa), Dixon (X. fas-
tidiosa subsp. multiplex), and Ann-1 (X. fastidiosa subsp. sandyi)
(15, 46, 55, 57, 65), none of these were identified in CFBP 8072 or
CFBP 8073 by PHAST but were identified, at least partially and/or
fragmented, in the genome sequences of CFBP 8072 or CFBP
8073, based on a blast search. The prophage Xfp6 shared by the
9a5c and 6¢ strains (55) was also found in strains CFBP 8072 and
CFBP 8073 with a very high level of conservation. Hence, phage
activity is still in process in strain CFBP 8072 or CFBP 8073 and
more generally in X. fastidiosa, being thus another mechanism
contributing to the ongoing diversification of the pathogen.

Coffee plant-colonizing strains are genetically diverse, not only
ina comparison of strains from South America and Central Amer-
ica but also in a comparison of those within Central America. Our
results confirm data previously obtained by Montero-Astua et al.
(68). In order to identify potential determinants of coffee plant
adaptation, genome sequences of coffee plant-infecting strains
were compared. No groups of orthologs are specific to coffee
plant-infecting strains. In contrast, the k-mer approach helped to
identify SNPs or fragments that were specific to coffee plant-in-
fecting strains. Most of them remained silent at the protein level
and, hence, probably did not impact bacterial interactions with
the plant. They may indicate ongoing differentiation of strains
based on host constraint.

In this study, the presence of novel alleles together with previ-
ously described alleles in these STs show evidence of recombina-
tion events. This study emphasizes recombination as a factor of
divergence among X. fastidiosa strains. As host shifting associated
with the recombination of phylogenetically distant strains was al-
ready documented for X. fastidiosa, the current scenario of inter-
ception and emergence of X. fastidiosa strains in Europe highlight
the importance of avoiding any further introductions in order to
limit the risk of creating new genotypes or discovering new hosts.
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