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Phylogenetics of Historical Host Switches in a Bacterial Plant
Pathogen

Alexandra Katz Kahn,a Rodrigo P. P. Almeidaa

aDepartment of Environmental Science, Policy, and Management, University of California Berkeley, Berkeley, California, USA

ABSTRACT Xylella fastidiosa is an insect-transmitted bacterial plant pathogen found
across the Americas and, more recently, worldwide. X. fastidiosa infects plants of at
least 563 species belonging to 82 botanical families. While the species X. fastidiosa
infects many plants, particular strains have increased plant specificity. Understanding
the molecular underpinnings of plant host specificity in X. fastidiosa is vital for pre-
dicting host shifts and epidemics. While there may exist multiple genetic determi-
nants of host range in X. fastidiosa, the drivers of the unique relationships between
X. fastidiosa and its hosts should be elucidated. Our objective with this study was to
predict the ancestral plant hosts of this pathogen using phylogenetic and genomic
methods based on a large data set of pathogen whole-genome data from agricul-
tural hosts. We used genomic data to construct maximum-likelihood (ML) phyloge-
netic trees of subsets of the core and pan-genomes. With those trees, we ran ML an-
cestral state reconstructions of plant host at two taxonomic scales (genus and
multiorder clades). Both the core and pan-genomes were informative in terms of
predicting ancestral host state, giving new insight into the history of the plant hosts
of X. fastidiosa. Subsequently, gene gain and loss in the pan-genome were found to
be significantly correlated with plant host through genes that had statistically signifi-
cant associations with particular hosts.

IMPORTANCE Xylella fastidiosa is a globally important bacterial plant pathogen with
many hosts; however, the underpinnings of host specificity are not known. This paper
contains important findings about the usage of phylogenetics to understand the history
of host specificity in this bacterial species, as well as convergent evolution in the pan-ge-
nome. There are strong signals of historical host range that give us insights into the his-
tory of this pathogen and its various invasions. The data from this paper are relevant in
making decisions for quarantine and eradication, as they show the historical trends of
host switching, which can help us predict likely future host shifts. We also demonstrate
that using multilocus sequence type (MLST) genes in this system, which is still a com-
monly used process for policymaking, does not reconstruct the same phylogenetic to-
pology as whole-genome data.

KEYWORDS Xylella fastidiosa, host specificity, quarantine, trade, policymaking,
ancestral state reconstruction, genomic diversity, pan-genome, phylogenomics, host-
pathogen interactions, phylogenetic analysis, phytopathogens, plant microbiology

Modern plant trade disturbs historical ecological relationships and creates opportu-
nities for the development of novel pathogenic interactions (1, 2), often with cor-

related genetic changes (3). However, pathogens must be adapted to the environment
of the novel host before they meet, or they will not be able to survive and reproduce
(4). That does not mean pathogens necessarily preadapted to the exact same host, but
they could have adapted to a similar host earlier and retained that adaptation until
encountering a novel host. Convergent evolution in diverse pathogen populations can
allow for divergent strains to have the ability to infect the same hosts. Three potential
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mechanisms of genetic change that can accompany host shifts are nucleotide changes
leading to different alleles in the core genome of a pathogen (defined as the genes
shared by all strains in a set of samples), whole-gene gain and loss in the pan-genome,
leading to unique sets of genes in individual strains, or regulatory/epigenetic changes.
Due to the recent increase in whole-genome sequencing of plant pathogens, we can
now more effectively use phylogenetic analyses to investigate their genetic associa-
tions to both novel and historical host plants (5). Understanding the phylogenetic rela-
tionships between specific hosts and pathogens should allow the development of pre-
emptive plans to protect natural ecosystems as well as agriculture from the emergence
of novel pathogens.

Xylella fastidiosa is an insect-transmitted, xylem-limited bacterial plant pathogen
found across the Americas and, as of recently, globally. X. fastidiosa is considered to be
a generalist pathogen because, as a species, it reportedly infects at least 563 species
belonging to 82 botanical families (6). The lack of host specificity that X. fastidiosa
exhibits as a species contrasts with increased plant host specificity in smaller clades
and strains (6–12). It is still debated whether a pathogen like X. fastidiosa should be
considered a generalist species that “leaps” between phylogenetically distant hosts or,
alternatively, a crawler at shallower clades (7, 13). The difference is biological, as there
are unique implications for either evolutionary path. X. fastidiosa could be repeatedly
evolving specialization, or it could have biological and genetic traits as a species that
make particular hosts of disparate plant taxa suitable.

From an applied perspective, there have been recent calls from government
agencies for increased focus on understanding the host range of X. fastidiosa. This is
because the pathogen has been deemed likely to spread and to be of extremely
high risk to crops of agricultural value (14). Xylella fastidiosa causes disease in a range
of high-value crops, including Pierce’s disease of grapevines (PD), citrus variegated
chlorosis disease in sweet oranges, almond leaf scorch, leaf scorch of coffee, and
olive quick decline syndrome (OQDS), spanning North and South America, Europe,
the Middle East, and Taiwan (7, 15, 16). While there are three distinctive subspecies
of X. fastidiosa and it would be desirable to be able to use those subspecies for man-
agement decisions, so far, the subspecies have not been found to have sufficient re-
solution to define host range or to infer risk (7). Understanding the molecular basis
of plant host specificity in X. fastidiosa is vital for predicting and acting upon host
shifts, but these are processes yet to be described (7).

Xylella fastidiosa is a member of the group Xanthomonadaceae and phylogenetically
clusters sister to Xanthomonas albilineans, technically within the paraphyletic genus
Xanthomonas, although Xylella is considered a separate genus (17, 18). Xylella spp. and
Xanthomonas albilineans are the only xylem-limited Xanthomonadaceae and have con-
vergently reduced genomes compared to the rest of the genus (18). Xylella also lacks a
type III secretion system (T3SS), a loss compared to its higher-order taxonomic group.
As the purpose of the T3SS in phytopathogens is to deliver effectors into living plant
cells (19), the loss has been hypothesized to be due to X. fastidiosa primarily interacting
with nonliving tissue, insect cuticle, and mature xylem vessels (20).

While the molecular basis of host range is not understood, there are consistent patterns
in the ability of particular X. fastidiosa isolates to infect specific plant hosts regardless of
their environmental condition (8, 11). This implies that genetics, as opposed to only envi-
ronmental conditions, underlie the relationship between isolates and plant hosts that allow
for colonization. Recurring pathogen specificity to a particular host can be either explained
through phylogenetic signal, where members of a clade have shared traits that allow for
pathogenesis in that host, or by pathological convergence, where more distantly related
strains have separately acquired mechanisms for virulence. Both processes have underlying
genetics, but each shows different phylogenetic patterns (21). Last, we have seen that dele-
tion of rpfF, which controls cell-cell signaling via a diffusible signal factor (DSF), can expand
the host range of X. fastidiosa (22). Other insights into host range have been made in terms
of plant immunological studies. For example, removing the O-antigen from the exterior of
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X. fastidiosa cells allows the plant to quickly recognize X. fastidiosa and initiate immune
responses, thus decreasing its likelihood of colonization of the plant (23). O-antigens are
highly variable and evolve rapidly and often are shown to have coevolutionary histories
between symbiotic organisms, as they are the first exposed part of any bacterium (24). In
terms of phylogenetic methods, cophylogenies have shown no cospeciation between
plant hosts and X. fastidiosa or any other congruence between the evolutionary histories of
X. fastidiosa and its plant hosts (7). Based on the current data, it is not generally possible to
tell if X. fastidiosa is undergoing host jumps or range expansions; however, the data avail-
able so far suggest that both are occurring given that, in certain situations, we see strains
able to infect multiple hosts (8), while in other situations, we see multiple strains coexisting
in nature but no cross infections of hosts (11).

Using the influx of whole-genome data generated in the past several years, we
searched the genomes of X. fastidiosa for correlations with plant host species. The
first method we pursued was conducting ancestral state reconstructions. Ancestral
state reconstructions use genetic data (phylogenies), with a known phenotype for
each taxon, to characterize the most likely state that each ancestral node of the
tree would have possessed for the phenotype of interest. This tool has been used
to understand host-pathogen interactions via ancestral state reconstructions in
fungi and trematodes parasite systems (25, 26). Ideally, we would be able to ask:
what was the most likely ancestral host of the ancestor of all X. fastidiosa? If we can
understand patterns in the past, it can help us better build models to predict future
hosts based on the genomic changes associated with historical host shifts.
Following the ancestral state reconstructions, we looked further into the pan-ge-
nome by calculating correlations between plant host types and the presence/ab-
sence of each gene.

This study aimed to compare the commonly used genetic data sets available for
phylogenetic analyses of X. fastidiosa both to compare phylogenetic topologies as well
as ancestral host states from each data set. We hypothesized that the pathogen phy-
logeny would be correlated with host history and that we could observe this trend
through ancestral state reconstruction. If there is no relationship between host and the
phylogeny, there should not be conclusive ancestral state reconstruction results. We
hypothesize that by using either the core genome of X. fastidiosa, pan-genome phylo-
genetic tree, or both, it would be possible to estimate the likelihood of hypothetical
plant hosts for ancestral nodes of interest (a node represents a common ancestor of
the tips). This would show that the host is largely dependent and predictable based on
the phylogeny of bacterial relationships and would lead to further pursuing allelic dif-
ferences in core genome and/or gene gain/loss in the pan-genome and estimate how
either or both are correlated with plant host identity. While not biologically meaning-
ful, since multilocus sequence type (MLST) data are still frequently used in X. fastidio sa
management, we included that data type in our analysis for comparison as well.

RESULTS
Phylogenetic reconstruction of disparate regions and sizes are topologically

similar. The pan-genome of all sequences and the outgroup Xylella taiwanensis Wufong1_
PLS229 (n = 349) contained 17,024 genes (14,564 of which come from the ingroup X. fastid-
iosa). The alignment of MLST genes totaled 4,146 bp in length, while the core genome com-
prised 1,411 concatenated regions in a total of 354,816 bp. Nonrecombinant regions identified
with ClonalFrameML (27) comprised only 32% of the core genome (68% of the alignment
showed evidence of recombination), leaving an alignment consisting of only 112,819 bp
(Table 1). The alignment contained 130 pairs of sequences that were completely identical to
each other, highly reducing the amount of within-subspecies differentiation that is possible
with this data set and creating large polytomies of indistinguishable sequences within X. fas-
tidiosa subsp. fastidiosa (mostly California Vitis samples), as well as within X. fastidiosa subsp.
pauca (mostly Italian Olea samples). Due to this lack of within-subspecies resolution, the phy-
logeny with recombinant regions removed is only suitable for between-subspecies compari-
sons due to the extensive data loss in removing recombinant regions. The strains and
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locations in the alignment with recombination can be visualized in Fig. S3 in the supplemental
material.

While between-subspecies topologies are similar among the four trees generated,
they are not identical. The core genome tree shows consensus of taxonomic division
into three subspecies; however, X. fastidiosa subsp. sandyi and X. fastidiosa subsp. morus
could be either part of subsp. fastidiosa or each their own small subspecies without
affecting the monophyly of X. fastidiosa subsp. fastidiosa. (see Fig. 1 and 2 for phyloge-
netics and Table S1 for strain information). The nonrecombinant tree is similar except
that X. fastidiosa subsp. morus is clustered within X. fastidiosa subsp. fastidiosa. The pan-
genome splits the most basal of the three subspecies, X. fastidiosa subsp. subsp. pauca,
into a paraphyletic cluster; however, it places X. fastidiosa subsp. multiplex, X. fastidiosa
subsp. fastidiosa, X. fastidiosa subsp. morus, and X. fastidiosa subsp. sandyi similar to the
core phylogeny (see Fig. 1). The MLST tree shows X. fastidiosa subsp. morus as the out-
group to X. fastidiosa subsp. fastidiosa, while X. fastidiosa subsp. sandyi falls within X. fas-
tidiosa subsp. fastidiosa. The other difference among the four topologically similar trees
is variation in branch length. The phylogenetic diversities were calculated as the
summed length of each tree calculated from nodes to root and were core, 6.65; nonre-
combinant, 3.32; MLST, 8.65 (in substitutions per site); and pan-genome, 59.15 (in gene
gains and losses per site). Since the pan-genome tree was built with gene presence/ab-
sence data, it was calculated in gene changes per site. Phylogeny and alignment infor-
mation are summarized in Table 1. A 16S rRNA gene phylogeny was also built as a com-
parison (Fig. S5), but the phylogeny provided very poor differentiation among strains
(only 40 unique sequences out of the 349 strains).

Within X. fastidiosa subsp. fastidiosa, the core genome rearticulates the three PD
clades that were found in Castillo et al. (28) (Fig. S4). Within the clade defined as PD-
III, the sequence similarity in the core has led to extensive polytomies, with many
sequences indistinguishable in the core (Fig. 2). The three PD clades are also articu-
lated in the nonrecombinant phylogeny and the pan-genome phylogeny; however,
the MLST tree does not differentiate these clades from one another. Not poorly
resolved, the MLST does have high bootstrap support for clades that conflict with
trees constructed with core- and pan-genome trees, suggesting that using MLST
genes have the potential to subvert the analysis of relationships between taxa while
showing strong bootstrap support.

Within X. fastidiosa subsp. multiplex, there have typically been considered two groups,
the nonrecombining “non-IHR,” as well as the recombining outgroup “IHR” (29). The core
genome tree, as well as the MLST tree, both articulate these two groups, the clade non-
IHR, as well as the nonmonophyletic recombining group, IHR. The nonrecombinant tree
and the pan-genome tree do not recreate these groupings (Fig. S4).

All phylogenies but the pan-genome show a consistent split in X. fastidiosa subsp.
pauca between the strains isolated from the Italian OQDS outbreak and the mixed host
strains from Brazil. Within the OQDS strains, as well as several very closely related strains
from Costa Rica, there is no clear resolution at this genomic scale. Within the Brazilian
clade, strain Hib4 is the outgroup in all phylogenies except the MLST.

TABLE 1 Summary of alignments and phylogenetic diversity for each of the four alignments
and corresponding phylogenetic trees

Phylogeny data source
Total alignment
length

Phylogenetic diversity
(summed substitutions
per site)

Nonrecombinant genome 112,819 bp 3.32
Core genome 354,816 bp 6.65
MLST genes 4,146 bp 8.65
Pan-genome 17,024 genes 59.15
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The reconstructed ancestral likelihoods suggest ancestral hosts of X. fastidiosa.
Interrogating the results of the ancestral state reconstruction to the genus level of the
core genome phylogeny shows undetermined hosts at the deepest nodes (Fig. 3).
However, the ancestral node of X. fastidiosa subsp. fastidiosa has a significant associa-
tion with the plant genus Coffea, which persists throughout X. fastidiosa subsp. fastid-
iosa as the most likely ancestral host for all strains isolated from South and Central
America. This changes for the PD clade, where the ancestral host of all nodes except
one is Vitis, the one exception being an ancestral Prunus node. X. fastidiosa subsp. san-
dyi and X. fastidiosa subsp. morus are undetermined in ancestral hosts. X. fastidiosa
subsp. multiplex has a more dynamic history, with Vaccinium shown to be the most
likely ancestral host for the subspecies, and then within the clade, a switch to a large
group of nodes whose most likely host is Prunus, as well as two nodes depicting
Platanus and Olea. X. fastidiosa subsp. pauca does not have a determined ancestral
host of the whole subspecies, and internal nodes switch several times between Citrus
and Coffea and once to Olea.

FIG 1 Maximum-likelihood phylogenies for all four genomic subsets with n = 349 strains, collapsed to the potential subspecies level. MulMD and Mul0034
are considered examples of the debated X. fastidiosa subsp. morus, while Ann1 and RAAR8 are examples of the second debated subspecies, X. fastidiosa
subsp. sandyi. X. fastidiosa subsp. fastidiosa, X. fastidiosa subsp. pauca, and X. fastidiosa subsp. multiplex have only been collapsed to clades which do not
include those four strains. Each phylogeny has a separate scale of substitutions across its branches. Node support is shown as bootstrap values, with values
under 50 not displayed. The outgroup used for all trees is the strain Wufong1, a member of the species Xylella taiwanensis, which has been trimmed from
these trees for visualization.
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In terms of the genera across the reconstructions, while the deep nodes (ancestors
of a subspecies) are often undetermined, there is more resolution within subspecies
(Fig. 4). The node that is consistent across the four reconstructions is that there is a
high likelihood of the genus Coffea being the ancestral host of the node representing
the introduction of X. fastidiosa subsp. fastidiosa from Central to North America. The
genus Vaccinium was predicted as the most likely ancestral host of X. fastidiosa subsp.
multiplex in the core genome phylogeny, whereas in the nonrecombinant phylogeny,
the ancestor of all but one strain of X. fastidiosa subsp. multiplex is the genus Prunus.
All four trees agree upon the ancestor of the internal non-IHR multiplex clade being
Prunus. In terms of the transition models chosen for each reconstruction, most trees

FIG 2 Maximum-likelihood phylogeny of the core genome without any clades collapsed. The branch lengths are quantified by substitution rate, and the
bootstrap support is depicted by branch color. Each strain name includes an abbreviated reference to its origin; see Table S1 in the supplemental material
for more details on the history of each strain. The branch length leading to the outgroup, Wufong1, has been removed to clarify relationships within the
species X. fastidiosa. Dashed lines are used to connect tips of the phylogeny to the taxa names.
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had lower Akaike information criterion (AIC) scores when using the equal rates model
with fewer parameters than the symmetrical rates model, the exception being for the
pan-genome super order reconstruction having a lower AIC score with the symmetric
model than the equal rates (Table S2).

At the node representing the ancestor of the species X. fastidiosa, both the nonre-
combinant core and pan-genome phylogenies predict that the clade Rosid is the most
likely ancestral host (Fig. 5). The core and MLST phylogenies predict Asterid to be the
ancestral host but at lower likelihoods of 87 and 78%, respectively, which are visual-
ized, along with all likelihoods under 95%, as undetermined (See Fig. 5 and Table S2).
There is enough discordance between reconstructions that a consistent pattern at this
host depth is unlikely.

Four plant clades correlated with gene presence and/or absence. Bacteria iso-
lated from the genera Coffea and Vitis, as well as the superorders Asterid and Rosid,
have X. fastidiosa genes with which they are significantly correlated, totaling 30 genes
(Table 2). Ten of these 30 genes are significantly correlated with both Asterids and
Rosids, with paired, opposite relationships (i.e., the same gene is significantly absent
for one host, while it is present for another) (Table 2). Some correlations are of signifi-
cance due to elevated presence of the gene among strains found in a particular host,
while most are significant due to an absence of particular genes in the host of interest.
Since lineage-specific interdependencies are accounted for with the phylogeny, the
correlated genes are representative of convergent processes, either evolutionarily or
via lateral gene transfer, not shared ancestry by descent. Genes that are significant

FIG 3 Cladogram of the core genome with the most likely genus of each node mapped onto the branches.
Nodes with likelihood of less than 95% for one genus are colored in gray and marked as undetermined. The
ancestral state reconstruction was conducted with an equal rates model.

Host Switches in a Plant Pathogen Applied and Environmental Microbiology

April 2022 Volume 88 Issue 7 10.1128/aem.02356-21 7

https://journals.asm.org/journal/aem
https://doi.org/10.1128/aem.02356-21


mark repeated nonvertical descent changes in the pan-genome of strains in conver-
gent patterns specific to the hosts of interest. While most identified genes are hypo-
thetical proteins, genes shown to be correlated with host were fitB_1 (part of the
toxin-antitoxin [TA] system, involved in in-host migration), vbhT (part of the TA sys-
tem, interbacterial effector protein), socA (antitoxin to SocB, which inhibits DNA repli-
cation), and an HTH-type transcriptional regulator (others known in X. fastidiosa to
modulate biofilm formation) (Table 2) (30–32).

FIG 4 Cladograms of all four genomic regions with the most likely genus of each node mapped onto the
branches. Nodes with likelihood of less than 95% for one genus are colored in gray and marked as undetermined.
(A) Nonrecombinant core cladogram; (B) core cladogram; (C) MLST cladogram; (D) pan-genome cladogram. All
four ancestral state reconstructions were done with an equal rates transition model between hosts.
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DISCUSSION

In this paper, we show that there is a genetic basis to the host range of X. fastidiosa.
We demonstrate that both the phylogeny and gene gain and loss in the pan-genome
are connected to plant host of the diverse species X. fastidiosa and that an Asterid of
undetermined genus was the most likely ancestral plant host of X. fastidiosa. Our

FIG 5 Cladograms of all four genomic regions with the most likely superorder or order of each node mapped
onto the branches. Nodes with likelihood of less than 95% for one superorder are colored in gray and marked
as undetermined. (A) Nonrecombinant core cladogram; (B) core cladogram; (C) MLST cladogram; (D) pan-
genome cladogram. All ancestral state reconstructions were done with an equal rates transition model
between hosts except the pan-genome, which performed better with additional parameters of the symmetrical
rates model.
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results indicate that the evolutionary trajectories of both the core and the pan-
genomes allow for a bacterial species with an extensive host range to specialize many
times over a broad array of plant hosts. We see this system as an example of one that
“leaps,” with host genera seemingly changing not via phylogenetic signal to related
plant hosts but switching across large regions of plant host phylogenies (13). Prior to
this study, we have not been able to trace a pattern of underlying genetic origins of
host specificity in X. fastidiosa. In this way, our study shows that the phylogeny and
gene gain/loss are connected to the adaptations that diversify host specificity in X.
fastidiosa.

Phylogenies for MLST, pan-genome, core genome, and nonrecombinant core ge-
nome data were topologically similar, but not identical. While the subspecies relation-
ships are not important to predicting host range, they are frequently used in manage-
ment decisions and our ability to converse about outbreaks, so we are including our
findings alongside our data on host use (Table S1). In terms of taxonomic subspecies,
there are differences between the four trees in whether the two debated subspecies, X.

TABLE 2 Significant genes whose presence/absence were correlated with host once phylogenetic history has been corrected for based on
common descent

Host
taxonomy Gene Annotation

No. of hosts in
which gene is
present

No. of nonhosts
in which gene
is present

No. of hosts in
which gene is
not present

No. of nonhost
in which gene
is not present

Naive
P value

Tree-
corrected
P value

Asterid group_943 Hypothetical protein 92 1 36 220 5.19E-53 3.42E-03
group_949 IS200/IS605 family

transposase IS609
13 2 115 219 7.09E-05 7.81E-03

group_9702 Hypothetical protein 9 0 119 221 9.99E-05 1.56E-02
group_1963 Hypothetical protein 9 0 119 221 9.99E-05 1.56E-02
group_1865 Hypothetical protein 0 154 128 67 1.94E-45 3.13E-02
group_2944 Hypothetical protein 0 41 128 180 2.88E-09 3.13E-02
fitB_1 Toxin FitB 10 0 118 221 3.50E-05 3.13E-02
group_2361 Hypothetical protein 10 0 118 221 3.50E-05 3.13E-02
socA Antitoxin SocA 30 6 98 215 1.77E-09 3.86E-02
group_3382 Hypothetical protein 2 23 126 198 1.90E-03 3.91E-02

Rosid group_943 Hypothetical protein 1 92 218 38 6.13E-52 3.42E-03
group_949 IS200/IS605 family

transposase IS609
2 13 217 117 8.62E-05 7.81E-03

group_9702 Hypothetical protein 0 9 219 121 1.15E-04 1.56E-02
group_1963 Hypothetical protein 0 9 219 121 1.15E-04 1.56E-02
group_1865 Hypothetical protein 154 0 65 130 1.23E-46 3.13E-02
group_2944 Hypothetical protein 41 0 178 130 1.29E-09 3.13E-02
fitB_1 Toxin FitB 0 10 219 120 4.11E-05 3.13E-02
group_2361 Hypothetical protein 0 10 219 120 4.11E-05 3.13E-02
socA Antitoxin SocA 6 30 213 100 2.84E-09 3.86E-02
group_3382 Hypothetical protein 23 2 196 128 1.03E-03 3.91E-02

Vitis group_3360 Hypothetical protein 15 33 160 141 5.15E-03 1.56E-02
group_4565 Hypothetical protein 174 3 1 171 3.22E-96 3.13E-02
group_1893 Hypothetical protein 63 0 112 174 2.30E-22 3.13E-02
group_4682 Hypothetical protein 58 0 117 174 2.35E-20 3.13E-02
group_2780 Putative HTH_type

transcriptional regulator
0 36 175 138 1.73E-12 3.13E-02

group_4923 Hypothetical protein 22 0 153 174 2.36E-07 3.13E-02
group_3389 Hypothetical protein 11 0 164 174 8.30E-04 3.13E-02
group_3387 Hypothetical protein 9 0 166 174 3.52E-03 3.13E-02
group_4544 Hypothetical protein 104 50 71 124 8.70E-09 3.91E-02

Coffea group_84 Hypothetical protein 19 203 1 126 1.49E-03 3.13E-02
group_4414 Hypothetical protein 5 208 15 121 1.39E-03 3.91E-02
vbhT Adenosine

monophosphate_protein
transferase VbhT

5 207 15 122 1.43E-03 3.91E-02

group_1250 Hypothetical protein 5 207 15 122 1.43E-03 3.91E-02
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fastidiosa subsp.morus and X. fastidiosa subsp. sandyi, are contained within X. fastidiosa
subsp. fastidiosa or X. fastidiosa subsp. multiplex or if they should be considered their
own subspecies. While there are pairs of strains that are consistently close to each
other, like the X. fastidiosa subsp. morus strains MulMD and Mul0034, the uncertainty
in their position from phylogeny to phylogeny likely reflects large gaps in diversity that
we have not yet sequenced or horizontal gene transfer more intensely affecting the
pan-genome and particular genes used for MLST than the core genes, leading to issues
recreating the vertical descent we aim for in a phylogeny (Fig. 1). X. fastidiosa subsp.
morus has been documented to have up to 15.30% of its core genome undergoing
intersubspecies homologous recombination, which could account for its uncertain
placement in the four phylogenies (33). The two strains that have been described as X.
fastidiosa subsp. sandyi-like, CO33 and CFBP8356, both clustered within X. fastidiosa
subsp. fastidiosa, not with the other potential X. fastidiosa subsp. sandyi strains Ann1
and RAAR8_XF70, supporting previous work showing that there is not a strong distinc-
tion between X. fastidiosa subsp. sandyi and X. fastidiosa subsp. fastidiosa (Fig. 2) (34).
The core genome tree also has very low bootstrap support for X. fastidiosa subsp.
pauca, which is the most diverse and oldest of the three main subspecies that could be
potentially due to conflicting histories between horizontal and vertical descent or,
alternatively, reflect that this group is simply not well supported as one subspecies
(35). In terms of the poor resolution in the OQDS clade, an analysis has recently been
conducted to increase resolution within these strains (36). Given the diversity of X. fas-
tidiosa subsp. pauca, the Hib4 strain, the outgroup of the subspecies, could be a poten-
tially interesting strain in terms of both function and evolutionary history (33).

It is difficult to know which phylogenies are more accurate than others; however, we
assume that the core genome is the most accurate at depicting the descent of this bacte-
rial species, and the topology should be robust to even high levels of recombination (37).
While the nonrecombinant core genome might reduce some issues with horizontal gene
transfer, the lack of resolution because of too many identical sequences makes it difficult
to use. While more data are not intrinsically better, there are known issues with the MLST
genes used for X. fastidiosa phylogenetics, and having a larger set of unbiased homologous
regions should be able to lend data to support nodes that are difficult to differentiate using
the smaller MLST data set (29).

Using the core genome phylogeny, the most likely ancestral host was inferred from the
phylogeny. These results show us that the phylogenetic history of X. fastidiosa is signifi-
cantly correlated with the agricultural plant host from which the strains were isolated.
While the core genome phylogeny depicts mainly vertical descent within this bacterial spe-
cies, the pan-genome phylogeny likely combines vertical descent with horizontal gene
transfer. This is due to the pan-genome’s inclusion of the accessory genome, which are
genes not shared by all members of the group (38). Based on this, we speculate that there
is both adaptation and convergence depicted in these results. Potentially, both convergent
horizontal descent via gene gain and loss, as well as vertical descent in the core, leads to
our modern distribution of traits. While the ancestral state reconstruction did not show a
classic host-parasite story of cospeciating or phylogenetically conserved host specificity,
the phylogeny and gene presence/absence are predictive of the hosts from which the
strains were isolated, and thus hypothetically, host specificity as well.

While the four ancestral state reconstructions do not show identical histories, they all
infer a high likelihood of ancestral hosts at many key branch points of the three subspecies.
The pan- and core genome reconstructions predict the genus Vaccinium (based on isolates
from blueberry) as the most likely ancestral host of the X. fastidiosa subsp. multiplex, which
supports the overall reliability of the reconstruction, as blueberry, like X. fastidiosa subsp.
multiplex, is native to eastern North America (39). X. fastidiosa subsp. pauca, X. fastidiosa
subsp. multiplex, and X. fastidiosa subsp. fastidiosa all exhibit host shifts from another
genus to Prunus, suggesting potential for increased vulnerability in this genus to
infection from varied alternative hosts. All four reconstructions also support the ge-
nus Coffea as the most likely ancestor of the introduced X. fastidiosa subsp. fastidiosa
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strains from Central American to California. This supports a previous hypothesis
made by Nunney et al. (40) wherein coffee plants that were imported from Central
America to southern California in the mid-1800s might have brought X. fastidiosa
subsp. fastidiosa along with them. Given the potential role of imported Coffea in dev-
astating global outbreaks of disease caused by X. fastidiosa (California and Italy) (41),
it should be much more carefully monitored or restricted in global trade. Given the
current policy emphasis on eradication and trade restrictions, it is vital to identify
genera such as Coffea that are especially relevant to global outbreaks and that should
be monitored carefully. The relationship between X. fastidiosa and Coffea should be
further explored as a model host to aid our understanding of the molecular mecha-
nisms of this complex interaction. A potential alternative hypothesis for these nodes
could also be that Coffea and Vaccinium are permissive hosts. From a parsimony per-
spective, they could be akin to “universal hosts” so that it takes very little change for
X. fastidiosa strains to switch to Coffea or Vaccinium from other infected plants. This
could be investigated by further interrogating the genes shown to be uniquely
absent in Coffea-infecting strains. Phylogenetically, this would reflect deep homology
in which the underlying genetic framework of the pathogens makes it easy to shift
from other plant hosts to Coffea or Vaccinium (42).

The two plant genera with genes significantly correlated with them, Vitis and Coffea,
had 179 and 20 whole-genome sequences from diverse sampling regions, respectively.
The larger clades of Proteales, Asterid, and Rosid were also used to look for convergent
gene presence and absence, and again, the two groups with the majority of samples,
Asterid (n = 126) and Rosid (n = 194), had genes correlated with them, while Proteales
(n = 2) did not. The genes found to be correlated with these host groupings had varied
functions. Unfortunately, out of these 23 genes, 20 are hypothetical proteins; the ones
with known functions could have very interesting implications for host range. fitB_1 has
been known to be involved in in-host migration and metal binding; similar genes are
also frequently gained and lost in other Xanthomonadaceae and are hypothesized to
affect both gene regulation and resistance mechanisms (43). vhbT is an interbacterial
effector protein, facilitating bacterial conjugation, another process with potential for
large genomic and functional changes (31). Another significant gene (group_2780) con-
tains a helix-turn-helix region, a DNA binding domain that has been found to control
metal resistance bacteria generally and biofilm growth in X. fastidiosa specifically (32).
These genes should be explored further through fitness tests with the presence and ab-
sence of these nonessential accessory genes in multiple-host environments to further
evaluate if their presence and absence is adaptive or due to drift.

Future research pertaining to host range should focus on both convergent gene gain
and loss, as well as the adaptive vertically descended genetics underlying host range. As
both genomic assays have identified the pan-genome to be linked to host association, it
would be beneficial to our understanding of host specificity to pursue this further. This
study has identified a group of candidate genes associated with particular hosts, and they
can be tested in the lab to determine if they are significantly linked to fitness in their partic-
ular hosts. The study has also identified Coffea as an especially relevant host in global plant
trade in terms of spreading infection across borders and oceans. Using these data, we can
start identifying patterns of likely host shifts that can help make decisions on when eradica-
tion and quarantine are necessary based on the historical likelihood of host shifts.
However, we should also carry out further whole-genome sequencing of strains outside
the classic agricultural settings. To truly understand a biological system, we not only need
to understand the relevant biological components but also how they interact both inside
and outside agricultural landscapes.

MATERIALS ANDMETHODS
Whole-genome sequence data set. A total of 349 Xylella species genome sequences were used in

this study, either downloaded from GenBank (44) or assembled de novo in-house from published FASTQ
reads (Table S1 in the supplemental material). De novo sequences were aligned as described in Castillo
et al. (45), and contigs were mapped to complete genomes of each subspecies using Mauve’s contig
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mover function (46). Three novel genomes are being presented in this study. X. fastidiosa subsp. fastid-
iosa scaffolds were reordered using the Temecula1 assembly (GCA_000007245.1), X. fastidiosa subsp.
pauca scaffolds were mapped using the 9a5c assembly (ASM672v1), and X. fastidiosa subsp. multiplex
scaffolds were reordered using the sequence of strain M23. Draft genomes, as well as downloaded
sequences, were then annotated using Prokka (47).

Phylogenetics. The first step in creating all phylogenies was building a nucleotide or gene align-
ment of the genomic regions of interest. Four alignments were created all using the same set of taxa
(Table S1 in the supplemental material), a core genome alignment, nonrecombinant core alignment, a
multilocus sequence type (MLST) alignment, and a pan-genome alignment.

The core genome was built with Roary (48) to identify nucleotide regions (genes or hypothetical pro-
teins) shared by at least 99% of all taxa. We ran Roary with the parameters -s -ap to cluster paralogs and
allow them in the core genome. The nonrecombinant core alignment was based on the core genome,
but recombinant sites identified with ClonalFrameML were removed from the alignment using an in-
house R script (27). The MLST alignment was based on a nucleotide alignment of the 7 MLST housekeep-
ing genes commonly used for X. fastidiosa (petC, nuoL, malF, leuA, holC, gltT, and cysG) with reference
sequences acquired from the X. fastidiosa MLST database (49, 50). We then searched each MLST refer-
ence sequence against all whole genomes (Table S1) using the Basic Local Alignment Search Tool
(BLAST) at an E value of 1023 in BLAST1, with a database created for each whole genome (51). We con-
catenated all MLST gene sequences for individual taxa and aligned them to all other taxa using MAFFT
v7 (52). The pan-genome alignment was made using Roary’s gene presence-absence output by con-
structing a matrix of all genes as characters with binary presence or absence of that gene in a strain as
the character state. As each character represented a known genetic region and there were no gaps in
this matrix, no additional alignment algorithm was used. In total, this alignment contained 17,024 char-
acters, representing the 17,024 total genes that make up the pan-genome (every gene present in any
strain) of Xylella species sequences. The outgroup used for all trees was Xylella taiwanensis strain
Wufong1 isolated in Taiwan in 2014 from Pyrus pyrifolia (53).

We constructed four maximum-likelihood phylogenies using RAxML v8.2.11 (54) under a generalized
time-reversible model. Node support was measured with 1,000 bootstrap replicates (35). Trees were
visualized in FigTree v1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/) and the Interactive Tree of Life
(55). Phylogenetic diversity was calculated as the summation of total branch lengths for each phylogeny
(not including the outgroup) using the R package adephylo (56–58).

Ancestral state reconstructions. To conduct ancestral state reconstructions, we used an extant distri-
bution of characters (heritable traits of interest), in this case, the genera of plants from which we isolated the
bacteria. Using that distribution, we constructed the most likely history of hosts across the phylogeny at all in-
ternal (ancestral) nodes. We are, in essence, seeking parameter values that maximize the probability of the
data (the observed character states) given the hypothesis (a model of character evolution and a phylogeny
relating the observed sequences or taxa). Based on available data, the identity of the host plant from which
each strain was isolated in the field is identifiable to at least the genus level. This value is used as a point
proxy for the true state of interest, potential host range. Since the host range must be experimentally deter-
mined, in this study, we use the host from which each strain was isolated as a point representative of an
unknown range of susceptibility. Due to this, any subsequent results cannot infer specificity to a given host
but imply the ability to infect said host. Because sampling is heavily biased toward symptomatic agricultural
crops in the case of X. fastidiosa, we interpret each ancestral state as the most likely agriculturally relevant
host that the pathogen would have been isolated from.

All taxa were coded based on plant host genus and super order/order (the deepest clade grouping
that combined our genera into more than one group). This included 2 superorders (Asterid and Rosid), 1
order (Proteales), and 26 genera that were potential hosts for X. fastidiosa’s hypothetical ancestors at
each internal node of the phylogenies. The marginal ancestral state likelihood estimates of each host for
all internal nodes of the ML phylogenetic trees were calculated using the rerooting method of Yang et
al. (59) in the R package phytools (60) and mapped using the package APE (61). This method uses the
phylogeny of extant taxa to reconstruct ancestral traits of extinct ancestors by analyzing phylogenetic
parameters (topology and branch length), along with a model of nucleotide substitution, to build poste-
rior probabilities of character states at each interior node by randomly rerooting the tree at each internal
node and calculating the probability of observing the extant distribution of traits over all possibilities of
that internal node character identity. The ML estimates at each internal node were calculated based on
both the equal rates transition model (i.e., fixed rate of change between any two hosts) and the symmet-
rical rates transition model (i.e., fixed rates of host change symmetrically pairwise between hosts, but
not between all hosts). The fit of the two models to the data was compared using the Akaike information
criterion and can be seen in Table S2 (62).

Correlation between host and gene presence/absence. Information on plant host taxonomy was
gathered on NCBI’s Taxonomy Browser (63). Scoary (64) was used to test if the pan-genome was correlated
with hosts at either the superorder scales or the genus scale by conducting a Fisher’s exact test (FET) (65).
FET measures the association of each gene in the pan-genome to a trait of interest, which, in this case, is
plant host. While FET requires no association between data points, Scoary uses a phylogeny in order to
remove lineage-specific interdependencies and corrects the P value based on those interdependencies.
Significance was evaluated by the “worst pairwise comparison P” for the phylogenetic corrections, not the na-
ive P values from FET. Individual analyses were conducted to test for correlation of gene presence and ab-
sence with each of the 29 coded host groups (26 genera, Asterid, Rosid, and Proteales).

Data availability. Genomic data are available in GenBank Nucleotide Database with BioSample
accession numbers in Table S1.
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