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Abstract

Crop diseases emerge without warning. In many cases, diseases cross bor-
ders, or even oceans, before plant pathologists have time to identify and
characterize the causative agents. Genome sequencing, in combination with
intensive sampling of pathogen populations and application of population
genetic tools, is now providing the means to unravel how bacterial crop
pathogens emerge from environmental reservoirs, how they evolve and adapt
to crops, and what international and intercontinental routes they follow dur-
ing dissemination. Here, we introduce the field of population genomics and
review the population genomics research of bacterial plant pathogens over
the past 10 years. We highlight the potential of population genomics for
investigating plant pathogens, using examples of population genomics stud-
ies of human pathogens. We also describe the complementary nature of the
fields of population genomics and molecular plant-microbe interactions and
propose how to translate new insights into improved disease prevention and
control.
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INTRODUCTION

The goals of phytobacteriology are to describe the bacterial agents that cause plant diseases, iden-
tify the sources/reservoirs of these pathogens, unravel the modalities and routes of dissemination,
study the mechanisms of infection, and, finally, develop efficient methods based on the acquired
knowledge to prevent and control bacterial plant diseases.

The technology available to plant pathologists and clinical microbiologists to identify and
characterize bacterial pathogens has changed dramatically over the years, transitioning from phe-
notypic characterization to molecular analysis. Until recently, molecular analysis was limited to
comparison of patterns of DNA sequence variation in a very small subset of a bacterial genome.
Consequently, the resolution at which bacteria could be identified and compared was very low.
Only during the past 10 years has innovation in DNA sequencing technology started to allow
us to extend the analysis of bacterial pathogens from a few genes to entire genomes and from a
single pathogen isolate to representative samples of entire pathogen populations. This innovation
is revolutionizing all aspects of clinical microbiology and phytobacteriology. Here, we focus on
how DNA sequencing of samples that represent pathogen populations is changing our ability to
investigate bacterial plant pathogen emergence, crop adaptation, and dissemination, and we share
our vision of how DNA sequencing could transform plant disease prevention and control in the
future.

BACTERIAL PLANT PATHOGEN POPULATIONS

What Constitutes a Bacterial Plant Pathogen Population?

In population genetics, a population consists of those members of a species that can interbreed be-
cause they are located in the same geographic area. Given that bacteria do not sexually reproduce
like plants and animals, the definition cannot strictly be applied to bacteria, and phytobacteriol-
ogists use the term “pathogen population” quite loosely. It is sometimes even used to refer to all
members of a species or an entire complex of related species.

However, since John Maynard Smith’s landmark paper “How Clonal Are Bacteria?” (122),
it has become clear that bacteria do not only reproduce clonally by passing DNA from one
generation to the next and that mutations are not the only source of genetic variation. To the
contrary, bacteria exchange DNA among each other by a process called homologous recombi-
nation, whereby bacteria acquire DNA from other bacteria by transformation, conjugation, or
transduction and then replace a region of their own chromosome with the acquired DNA (39).
This mechanism is distinct from site-directed recombination, a mechanism by which a recipient
bacterium acquires new genes without replacement of its own genes through insertion of gene
clusters at specific sites by bacteriophages or various other mobile genetic elements (67). The
more general term horizontal gene transfer (HGT) refers to the transfer of genes by either mech-
anism and also includes the transfer of plasmids that do not integrate into the main bacterial
chromosome.

Although acquisition of genes by site-directed recombination even occurs between distantly re-
lated genera, homologous recombination occurs most frequently between closely related bacteria
because donor and recipient DNA need to be very similar to each other to allow efficient recombi-
nation. Therefore, similar to sexually reproducing organisms, bacterial populations can be delin-
eated on the basis of the extent of DNA exchange, whereby members of the same population are
characterized by extensive homologous recombination and members of different populations are
characterized by very limited homologous recombination. It has even been proposed that bacterial
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species could be defined on the basis of the extent of homologous recombination (51) and that,
as in sexually reproducing organisms, ecological differentiation can lead to speciation when few
genomic regions sweep through a population that resides in one habitat and at the same time gene
flow to and from populations residing in other habitats is interrupted (119).

What Types of Pathogen Populations Can Be Distinguished?

The relative contribution of recombination and mutation to the diversity that exists among mem-
bers of bacterial species varies greatly from species to species (44). Bacterial populations and
species in which members vary mainly because of mutations are defined as clonal, and bacterial
populations and species in which variation is mainly generated by recombination are defined as
freely recombining, or panmictic (41).

By identifying the relative effects of mutation and recombination in a pathogen population,
we can classify pathogen populations into two main groups. A pathogen is considered to have an
epidemic population structure when individual members of a recombining pathogen population
expand rapidly and become the founders of a new clonal population (122). In this case, all diseased
hosts during an epidemic are colonized by the same clonal population while the majority of the
recombining source population is hiding in apparently asymptomatic hosts, other host species, or
the environment. Over time, the clonal population may change: A new clone may arise from the
source population and become the founder of a new clonal population, or a member of the clonal
population may expand and replace the other members within the pre-existing clonal population
in a process called clonal replacement. A pathogen is considered to have an endemic population
structure if it emerged a relatively long time ago and diverged into many different clones. In this
case, diseased hosts are colonized by many different clones. Because these clones share the same
host environment, they are likely to recombine at some frequency with each other (41).

These concepts are very important for crop disease management because the population struc-
ture determines how likely it is that new pathogen variants arise in response to intervention
(e.g., the introduction of a new disease-resistant cultivar or a new pesticide). In fact, the exis-
tence of a freely recombining and genetically diverse source population can be expected to make
it likely that a crop pathogen against which a new crop cultivar is resistant is easily replaced
by another clone to which the cultivar is susceptible. Contrastingly, a crop cultivar may display
more durable resistance against a clonal pathogen population characterized by very little genetic
diversity.

THE FIELD OF POPULATION GENOMICS

What Is Population Genomics?

The epidemiological and evolutionary processes that lead to disease emergence and spread leave
their signatures in the genomes of pathogen populations. Therefore, these processes can be in-
ferred by sequencing genes or genomes of representative samples of pathogen populations and by
comparing patterns of genetic variation through application of appropriate statistical tools. This
approach is called population genomics.

The First Step in Any Population Genomics Analysis: Sampling

Because it is impractical (or almost impossible) to exhaustively sample a population, inferences
necessarily need to be made from projections that are based on a relatively small population
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sample. Therefore, incorrect sampling leads to incorrect inferences. Obviously, a sample can never
precisely represent an entire population, but we can extrapolate the structure of the population as
long as we employ appropriate sampling strategies and statistical methods.

First, the sample size must be large enough to detect the genetic variation that exists in the
pathogen population as a result of selection or as a result of the ecological, geographical, or
epidemiological context. More fundamentally, frequencies of individuals in the sample must be
representative of the population structure we want to describe. Therefore, comparing a number
of bacterial genomes with each other does not per se constitute a population genomics analysis.
In fact, if the genomes that are being compared do not represent the population structure, we
are performing a comparative genomics analysis. Only if the genomes that are compared are
representative of the population structure can we extrapolate the results to the population scale
and define the analysis as population genomics.

Moreover, the sampling strategy has to be tailored to the space scale, niche, and timescale
in which effects of the investigated evolutionary processes are visible. Therefore, depending on
the questions we ask, samples must represent a different diversity of niches, dates, geographic
origins, phenotypes, and/or genetic relatedness (Figure 1). For example, studies of adaptation to
different hosts or environments must be based on samples that are representative of the diversity
of the pathogen in each of those different hosts and environments. Studies to investigate pathogen
dissemination need to be based on samples that are representative of the diversity of the pathogen in
each of the geographic areas that are affected by the respective disease. Inference of yearly mutation
rates needs to be based on samples that are representative of the diversity across the relevant time
frame. Finally, using an example of the analysis of population structure, if a pathogen has an
epidemic population structure, then that structure can only be determined by including isolates
of the source population from which the epidemic clones arose. The source population, however,
may not be present on the host species that is affected by the epidemic clone. Therefore, the result
could be misleading if only the affected host species is sampled. In this scenario, the results would
be interpreted as a clonal population structure instead of an epidemic population structure. The
challenge is that the existence of the source population may not even be known. Therefore, it is
extremely difficult to sample correctly and very easy to be misguided while developing a sampling
strategy based on the limited a priori knowledge of a pathogen’s diversity. In this context, Morris
et al. (96) highlight the importance of sampling beyond agriculture if we want to truly understand
a plant pathogen’s ecology and evolutionary history because the source population may in fact be
present in nonagricultural reservoirs, as is the case for Pseudomonas syringae (see below).

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 1
Population genomics workflow applied to pathogenic bacteria. (a) Populations diverge over time, adapting to different niches and/or
migrating to new locations. Here, populations are symbolized by different colors. Different shades of the same color symbolize
populations within which members are diverging from each other. (b) Inference of evolutionary histories requires analysis of samples
that are representative of the population structure over time, niches, and geography, and sampling needs to be tailored to the
evolutionary scale of the processes that are being described. For example, microevolution is investigated by comparing isolates having
diverged very recently (sampling scheme 1; different shades of the same color), whereas more ancient evolutionary events are investigated on
the basis of more distantly related isolates (sampling scheme 2; different colors). (c) Population genomics aims at identifying genomic
variation within and between populations. Allelic variation due to mutation and recombination and presence and absence of genes is
found by comparing genomes and/or genes with each other or with the known gene repertoire of the species, i.e., the pan-genome.
Here, black and white boxes represent genes that are present or absent, respectively. The structure of genomic variation that is being
revealed allows the identification of genes under selection, for example, during adaptation to specific crops. (d ) Finally, correlating
signatures of natural selection, presence/absence of genes, whole-genome phylogenies, and metadata allows inferences about pathogen
emergence, crop adaptation, and dissemination.
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Population Genomics Analysis Using a Small Number of Genes

Until recently, sequencing of bacterial genomes was too expensive to apply to a representative
sample of a pathogen population. Therefore, sequencing was necessarily limited to a small number
of loci (typically four to seven) in approaches called multilocus sequence typing (MLST) (79) and
multilocus sequence analysis (MLSA) (63). MLST usually refers to the analysis of allele distribution
among members of a population (or species), whereas MLSA refers to the phylogenetic analysis
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of strains belonging to more than one species and using the concatenated DNA sequences from
the chosen loci. However, the terms are often used interchangeably.

Although DNA sequence information provided by MLST is minimal compared with that pro-
vided by sequencing entire genomes (approximately 1/1,000), MLST represented immense pro-
gression compared with earlier techniques. Most importantly, earlier techniques were not based
on qualitative DNA sequences but on banding patterns (e.g., restriction fragment length polymor-
phism, random amplified polymorphic DNA, and amplified fragment length polymorphism) that
are difficult to compare between laboratories. MLST allowed, for the first time, establishment of
databases that could be accessed by any laboratory around the world with an internet connection.
This not only permits users to compare their pathogen isolates with the isolates already in an
MLST database without actually transferring isolates or DNA between laboratories, but it even
allows users to contribute their own isolate data to these databases to continuously expand them.
In fact, some MLST databases of human pathogens today contain data for thousands of pathogen
isolates from around the world. In regard to plant pathogens, the Plant-Associated Microbial
Database (PAMDB) (3) allows straightforward addition of MLST schemes of any bacterial plant
pathogen. Users can add MLST data of isolates they submit to the database as well as images of
disease symptoms caused by the same isolates. The database currently contains MLST schemes for
P. syringae, Xanthomonas species, Ralstonia solanacearum, Clavibacter michiganensis, and Acidovorax.

Population Genomics Analysis Using Whole-Genome Sequences

Levels of genetic differentiation between genomes vary from locus to locus (100). Consequently,
determining genomic variation on the basis of a small number of MLST loci might not give
a good approximation of the true evolutionary history of a population (1). For instance, some
evolutionary processes occur within time frames that are too short to affect individual genes, i.e.,
isolates that are identical in all analyzed MLST loci may have diverged significantly at other loci.
Today, next-generation sequencing and new computational methods for genome comparisons
and genome-wide population genetic tests overcome these issues, enabling the characterization
of patterns of genetic variation within and between populations at the whole-genome scale.

Several sequencing technologies are available today [see the review by Shendure & Ji (120)].
These technologies allow reliable identification, at low costs, of base pair substitutions [usually
referred to as single nucleotide polymorphisms (SNPs)] and the determination of the presence or
absence of genes. Various bioinformatics pipelines are available to do this. The main difference
between pipelines is that they either include or do not include assembly of the individual sequenc-
ing reads (which are typically between 100 and a few hundred base pairs long) into contiguous
sequences (contigs), whereby each contig may include between one and a few hundred genes.
If sequencing reads are not assembled into contigs, they are simply aligned against a complete
genome sequence of a closely related reference isolate. The latter allows reliable detection of SNPs
and the determination of presence or absence of those genes present in the reference isolate. In
other words, this kind of analysis includes the core genome of a species (i.e., the genes present in
every single sequenced genome of a species) but only a small fraction of the species’ pan-genome
(i.e., all genes of a species, including those present only in a subset of strains). Therefore, this
kind of analysis severely limits determination of the presence or absence of genes, and thus the
investigation of niche adaptation. However, using assemblies instead of reads may increase the risk
of including sequencing errors in the analysis. Therefore, a combination of the two approaches is
advisable.

After SNPs and the presence or absence of genes have been determined, phylogeny, recombi-
nation and mutation rates, and signatures of natural selection can be inferred individually for each
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gene and for the whole genome. Combining these genomic data with metadata (e.g., substrate,
geographic location, and year of isolation) and/or phenotypic data (e.g., virulence or host range)
permits inference of pathogen population structure, adaptation, and dissemination (Figure 1).

Pioneering Population Genomics Studies of Human and Animal Diseases

Population genomics studies of human disease have already significantly advanced our understand-
ing of human pathogens, and results are starting to be translated into improved epidemiology and
diagnostics (38). Here, we list a few examples that stand out for the new insights they provided.

The ability to measure recombination at the whole-genome level enabled reliable determina-
tion of the effects of clinical intervention on human pathogen populations. Beautiful examples are
provided by the demonstration that drug resistance was acquired several times in the evolutionary
history of a Staphylococcus aureus lineage (102) and that Streptococcus pneumoniae can adapt to the
introduction of new vaccines through population shifts and by switching out, through recombi-
nation, the genomic region encoding the targeted antigen (28, 29).

Research performed on Yersinia pestis, the causal agent of plague, provides an impressive ex-
ample of the use of population genomics to investigate the geographic origin of an infectious
disease and its historic routes of dissemination (30, 95). Moreover, the resolution provided by
comparing whole genomes even allowed resolving dissemination over short times frames from
country to country or even hospital to hospital (83, 101, 102). Notably, in these cases, genomes of
isolates belonging to a chain of transmission with mutations accumulating along the chain were
sequenced. These data made it possible to infer yearly mutation rates by interpolating the genetic
distance from the ancestor with the time of isolation. Additionally, modes of transmission can
also be inferred; for example, Holt et al. (64) found evidence for the importance of asymptomatic
carriers in the epidemiology of Salmonella enterica serovar Typhi.

Along with being geographical and epidemiological, the investigated context can also be eco-
logical. For example, host adaptation or host switching can be inferred by comparing populations
from different niches or reservoirs. In fact, Sheppard et al. (121) contributed to the identification of
the genetic basis of host specificity in Campylobacter through genome-wide association studies that
extended population genomics to phenotypic characterization. On an even finer scale, genome
sequencing can reveal adaptation during infection of a single host; for example, Young et al.
(137) succeeded in identifying the small number of SNPs and genes responsible for the transition
from nasal carriage to fatal bloodstream infection within a host population of methicillin-sensitive
S. aureus.

In conclusion, population genomics using whole genomes makes it possible to attribute a geo-
graphic, epidemiological, and ecological context to the emergence and spread of bacterial diseases
and unravel the underlying adaptation of the causal agents to different hosts and environmental
niches.

POPULATION GENOMICS INSIGHTS INTO BACTERIAL PLANT
PATHOGEN EVOLUTION, ECOLOGY, AND DISSEMINATION

Pseudomonas syringae

P. syringae comprises a genetically very diverse group of bacteria that includes strains that are as
distantly related to each other as Escherichia coli and Salmonella typhimurium (3). In fact, strains
identified as P. syringae on the basis of common phenotypic characteristics could be assigned to
nine separate species on the basis of DNA similarity measurements (52). Intriguingly though, it
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has so far been impossible to find any consistent phenotypic differences that distinguish most of
these DNA similarity groups from each other (which are thus referred to as numbered genomo-
species 1–9 and not as named species). What could be the reason for this? Could it be that all
strains belong to a single population and that HGT is so extensive among its members that it
interferes with independent evolution of separate populations within this group? On the basis
of MLST studies representing the diversity of P. syringae strains that cause various crop diseases
(116), homologous recombination appears limited. Also, in another MLST study, it was found that
most genomospecies correspond to statistically well-supported phylogenetic groups (18), which
is consistent with the idea that genomospecies represent separate populations. However, these
studies were based on only 7 (116) or even 4 of the ∼6,000 P. syringae genes (18). Therefore,
at the whole-genome level, HGT of genes that determine phenotypic differences may very well
have occurred frequently enough during P. syringae’s evolutionary history to explain the absence
of consistent phenotypic differences among genomospecies. Moreover, there is experimental evi-
dence of the transformation of P. syringae followed by site-directed recombination in planta (78),
which further suggests that HGT among P. syringae strains in planta may have occurred frequently
enough during its evolution to homogenize phenotypes.

Each genomospecies identified by Gardan and colleagues (52) consists of several pathovars
(pvs.), i.e., groups of strains that cause distinct disease symptoms on distinct host species (40). But
not all P. syringae strains can be easily assigned to pathovars. In fact, after many years of collecting
and analyzing P. syringae strains from nonagricultural environments, in particular, compartments
of the water cycle (clouds, precipitation, snow pack, rivers, lakes, and irrigation water), Morris
and colleagues (37, 92, 93, 96–98) demonstrated that the number of genetic lineages of P. syringae
that causes disease on crops is very small compared with the diversity of P. syringae strains that
exist in nonagricultural and nonplant environments. Many, but not all, of these strains have been
found to cause disease in at least some tested crop plants (25, 37, 90, 92, 97). However, it is
impractical to test their host range so extensively as to assign them to pathovars. Therefore,
pathovar classification has become impractical, and population genomics may be the only possible
approach to comprehensively describe and name the diversity within P. syringae in the future.

MLST studies that included P. syringae pathovars and environmental isolates revealed that
strains belonging to the same genetic lineage based on MLST can be isolated from compartments
of the water cycle and from crop plants (92, 98). This suggests that in addition to the known
inoculum sources of P. syringae diseases (seed, other plant material, and weeds), P. syringae present
in rain, surface water, and irrigation water may also cause disease outbreaks. However, being iden-
tical in a small number of genes does not exclude the fact that the most recent common ancestor of
the identified water and crop isolates could have already existed hundreds of years ago. Therefore,
an epidemiological link between water and crop isolates could only be inferred if they are shown
to be almost identical at the whole-genome level, suggesting a very recent common ancestor.

The high diversity of P. syringae in the environment compared with the relatively small number
of crop pathogenic lineages isolated from diseased crops also suggests the existence of a large
P. syringae reservoir in the environment (i.e., in compartments of the water cycle, wild plants, and
leaf litter). Crop pathogenic lineages may have emerged from these reservoirs in the past and may
emerge again in the future. In the case of P. syringae pv. tomato (Pto), one genetic lineage, referred
to as T1, has been isolated from tomato fields all over the world (20, 136). Isolates belonging to
this lineage are extremely similar to each other and differ by less than 100 nucleotides in more
than 3 million base pairs of analyzed genome. P. syringae pv. aesculi (Pae) strains from a recent
outbreak of bleeding canker of chestnut in the United Kingdom (59) and P. syringae pv. actinidiae
(Psa) strains from recent outbreaks of canker of kiwifruit in Europe, New Zealand, and Chile (19,
82, 85) are similarly closely related to each other. This similarity suggests that these pathogens
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only recently emerged from environmental reservoirs. Moreover, Monteil and colleagues (92),
using MLST, identified recombination events between the T1 lineage and environmental strains,
whereas McCann and colleagues (85) found evidence for recombination with unknown P. syringae
strains in the genome sequences of Psa strains. Both results suggest that P. syringae crop pathogens
may comprise clonal lineages that emerged from populations that recombine in environmental
reservoirs. This would suggest an epidemic population structure. This hypothesis needs to be
addressed rigorously by a population genomics analysis based on whole genomes of representative
crop and environmental strains. Such analysis will also reveal the extent to which environmental
strains can donate new virulence genes to clonal crop pathogenic strains through HGT. In fact,
Monteil and colleagues found preliminary evidence for this intriguing hypothesis (92).

Several highly virulent host-specific human pathogens, for example, Salmonella typhi or Borde-
tella pertussis, have close relatives with wider host range (S. typhimurium and Bordetella broncoseptica,
respectively) (55, 114). It appears that these human-specific pathogens evolved from their ances-
tors with a wider host range only a few thousand years ago and after the human population reached
a size and complexity sufficient to provide a large supply of susceptible hosts. It has been hypoth-
esized that agriculture played a similar role in the emergence of highly virulent host-specific crop
pathogens from ancestors that also had a wider host range (21, 126). In fact, although the an-
cestors of today’s crop pathogens probably needed a broad host range to be fit in diverse plant
communities, today’s agricultural practice provides large monocultures of susceptible individuals
that belong to a single host species. Agriculture, thus, dramatically changed the selection pressure
on pathogens, possibly allowing pathogens to adapt to a single host species and to become highly
virulent in that single species. This scenario is supported by the finding that the Pto lineage T1
has a restricted host range, whereas some of its closest relatives found in the environment have a
larger host range (92). However, it is also possible that narrow-host-range strains predated agri-
culture but simply existed at low frequency and then underwent clonal expansion once they came
in contact with fields or orchards of tomato, kiwifruit, or other crops. Again, extensive sampling
of crop and environmental P. syringae populations, combined with population genomics analyses
and host range tests, will be necessary to address this hypothesis.

After a P. syringae crop pathogen emerges, how fast does it spread around the world? The
similarity of genome sequences of Psa and Pto from different continents suggests that a clonal
lineage of P. syringae can spread around the world within 10 to 50 years (19, 20). In particular,
over 50 years, epidemic clones of Pto replaced each other several times simultaneously in Europe
and North America, suggesting frequent transfer of Pto between these continents (20). Thus,
local endemic Pto populations may only play a minor role in the epidemiology of bacterial speck
disease of tomato. Moreover, the current data suggest that clonal replacement was not due to the
emergence of new clonal lineages from environmental reservoirs but that clones within the same
lineage continued adapting to tomato and replaced each other over time (20).

Interestingly, sampling in various regions of Colombia revealed a Pto subpopulation distinct
from that in North America and Europe (20). This could be due to less intense seed traffic involving
South America as compared with traffic between North America and Europe. However, using
MLST, the similarity of populations of P. syringae in headwaters of rivers on different continents
supports the hypothesis that P. syringae can travel long distances through the atmosphere (97).
Therefore, we can speculate that hypothetical long-distance movement of Pto between Europe and
North America occurs through the water cycle and is favored by the jetstream, whereas air masses
are less frequently exchanged between North and South America. Such atmospheric patterns could
keep the Pto populations in the Northern and Southern Hemispheres relatively separate.

The geographic origin of Pto has not yet been identified. Contrastingly, population genomics
and epidemiological data suggest China to be the geographic origin of the Psa lineage that causes
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the current outbreak of bacterial canker of kiwifruit (19, 82). Genome analysis performed so far
linked the worldwide populations to China but not to each other. This suggests that vegetative
material exported from China independently to Europe, New Zealand, and Chile may be the
vehicle of worldwide dissemination (19, 82). Again, genome sequencing must be extended to larger
samples that represent the diversity in each country in order to support more definitive conclusions.

MLST (73) also provided insight into the pathogen population that overcame PTO resistance
in California: almost all strains were found to belong to the aforementioned T1 lineage (20).
MLST (132) and genome sequencing (106) revealed that two separate genetic lineages with very
different virulence gene repertoires cause hazelnut decline. Moreover, virulence and host range in
P. syringae were further addressed by combining MLST with the analysis of presence and absence
of virulence genes and phenotypes related to virulence (65, 115). Similar studies are described
in detail in a section below and illustrate how comparison of genomes of isolates of the same,
or closely related, pathogen populations can aid in understanding crop adaptation and give new
insight into basic molecular plant-microbe interactions.

Xanthomonas Species

MLST has revealed that the genetic diversity of strains in the genus Xanthomonas is very similar to
the diversity among strains classified as P. syringae (3). MLST studies of Xanthomonas to date were
mainly designed to confirm or revise species descriptions (e.g., 2, 17, 138), investigate relatedness
between species (62), or determine relatedness between pathovars within a single species (43), but
not to address population genomics questions.

As with P. syringae, the overall evolutionary relationships among Xanthomonas species are the
same, independent of the genes used. Therefore, recombination appears to be relatively infre-
quent between distantly related strains (138). To the contrary, evidence for recombination within
closely related subgroups of Xanthomonas has been found. Fargier and colleagues (43) inferred that
mutation and recombination contributed equally to diversity within Xanthomonas campestris, and
Mhedbi-Hajri et al. (87) found that recombination occurred as frequently as point mutation in the
evolutionary history of Xanthomonas axonopodis. Putative recombination events were also detected
between Xanthomonas species that infect tomato and pepper and Xanthomonas strains that infect
other plants (62).

Specific evidence for the importance of HGT in the evolution of Xanthomonas strains was
detected in regard to the gene cluster for the biosynthesis of lipopolysaccharides (LPS) (107). Ex-
perimental evidence for homologous recombination in Xanthomonas by conjugation in planta was
also obtained (11), and there is strong evidence that HGT by homologous and/or site-directed
recombination played an important role in host-range evolution in Xanthomonas. For example,
some phylogenetically distinct strains within the X. axonopodis group have similar repertoires of
virulence-associated genes and very similar host ranges, whereas their close relatives have different
repertoires of virulence-associated genes and different host ranges (61, 86, 87). This suggests that
HGT of virulence-associated genes between different genetic lineages heavily contributed to the
host range of today’s Xanthomonas strains. Mhedbi-Hajri and colleagues (87) also attempted to
estimate the timeline of evolution of the X. axonopodis group by correlating mutations in the four
analyzed MLST loci with year of strain isolation. They inferred that the most-recent common an-
cestor of this group existed approximately 250,000 years ago and did not adapt to specific hosts until
after the advent of agriculture, when large populations of susceptible crop hosts became available.
They further estimated that recent HGT events occurred over the past few hundred years because
agriculture provided the context for contact of different pathovars. This is in agreement with what
we proposed above for crop adaptation of P. syringae. However, it was shown for human pathogens
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that deep sampling of a pathogen population over several years combined with whole-genome se-
quencing is necessary to reliably infer yearly mutation rates (e.g., 94, 101). Moreover, P. syringae
isolates that differ by only approximately 100 mutations in 3,000 genes were isolated 40 years apart
(20). This suggests that, similar to human and animal pathogens, bacterial plant pathogens evolve
much too slowly to reliably estimate a yearly mutation rate based on MLST; only whole-genome
sequencing of a large number of strains from the same pathogen population, collected over dozens
of years, will enable a reliable estimate of yearly mutation rates for bacterial plant pathogens.

Although many comparative genomic studies in Xanthomonas have provided insights into the
basis of virulence and host range (e.g., see 12, 31, 109), population genomics studies based on whole
genomes have been rare. In one recent study, Bart and colleagues (10) sequenced 65 isolates of the
cassava bacterial blight pathogen X. axonopodis pv. manihotis collected over 70 years from South
America, Africa, and South East Asia. Although this collection is a treasure for population genomics
studies, the authors’ goal was identification of genes for targeted plant breeding (see below).
Multiple genomes of the same pathovar were also sequenced for X. campestris pv. musacearum
(133), the pathogen that causes banana Xanthomonas wilt in East Africa. In this case, the authors
resolved two separate genetic lineages, one causing the disease in Ethiopia and one causing the
disease in the neighboring countries. This disproved an earlier hypothesis, based solely on timing
of the outbreaks, that Ethiopia was the geographic origin of the outbreaks in the neighboring
countries. Such insight is crucial to unravel the sources of disease outbreaks and to reduce the risk
of future pathogen introductions into previously unaffected areas.

Ralstonia solanacearum

Similar to P. syringae and Xanthomonas, R. solanacearum encompasses a genetically diverse group
of plant pathogens (3). Contrastingly, whereas P. syringae and Xanthomonas mainly invade plants
from aerial parts, R. solanacearum is a soilborne pathogen that invades through the roots (54).
The R. solanacearum complex was divided into five clades using MLST (22, 134). Interestingly,
there appears to be a correlation between phylogeny and geographic origin of R. solanacearum
strains (110, 134), whereas no such correlation appears to exist for P. syringae or Xanthomonas. We
hypothesize that the foliar pathogens P. syringae and Xanthomonas have been subject to frequent
long-distance migration in preagricultural times (possibly through the water cycle), and this may
have interfered with the establishment of geographically restricted populations. Being a soilborne
pathogen, R. solanacearum populations may instead disperse less frequently in the absence of
agriculture. International trade of potato tubers and other vegetative material may have been the
main avenue of recent long-distance pathogen movement after the advent of agriculture.

Using MLST (134), it was found that recombination played an important role in the diversifi-
cation of some R. solanacearum lineages. Interestingly, the fliC gene coding for flagellin seems to be
more frequently exchanged among strains than are housekeeping genes, a trend also observed for
P. syringae (92), with possible reasons discussed below. As with P. syringae (78) and Xanthomonas
(11), there is experimental evidence for recombination among R. solanacearum strains in planta (27),
and many comparative genomics studies have addressed the molecular and evolutionary basis of
host range and virulence commonalities and differences between R. solanacearum strains (e.g., 112,
113). However, population genomics studies based on whole genomes have yet to be published
for R. solanacearum.

Enterobacteriaceae

The Enterobacteriaceae include human, animal, and plant pathogens. Several plant pathogenic
species in this family have been described using MLST, in particular, species within the genera
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Pantoea (14, 15, 36) and Pectobacterium (71, 105). Comparative genomic studies have been per-
formed to obtain insight into virulence mechanisms of enterobacterial plant pathogens (e.g., 56,
81, 124, 125). No population-level studies have been performed using genomes, but genome-
derived VNTR (variable number tandem repeat) markers have proven successful in analyzing the
worldwide population structure of the fire blight pathogen Erwinia amylovora (80). VNTRs are
among the most variable regions in bacterial genomes and are thus better suited than MLST for
the analysis of genetically monomorphic pathogens, such as E. amylovora. Among several other
conclusions from this VNTR study, a higher diversity at VNTR loci among strains from North
America compared with other regions supports the previous assumption that North America is
the geographic origin of this pathogen (16).

Xylella fastidiosa

Xylella fastidiosa has emerged as a detrimental pathogen in the United States and Brazil. This
pathogen is closely related to the genus Xanthomonas but has a much smaller genome, probably
reflecting its ecological niche, which is restricted to life in the plant xylem and the insect vec-
tors (mainly grasshoppers) that transmit it from plant to plant (111). Many different subspecies
with different host specificity have been described, and MLST has revealed their phylogenetic
relationships (117, 118).

Interestingly, recombination has been implied in the emergence and further evolution of two
lineages within X. fastidiosa subsp. pauca, which cause citrus variegated chlorosis and coffee leaf
scorch in Brazil (4, 104). Neither coffee nor citrus are native to Brazil. Although both crops
have been cultivated there for hundreds of years, the host-specific, highly virulent X. fastidiosa
subsp. pauca lineages emerged only recently. Nunney and colleagues (104) hypothesize that close
relatives of these pathogens existed (and still exist) in native Brazilian plants and may constitute
the reservoir from which these lineages emerged. Evidence for recombination in X. fastidiosa has
also been found among strains isolated in North America, for example (117, 139), and has been
experimentally observed in vitro (72).

A beautiful phylogeographic study inferred the probable geographic origin of X. fastidiosa
subsp. fastidiosa in the United States (103). An MLST analysis of strains from the United States
and from Central America showed how the genetically monomorphic lineage that causes Pierce’s
Disease on grapes in the United States is nested among a much wider diversity of strains isolated
in Guatemala. Moreover, reported importation of coffee plants from Guatemala to Southern
California just before the first known outbreak of the disease in California is strong circumstantial
evidence supporting the conclusions from the population genomics evidence.

Other Bacterial Pathogens

MLST has also been used in other important plant pathogens to investigate evolutionary relation-
ships and to describe genetic diversity within and across species, for example, in the causative agent
of bacterial canker of tomato, Clavibacter michiganensis (68, 89); in the causative agent of bacterial
fruit blotch of watermelon and melon, Acidovorax avenae subsp. citrulli (48); in Pseudomonas viridi-
flava (57); and in various Phytoplasma species (32, 34) for which interspecies recombination was in-
ferred (32). Similar to E. amylovora (16), genome-derived VNTR markers were successful in deter-
mining and comparing Candidatus Liberibacter asiaticus populations in Asia, Brazil, and Florida,
revealing, for example, multiple introductions of citrus greening from Asia into Florida (66).

In conclusion, the insight gained from MLST and whole-genome analyses of bacterial plant
pathogen populations over the past 10 years is impressive. However, the one limitation of the listed
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studies is that sample size and sample representativeness were limited. Thus, conclusions from
these studies need to be considered as preliminary. In other words, population genomics studies
have so far provided enough data to develop new hypotheses on pathogen emergence, adapta-
tion, and dissemination, but these hypotheses still need to be confirmed using whole-genome
sequencing of larger and more representative samples.

AT THE INTERFACE OF POPULATION GENOMICS AND
MOLECULAR PLANT-MICROBE INTERACTIONS

In this section, we explore how the fields of population genomics and molecular plant-microbe
interactions can reciprocally complement each other. We show that population genomics analy-
sis is an excellent tool for furthering the understanding of molecular plant-microbe interactions.
Correspondingly, we propose that population genomics analysis of plant pathogens is most ef-
ficacious when informed by the knowledge of molecular plant-microbe interactions. Leverag-
ing the complementary nature of these two fields enables identification of signatures of crop
adaptation in genomes, which will lead to a better understanding of plant-microbe interac-
tions and, consequently, aid in the identification of new sources of genetic resistance for plant
breeding.

In order to cause disease, plant pathogens must subvert a well-armed plant immune system. The
active defenses of the plant immune system are typically delineated into two branches. The first
branch mediates a defense response following recognition of conserved pathogen- or microbe-
associated molecular patterns (PAMPs or MAMPs) via plant pattern recognition receptors (PRRs),
leading to the defense response known as pattern- or PRR-triggered immunity (PTI) (70). Suc-
cessful bacterial pathogens overcome PTI by deploying immunity-suppressing, type III secretion
system (T3SS)-secreted effectors (T3Es) (47). However, T3Es also have the potential to betray
the presence of the pathogen. In fact, the second branch of the active plant immune system en-
tails specific detection of T3Es, traditionally referred to as avirulence proteins. Detection by plant
resistance (R) proteins culminates in a strong defense response known as effector-triggered immu-
nity (ETI) (24, 58). Plant pathogens can further overcome ETI through deployment of yet more
T3Es, leading to a molecular arms race between pathogen virulence weapons (i.e., T3Es) and
plant R proteins (13). Many excellent reviews are available on this subject (33, 88, 91). Relatively
unconsidered, however, is the potential for population genomics approaches to expedite identi-
fication of the details of the molecular arms race and, potentially, to predict emergence of new
sources of virulence and the corresponding breakdown of disease resistance (R) genes. Moreover,
population genomics analyses have revealed that allelic diversification in both MAMPs and T3Es
is another important component of the molecular arms race, as we briefly review below.

Diversification in Type III Secretion System–Secreted Effectors
as an Important Pathogen Virulence Strategy

For compatible interactions (i.e., successful colonization and disease progression), the majority of
bacterial plant pathogens deploy a suite of T3Es sufficient to suppress the plant immune system.
A T3E is potentially both a virulence component and an avirulence component for the pathogen
depending on the context of the R-gene repertoire of the host plant (e.g., 49, 76). Therefore, the
repertoire of T3Es is thought to be a determinant of the host range of bacterial plant pathogens
(60). Accordingly, plant pathogens have evolved myriad mechanisms to refine their T3E repertoire.
For example, loss of avirulence effectors through excision of pathogenicity islands, transposon
insertions, and frameshift or point mutations have all been observed (6). It was even shown that
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the frequency of virulent members in an experimental P. syringae population can change from
0% to 100% through a combination of gene loss and selection in planta (108). Moreover, loss of
an avirulence effector from P. syringae has been observed in the field in a single growing season
(135). In other examples, bacterial plant pathogens have been shown to evade recognition by crop
R genes by either reducing avirulence protein expression (73) or by mutating avirulence genes,
which allows escape from recognition by R genes without losing virulence activity on susceptible
plants (53, 73).

Population genomics can now provide a broader understanding of the diversity and stability
of repertoires of T3Es in pathogen populations, with implications for preventing and predicting
loss of R gene–mediated resistance, as we detail below. Sequencing of plant pathogen populations
both broadly (i.e., sampling from different populations) and deeply (i.e., sampling many members
of the same population) is informative to this end (Figure 2). An example of the power of broad
sequencing was the comparison of 19 genomes representing the genetic diversity of P. syringae crop
strains (9), which revealed the core repertoire of P. syringae effectors and the dynamics of adaptation
to different crops. An example of deep sequencing was the comparison of 65 Xanthomonas axonopodis
pv. manihotis isolates to identify the least polymorphic T3Es in terms of both their presence and
sequence. This information was used to propose the best T3Es to use in screens to identify cognate
R genes that the pathogen would not easily overcome (10). Sequencing pathogen populations
deeply also has the potential to provide novel insights about the role of T3Es in the molecular
arms race. For example, several truncation variants of the T3E hopM1 were identified through
sequencing multiple members of the Pto population (20). The truncations in hopM1 were associated
with loss of its cell death–eliciting activity (20), which had previously been associated with virulence
(8, 35). However, evidence of strong selection for loss of the activity indicates that, in at least some
environments, it also has a fitness cost, another intriguing finding only possible through population
genomics analysis.

Diversification in Microbe-Associated Molecular Patterns
as an Important Pathogen Virulence Strategy

In contrast to T3Es, MAMPs are typically considered highly conserved as a result of being essential
for specific microbial functions. However, recent sequencing efforts that sampled within and
across populations suggest that MAMPs are not under as strong a purifying selection as previously

−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−→
Figure 2
Population genomics and molecular plant-microbe interactions work together to unravel the molecular
plant-pathogen arms race to inform plant breeders on how to give crops a boost in this race. (a) Pathogens
acquire, lose, or diversify type III effectors (T3Es) and diversify microbe-associated molecular patterns
(MAMPs) to suppress and/or evade plant immunity, and plants acquire and diversify resistance (R) genes and
pattern recognition receptor (PRR) genes during the molecular plant-pathogen arms race. (b) Sampling of
plant pathogen populations both deeply within a population (different shades of blue) and broadly across
different populations (different colors) allows identification of highly conserved T3Es and putative MAMPs
based on signatures of natural selection. (c) Highly conserved effectors are identified on the basis of purifying
selection. Their essential contribution to fitness is experimentally validated, germplasm of the crop species
and/or related species is screened for effector-triggered immunity (ETI), and, finally, new R genes or new R
gene alleles are cloned and introduced into crops. MAMPs are predicted using purifying selection when
sampling across populations and diversifying selection when sampling within populations. Putative MAMPs
are experimentally validated, germplasm of the crop species and/or related species is screened for strong
PAMP (pathogen-associated molecular pattern)-triggered immunity (PTI), and new PRR genes or new PRR
gene alleles are cloned and introduced into crops.
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presumed (20, 127). Results indicate that allelic diversification in MAMPs is a viable pathogen
virulence strategy to avoid PTI and is complementary to deployment of PTI-suppressing T3Es.

Several MAMPs were originally identified on the basis of their high degree of conservation
between pathogen populations. In fact, flg22, the first region of flagellin identified to be a MAMP,
is the most conserved region of flagellin (46). The bacterial MAMPs elf18 (74) and cold shock
protein (CSP) (45) were similarly identified based on relatively high conservation. Mutations in
MAMPs were only occasionally identified between distantly related pathogens that diverged over
relatively long evolutionary times [for example, in elf18 (75), hrpZ (42, 129), and flg22 (26, 99)].
Accordingly, the current paradigm (69) dictates that the purifying selection to maintain microbial
function of the MAMP is greater than the diversifying selection exerted by the fitness cost of
MAMP perception by host plants.

However, after deeper sampling within pathogen populations, this view is being challenged.
Sun and colleagues (127) identified polymorphisms in flagellin that attenuate PTI within the
Xanthomonas euvesicatoria population. Also, only certain alleles of flagellin from Acidovorax avenae
(previously Pseudomonas avenae) elicit an immune response in rice cell cultures (23, 128). Tellingly,
the flagellin alleles from incompatible strains of A. avenae are active elicitors of PTI, highlighting
the significance of MAMP diversification for disease outcome. Because flagellin perception is
also an important aspect of animal innate immunity (7, 123) and mammalian pathogens also
escape flagellin-triggered immunity through allelic diversification (5), escape of host recognition
through MAMP diversification appears to be a converged virulence strategy of both animal and
plant pathogens.

This new evidence that diversifying selection of MAMPs is an important virulence strategy of
plant pathogens has inspired searches for genomic evidence of diversifying selection to thereby
identify novel MAMPs. This approach is best exemplified by the work of Cai and colleagues
(20), in which a region of flagellin, distinct from flg22, was identified as being under diversifying
selection within the Pto population and confirmed as an important MAMP, flgII-28, in the Pto-
tomato pathosystem. The identification of the flgII-28 MAMP depended upon both population
genomics analyses and prior knowledge from the molecular plant-microbe interactions field that
flagellin is an elicitor of PTI. Intriguingly, different alleles of flgII-28 also elicit varying degrees of
PTI in a host-dependent manner (26), providing a further clear example of MAMP diversification
as a pathogen virulence strategy. Importantly, none of the different flagellin alleles compromised
swimming motility when expressed in a flagellin-deficient background, strongly undermining the
dogma that MAMPs (e.g., flagellin) are under robust purifying selection to maintain microbial
function (e.g., swimming motility) (26).

McCann and colleagues (84) also confirmed that genomic evidence of diversifying selection in
a pathogen population enables identification of novel MAMPs. On the basis of the observation
that MAMPs, such as flg22 or flgII-28, are relatively conserved across pathogen populations but
relatively variable within pathogen populations, we propose that the most appropriate combina-
tion of strategies to identify novel MAMPs using signatures of natural selection appears to be
identification of genes under purifying selection across broad pathogen populations but under
diversifying selection within pathogen populations (Figure 2).

The new understanding that MAMPs undergo allelic diversification to avoid PTI also has
important implications for the recently proposed strategy of transferring PRRs (receptors for
MAMPs) to improve agricultural disease resistance. The transfer of EFR, the corresponding PRR
for the elf18 MAMP, from Brassicaceae into Solanaceae (75) and the transfer of Ve1, a PRR associated
with Verticillium resistance, from Solanaceae into Brassicaceae (50) have both been shown to improve
disease resistance. It is postulated that PRRs will prove to be more durable than R genes in the field
as a result of MAMPs being under stronger purifying selection than T3Es in pathogen populations.
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However, as the recent population-level analyses described above show, this assumption may not
be valid.

It is also important to call attention to examples of diversification in PRRs. For example,
flg22 perception varies dramatically among Arabidopsis ecotypes, although the variation is caused
by differences in protein expression and downstream signaling components in addition to al-
lelic differences in the FLS2 sequence (130). Similarly, the MAMPs flg22, chitin, and elf18 elicit
significantly different PTI responses among various Brassica napus cultivars, suggesting PRR poly-
morphism within the species (77). Also, some alleles of flgII-28 elicit a stronger immune response
in pepper than in tomato, suggesting that the recently emerged flgII-28 alleles encode stronger li-
gands for the corresponding allele of the receptor in pepper, relative to tomato (26). Therefore, we
postulate a MAMP-PRR arms race driven by both the presence/absence and allelic diversification
of MAMPs and PRRs, similar to the T3E–R genes arms race between plants and their pathogens
(Figure 2). Equipped with an understanding of a multifaceted arms race between plants and
their pathogens, it should be possible to design novel population genomics–enabled approaches
to identify new pathogen resistance determinants, as we propose below.

TRANSLATING POPULATION GENOMICS FINDINGS INTO MORE
EFFECTIVE DISEASE DIAGNOSTICS, PREVENTION, AND CONTROL

The cost of sequencing a bacterial genome dropped to less than $100 in 2013 and is thus already
competitive with the price for performing MLST. Because the price will continue to drop, and
analysis tools will continue to improve, we predict that soon bacterial pathogens will be identified
by whole-genome sequencing and genome sequencing will be as widely used as polymerase chain
reaction (PCR) is today.

How can we take advantage of the resultant wealth of data? It has recently been proposed
that genome sequencing could entirely replace traditional identification of human pathogens and
molecular epidemiological analysis in clinical microbiology (38). We think that the same is true for
plant pathogens. The main challenge is the establishment of a database that will allow integration of
genome sequences of pathogen isolates with respective metadata, such as plant species of isolation,
disease symptoms, and date and geographic location of isolation. These data would then need to
be further integrated with complete information on well-characterized reference strains and our
knowledge of pathogenicity and virulence genes.

If such a database were developed and isolates from plant disease outbreaks worldwide were
routinely added, it would be possible to easily and precisely identify pathogens (on the basis of
genome comparison with reference strains), to infer the likely geographic source of outbreak strains
(on the basis of comparison with similar strains that were recently isolated at other geographic
locations), to determine the availability of cultivars resistant to the outbreak strain (on the basis
of effector gene repertoires), and to determine susceptibility to antibiotics or other pesticides (on
the basis of the presence of antibiotic or copper resistance genes, for example). Of course, this
need not be limited to bacterial pathogens. Sequencing of RNA extracted directly from samples of
diseased plants could allow fast and precise identification of all plant pathogens, including viruses.

Because of the above described arms race between MAMPs and PRRs, a promising crop im-
provement strategy would be to identify not only novel PRRs to transfer between plant families
(75) but also to identify (or engineer) better alleles of PRRs for such transfer. Additionally, the
described large-scale genomic monitoring of plant pathogen populations in the field (and pos-
sibly in nonagricultural environments) should enable the identification of new MAMP alleles in
the plant-pathogen arms race. It may, therefore, be possible to screen for new alleles of pathogen
MAMPs, identify alleles of the corresponding PRR that are better at recognizing the new MAMPs,
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and deploy these alleles in the field before a pathogen epidemic occurs. Of course, the same can
be done with regard to ETI by screening crop and field isolates for loss or acquisition of T3Es
for early detection of R gene breakdown (Figure 2). Furthermore, parallel identification of novel
R genes that recognize highly conserved pathogen T3Es will facilitate rapid deployment of new
resistance determinants, as previously proposed (10, 88, 131).

Therefore, extending next-generation sequencing and population genomics analysis to plant
diagnostic clinics and border controls around the globe would allow early detection of emerging
plant pathogens and of new highly virulent pathogen variants that have overcome disease R genes.
This would in turn permit early intervention to deploy effective eradication programs, rigorous
import/export controls, and applications of appropriate pesticides, as well as to develop and plant
new resistant crop cultivars based on a combination of ETI and PTI.

SUMMARY POINTS

1. For effective population genomics analyses, next-generation sequencing needs to be ap-
plied to samples representative of pathogen populations and tailored to the evolutionary
processes that are being investigated.

2. The combination of population genomics and molecular plant-microbe interactions
gives deeper insight into disease emergence, crop adaptation, and the molecular plant-
pathogen arms race than does either field separately.

3. Plant disease prevention and control will greatly benefit from the integration of pop-
ulation genomics, molecular plant-microbe interactions, and worldwide genome-based
plant disease monitoring.
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