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4.1 Who Is Pseudomonas syringae

Pseudomonas syringae sensu lato is a species
that includes a genetically and phenotypically
diverse group of Gammaproteobacteria, whose
exact taxonomic status is still in flux. This group
includes a few dozen causative agents of eco-
nomically important crop diseases and a large
number of genetically distinct strains isolated
from wild plants, leaf litter, and compartments
of the water cycle (e.g., clouds, precipitation,
snowpack, lakes, and rivers) (Morris et al. 2008,
2010, 2013; Monteil et al. 2012). The named
species most closely related to P. syringae are P.
cichorii (Swingle 1925) and P. viridiflava
(Burkholder 1930), which were originally
described as species separate from P. syringae
sensu stricto (Van Hall 1904) because of dis-
tinguishable phenotypic characteristics com-
pared to P. syringae sensu stricto. Interestingly,
even considering only crop pathogens, strains
related to the P. syringae-type strain could be
assigned to nine different species based on DNA
similarity (or better dissimilarity). However,

since no consistent phenotypic characteristics
distinguish these nine groups, most of these
groups could not be described as named species
and are thus referred to as numbered ‘‘genomo-
species’’ 1 through 9 (Gardan et al. 1999). It was
recently shown that each genomospecies corre-
sponds to a phylogenetic group (Bull et al. 2011)
based on multilocus sequence typing (MLST)
(Maiden et al. 1998).

Each genomospecies of P. syringae gathers
different crop pathogens that are described based
on their host range and the type of disease
symptoms they cause. They are referred to as
‘‘pathovars’’ (Dye et al. 1980), and each path-
ovar is represented by a pathotype strain similar
to type strains of named species. However, many
genetic lineages of P. syringae have not been
assigned to pathovars because either they did not
cause disease on any tested plant species (Clarke
et al. 2010) or simply because they were isolated
from non-plant substrates and have not been
tested for host range. They are currently simply
assigned to phylogenetic groups based on MLST
building on the MLST scheme originally
developed by Sarkar and Guttman (2004).

While Chap. 3 describes and compares gen-
omes of relatively distantly related strains
belonging to different pathovars—or even dif-
ferent genomospecies—in this chapter, we will
focus on how genome sequencing of very closely
related strains belonging to the same phyloge-
netic group—or even the same pathovar—has
started to give insight into various aspects of
pathogen emergence, evolution, molecular
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host–microbe interactions, and ecology. We will
also show how genome sequencing has the
potential to transform plant disease diagnostics
and unravel geographic routes of transmission. In
the last part of the chapter, we will give our
opinion on how we expect population genomics
to give new insight into the life history and life
cycle of P. syringae as long as we deeply sample
from all environments in which P. syringae
populations have been found to reside.

4.2 Pseudomonas syringae: One
Population or Many?

Because strains that belong to P. syringae could
actually be assigned to at least nine different
species based on DNA similarity (Gardan et al.
1999), the question is how homogenous these
strains are in regard to ecological niches they
occupy, their interaction with other organisms,
and their population structure. Importantly, is
there one P. syringae population or are there
many? In other words, does each pathovar rep-
resent a separate population or does each ge-
nomospecies or phylogenetic group represent a
population or is there just one large P. syringae
population?

This is not an easy question to answer since it
is not even obvious what a bacterial population
is. Sexual reproducing organisms belong to the
same population if they interbreed. Different
populations are isolated from each other, but
occasional migration of individuals between
populations may occur. In the case of bacteria,
the boundaries of populations are not well
defined. Although bacteria belonging to the
same population can exchange DNA by hori-
zontal gene transfer through site-directed
recombination of genomic islands or homolo-
gous recombination of any genomic region, the
relative contribution of recombination compared
to mutation is different in different bacterial
species. Absurdly, in bacteria, we may even
have species corresponding to a ‘‘clonal’’ pop-
ulation, i.e., a population within which there is
no recombination, which takes the original def-
inition of ‘‘population’’ ad absurdum.

After performing a population genetic anal-
ysis of a collection of crop pathogens belonging
to P. syringae, Sarkar and Guttman (2004)
concluded that P. syringae consists of a popu-
lation, in which members rarely recombine.
Whole-genome sequencing (WGS) of multiple
isolates of P. syringae pv. aesculi (Pae), the
causative agent of bleeding canker of horse
chestnut (Green et al. 2010), WGS of multiple
isolates of P. syringae pv. tomato (Pto), the
pathogen that causes bacterial speck disease
around the world (Cai et al. 2011a), WGS of
multiple isolates of P. syringae pv. actinidiae
(Psa) from kiwifruit plants with bacterial canker
disease (Mazzaglia et al. 2012), and WGS of
multiple isolates of Pseudomonas cannabina pv.
alisalensis (Pal) of diseased crucifers, tomato, or
monocots (Sarris et al. 2013), confirmed that
each of these pathovars consists of only one or a
small number of clonal lineages. Each of these
pathogens shows very little genetic variation
between isolates. These pathogens could thus be
defined as ‘‘genetically monomorphic.’’
‘‘Genetically monomorphic’’ pathogens were
described by Mark Achtman as pathogens with
very little genetic variation between isolates,
suggesting that these pathogens only recently
emerged, in the order of dozens, hundreds, or
maybe thousands of years (Achtman 2008).

The interesting question is do genetically
monomorphic pathogens represent clonal popu-
lations? We do not believe so. Yes, if a pathogen
is genetically monomorphic, it has not signifi-
cantly recombined with other bacteria since its
emergence and, in that sense, it appears to have
a clonal population structure. However, geneti-
cally monomorphic pathogens only very
recently emerged. Therefore, it is not appropri-
ate to compare a genetically monomorphic
pathogen with a genetically diverse pathogen
that emerged much earlier. In the first case, we
look at a time scale of a few hundred or thou-
sand years and in the second case at a time scale
of a few hundreds of thousands or millions of
years. Therefore, genetically monomorphic
pathogens may be clonal populations when we
choose to look at them individually over a
window of hundreds of years, but they may be
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part of recombining populations if we choose to
look at them as a group of populations over a
window of hundreds of thousands of years. In
fact, a whole-genome phylogeny of isolates
belonging to the genetically monomorphic Pto
pathogen T1 and the Pto pathogens JL1065 and
DC3000 suggests that the ancestors of these
lineages recombined (our unpublished data). A
very similar picture emerged when constructing
a whole-genome phylogeny of Psa (McCann
et al. 2013). In fact, the authors inferred that
10 % of each sequenced Psa genome is derived
from recombination.

When performing MLST of Pto and of clo-
sely related crop pathogens in combination with
isolates from compartments of the water cycle, it
became evident that ancestors of crop pathogens
and ancestors of environmental P. syringae
isolates recombined (Monteil et al. 2013). One
of the genes that was found to have recently
recombined between crop strains and environ-
mental isolates was the fliC gene encoding
bacterial flagellin, which has an important role
in plant–microbe interactions (Clarke et al.
2013).

Furthermore, since there appears to be rela-
tively little recombination between the different
phylogenetic groups of P. syringae based on
MLST (Sarkar and Guttman 2004) but consid-
erable recombination within groups (Cai et al.
2011b; Yan et al. 2008), we may conclude that
the different phylogenetic groups within P. sy-
ringae each represents a separate population and
that there is no overall P. syringae population.

Taking all these results together, we propose
that the different P. syringae phylogenetic
groups/genomospecies each represents separate
recombining populations that consist of crop
pathogens and related environmental strains. We
further believe that genetically monomorphic
crop pathogens occasionally emerge from these
populations and then acquire an apparent ‘‘short-
term’’ clonal population structure while spread-
ing around the world from crop field to crop field
[see also Monteil et al. (2013)]. Smith et al.
(1993) defined such a combination of recom-
bining and clonal populations as ‘‘epidemic
population structure.’’ However, to confirm this

hypothesis, a full-fledged population genomic
analysis of crop pathogens and environmental
isolates will be necessary (see below).

4.3 Geographic Origin
of Pseudomonas syringae Crop
Pathogens and Their Routes
of Transmission

For some fungal and oomycete pathogens,
strong evidence has been found for their geo-
graphic origin, for example, Phytophthora infe-
stans in the Andes of South America (Gomez-
Alpizar et al. 2007; Stukenbrock and McDonald
2008). From South America, P. infestans seems
to have migrated to North America and from
there to Europe and, finally, to Ireland where it
caused the Irish potato famine. Also for some
bacterial pathogens, like Xylella fastidiosa
subsp. fastidiosa, convincing evidence has been
found for an origin in Central America and
introduction into the USA has been hypothe-
sized to have occurred with the importation of
coffee plants from Costa Rica to California
around 1880 (Nunney et al. 2010). Also for
Xanthomonas axonopodis pv. manihotis, a South
American origin seems likely (Bart et al. 2012).
As expected, for some genetically monomorphic
bacterial human pathogens, origin and interna-
tional routes of transmission have been recon-
structed in great detail. The most impressive
example is the reconstruction of the international
spread of Yersinia pestis, the causal agent of
plague, out of China based on whole-genome
sequences of hundreds of strains (Morelli et al.
2010; Cui et al. 2013). The conceptual basis
behind such studies is relatively simple and is
mainly based on one population genetic princi-
ple: The geographic origin of a species (or a
population) is inferred to be where the highest
genetic diversity is found (Stukenbrock and
McDonald 2008). In fact, members of a popu-
lation accumulate mutations over time. There-
fore, where the pathogen has existed for the
longest time, i.e., where it originated, pathogen
isolates can be expected to be much more dif-
ferent from each other than in those geographic
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areas where the pathogen was recently intro-
duced. This is also due to the fact that the
genetic diversity in the new area is derived from
the usually small number of bacteria that
migrated from the geographic origin of the
pathogen (for example on a single lot of seeds).
This phenomenon is called a ‘‘population bot-
tleneck effect.’’

Another aspect to consider is that populations
at the geographic origin diverged less from their
ancestor than the pathogen populations in the
geographic areas into which the pathogen was
recently introduced. In fact, members of the
original population will accumulate mutations,
but as long as these mutations do not confer a
strong selective advantage, these mutations will
stay at a relatively low frequency in this popu-
lation. In contrast, when a very small number of
bacteria of a population are introduced into a
new geographic area, the mutations present in
these few bacteria will now be present in their
entire progeny, that is, in all members of the
population in this new geographic area. In other
words, the introduced bacteria become the
founders of the new population in the new
geographic area. This process is known as the
‘‘founder effect,’’ and the genetic differences
between the population at the center of origin
and the populations in the new geographic area
are said to be due to ‘‘genetic drift’’ (instead of
selection). Therefore, each time a few members
of a population are introduced from one geo-
graphic area into the next, the genetic distance
from the original population can be assumed to
have increased. Importantly, the mutations
present in each founder of each geographic
transmission are preserved during the following
geographic transmissions, making it possible to
reconstruct the geographic routes of transmis-
sion by correlating phylogeny of isolates with
their geographic origin.

Since recent estimates of yearly mutation
rates for bacterial human pathogens are in the
order of 1–10 mutation per million base pairs per
year (for example, Morelli et al. 2010; Nuebel
et al. 2010), it is obvious that if we assume a
similar mutation rate for plant pathogens, the
geographic origin of recently emerged P.

syringae crop pathogens can only be recon-
structed by sequencing whole genomes. It is thus
exciting that sequencing of a large number of
genomes has become affordable using next-
generation sequencing with prices as low as
$100/genome. Therefore, studies of the geo-
graphic origin and routes of transmission can
now also be performed for P. syringae crop
pathogens. However, there is another challenge
that needs to be overcome before performing
such studies: Populations from different geo-
graphic areas can only be compared, and phy-
logeny can only be correlated with geography
(in what is referred to as ‘‘phylogeography’’) if a
sufficient number of isolates are available from
each geographic area to be representative of the
populations in these areas. Here, we will show
how limited availability of isolates has in fact
precluded in-depth phylogeographic studies of
P. syringae crop pathogens so far.

The first study that compared multiple strains
of a recently emerged P. syringae pathogen
focused on Pae, the causative agent of bleeding
canker disease of European horse chestnut in
northwestern Europe (Green et al. 2010). This
disease was first described in 2002/2003 and
spread from England within a few years all the
way to Scotland. The genomes of three British
isolates of the pathogen from 2006 and 2008
were found to be almost indistinguishable from
each other (3 mutations in 3 million base pairs)
but to be significantly different (1,613 mutations
in 3 million base pairs) from a P. syringae
pathogen that was isolated in 1969 in India and
that is the causative agent of a foliar disease of
horse chestnut. The bleeding canker disease of
horse chestnut has not been observed anywhere
else in the world, and the Pae strain from India
that only causes foliar symptoms is the closest
known relative. Also, no environmental isolate
of P. syringae closely related to Pae has yet
been identified in Europe. Therefore, the only
conclusion that can be made is that the UK
outbreak of this disease is due to a single clone
that started spreading on horse chestnut very
recently. However, nothing can be said about the
geographic origin of this clone. Did it preexist in
an environmental reservoir, for example, in
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compartments of the water cycle, or on wild
plants in Europe and jumped onto horse chest-
nut? Or was it introduced from another geo-
graphic area where it caused bleeding canker in
the past? Maybe the disease has simply not been
observed in the geographic area where it first
emerged because other factors in that area limit
the severity of the disease, for example, unfa-
vorable climate, tolerance of horse chestnut
genotypes that grow in that area, and/or absence
of insect vectors that appear to contribute to the
spread of Pae in the UK (Green et al. 2010).

Bacterial speck disease of tomato is caused
by Pto and was first described in the USA by
Bryan (1933). Interestingly, reports of the dis-
ease popped up around the world in the 1970s
(Goode and Sasser 1980). It is not known whe-
ther this was due to a real increase in disease
incidence or whether it was the awareness of the
disease that increased and led to an increase in
disease reports. Interestingly, analyzing over
100 Pto isolates from the 1940s until 2008 from
around the world, it was found that two separate
lineages of Pto (called T1 and JL1065) were
common in Europe and North America in the
1970s, while a third lineage (DC3000) was only
found in the 1940s in Canada and 1960s in the
UK (Cai et al. 2011a) with one more isolate of
this lineage from Japan (Sarkar and Guttman
2004). In the 1980s, the T1 lineage almost
completely replaced the JL1065 lineage in Eur-
ope and North America. The few available Pto
isolates from Africa and Australia belonged to
either T1 or JL1065, but isolates from South
America all belonged to T1. Since the T1 line-
age was found on every continent from which
isolates were available, any of these continents
could be the geographic origin of the T1 lineage.
Unfortunately, genomes of only five represen-
tative isolates of the T1 lineage from Europe and
North America were sequenced, while all other
isolates were only analyzed with a small number
of genome-derived molecular markers. More-
over, the number of available Pto isolates from
outside of Europe and North America was very
limited. Therefore, it was impossible to deter-
mine which continent had the population with
the highest diversity. Interestingly though, three

out of eight genotypes of the Pto T1 population
in Europe and North America were found to be
present in both continents, showing that T1
strains have been exchanged several times
between these two continents during recent
years. Some of the same genotypes were found
also in Australia. However, T1 isolates from
Colombia in South America all had at least one
mutation absent from all other T1 populations
around the world and absent from the other Pto
lineages and all related P. syringae pathovars.
This suggests that the Pto population in South
America may be relatively isolated compared to
the Pto population of the Northern Hemisphere.

The mode of intercontinental transfer of Pto
is impossible to know at this point. It could be
by seed since Pto was found to be transmitted by
seed (McCarter et al. 1983), but it could also be
atmospheric movement. In fact, strains indis-
tinguishable from Pto DC3000 were isolated in a
creek upstream of any agricultural activity in
New Zealand (Monteil et al. 2013), suggesting
that at least bacteria belonging to the Pto
DC3000 lineage can also travel through the
water cycle and possibly travel long distance
through the atmosphere. Therefore, it is possible
that Pto T1 is exchanged between continents via
atmospheric movement.

A relatively more detailed phylogeography
has been obtained for Psa, the causative agent of
bacterial canker disease of kiwifruit. Bacterial
canker of kiwifruit was first described in Japan
and China in the 1980s and then in Korea in the
early 1990s (Scortichini et al. 2012). In 2008, a
very severe epidemic started spreading
throughout Italy and then the rest of Europe and
Turkey. In 2010, the disease was found in New
Zealand and in Chile. Three genome-sequenced
isolates from Japan and Korea collected during
the outbreak in the 1980s and 1990s were found
to be clearly distinct from the 2008 epidemic
and represent a separate population with strains
that differ by more than 2,000 mutations/million
base pairs from strains of the 2008 epidemic
(Mazzaglia et al. 2012). This high number of
mutations could not have accumulated in less
than 30 years, and therefore, the Korean and
Japanese populations can be excluded as the
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parent population from which the 2008 popula-
tion emerged. Two strains from China (isolated
from the same location in the same year) were
instead found to be highly similar to four strains
isolated in Europe with fewer than 2 mutations
per million base pairs (of vertically inherited
core genome) distinguishing the strains from the
two continents (Mazzaglia et al. 2012). Later, a
small number of genome sequences of Psa
strains from New Zealand and Chile were
compared and found to be also extremely closely
related to the European and Chinese strains
(Butler et al. 2013). Interestingly though, one
additional strain from China was found to be
more divergent (1 mutations/16,000 base pairs)
compared to all 2008 outbreak strains. While
many more Psa strains isolated in New Zealand
were sequenced later (McCann et al. 2013), the
number of strains from China, Europe, and Chile
is still very limited and any conclusions made
from these data must be considered preliminary
and are based on the pure assumption that the
isolates from the different countries/continents
are representative of the diversity in these
countries. This is likely to be the case for Eur-
ope, New Zealand, and Chile since the disease
emerged so recently in these areas. However,
China, Japan, and Korea may harbor many more
genotypes than currently known. Nonetheless,
the finding that China harbors at least one
genotype that is closely related to all the 2008
isolates, but is clearly more divergent, supports
the conclusion that China is the geographic
origin (Butler et al. 2013). Moreover, there is
strong circumstantial evidence pointing to China
as geographic origin of the current epidemic: (1)
The center of diversification of the kiwifruit
genus Actinidia is in China, making it likely that
P. syringae strains adapted to Actinidia species
possibly coevolving with Actinidia over hun-
dreds of thousands of years; (2) the disease
broke out in China years before it broke out in
Europe, New Zealand, and Chile; and (3), plant
material is known to have been imported from
China to Europe and possibly to New Zealand.

The next important question is what were the
international routes of transmission of Psa?
Since the disease broke out first in Italy and then

in New Zealand and isolates from these coun-
tries could initially not be distinguished, it was
suggested that Italy was the source of the New
Zealand outbreak. It was thought that possibly
strains from China were imported with con-
taminated plant material into Italy and from
there to New Zealand. However, several results
point to a direct import of Psa from China to
New Zealand: (1) Some mutations are shared
between Chinese and New Zealand isolates but
not with European isolates and (2) the same
variant of a genomic island is present in one of
the sequenced Chinese strains and all of the
sequenced New Zealand strains, but this variant
of the genomic island is absent in the European
strains (Butler et al. 2013). Interestingly, a dif-
ferent Chinese strain has the identical variant of
the genomic island present in the European
strains, while the Chilean strains carry yet
another version of the same island (Butler et al.
2013). This suggests (but does not prove) that
the European, the New Zealand, and the Chilean
Psa populations are each derived from separate
independent importations of Psa from China.

4.4 Comparison of Closely Related
Genomes Provides Insight
into Molecular Plant: Microbe
Interactions for Crop
Improvement

Comparison of genomes of closely related strains
with different phenotypes is one avenue to
identify the genetic differences at the basis of the
observed phenotypic differences. In the case of
plant pathogens, the most relevant phenotypic
differences are differences in host range and
differences in virulence. The identification of
genes responsible for these differences is facili-
tated by the fact that many P. syringae genes that
determine virulence and, to some degree, host
range are already described. It is known that
conserved microbial-associated molecular pat-
terns (MAMPs) trigger immunity in most plants
but that some MAMP alleles evade recognition.
For example, most flagellin alleles trigger a plant
immune response, but flagellin of Ralstonia
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solanacearum and Agrobacterium tumefaciens
do not (Pfund et al. 2004; Felix et al. 1999). It is
also known that P. syringae translocates via a
type III secretion system (T3SS) so-called
effector proteins into plant cells that suppress
MAMP-triggered immunity in host plants, while
some of them trigger an immune response
(Effector-triggered immunity (ETI)) in non-host
plants (Jones and Dangl 2006).

When comparing two closely related strains,
whereby strain A causes disease on a certain
plant species and strain B does not cause disease
on this plant species, two hypotheses can be
experimentally tested: (1) Strain A contains
effectors necessary to suppress the immune
system of the plant species, and strain B is
missing those effectors and (2) strain B contains
effectors or MAMP alleles that trigger an
immune response in the plant species, and strain
A is missing those effectors or has different
MAMP alleles. Either hypothesis may be cor-
rect, or a combination of both hypotheses may
apply. Moreover, other genes necessary for
successful invasion of—or interaction with—the
host species may be missing in strain B.

Two groups of closely related P. syringae
strains have so far been used for this kind of
comparison: (1) Pto DC3000 that causes disease
on tomato and Arabidopsis thaliana and the
closely related Pto T1 strain that causes disease
on tomato but not on A. thaliana (Almeida et al.
2009) and (2) P. syringae pv. phaseolicola (Pph)
strains that are pathogens of bean (Phaseoulus
vulgaris) and mung bean (Vigna radiata) and the
soybean pathogen P. syringae pv. glycinea (Pgl)
(Baltrus et al. 2012). While there is one known
case where deleting a single effector gene
(hopQ1) from a strain (Pto DC3000) expanded
the host range of the strain to an additional spe-
cies (Nicotiana benthamiana) (Wei et al. 2007),
genome comparisons and follow-up genetic
manipulations of Pto T1 and Pto DC3000 and
Pph and Pgl showed that host range differences
may more often be the result of multiple genes
(Sohn et al. 2012; Baltrus et al. 2012).

In the case of Pto T1, it was found that at
least two of its effectors, AvrRpt2 and HopAS1,
trigger an immune response in A. thaliana

(Almeida et al. 2009; Sohn et al. 2012). Deleting
these two effectors significantly increased
growth of Pto T1 on A. thaliana. However, the
double-deletion mutant still grows significantly
less than Pto DC3000 and does not cause any
disease symptoms at the minimum inoculum
dose at which Pto DC3000 causes disease
symptoms on A. thaliana (Sohn et al. 2012).
Expressing individual Pto DC3000 effectors in
the double-deletion mutant only marginally
increased growth of Pto T1 in A. thaliana (our
unpublished data). Therefore, either multiple Pto
DC3000 effectors need to be expressed in the
avrRpt2/hopAS1 deletion mutant of Pto T1 at the
same time to allow it to reach the virulence of
Pto DC3000 or T3SS-independent genes neces-
sary for full virulence on A. thaliana are also
missing from Pto T1 but are present in Pto
DC3000.

In the case of the Pph and Pgl comparison,
expression of the Pgl effectors hopC1 and hopM1
in one of the Pph strains only slightly reduced
growth on bean. On the other hand, expression of
the Pph effector avrB2 in Pgl only slightly
increased growth of Pgl on bean. Therefore,
adaptation of Pph to bean appears to be due to
multiple effector differences (Baltrus et al. 2012).
Only by deleting and expressing multiple effec-
tors in the same strain in order for a Pph strain to
acquire the same effector repertoire as the Pgl
strain (and/or the Pgl strain to obtain the same
effector repertoire of a Pph strain) will it be
possible to determine whether effector differ-
ences alone can explain the host range differ-
ences between these strains. Possibly, allelic
differences in effector sequences or expression
level differences of effectors also contribute to
the observed host range differences. Importantly,
since T3SS mutants of the Pph and Pgl strains
grew to the same population density, the differ-
ences in their host range appear to be limited to
effectors and, possibly, allelic differences in the
structural components of their T3SSs.

While comparison of Pto T1 with Pto
DC3000 and of Pph strains with Pgl revealed
differences in effectors, but differences in
MAMPs were not noted, comparison of multiple
isolates all belonging to the Pto T1 lineage
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revealed unexpected differences in MAMPs
within flagellin (Cai et al. 2011a). First, a group
of strains from Colombia in South America had
an amino acid substitution in the flagellin epi-
tope flg22, a known MAMP (Felix et al. 1999),
although these strains were otherwise indistin-
guishable from other Pto T1 isolates. Although
it was known that different pathogens have dif-
ferent flagellin alleles and different strains of
Xanthomonas campestris have different flagellin
alleles (Sun et al. 2006), this difference among
isolates belonging to the same genetic lineage
was surprising. Moreover, all strains from
Colombia had a non-synonymous mutation in
another region of flagellin downstream of the
flg22 epitope and all strains from Europe and
North America isolated after 1980 had another
non-synonymous mutation only three codons
away from it (Cai et al. 2011a). This strongly
suggested that the region of flagellin containing
these two mutations (called flgII from now on)
represented a new MAMP and Pto T1 adapted
independently in Colombia and in North
America/Europe to tomato by evading recogni-
tion of this MAMP through allelic variation.
This hypothesis was experimentally confirmed:
A 28-amino-acid-long peptide corresponding to
the flgII allele typical of European isolates
before 1980 triggered a stronger immune
response in tomato than peptides corresponding
to the two mutated alleles from Colombia and
from North America/Europe after 1980 (Cai
et al. 2011a). Therefore, comparison of almost
identical isolates of the same genetic lineage of
pathovar Pto allowed identification of a previ-
ously unknown MAMP. Moreover, allelic vari-
ation at this MAMP influences bacterial fitness
in planta depending on the plant genotype sug-
gesting that different plants have different alleles
of the receptor that recognize alleles of flgII with
different affinity (Clarke et al. 2013).

The flgII receptor is different from the flg22
receptor and not present outside of the Solana-
ceae family (Clarke et al. 2013). Therefore,
cloning different alleles of the flgII receptor and
expression of these receptor alleles in crops that
either do not have any native flgII receptor or
have a flgII receptor with low affinity for the

flgII alleles of their most important pathogens
could be used to improve crop disease resistance
(or at least significantly decrease pathogen
growth) similar to what was proposed in regard
to the MAMP receptor elongation factor tu
receptor (EFR) (Lacombe et al. 2010).

Identifying differences in effectors or
MAMPs is not the only approach to find new
targets for crop improvement for disease resis-
tance based on genome comparisons. Identifying
the conserved core repertoire of effectors present
in every single strain of a pathogen is another
promising approach. The underlying hypothesis
is that the effectors that are present in every
single strain of a pathogen are the effectors that
are most important for virulence and that cannot
be easily lost by the pathogen without a reduc-
tion in virulence. This approach has been pro-
posed for Xanthomonas manihotis (Bart et al.
2012) but can easily be applied to P. syringae
pathogens. For example, the genomes of five
isolates of P. cannabina pv. alisalensis (Pcal)
have been sequenced and the core effector rep-
ertoire identified (Sarris et al. 2013). The indi-
vidual Pcal effectors could be cloned and tested
for triggering a defense response in a panel of
plant species to identify putative resistance
genes to these effectors. The identified resistance
genes could then be either bred into Pcal hosts
or cloned and transferred into high-yielding
commercial Pcal hosts by genetic engineering.
The same could be done with the identified core
effectors of Psa (McCann et al. 2013).

4.5 Present and Future
of Genome-Based Diagnostics
and Epidemiology

In plant disease diagnostics today, polymerase
chain reaction (PCR) and real-time PCR (RT-
PCR) have become routine and complement—or
even replace—diagnostic techniques based on
phenotype, for example, Biolog� or fatty acid
analysis. Some of the PCR and RT-PCR primers
have been designed based on individual whole-
genome sequences or based on comparison of
whole-genome sequences of the pathogen of
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interest with genome sequences of other related
pathogens, for example, for Xanthomonas car-
otae (Kimbrel et al. 2011) or R. solanacearum
race 3 biovar 2 (Guidot et al. 2009). Even more
precise diagnostics are possible with markers
based on the comparison of genomes of different
strains of the same pathogen. For example,
Studholme and colleagues have developed sim-
ple genotyping assays based on diversity
revealed by WGS in Xanthomonas musae
(Wasukira et al. 2013) and Balestra et al. (2013)
have designed primers that can distinguish
between different clones of Psa.

Going one-step further, MLST is starting to
be used for precise identification of pathogens.
For example, the causative agent of a bacterial
leaf spot outbreak of parsley in Ohio (USA) was
recently identified as P. syringae pv. coriandri-
cola (Xu and Miller 2013). The use of MLST for
P. syringae and other bacterial crop pathogens is
possible because a dedicated MLST database
was established to simply compare sequences of
individual loci with a collection of characterized
pathogen strains or to perform a full-fledged
MLST study of a pathogen sequencing all loci
that were included in published MLST analyses
of pathotype strains (Bull et al. 2011; Young
et al. 2008).

While MLST has sufficient resolution for
precise identification of a P. syringae pathovar,
it is not always sufficient for differentiating
between different lineages within the same
pathovar. For example, MLST can distinguish
between the Korean/Japanese population of Psa
and the isolates of the 2008 outbreak in Europe,
but MLST cannot distinguish between Pae
causing bleeding canker of horse chestnut in
Europe and the Indian strain causing only leaf
spotting (Green et al. 2010). Also, in regard to
epidemiology, MLST usually does not provide
the resolution to identify the source of a disease
outbreak. Therefore, the question is how can
WGS be translated into the diagnostic practice to
improve strain identification and determine the
source of disease outbreaks?

The potential of WGS for improving diag-
nostics and epidemiology for bacterial human
pathogens is very similar to the potential we see

for improving diagnostics of plant pathogens. It
was recently proposed that WGS could replace
multiple separate steps and tests in the diagnosis
of human bacterial pathogens and in epidemio-
logical investigations (Didelot et al. 2012). In
fact, not only could WGS precisely identify a
plant pathogen to the pathovar level or beyond, it
could even provide a list of genes present in an
outbreak strain encoding antibiotics resistance
and thus help choose the best disease control
strategy to deploy. Moreover, WGS has the
power to give a precise view of the effector rep-
ertoire of an outbreak strain and suggest which
crop cultivars may be resistant to the outbreak
strain. Therefore, WGS could inform growers in
regard to the best choice of cultivars that are
possibly resistant to a new outbreak strain and
that could be planted the following year.

As with MLST, WGS can only be successful
if appropriate databases and tools for genome
analysis are developed and become accessible in
plant disease clinics. All research results in
regard to effector repertoires and the corre-
sponding resistance genes known to recognize
them need to be included in such a database.
Moreover, to identify the source of a disease
outbreak, all isolates that are identified by any
diagnostic clinic need to be automatically added
to a central database. In this way, if a new
pathogen or a new pathogen lineage emerges in
one geographic area, it will be possible to auto-
matically follow its spread to other areas as long
as outbreak isolates are routinely sequenced.
Currently, routine genome sequencing is still too
expensive in order to implement such a strategy,
but we can expect prices to decrease further and
we believe that it is only a question of time until
such an a strategy will become reality.

While sequencing the genome of isolated
bacteria is an effective tool in identification and
epidemiology, it would be even better if patho-
gens could be precisely identified directly from a
plant sample without pathogen isolation in a
metagenomic approach. This could be done by
extracting DNA from a plant sample, or it could
be done by extracting RNA from a plant sample.
The advantage of RNA over DNA is that by
extracting RNA and then reverse transcribing all
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RNA into DNA, RNA viruses would also be
detected. The resolution lost by only sequencing
transcribed genes would be minimal for diag-
nostics and may be negligible for epidemiological
purposes since, for example, most of the single-
nucleotide polymorphisms (SNPs) that were
identified between Pto isolates were intragenic
(Cai et al. 2011a). All genes may not be tran-
scribed in planta, but even if only half the genes
of a bacterium were transcribed in planta, this
would probably still provide the necessary reso-
lution for source identification. Another advan-
tage of RNA sequencing would be that even
physiological problems, like mineral deficien-
cies, might be identifiable if the sample is fresh or
flash-frozen in liquid nitrogen immediately after
collection. Of course, as for sequencing isolated
bacteria directly, such a culture-independent
sequencing approach would require an even more
comprehensive database and collection of bioin-
formatics tools to interpret the massive amount of
data that would be obtained.

4.6 From Individual Genomes
Analysis to Population
Genomics: The Next Step
to Infer Pseudomonas syringae
Crop Adaptation
and Evolutionary History

We expect the next key findings in ecology and
evolution of P. syringae to be revealed by
‘‘population genomics,’’ an approach that has
already demonstrated its power in clinical
microbiology. While WGS is extremely useful
for disease diagnostics and to determine the
molecular determinants of phenotypic traits or to
reconstruct international routes of transmission
(as described above), it cannot correctly answer
these and other more fundamental questions
about ecological differentiation or evolutionary
history unless these questions are addressed in
the context of a population, i.e., applying pop-
ulation genomics. The field of population
genomics has existed for dozens of years in its
early form whereby genomic divergence within
and between populations was assessed using a

small number of genomic loci (Nosil and
Buerkle 2010). Today, WGS allows extending
this approach to whole genomes and thereby
dramatically increases the quantity of informa-
tion that we can analyze and provides access to
genomic variation that was previously unde-
tectable. In particular, we can pinpoint all
genomic regions that have diverged between
individuals and estimate gene flow allowing the
inference of population structure, adaptation,
and evolutionary history of organisms with an
accuracy previously unimaginable (Nosil and
Buerkle 2010; Nosil et al. 2009).

When genomes are compared between indi-
viduals, the individuals are expected to be rep-
resentative of the population or metapopulation
for which we want to determine genomic vari-
ation. Sampling over space, niche, and time is
thus the foundation of any population genomic
study, because it drives the interpretation of the
results we obtain. The less the sample reflects
the population, the less accurate our inferences
are. This biggest limitation is due to the fact that
our observations are always an approximation of
the reality depending on the sampling repre-
sentativeness. Paraphrasing Hunt et al. (2008),
‘‘in most ecological sampling, the true habitats
or niches are unknown and can only be observed
as projections onto the sampling dimensions
(‘projected habitats’).’’ In the case of P. syringae
and other plant pathogens, the question is how to
get the most representative sample a priori while
we do not know the population structure.

Therefore, carefully choosing the sampling
strategy prior to sampling is indispensable and
requires considering several factors. The choice
of individuals will determine the success of the
study in answering the questions we pose. In
fact, sampling is what constitutes the difference
between studies of population genomics and
those of comparative genomics. Comparative
genomics provides information about differences
in gene content and allelic differences between
genomes to test and develop hypotheses on how
these differences determine phenotypic differ-
ences between organisms. Comparative genom-
ics also permits development of lines of work to
investigate ecology and epidemiology of plant
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pathogens (Sarkar et al. 2006; Potnis et al. 2011;
Baltrus et al. 2011; Mann et al. 2013). However,
comparative genomics cannot extrapolate the
findings to the population scale and cannot dis-
tinguish the effect of randomness from real
selection by the environment. It is true that when
whole-genome sequencing was first applied to
epidemiological or evolutionary studies, the
sample size was necessarily small because of
sequencing costs and time required for gene
annotation. Ten genomes were sufficient to
obtain first genome-wide phylogenetic trees or
to compare genomes of different pathogens or
pathogen lineages. However, one individual can
never be representative of a population whatever
the criterion is (e.g., niche, biology, and line-
age). Traits of that individual can be variable
within the population, and this variability must
be taken into account in the analysis. From a
statistical point of view, the higher the number
of individuals is, the more powerful the analysis
is. However, even considering the low cost of
sequencing today, we still cannot sequence as
many genomes as we would like to and we still
need to make a choice of which strains to
sequence. To this end, it is important to select
strains from a diverse set of samples that are
representative of the environments that the
pathogen occupies. In fact, even a large number
of strains from a restricted number of samples
may not be representative of the pathogen pop-
ulation. Fortunately, sequencing costs are still
decreasing and this will allow sequencing more
and more strains and make strain selection easier
and easier (Didelot et al. 2012).

However, even if we were able to sequence as
many strains as we want, choosing the best
sampling strategy would still be important.
Choice of sampling location, host, environment,
or date, the relative number of different samples,
and the choice of how many strains to sequence
from each sample will always strongly affect
how representative the sequenced individuals
are of the population. Therefore, to accurately
infer the processes that shape genomic variation,
samples and strains must be selected properly.
Moreover, that choice has to be tailored to the
question and to the evolutionary scale at which

the effects of the investigated processes are
visible. Accordingly, year of isolation, geo-
graphic origin, genetic relatedness among indi-
viduals, and strain phenotypes do not always
have the same importance. For example, when
the objective of a study is to investigate early
events in ecological differentiation, as in Shapiro
et al. (2012), the investigated processes occur
over a short time scale in a limited space com-
pared to the evolutionary history of a bacterial
species. Therefore, closely related bacteria iso-
lated over a short time and occupying different
niches at the same geographic location were
chosen. A similar example is the investigation of
the microevolution of Staphphyloccoccus aureus
within a single host by Young et al. (2012) for
which the authors selected dozens of isolates
over a 13-month period from the same patient.
For studies of biogeography, instead, we need to
maximize space and time of sampling. For
example, inference of the historical transmission
routes of Y. pestis over continents (Morelli et al.
2010; Cui et al. 2013) required this kind of
sampling. Finally, when the interest concerns
pathogen–host specificity, studies may maxi-
mize the number of samples from different hosts
(Fitzgerald et al. 2001; Sheppard et al. 2013a, b).

4.7 Pseudomonas syringae
in the Footsteps of Human
and Animal Bacterial
Pathogens: What Have We
Learned from Clinical
Population Genomic Studies?

Population genomic studies of bacterial human
pathogens have already dramatically improved
our vision of pathogen ecology and evolution
and are revolutionizing medical diagnostics and
disease epidemiology. Development of statisti-
cal models, databases, and software, like the
bacterial isolate genome sequence database
(BIGSdb) pipeline (Jolley and Maiden 2010),
have made it possible to handle genomic data of
hundreds of strains of the same pathogen spe-
cies. Such tools make it possible, for example, to
streamline association-mapping methods to
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determine the genomic basis of adaptation
(Sheppard et al. 2013b). Additionally, several
Bayesian modeling approaches have been
developed to infer population structure, clonal
relationships, and genomic fluxes from large
populations and gene sets (Falush et al. 2003;
Didelot et al. 2009, 2010; Marttinen et al. 2012;
Corander et al. 2008; Shapiro et al. 2012).

Numerous processes associated with genomic
divergence between populations and evolution-
ary history of human pathogens have been
revealed, bringing to light new research per-
spectives. For example, population genomic
studies applied to Salmonella enterica have
given insights into population structure and the
role of recombination far beyond the limitations
of classical approaches (den Bakker et al. 2011;
Desai et al. 2013; Didelot et al. 2011; Zhou et al.
2013). Classification into serovars and even
phylogenies and recombination analysis based
on MLST still missed important genetic infor-
mation (Achtman et al. 2012). However, using a
population genomic analysis of 10 % of the core
genome of 114 isolates significantly refined our
knowledge of the relationships between sero-
vars, identified subpopulations, pinpointed
donors and recipients of recombination events,
and obtained insight into emergence of genetic
lineages and estimated the age of these lineages
(Didelot et al. 2011). By a similar approach,
Joseph et al. (2012) unraveled the population
structure and genomic fluxes within the obligate
pathogen Chlamydia trachomatis.

In order to contain disease spread, it is nec-
essary to understand how the bacterial variant
that is causing a disease outbreak emerged. It is
especially important to assess the importance of
species introgression (acquisition of genomic
regions from a different bacterial species) and to
determine the environment in which it occurred,
because this may allow identifying hot spots of
bacterial diversification and prevention of future
emergence of new variants. Mechanisms of
introgression and the regions of the genome that
are affected have been recognized and better
understood, thanks to population genomics. One
of the best examples is the genome-wide intro-
gression that occurred in the zoonotic pathogen

Campylobacter coli. Based on MLST data,
Sheppard et al. (2011) had previously observed
extensive DNA acquisition from another related
species Campylobacter jejuni into one lineage of
C. coli. Both species cause gastrointestinal
symptoms in humans characterized by different
host ranges in agricultural and non-agricultural
environments. Through WGS of 30 strains of the
two species, they were able to determine that
gene flow occurred most frequently in those
regions of the genome that are most similar
between the two species (Sheppard et al. 2013a).
These results also suggest that farming has
played an important role in the diversification of
Campylobacter spp. by enhancing physical
opportunities for genetic exchange between the
two species. Thus, agriculture appears to provide
the conditions that are conducive to the emer-
gence of new adapted hybrids and their prolif-
eration. Sheppard et al. (2013b) then went
further in the study of host adaptation applying
for the first time whole-genome association
mapping to a bacterial model and identified a
genomic region significantly associated with
isolates from cattle but frequently absent from
genomes of strains that infect birds.

The high resolution of the information pro-
vided by whole-genome sequences facilitates the
study of small genetic changes undetectable with
classical genetic approaches. With population
genetics, the assumptions we make about gene
organization and dynamics in bacterial genomes
leave variation at many loci undetected. We can
thus not study small microevolutionary events
associated with a small numbers of mutations
per genome. With population genomics instead,
these barriers disappear, permitting the study of
microevolutionary events associated with niche
adaptation. This can lead to new fundamental
knowledge in microbial ecology. Whole-genome
comparisons at the population scale have even
revealed the processes involved in the early
phases of ecological differentiation and specia-
tion of bacteria (Shapiro et al. 2012).

The more we are interested in subtle changes
and short time scales, the less powerful classical
genetic population analysis is. This is especially
well illustrated by the within-host
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microevolutionary study of methicillin-sensitive
Staphylococcus aureus causing fatal bloodstream
infections (Young et al. 2012). The genome-wide
study of Wilson and his partners (2012) enabled
identification of a small number of mutations
separating disease-causing variants from com-
mensal bacteria. Following the pathogen popu-
lation within a patient over a year, they
demonstrated that the initial population accu-
mulated 30 SNPs. Just eight of these SNPs
affected protein function including a transcrip-
tional regulator and were associated with the
emergence of pathogenic variants inside the nasal
carrier population. The high resolution of the
approach thus brought new insight into the evo-
lutionary dynamics of bacterial pathogens by
demonstrating how small evolutionary events can
lead to the emergence of virulent variants from
nonpathogenic populations within the same host.

These few examples show the many possi-
bilities of how population genomics could be
applied to P. syringae and could help answer
many unresolved questions about its ecology
and evolution. Similar to what was shown for S.
aureus, small evolutionary events might occur in
planta in a few weeks or months from seed
germination to maturity. The microevolutionary
dynamics unraveled by population genomics
within the plant host could also reveal regulatory
and structural changes that lead to pathogenicity
from a single cell via mutation or via acquisition
or loss of genomic islands as experimentally
revealed previously (Pitman et al. 2005; Lovell
et al. 2009).

4.8 Looking Beyond Agriculture
to Better Infer the Ecology
and Evolution of Pseudomonas
syringae Crop Pathogens

Previously, we discussed the importance of
sampling in population genomic studies. We
pointed out how we sample based on our current
knowledge of a pathogen’s ecology; in particu-
lar, we sample those environments in which we
assume the pathogen population to reside.
Therefore, our view of the plant–pathogen

system is going to determine our sampling
strategy and because our sampling strategy will
determine the results of the population genomic
analysis that we apply, our view of the plant
pathogens system will ultimately condition the
results we obtain and their interpretation. In
plant pathology, the selection of isolates is
mostly based on virulence traits, host range, or
epidemic history. This is why studies of plant
pathogens are often incomplete. Most of the
time, strain choice is biased because we impose
our current perspective of a plant pathogen’s life
history on that choice. Didelot et al. (2011) point
out that when only highly virulent isolates are
chosen, it is not possible to find the true evolu-
tionary history of a pathogen because we only
consider a small portion of the pathogen popu-
lation and we cannot correctly infer gene flow
and population structure.

For most pathogens that can survive outside
of their hosts, limiting sampling to hosts is a
problem. Sampling from diseased plants is only
sufficient when we are interested in the evolution
of a clonal lineage or its phylogeography.
However, it is not sufficient if we want to
understand how the pathogenic lineage relates to
the wider diversity and how it originally
emerged. The range of ecosystems, where non-
obligate plant pathogens can evolve and adapt,
have been unexplored and underestimated. A
series of investigations of the ecology of P. sy-
ringae outside the agricultural context and, more
specifically, in alpine ecosystems, have high-
lighted the various facets of P. syringae life-
styles. P. syringae population dynamics have
been found to be inextricably associated with the
water cycle (Morris et al. 2008). From the clouds
through precipitation to river water, snowpack,
and leaf litter, P. syringae is widely present and
abundant (Diallo et al. 2012; Monteil et al. 2012;
Morris et al. 2008, 2010). Based on these new
insights into P. syringae life history, Morris
et al. (2013) proposed scenarios of the role of the
Earth’s processes in P. syringae ecology and
evolutionary history. Evidence was gathered that
population dynamics of crop pathogens partici-
pate in wider metapopulation dynamics through
the global freshwater ecosystem. These
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environments are not only routes of dissemina-
tion for crop pathogens, but they represent res-
ervoirs of genetic diversity and may be motors
of diversification. While populations of alpine
meadows or surface water are not directly
impacted by cropping areas, most of them har-
bor virulence traits and genes typical of crop
pathogens (Monteil et al. 2013). P. syringae
studies carried out outside of the agricultural
context are still exceptions among bacterial
plant pathogens, but clues from others species,
such as Erwinia spp. or Pantoea spp., suggest
they could have similar life histories (Morris
et al. 2009). Phytophthora species are another
example of plant pathogens for which recent
studies showed the importance of other ecosys-
tems beyond crops and diseased trees. In the past
decade, new evidence emerged showing abun-
dance and high diversity of Phytophthora spe-
cies in forest soils and forest streams.
Phytophthora species present in natural habitats
could lead to emergence of cryptic species
potentially able to cause emerging destructive
epidemics (Hansen et al. 2012).

Undoubtedly, determination of genomic
fluxes between populations residing in natural
environments and those causing disease on crops
is indispensable to infer the evolutionary history
and adaptation to a pathogenic lifestyle.
Recently, a recombination analysis coupled to
Bayesian coalescent analysis was performed
with P. syringae strains isolated from snowpack
and alpine streams that are closely related to the
tomato pathogen Pto. This study revealed that
ancestors of environmental populations and
those of monomorphic crop pathogens recom-
bined (Monteil et al. 2013). Moreover, virulence
gene repertoires coding for T3SS effectors in Pto
lineages are present in environmental strains.
Environmental strains induced slightly less
severe symptoms on tomato but had a wider host
range. These results suggest that crop pathogens
evolved through a small number of evolutionary
events from an environmental population of less
aggressive ancestors. Environmental pools and
crop pathogen populations thus appear to inter-
act, and environmental populations could be a
source of novel genes. Similar observations led

to the same conclusions for the causal agent of
Legionnaire’s disease: Legionella pneumophila.
Interestingly, Coscolla and Gonzalez-Candelas
(2007) found recombination rates to be high
within environmental populations that are
abundant in freshwater. When clinical isolates
were included in the analysis, conflicting signals
within trees based on sequences of individual
loci strongly suggested recombination between
environmental and clinical isolates (Coscolla
and Gonzalez-Candelas 2009).

These observations show how important it is
to enlarge the population framework outside of
hosts to have a representative sample for popu-
lation genomic studies. The environment may
select genes that can be involved in plant–
microbe interaction, virulence, and host range
(Morris et al. 2009). In all environments, trophic
interactions within the microbial community
(e.g., predation/prey relationships, competition
for resources, and mutualism) shape bacterial
genomes, which act both as sink and donor of
genetic information. Genetic exchanges and
mutations lead to the formation and selection of
new bacterial variants. Since the maintenance
of genes in a genome has a cost, the presence of
virulence genes in environmental strains sug-
gests that these genes might have another func-
tion outside the agricultural context (Martinez
2013). These traits may then become virulence
traits if they confer an adaptive advantage for P.
syringae fitness in planta. Although this has not
formally been demonstrated for any gene in P.
syringae, some of the phytotoxins produced by
some P. syringae strains (Bender et al. 1999) are
known to have antimicrobial activity and may
have evolved under selection pressure during
competition with other microbes in the envi-
ronment. Several examples of putative dual-use
traits related to pathogenic and environmental
fitness have been demonstrated for human
pathogens (Morris et al. 2009). Those traits are
involved in the formation of biofilms, resistance
to predation by nematodes or protists, iron
sequestration, oxidation, and resistance to anti-
biotic compounds. For example, Pseudomonas
aeruginosa and Vibrio spp. are abundant in soil
and aquatic substrates known to be
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environmental reservoirs (Vezzulli et al. 2010;
Selezska et al. 2012). They possess T3SSs sim-
ilar to P. syringae to deliver effectors to
eukaryotic cells and infect their human hosts.
Evidence supports the hypothesis that their
T3SSs were originally associated with bacterial
survival in soil and water as defense against
bacteriovorous amoebae (Matz et al. 2008,
2011). But grazing is not the only selection
pressure at the origin of traits involved in viru-
lence. For example, seawater is a reservoir of
Vibrio cholerae and Vibrio sp. use the same
factors associated with human intestinal coloni-
zation for attachment to chitin shells of crusta-
ceans (Vezzulli et al. 2010; Pruzzo et al. 2008).
Also, part of the resistome of clinical bacteria is
shared with the soil microbiome. A metage-
nomic approach showed the presence of resis-
tance genes to five classes of antibiotics in
nonpathogenic soil-dwelling proteobacteria that
were identical to antibiotic resistance genes of
human pathogens (e.g., P. aeruginosa, Klebsel-
lia pneumonia, and Acinetobacter baumanii)
(Forsberg et al. 2012).

An example of the importance of the non-
host environment for an opportunistic human
pathogen is Staphylococcus aureus. Genomic
diversity, evolutionary relationships, and meth-
icillin resistance trait were investigated by
Fitzgerald et al. (2001) on the basis of 36 clinical
isolates. The authors showed that the methicillin
resistance gene had been horizontally acquired
several times independently. Where these events
occurred is still unclear, but since Staphylococ-
cus aureus is present in the rhizosphere (Berg
et al. 2005), it may very well be that they
occurred in the soil.

Therefore, conclusions about the evolution-
ary pressures shaping pathogen genomes are
biased if they are made on the sole basis of
pathogenic populations isolated from the host,
while the species has a life style that includes
non-host environments. Because this is the case
for P. syringae, interpretation of genetic changes
underlying virulence or host range based on
strains isolated only from crop plants might be
misleading, like in the studies of Baltrus et al.
(2011) or Cai et al. (2011b).

The water cycle does not only consist of
water from hydrological networks, but also
includes the biosphere and consequently wild
plants. P. syringae populations on wild plants or
non-diseased crops have usually not been taken
into account in population genetics and popula-
tion genomics studies of P. syringae so far. Yet,
P. syringae is an epiphyte and pathogenic lin-
eages can be present in the phyllosphere of non-
hosts and hosts at high population density
without causing disease (Morris et al. 2008;
Hirano and Upper 2000). No population geno-
mic study has yet been performed to determine
how genetically diverse epiphytic P. syringae
populations are and how different or similar their
virulence traits are compared to pathogen pop-
ulations on diseased hosts. Including wild plants
in studies of P. syringae evolution may thus also
give new insight into plant adaptation. Indeed, as
P. syringae crop pathogens have close relatives
in the environment, crop plants have wild rela-
tives outside of cropping areas. We can assume
that the pool of wild relatives of crops plays an
important role in host adaptation of environ-
mental P. syringae population. The emergence
of a P. syringae crop pathogen might possibly
involve a progressive increase in fitness on wild
relatives and lead to a population adapted to
relatives of a certain crop from which a clonal
crop pathogen may occasionally emerge, as was
suggested for Psa (McCann et al. 2013).
Importantly, most of the plant families of agri-
cultural interest are present in alpine ecosystems
like Rosaceae, Cruciferae, Fabaceae, Brassica-
ceae, Fagaceae, or Solanaceae (Sherman et al.
2008; Taberlet et al. 2012). Since Monteil et al.
(2012) estimated that about 108 cfu of P. sy-
ringae may reside in one square meter of alpine
vegetation, wild plants of alpine ecosystems
should be included when investigating the
adaptation of P. syringae to crop plants.

4.9 Conclusion

So far, population genomic studies based on
whole-genome sequences of P. syringae patho-
gens are relatively few and relatively small in
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regard to the number of strains that were ana-
lyzed. However, because WGS allows us to
detect even a single mutation in a whole gen-
ome, population genomic approaches show great
promise for describing evolutionary processes at
a resolution that was inconceivable just a few
years ago. Studies of human pathogens have
pioneered the field and will facilitate similar
studies on bacterial plant pathogens like P. sy-
ringae. In the past 10 years, population genomic
studies of human pathogens brought new
insights into how populations are structured,
how genes are exchanged, and how populations
adapt to a pathogenic lifestyle. By identifying
the processes leading to the emergence of viru-
lent isolates, host specialization, and pathogen
movement, we expect to be able to better pre-
vent and control crop diseases in the future. We
may even be able to develop advanced warning
systems alerting us of new pathogens or patho-
gen variants allowing more time to develop
resistant cultivars.

Sampling remains the most important issue to
address in population genomic studies in order
to obtain results that reflect the actual pathogen
population. Depending on the question, the
factors to consider in the choice of strains in
regard to time, location, host, and/or environ-
ment of isolation will be different. Importantly
though, evolutionary history reconstruction of
non-obligate pathogens like P. syringae will
always need to take into account more than the
diversity within the diseased crop host. They
need to extend to the pathogen population
residing on non-diseased hosts and non-host
plants and non-plant environments. We expect
that following these guidelines, population
genomic studies of P. syringae will significantly
deepen and broaden our view of plant pathogen
ecology, evolution, epidemiology, and molecu-
lar plant–microbe interactions.
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