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Preface

The first genome of a plant pathogen (Xylella fastidiosa that causes citrus

variegated chlorosis) was published in 2000. In that same year, the

United States Department of Agriculture (USDA) first offered a com-

petitive grants program to support sequencing of agriculturally relevant

microorganisms. At that time, only a few microbes of agricultural sig-

nificance were being sequenced. In 2001, the United States National

Science Foundation (NSF) joined USDA, and the jointly-offered pro-

gram was expanded to support the genomic sequencing of an even

broader range of microorganisms. The partnership lasted until 2009, by

which time sequencing costs had decreased dramatically and sequencing

speed had increased enormously. USDA’s support for microbial

genomics shifted more towards functional analysis of genome sequences.

During the 10 years that the genome sequencing program was offered,

the genomes of a large number of agriculturally significant microor-

ganisms were sequenced with support from the USDA, including bac-

teria, viruses, fungi, oomycetes, and even a nematode. The genomes of

microbes relevant to basic science were sequenced with funding from the

NSF. Three books are being published to describe the impact of some

agriculturally relevant genomes and their analysis. In addition to this

volume, two other volumes (edited by Dr. Ralph Dean, Dr. Ann

Lichens-Park and Dr. Chittaranjan Kole) describe the genomic analysis

of plant-associated fungi and oomycetes. These volumes are entitled

‘‘Genomics of Plant-Associated Fungi: Monocot Pathogens’’ and

‘‘Genomics of Plant-Associated Fungi and Oomycetes: Dicot Patho-

gens.’’ This book describes how the availability of some agriculturally

important plant-associated bacterial genomes, many of which were first

sequenced with support from the USDA, have revolutionized our

understanding of these bacteria and how they can be managed to

improve the sustainability of agriculture worldwide.

Bacterial genome data is a launching pad (or scientific springboard)

that, with appropriate functional analysis, can lead to greater knowledge

of bacterial evolution and diversity, ecological adaptation, and envi-

ronmental influences on gene expression and phenotype. Because
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bacterial genomes are generally much smaller than the genomes of

eukaryotic organisms, important insights about how the bacteria func-

tion can be obtained from appropriate functional analysis, often in less

time than that needed for such analyses employed in higher eukaryotes.

At the same time, studies aimed at understanding how bacteria interact

with plants can lead to new insights about important plant processes

and metabolic pathways, some of which may be exploited by bacterial

pathogens to cause diseases. As is explained in the chapter on the

genomics of Xanthamonas oryzae, the availability of xanthomonad

genomic information has led to discoveries of new technologies such as

transcription activator-like effector nucleases (TALENs) that facilitate

targeted genome editing and will revolutionize approaches to genetic

engineering in eukaryotes.

Each chapter in this book describes the genomic analysis of a par-

ticular bacterial genus, species or group of related bacteria about which

the genome sequence and genomic analysis have led to significant new

insights. Some chapters address bacterial pathogens that are readily

tractable to genetic analysis and are, therefore, considered to be good

model systems. Pseudomonas syringae, the subject of two chapters, is an

important pathogen and a model system. Other chapters focus on

bacterial pathogens that are less tractable genetically, but which are

responsible for diseases that can result in devastating economic losses

for growers. Xanthamonas citri causes citrus canker, a disease that can

result in severe losses to citrus crops. One chapter focuses on Pseudo-
monas flourescens, which is a beneficial bacterial species that can help

prevent diseases in plants. The very first plant pathogen, Erwinia amy-
lovora, was first described in the 1800’s and is the subject of one of the

chapters. The fastidious phloem-limited bacteria, exemplified by the

phytoplasmas and the liberibacters, were first described in recent years,

and are each the subject of one chapter.

Several ‘‘themes’’ run through the chapters in this volume. These

include the growing evidence for the importance of horizontal gene

transfer or ‘‘nature’s transgenes’’ in originating new bacterial strains and

species. Advances in transcriptomic analysis are facilitating studies

describing complex regulatory networks critical to expression of pro-

cesses important in plant–microbe interactions. The technology is

leading to identification of new bacterial factors or products that

mediate communication with and establishment in the plant host.

Genomic studies of plant-associated bacteria promise to lead to a better

understanding of the natural microbial communities associated with

plants (the phytobiome) and to innovative means of controlling diseases

caused by plant pathogens.

We wish to express our thanks to the lead authors and co-authors of

the chapters in this volume. They have done a marvelous job of
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explaining the advances and significance of the new knowledge described

in their chapters. We also wish to express our thanks to some special

people who are current or former employees of USDA and NSF whose

support has been critical to the microbial genomics program and to the

existence of this volume. These people are Dr. Sonny Ramaswamy,

Dr. Colien Hefferan, Ms. Betty Lou Gilliland, Ms. Erin Daly,

Mr. Edward Nwaba, Dr. Deborah Sheely, Ms. Cynthia Montgomery,

Dr. Michael Fitzner, Dr. Daniel Jones, Ms. Pushpa Kathir, Dr. Anna

Palmisano, Dr. Mark Poth, Dr. Maryanna Henkart, and all of the

USDA and NSF Program Officers and staff who worked with

Dr. Lichens-Park while the Microbial Genome Sequencing Program was

offered. Space limitations prevent us from describing each of the roles

played by these individuals but they all have been significant and we are

extremely grateful to all of them.

March 2014 Dr. Dennis C. Gross

Texas A&M University

College Station, TX, USA

Dr. Ann Lichens-Park

National Institute of Food and Agriculture

United States Department of Agriculture

Washington, DC, USA

Prof. Chittaranjan Kole

Bidhan Chandra Krishi Viswavidyalaya

West Bengal, India
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1Genomics of Erwinia amylovora
and Related Erwinia Species Associated
with Pome Fruit Trees

Youfu Zhao

1.1 Introduction

Erwinia amylovora, the causal agent of fire blight
of apple, pear, quince, blackberry, raspberry, and
other rosaceous plants, is of particular interest to
plant bacteriologists, not only because it is the
first bacterium demonstrated to cause disease in
plants, but also because of its significant eco-
nomic and political impact (Griffith et al. 2003;
van der Zwet et al. 2012; Vanneste 2000).
Recently, the pathogen was voted as one of the
top 10 plant pathogenic bacteria in molecular
plant pathology (Mansfield et al. 2012). In the
last decade, several new pathogenic Erwinia
species associated with pome fruit trees have
been described, including Erwinia pyrifoliae,
Erwinia piriflorinigrans, and Erwinia uzenensis
(Kim et al. 1999; Matsuura et al. 2012; Lopez
et al. 2011). Additionally, Erwinia billingiae and
Erwinia tasmaniensis are two non-pathogenic
Erwinia species associated with pome fruit trees
(Geider et al. 2006; Mergaert et al. 1999). E.
amylovora is the type species of the genus
(Lelliott and Dickey 1984) and remains the most
studied species of this genus. Less information is
available on other Erwinia species associated
with pome fruit trees and their genetic relation-
ship to E. amylovora (Palacio-Bielsa et al. 2012).

Resolution of the genetic compositions of these
microorganisms has, therefore, dramatically
increased our knowledge base of E. amylovora
and its relatives (Zhao and Qi 2011). Complete
and draft genome sequences for more than a
dozen strains, belonging to five Erwinia species,
including E. amylovora, E. pyrifoliae, E. piri-
florinigrans, E. tasmaniensis, and E. billingiae,
have been published (Kube et al. 2008, 2010;
Mann et al. 2013; Park et al. 2011; Powney et al.
2011; Sebaihia et al. 2010; Smits et al. 2010a, b,
2013). These genome sequences provide almost
complete genetic information about E. amylo-
vora and other closely related species. In this
chapter, we present (1) an updated review of
E. amylovora and related species from genome
sequencing efforts; (2) summarize the general
characteristics of the pathogen, the disease it
causes, and its genome; and (3) highlight current
genome-enabled understanding of E. amylovora
pathogenesis, including comparative genomic
analyses and evolution, as well as genetic and
functional genomic studies. Future perspectives
and research directions for this important path-
ogen are also discussed.

1.1.1 Fire Blight and Related Diseases
Associated with Pome Fruit
Trees

Fire blight has been known as one of the most
important plant bacterial diseases worldwide and
is a devastating necrotic disease affecting apples,
pears, and other rosaceous plants (Norelli et al.

Y. Zhao (&)
University of Illinois at Urbana-Champaign,
Urbana, IL 61801, USA
e-mail: zhao888@illinois.edu

D. C. Gross et al. (eds.), Genomics of Plant-Associated Bacteria,
DOI: 10.1007/978-3-642-55378-3_1, � Springer-Verlag Berlin Heidelberg 2014
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2003). Fire blight was first observed on rosa-
ceous plants in 1780 and was considered the first
recognized plant bacterial disease back in 1884
(van der Zwet and Keil 1979). Several bacterial
diseases with symptoms resembling those of fire
blight have been described for pome fruit trees
in recent years. Bacterial shoot blight of pear,
first described as a fire blight-like disorder, was
observed on Asian pear (Pyrus ussuriensis cv.
Mishirazu) and European pear (Pyrus communis
L.) trees on Hokkaido island in Japan in the
1970s (Tanii et al. 1981), and the disease was
considered eradicated in 1999 (Mizuno et al.
2000, 2010). A similar disease was described on
Asian pear (Pyrus pyrifolia cvs. Shingo and
Mansamgil) in Korea in the late 1990s (Kim
et al. 1999). In 2007, bacterial black shoot dis-
ease of European pear cv. La France was found
in Kaminoyama City, Yamagata Prefecture,
Japan (Mizuno et al. 2010). At the same time, a
necrotic pear blossom disease of European pear
cvs. Ercolini (Coscia) and Tendral was observed
in Valencia, Spain (Rosello et al. 2006). Due to
their restricted distribution and limited access to
disease samples for the fire blight research
community, there is not much information about
these new diseases beyond their original loca-
tion. It is expected that these diseases may have
a wider distribution than has been reported.

1.1.1.1 Fire Blight Disease and Its
Current Distribution

Historically, a severe outbreak of fire blight in the
summer of 1880 in Illinois led to the discovery of
the first bacterial disease of plants by Thomas J.
Burrill, a professor and former president of the
University of Illinois at Champaign-Urbana
(Griffith et al. 2003). The disease is indigenous to
North America and was first observed on pear
and quince (Cydonia oblonga Mill) in the lower
Hudson Valley of New York in 1780 (Griffith
et al. 2003). Since 1862, the disease has been
widespread and destructive in commercial apple
(Malus sylvestris Mill) and pear orchards in the
northeastern United States. In 1882, the disease
spread from New York to Illinois and to Cali-
fornia in 1887 (Kado 2000; Pierce 1902).

Another milestone in fire blight research occur-
red in 1891, when insects were demonstrated to
be attracted to exudates from infected shoots in
the spring and subsequently transmitted the dis-
ease to other trees (Kado 2000). This is also the
first (bacterial) plant pathogen for which an
insect vector was demonstrated.

Since its discovery, fire blight has spread to
more than 50 countries (van der Zwet et al.
2012). Fire blight was first observed in Ontario,
Canada, in 1904; in British Columbia in 1911;
and in Mexico in 1921. Since 1924, the disease
has spread to all pear- and apple-growing areas
of Canada and Mexico. The reported long-dis-
tance spread of fire blight from America was to
New Zealand in 1919; to the United Kingdom
and Northern Europe in the late 1950s (Crosse
et al. 1958); and to the Mediterranean Region
and Northern Africa in the 1960s. Fire blight is
now widespread across Europe, Northern Africa,
and the Middle East including Iran, threatening
the native origin of apple germplasm resources
in central Asia (van der Zwet et al. 2012).
Interestingly, fire blight has not been reported in
Australia, China, South Africa, and any country
in South America. However, fire blight-related
diseases associated with pome fruit trees were
reported in Japan and South Korea (Kim et al.
1999; Mizuno et al. 2010).

1.1.1.2 Economic Losses and Costs
of Fire Blight Disease
Management

Since its discovery, fire blight has been consid-
ered the most destructive disease and a limiting
factor for apple and pear production (Palacio-
Bielsa et al. 2012). Fire blight not only can
greatly reduce crop yield and marketability in
the current season by infecting blossoms and
killing of fruit spurs, but also cause the loss of
entire trees and orchards. The severity of fire
blight outbreaks in California, and the Midwest
prevents the commercial production of pears in
these regions (Eastgate 2000; Pierce 1902). The
increased replanting cost of high-density blocks
(ca. $20,000 per ha) and losses due to interna-
tional trade regulations on fire blight has resulted
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in significant financial losses for many growers.
Therefore, fire blight poses multifarious threats
to the global pome fruit industry.

It is extremely difficult to accurately estimate
the economic losses due to fire blight to an
individual grower, a region, and on a global
scale. However, some of the most traumatic fire
blight epidemics recorded in recent years pro-
vide a glimpse into how fire blight can cause
great economic losses. In 1998, losses were
estimated to be in excess of $68 million in
Washington and northern Oregon (van der Zwet
et al. 2012). In 2000, the most widespread epi-
demic of fire blight occurred in southern Mich-
igan and losses were estimated to be
$42 million, including removal of 300,000 trees
and replacement of 1,550 acres of young orch-
ards (Longstroth 2000).

Fire blight has also become a great threat to
the world’s pome fruit industry. Losses were
estimated at 10 million dollars (NZ) in the
Hawke’s Bay region of New Zealand (Vanneste
2000). In the 1990s, more than a half million
trees were destroyed in Italy alone (Vanneste
2000). In 2007, a severe outbreak of fire blight
occurred in Switzerland. The Swiss government
reported a loss of $27.5 million dollars and
10 % of their apple acreage (Ashton 2008). Fire
blight also affects the ornamental nursery busi-
ness. The most popular ornamental plant in
Europe in the 1970s was cotoneaster, a major
host of fire blight. In 1975, more than 2 million
cotoneasters were destroyed in nurseries and
garden centers in the Netherlands (van der Zwet
et al. 2012).

Since the 1970s, spray applications of strep-
tomycin have been the most effective means of
controlling blossom blight of apples and pears.
However, the occurrence of streptomycin resis-
tance in the USA, Canada, and elsewhere has
rendered this antibiotic ineffective (Chiou and
Jones 1995; Coyier and Covey 1975; McManus
et al. 2002). Moreover, the use of streptomycin
for control and the progressive accumulation of
resistant strains have been estimated to bring
additional losses of more than 100 million dollars
(US) per year in the USA (Norelli et al. 2003).
Furthermore, fire blight also results in great

economic losses due to stringent quarantine and
international trade regulations. For example,
Australia, free of fire blight, reported spending
$40 million Australian dollars for the eradica-
tion, diagnostics, loss of sales, and exports due to
an unconfirmed presence of fire blight (Rodoni
et al. 2006). Moreover, strict regulatory measures
against E. amylovora are still imposed by many
European countries, such as Switzerland, Bel-
gium, and Germany (Deckers 1996; Duffy et al.
2005; EPPO 1992). In Germany, expenses for
eradication, inspection, fruit losses, and chemical
treatment of fire blight totaled $110 million from
1972 to 1990 (van der Zwet et al. 2012).

1.1.1.3 Disease Symptoms and Life
Cycle

The disease name ‘‘fire blight’’ was first coined
by William Coxe in 1817, when he described a
disorder that ‘‘in a few hours, turn the leaves
suddenly brown, as if they had passed through a
hot flame’’ (Griffith et al. 2003). Now, we can
easily recognize that this is the typical symptoms
of fire blight, i.e., the appearance of blackening
tissue as though they had been scorched by fire
(Schroth et al. 1974). In nature, E. amylovora is
capable of infecting blossoms, fruits, vegetative
shoots, woody tissues, and rootstock crowns,
leading to blossom blight, fruit blight, shoot
blight, twig and trunk blight, and rootstock
blight symptoms with frequent creamy ooze
production (Eastgate 2000). Usually, blossom
blight is the first symptom of the disease in early
spring followed by infection of young fruits
(Thomson 1986). Succulent shoots, twigs, and
water sprouts are the next most susceptible parts
of the tree. Infected young succulent shoots and
twigs wither and turn brown and in most cases,
the tip of the shoot bends in a characteristic
fashion to form a ‘‘shepherd’s crook.’’ From the
infected blossoms, shoots, or fruits, the disease
spreads systemically through the spurs to larger
twigs and branches to cause cankers. Disease
then may spread into the scaffold limbs and the
trunk, resulting in the death of the entire tree.
The fire blight disease cycle has been exten-
sively described by a number of authors

1 Genomics of Erwinia amylovora 3



(Thomson 1986; van der Zwet and Keil 1979;
van der Zwet et al. 2012).

Bacterial shoot blight disease, bacterial black
shoot disease, and necrotic pear blossom disease
induce very similar symptoms to those of fire
blight, but major differences exist (Palacio-
Bielsa et al. 2012). The symptoms of bacterial
shoot blight disease of Asian pear, caused by E.
pyrifoliae, include black to brown stripes in the
leaf midribs, dark brown leaf spots, and necrotic
petioles on large parts of the trees (Kim et al.
1999; Rhim et al. 1999). However, the symp-
toms of black shoot disease of European pear
trees, caused by E. uzenensis (Matsuura et al.
2012), were different from those of bacterial
shoot blight disease (Rhim et al. 1999) and fire
blight. Necrotic symptoms were only observed
in young shoots, and the development of lesions
stopped within 20 cm from the base of the shoots
and did not affect the branches (Mizuno et al.
2000). Some typical symptoms of fire blight and
bacterial shoot blight disease (i.e., blossom
blight, fruitlet blight, and formation of a shep-
herd’s crook), were not observed for black shoot
disease (Matsuura et al. 2012). Furthermore, the
symptoms of necrotic pear blossom disease,
caused by E. piriflorinigrans, were also different
from typical fire blight disease (Rosello et al.
2006; Lopez et al. 2011). Only pear blossoms
showed necrotic symptoms, but not pear shoots
or fruitlets, apple trees, or other inoculated
Rosaceae species (Rosello et al. 2006).

1.1.2 The Pathogen E. amylovora
and Related Erwinia Species

1.1.2.1 General Characteristics
E. amylovora and related Erwinia species all
belong to the family Enterobacteriaceae and the
genus Erwinia. E. amylovora was initially
described as Micrococcus amylovorus by Pro-
fessor Burrill in 1883 and then Bacillus amy-
lovorus (Burrill) by Trevisan in 1889, under the
erroneous assumption that the pathogen hydro-
lyzes starch. In the early 1900s, it was renamed

as E. amylovora (Burrill) by Winslow et al.
(Lelliott and Dickey 1984). Though E. amylo-
vora and related Erwinia species share many
basic characteristics, such as Gram negative; rod
shaped; motile with peritrichous flagella, facul-
tative anaerobic growth, oxidase negative, cata-
lase positive; and acid production from glucose,
fructose, and galactose (Palacio-Bielsa et al.
2012), they differ in some phenotypic traits, host
range, and virulence factors (Kim et al. 1999;
Lopez et al. 2011; Mizuno et al. 2010; Rhim et al.
1999; Rosello et al. 2006; Shrestha et al. 2003).

Host Range of E. amylovora and Related

Erwinia Species

One major difference between E. amylovora and
related Erwinia species is their abilities to cause
disease on different host plants (host range). E.
amylovora has a wide host range within the
family of Rosaceae. However, other pathogenic
Erwinia species associated with pome fruit trees
are host-specific, only infecting certain varieties
of Asian or European pear trees, and some with
tissue specificity. For example, E. piriflorinig-
rans only infects blossoms of European pear
trees (Rosello et al. 2006), whereas E. uzenensis
causes disease on young shoots of European
pear trees with limited disease progress after
infection (Mizuno et al. 2010). The host range of
E. pyrifoliae may be broader, as disease symp-
toms are observed on several varieties of Asian
pears and after inoculation, on several com-
mercial European pear cultivars and apple
(Malus domestica) (Kim et al. 2001; Mizuno
et al. 2010). Furthermore, some E. amylovora
strains isolated from Rubus plants within the
subfamily Rosoideae are also host-specific,
which can only infect Rubus plants. Interest-
ingly, natural E. amylovora strains isolated from
Maloideae (Spiraeoideae) with a wide host
range show differential virulence on different
apple cultivars (Lee et al. 2010; Wang et al.
2010a). These observations and early genetic
studies suggest that E. amylovora strains may
further be divided into different species or sub-
species with distinct host ranges, i.e., strains
isolated from Maloideae and Rosoideae.
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The host range of E. amylovora includes
more than 180 species from 39 genera in the
family of Rosaceae (van der Zwet et al. 2012)
and all four subfamilies (old classification sys-
tem): Maloideae (syn. Pomoideae), Rosoideae,
Amygdaloideae (syn. Prunoideae), and Spirae-
oideae. Of the 39 genera, eight are fruit crops:
Malus, Pyrus, Cydonia, Eriobotrya, Fragaria,
Mespilus, Prunus, and Rubus (van der Zwet
1995). The remaining genera are mostly orna-
mental plants and trees, including those most
susceptible and economically important hosts:
Cotoneaster, Crataegus, Pyracantha, and Sor-
bus. Fire blight has been described in raspberry
(Rubus idaeus) (Starr et al. 1951), in Rosa rug-
osa in Germany (Vanneste et al. 2002), and in
chokeberry and strawberry in Bulgaria (Bobev
et al. 2007). The complete list of host plants for
fire blight could be found in van der Zwet et al.
(2012) and van der Zwet and Keil (1979).

Taxonomic Position and Phylogenetic

Relationships

Taxonomically, the genus Erwinia belongs to
the c-Proteobacteria (Order Enterobacteriales,
Family Enterobacteriaceae) (Starr and Chatter-
jee 1972). Based on sequence analysis of the 16S
rRNA genes, E. amylovora and related species
associated with pome fruit trees are closely
related to other enterobacteria such as Esche-
richia coli, Salmonella enterica, and Yersinia
pestis. A phylogenetic tree based on 16S rRNA
gene sequences showed that all strains of E.
amylovora formed a separate clade within the
genus Erwinia (Matsuuza et al. 2012). House-
keeping genes, such as atpD, gyrB, infB, and
rpoB are commonly used for the phylogenetic
analysis of Enterobacteriaceae (Sarkar and
Guttman 2004). A phylogenetic tree reflecting
their evolutionary relationship from concate-
nated sequences of four housekeeping proteins
(AcnB, GltA, GyrB, and RpoD) is presented in
Fig. 1.1 (Zhao and Qi 2011). The topologies of
the phylogenetic trees based on 16S rRNA gene
and housekeeping genes are very similar. Fur-
thermore, the topology is identical to a phylo-
genetic tree generated using core genomes of the

sequenced E. amylovora strains (Mann et al.
2013). In addition, E. uzenensis and E. piriflor-
inigrans cluster more closely to E. pyrifoliae
strains than to E. amylovora strains (Matsuuza
et al. 2012). Within the species of E. amylovora,
phylogenetic analyses of the core genomes of E.
amylovora strains indicate that the Spiraeoi-
deae-infecting strains exhibit much less diver-
sity than the Rubus-infecting strains (Mann et al.
2013; Rezzonico et al. 2012). This grouping is
consistent with previous studies using rep-PCR,
carbon utilization, and phylogeny based on rpoB
(Mann et al. 2013; Rezzonico et al. 2012).

1.1.2.2 Virulence Factors
and Regulation

E. amylovora is a highly virulent necrogenic
vascular pathogen. Extensive genetic studies
over the past several decades have explored the

Fig. 1.1 Evolutionary relationship of Erwinia amylovo-
ra and related Erwinia species from Zhao and Qi (2011).
The phylogenetic tree was constructed from concatenated
sequences (2222 aa) of four housekeeping proteins
(AcnB, GltA, GyrB and RpoD) using the neighbor-
joining (NJ) method. Bootstrap scores greater than 60 are
given at each node. The scale bar represents 0.005 amino
acids substitutions per site. E. billingiae strain Eb661 was
used as an outgroup
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molecular mechanism of E. amylovora patho-
genesis (Khan et al. 2012; Zhao and Qi 2011).
One of the highlights is the identification of an
essential virulence system, namely the hyper-
sensitive response and pathogenicity (hrp)-type
III secretion system (T3SS), which is clustered
on an ostensible pathogenicity island 1(PAI1)
(Oh and Beer 2005; Oh et al. 2005). The current
understanding is that two virulence factors are
strictly required for E. amylovora to cause dis-
ease, i.e., the T3SS and its effectors and the
acidic exopolysaccharide (EPS) amylovoran
(Zhao and Qi 2011; Zhao et al. 2009a, b). Other
virulence determinants found in E. amylovora
that contribute to virulence and plant coloniza-
tion include levan, protease, the iron-scavenging
siderophore desferrioxamine, and genes
involved in sorbitol and sucrose metabolism
(Aldridge et al. 1997b; Bogs and Geider 2000;
Dellagi et al. 1999; Du and Geider 2002; Smits
and Duffy 2011).

Type III Secretion and Effectors

The discovery of the hrp gene cluster, which
encodes a T3SS common to Gram-negative
bacterial pathogens, is a breakthrough in
understanding the molecular mechanism of
bacterial pathogenesis and is a landmark in
modern molecular plant pathology (Lindgren
et al. 1986). The most noticeable phenotype of
hrp mutants is their lost pathogenicity on sus-
ceptible host plants, and inability to elicit the
hypersensitive response (HR) on resistant culti-
vars of host plants and non-host plants (Barny
et al. 1990; Lindgren et al. 1986; Steinberger and
Beer 1988). In E. amylovora, the PAI1 hrp gene
cluster is located on an approximately 60-kb
genomic region (Bogdanove et al. 1996; Kim
and Beer 2001). The hrp gene cluster can be
divided into three subregions: the hrp/hrc
region, the Hrc effector and elicitors (HEE)
region, and the Hrp-associated enzymes (HAE)
region (Oh and Beer 2005; Oh et al. 2005). The
hrp/hrc region contains 25 genes, including four
regulatory genes (hrpL, hrpS and hrpXY) and
genes encoding structural components of T3SS.
Among them, nine hrc genes constitute the core

structural components of the T3SS, including
HrpA, a pilin protein (Jin et al. 2001; Kim et al.
1997). The seven gene HEE regions encode two
harpin proteins (HrpN and HrpW) and several
effectors and chaperones, including disease-
specific protein DspE/A and its chaperone DspF/
B (Bogdanove et al. 1998a, b; Gaudriault et al.
1997). The HAE region contains five genes,
including three hrp-associated systemic viru-
lence genes (hsvABC) and hrpK, which encodes
a putative translocator (Oh et al. 2005). There-
fore, T3SS proteins can be categorized into three
groups, regulatory proteins (e.g., HrpL sigma
factor), secretion apparatus proteins (e.g., HrpA
pilin), and extracellularly secreted effector pro-
teins (e.g., HrpN harpin and DspE).

E. amylovora has been developed as a model
pathogen for studying plant–microbe interactions
because the first cell-free elicitor (HrpN, harpin)
was identified in 1992 (Wei et al. 1992). The
T3SS of E. amylovora secretes at least 15 viru-
lence-associated proteins, including HrpA,
HrpN, HrpW, HrpJ, HrpK, HopAK1 (Eop2),
DspE, HopC1, HopX1 (Eop3); AvrRpt2 (Eop4),
and Eop1(EopB, OrfB) (Bogdanove et al. 1998a,
b; Gaudriault et al. 1997, 1998; Nissinen et al.
2007; Zhao et al. 2005, 2006). Among them,
harpins (HrpN and HrpW) are glycine-rich
hydrophilic proteins and elicit an HR when
infiltrated into intercellular spaces of some plants
(Wei et al. 1992). HrpJ, HrpK, and HopAK1
(Eop2, Eam_2780) are putative translocators for
delivery of effector proteins or Hop proteins (Hrp
outer proteins). Together with HrpN, they may
form the translocon apparatus.

Many studies including genome sequencing
have reached the conclusion that only five
effector or hop genes [eop1, eop3 (hopX1), eop4
(avrRpt2), dspA/E, and hopPtoC (hopC1)] and
several chaperones (dspF/B, esc1 (orfC), and
esc3) exist in the genome of E. amylovora
(Nissinen et al. 2007; Zhao et al. 2005, 2006).
Among them, eop3 (Eam_2190), eop4
(Eam_0423), eop2, and hopC1 (Eam_2679) are
located outside of the T3SS PAI1 in the genome.
DspA/E, avrRpt2, and hopC1 have been dem-
onstrated to be induced in immature pear fruit,
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indicating that they may play a major role in
virulence (Zhao et al. 2005, 2006). Eop1 and
Eop3 are AvrRxv/YopJ and HopX family pro-
teins, respectively. Eop3 (HopX1) may function
as an avirulence gene in apple (Bocsanczy et al.
2012), whereas Eop1 may function as a factor in
limiting host range (Asselin et al. 2011).

Exopolysaccharide Amylovoran

E. amylovora produces two types of EPSs, the
heteroexopolysaccharide amylovoran and the
homoexopolysaccharide levan (Bellemann and
Geider 1992; Geier and Geider 1993). Levan is a
homopolymer of fructose residues and is syn-
thesized by the enzyme levansucrase. Mutants
deficient in levan production are reduced in their
virulence (Geier and Geider 1993; Gross et al.
1992). However, strains deficient in levan pro-
duction have also been found in nature and are
virulent (Bereswill et al. 1997). Amylovoran
may have multiple functions because mutants
deficient in amylovoran biosynthesis are non-
pathogenic (Bellemann et al. 1994; Bernhard
et al. 1993). Furthermore, the ability of indi-
vidual E. amylovora strains to produce amy-
lovoran is positively correlated with the degree
of virulence (Wang et al. 2010a). More recent
studies also revealed the indispensable functions
of amylovoran in bacterial biofilm formation in
plant xylem and for survival under stress con-
ditions (Koczan et al. 2009; Ordax et al. 2010).

Amylovoran was first isolated from bacterial
ooze (Bennet and Billing 1980). It is a complex,
high molecular weight (50–150 mDa), acidic
capsular EPS, consisting of galactose, glucose,
and pyruvate residues (Nimtz et al. 1996). Am-
ylovoran biosynthetic genes are located within a
12-gene amylovoran biosynthetic (ams) operon,
from amsA to amsL, with amsG as the first gene
in the operon (Aldridge et al. 1997a; Bernhard
et al. 1993; Bugert and Geider 1995). Another
two genes, galF and galE, which are located on
the right adjacent to the ams cluster, are
involved in amylovoran precursor formation.
Studies have proposed that products of the
amsGBCDEJK genes play roles in glycosyl
transfer for the repeating unit (Langlotz et al.

2011). Until recently, new evidence has shown
that ams-II (amsG2) and ams-III (amsO-amsL2)
may also play a role in side-chain modification
(Wang et al. 2012c).

Regulatory Systems

In prokaryotes, gene expression is regulated
primarily at the level of transcription initiation.
In E. amylovora, transcription of the hrp-T3SS
genes is activated by the master regulator HrpL,
a member of the ECF subfamily of sigma factors
(Wei and Beer 1995). HrpL binds to a consensus
sequence known as the hrp box (GGAACC-N16-
CCACNNA) in hrp gene promoters. Most T3SS
and effector genes are subject to direct HrpL
regulation (McNally et al. 2012, Nissinen et al.
2007). A hidden Markov model has identified
about 30 hrp promoters in the genome of E.
amylovora strain Ea273, which contain the hrp
box recognized by HrpL (McNally et al. 2012;
Bocsanczy et al. 2012).

The expression of hrpL is believed to be acti-
vated by both HrpS and a two-component regu-
latory system HrpX (sensor) and HrpY (response
regulator) (Wei et al. 2000). Further domain
structure analysis indicated that HrpX contains
two PAS domains (initially found in PER, ARNT,
and SIM proteins) within the N-terminal sensor
region, suggesting that HrpX is a soluble and
cytoplasmic protein that may sense intracellular
signals. Recent studies also found that hrpXY
mutants remain virulent (Zhao et al. 2009b),
which is different from a previous report that
analyzed Tn5-insertional hrpXY mutants (Wei
et al. 2000). An early report suggested that HrpS,
a member of the NtrC family of r54 enhancer-
binding proteins, only partially controls hrpL
expression (Wei and Beer 1995). However,
recent findings indicated that HrpS, YhbH, and
alternative sigma factor RpoN (r54) are abso-
lutely required for hrpL expression (Ancona et al.
2014; Zhao et al. 2009b) and the hrpL gene also
contains a r54 consensus sequence in its promoter
region. Furthermore, global regulators such as
GrrSA and EnvZ/OmpR two-component systems
may also be involved in regulating hrp gene
expression (Li et al. 2014).
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Several key regulators of amylovoran bio-
synthesis have been characterized earlier,
including RcsA (Bernhard et al. 1990; Coleman
et al. 1990) and RcsB (Bereswill and Geider
1997) as well as interactions between RcsA and
RcsB (Kelm et al. 1997; Wehland and Bernhard
2000; Wehland et al. 1999). Recently, the
RcsCDB system has been demonstrated to be
essential for virulence (Wang et al. 2009, 2011b;
Zhao et al. 2009b). The Rcs phosphorelay sys-
tem is a unique enterobacterial-specific two-
component system, and phosphorylated RcsB
could form RcsB-RcsB homodimers or interact
with RcsA to form RcsAB heterodimers, which
then bind to an ‘‘RcsAB box’’ to regulate gene
expression, including the promoter of the ams
operon involved in amylovoran biosynthesis
(Pristovsek et al. 2003; Wehland et al. 1999,
Wehland and Bernhard 2000). A Hidden Mar-
kov model identified about 60 genes in the
genome of E. amylovora strain Ea273
(ATCC49946), which contains the RcsAB box,
and half of these genes were directly regulated
by RcsBC (Wang et al. 2012a). Genome-wide
screening of two-component-system mutants
identified four groups of mutants that exhibited
varying levels of amylovoran production
in vitro, indicating that two-component systems
in E. amylovora play a major role in regulating
amylovoran production, and may form a regu-
latory network to govern the production of am-
ylovoran (Wang et al. 2011c; Zhao et al. 2009b).

Additional novel and global regulatory genes
for amylovoran biosynthesis have also been
identified through genetic screening. These
included Lon protease, global regulator H-NS,
RcsF, DjlA, and AmyR (YbjN) (Eastgate et al.
1995; Hildebrand et al. 2006; Wang et al. 2011c,
2012b). Both RcsF and DjlA are activators of
RcsC, whereas H-NS binds to the promoter of
rcsA and suppresses rcsA gene expression. Fur-
thermore, the RcsA protein is subject to Lon-
dependent degradation, which is a heat-shock
protein. In addition, AmyR, an amylovoran
repressor, is an enterobacterial-specific orphan
protein and was recently characterized as a novel
negative regulator of EPS production in both

E. coli and E. amylovora (Wang et al. 2011a,
2012b).

Based on current knowledge, a simple model
for E. amylovora virulence gene expression
centered on T3SS and amylovoran production is
presented in Fig. 1.2. Upon initiating plant
infection, E. amylovora senses the unknown
host/environmental signals. This process acti-
vates a sigma factor cascade that regulates T3SS
gene expression and at the same time, several
two-component signal transduction systems that
regulate both T3SS and amylovoran production
(Li et al. 2014; Zhao et al. 2009b). In the sigma
factor cascade, r54 enhancer-binding protein
HrpS forms a hexamer and binds to the upstream
DNA activator sequences (UAS) of the hrpL
promoter. Meanwhile, RpoN and a core RNA
polymerase (RNAP) forms a r54-RNAP com-
plex that binds to the r54 promoter of the hrpL
gene, but remains transcriptionally silent. With
the assistance of integration host factor (IHFa/b,
not shown), HrpS contacts the r54-RNAP-pro-
moter complex via the consensus GAFTGA
motif and by DNA looping, with the energy
provided by ATP hydrolysis of HrpS AAA+ -
domain. This triggers the opening of the r54-
RNAP-promoter complex and DNA melting.
This process also requires a ribosome-associated
protein YhbH with an unknown mechanism
(Ancona et al. 2014). HrpL/RNAP complex then
recognizes the ‘‘hrp box’’ at the promoter
regions of HrpL-dependent operons or genes and
regulates hrp gene expression (Wei et al. 2010).
On the other hand, phosphorylated RcsB dimer
or RcsAB heterodimer binds directly to the
amsG promoter in the ams operon and regulates
amylovoran production (Wang et al. 2009). The
GrrSA two-component system specifically reg-
ulates small regulatory RNA rsmB, which sta-
bilizes RNA-binding protein RsmA (Ancona and
Zhao 2013; Li et al. 2014). However, the
molecular mechanism as how GrrSA along with
EnvZ/OmpR system negatively regulate T3SS
and amylovoran production is unknown. Fur-
thermore, the identity of the signals and how the
bacterium senses the signals remain unsolved
mysteries.
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1.1.2.3 Tools for Molecular Genetics
Studies

Traditionally, genetic studies for plant patho-
genic bacteria utilize mobile genetic elements
such as Tn5, Mu, and Tn10 to generate mutant
libraries (Vanneste et al. 1990). However,
because of the randomness, we may not obtain a
mutant for a specific gene of interest. Alterna-
tively, standard homologous DNA recombina-
tion systems using suicide vectors could also be
used to generate mutants (Zhao et al. 2005);
however, standard recombination techniques
require extensive and time-consuming in vitro
cloning steps (Zhao et al. 2005). Recently, we
have successfully adopted a PCR-based one-step
inactivation of chromosomal genes and also
referred to as the Red-cloning technique, to
generate mutants in E. amylovora (Datsenko and
Wanner 2000; Zhao et al. 2006, 2009a, b). We
found that this technique is not only easy and

fast (capable of mutant generation within a week
without any cloning steps), but can also generate
deletion mutants for a single gene, an operon or
a genomic island (Zhao et al. 2009a, b). These
mutants provide basic tools to study gene func-
tion and signal transduction in E. amylovora.

1.2 Genomics

1.2.1 Genome Sequencing
of E. amylovora and Related
Erwinia Species Associated
with Pome Fruit Trees

In recent years, complete genomes for five spe-
cies from the genus Erwinia, including two E.
amylovora strains, three E. pyrifoliae strains,
one E. tasmaniensis strain, one E. billingiae
strain, and one strain of E. piriflorinigrans from

Fig. 1.2 A model for virulence gene regulation in
Erwinia amylovora. AmyR orphan protein, ortholog of
E. coli YbjN; AMS amylovoran biosynthesis, HN-S
nucleoid-associated protein; HrpL; an ECF sigma factor,
HrpS a r54-dependent enhancer-binding protein, HrpX/
HrpY, OmpR/EnvZ, GacS/GacA, RcsABCD two-com-
ponent regulatory systems, Lon protease, RpoN a sigma
54 factor, RNAP RNA polymerase, RsmA RNA-binding
protein, rsmB a small regulatory RNA, T3SS type III

secretion system, YhbH r54 modulation protein (ribo-
some-associated protein). OM outer membrane, PM
plasma membrane, IM inner membrane, P phosphoryla-
tion, filled triangle, r70 promoter, open triangle r54

promoter. Positive regulation is indicated by an arrow
and down-regulation by T sign; question mark and dash
line unknown mechanism; Thick arrow lines show gene
or operons, oval and circles indicate proteins
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Spain, have been sequenced (Table 1.1). In
addition, draft genome sequences have been
obtained for an additional 10 E. amylovora
strains, including three strains isolated from
Rubus spp. (Table 1.2). These genome sequen-
ces provide abundant scientific information
about the genetic composition of these species
and facilitate functional and comparative geno-
mic studies to determine how genomes of clo-
sely related Erwinia species have evolved
(Mann et al. 2013; Zhao and Qi 2011).

1.2.1.1 General Features
and Distinguishing
Characteristics

The first genome sequence of E. amylovora strain
Ea273 (ATCC49946), funded by the United States
Department of Agriculture, was started in the early
2000s and published in 2010 (Sebaihia et al. 2010).
At the same time, the complete genome sequence
of E. amylovora strain CFBP1430 was also pub-
lished (Smits et al. 2010b). Draft genome

sequences were later obtained and published for 10
additional E. amylovora strains, including three
isolated from host-specific Rubus spp. (Mann et al.
2013; Powney et al. 2011). These sequenced
strains represent various host plants, geographical
origins, and temporal distributions to exemplify
distinct bacterial populations of E. amylovora
(Tables 1.1 and 1.2). Other general information,
including genome size, GC content, total proteins,
and plasmid content, is listed in Tables 1.1 and 1.2.

The genomes of E. amylovora and related
Erwinia species associated with pome fruit trees
range from 3.8 to 5.1 Mbp, with E. amylovora
containing the smallest genome compared to
other pathogenic enterobacteria sequenced so far
(up to 5.5 Mbp) (Toth et al. 2006). The genome
of E. billingiae is larger than that of pathogenic
Erwinia species and the non-pathogenic E. tas-
maniensis. A comparison of genomes of E. am-
ylovora strains CFBP1430 and ATCC49946
shows that the two genomes share more than
99.9 % identity at the nucleotide level, indicating
that E. amylovora is a relatively homogeneous

Table 1.1 Overview of complete genome sequencing of Erwinia amylovora and related Erwinia species associated
with pome fruit trees

Strains Origin Sizea

(Mb)
G + C
content

Total
proteins

Plasmid
#s

Host Accession #s

E. amylovora
CFBP1430

France
1972

3.81 53.6 3,706 1 Crataegus FN434113-114

E. amylovora
ATCC 49946

New
York
1973

3.81 53.6 3,565
(3,712)b

2 Apple FN666575-577

E. pyrifoliae
Ep1/96

South
Korea
1996

4.03 53.4 3,697 4 Asian
pear

FP236842
FP928999
FP236827-29

E. pyrifoliae DSM
12163 (Ep16/96)

South
Korea
1996

4.03 53.4 4,038 4 Asian
pear

FN392235-39

E. pyrifoliae
Ejp617

Japan 3.91 53.6 3,672 5 Asian
pear

CP002124-29

E. tasmaniensis
Et1/99

Australia
1999

3.88 53.7 3,622 5 Apple
flower

CU468128, 30-
33, 35

E. billingiae
Eb661

UK 5.10 55.2 4,917 2 Tree FP236826, 30, 43

E. piriflorinigrans
CFBP 5888

Spain
2000

3.97 49.8 3,857 1 Pear CAHS0100001-
25; HE792893

Data adapted from Kube et al. (2008, 2010), Mann et al. (2012, 2013), Park et al. (2011), Powney et al. (2011),
Sebaihia et al. (2010), Smits et al. (2010a, b, 2013)
a Chromosomal size; plasmids are not included
b See Mann et al. 2013
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species (Smits et al. 2010b; Zhao and Qi 2011).
The chromosomes of another seven Spiraeoi-
deae-infecting strains are also highly homoge-
neous. Greater genetic diversity is observed
between Spiraeoideae- and Rubus-infecting
strains than among individual Rubus-infecting
strains; this suggests that further delineation of E.
amylovora species with different host specificity
may be warranted (Mann et al. 2013; Zhao and
Qi 2011). Similarly, the genomes of the two E.
pyrifoliae strains from Korea (Ep1/96 and
DSM12163) are almost identical (Kube et al.
2010; Park et al. 2011; Smits et al. 2010a; Thapa
et al. 2013).

One interesting characteristic of the E. amy-
lovora genome is that five of seven copies of the
rRNA operon have a 99-bp insertion within helix
45 of the 23S rRNA gene, which represents an
intervening sequence (IVS) as described for

some species in the Enterobacteriaceae family.
Although IVSs are absent in E. coli, Pectobac-
terium, and Dickeya spp. (McGhee et al. 2002;
Pronk and Sanderson 2001), IVS sequences are
present in all seven copies of the 23S rRNA gene
of E. pyrifoliae DSM 12163T, but are absent in
copies of the 23S rRNA gene of E. tasmaniensis
Et1/99 (Kube et al. 2008; Smits et al. 2010a). The
rRNA fragmentation pattern from the excision of
IVSs is shown in Fig. 1.3 for E. amylovora.

1.2.1.2 Genome Structure
and Rearrangements

Whole-genome structure comparisons of E.
amylovora, E. pyrifoliae, E. piriflorinigrans, E.
billingiae and E. tasmaniensis with complete
genome sequences reveal many large-scale
chromosomal re-organizations and inversions,

Table 1.2 Overview of draft genome sequencing of Erwinia amylovora

Strains Origin Sizea

(Mb)
G + C
content

Total
proteins

Plasmid
#s

Host Accession #s

E. amylovora
CFBP1232

UK 1959 3.77 53.6 3,780 1 Pear CAPB01000001-
42; HF560650

E. amylovora
01SFR-BO

Italy 1991 3.77 53.6 3,744 1 Sorbus CAPA01000001-
11,HF560647

E. amylovora
ACW 56400

Switzerland
2007

3.77 53.6 3,758 2 Pear AFHN01000001-
22, CP002951,
AFHN01000023

E. amylovora
UPN527

Spain 1997 3.77 53.6 3,746 0 Apple CAPC01000001-
18

E. amylovora
CFBP2585
(Ea495)

Ireland 1986 3.77 53.6 3,734 2 Sorbus CAOZ01000001-
12, HF560645-46

E. amylovora
EA266
(E4001A)

Canada 3.76 53.6 3,804 1 Apple CAOY01000001-
38, HF560644

E. amylovora
Ea356 (Ea1/79)

Germany
1979

3.76 53.6 3,744 1 Cotoneaster CAOX01000001-
14,HF560643

E. amylovora
BAA2158
(IL5)

Illinois 1972 3.81 53.6 3,827 3 Rubus FR719181 to
FR719212

E. amylovora
Ea644

MA, USA
2003

3.80 53.3 3,937 1 Rubus CAPD01000001-
40, HF560648

E. amylovora
MR-1(Ea574)

Michigan 3.79 53.4 4,042 1 Rubus CAPE01000001-
29, HF560649

Data adapted from Kube et al. (2008, 2010), Mann et al. (2012, 2013), Park et al. (2011), Powney et al. (2011),
Sebaihia et al. (2010), Smits et al. (2010a, b)
a Chromosome size; plasmids are not included
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probably resulting from homologous recombi-
nation events (Kube et al. 2010; Smits et al.
2010a, b, 2013). However, there is only one
single large-scale re-arrangement of the gen-
omes for E. amylovora strains CFBP 1430 and
ATCC49946, which represents two independent
recombination events, and may have occurred
within copies of the ribosomal (r)RNA operon
(Fig. 1.3). Analyses of the genome structures of
the remaining seven Spiraeoidea-infecting
strains reveal that genome structures for five
strains (all from Europe) are identical to that of
CFBP1430, and the other two strains
(CFBP2585 from Ireland and Ea266 from
Canada) are identical to that of ATCC49946
(Mann et al. 2013). In silico analyses revealed

the exact fragment sizes, which classify E. am-
ylovora CFBP 1430 as a Pt-3 genotype pattern
and ATCC49946 as a Pt-4 genotype using
pulsed-field gel electrophoresis (PFGE) analysis
of XbaI- digested genomic DNA (Smits et al.
2010b; Zhang and Geider 1997). In addition, the
ITS regions between the 16S and 23S rRNA
genes of three operons of E. amylovora CFBP
1430 contain the transfer (t)RNA-Ala and
tRNA-Ile genes, and four operons contain the
tRNA-Glu genes. In contrast, the ITS regions
between the 16S and 23S rRNA genes of four
operons of the E. amylovora ATCC49946 gen-
ome are composed of tRNA-Ala/tRNA-Ile-
genes and three operons of tRNA-Glu-genes,
further suggesting that the recombination event

Fig. 1.3 Top Comparison of E. coli and E. amylovora
RNAs showing the 5:2 ratio of 23S rRNA fragmentation
pattern using the Agilent 2100 Bioanalyzer (Agilent
Technologies, Palo Alto, CA, USA). Lanes 1 to 9 E. coli,
Lanes 10 to 12 E. amylovora. 23S rRNA 2.9 kb, 16S
rRNA 1.5 kb, two extra bands 1.7 and 1.2 kb, respec-
tively. Below Structure comparison of the genomes of E.

amylovora CFBP 1430 and ATCC 49946, indicating
genome re-arrangements (reprinted from Smits et al.
2010b). Vertical lines indicate ribosomal (r)RNA oper-
ons. Numbers indicate the rRNA operon numerator, as
used in the alignments. Arrows indicate the transcrip-
tional direction of the rRNA operons
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may occur within the rRNA operon (Smits et al.
2010b). It is remarkable to discover how the E.
amylovora genome structure has changed since
the spread of the bacterium from North America
to Europe about 60 years ago.

1.2.1.3 Plasmids
Comparative genomic analyses of several spe-
cies of plant pathogenic bacteria revealed that
the majority of strain-specific genes are plasmid-
borne, indicating that acquisition and mainte-
nance of plasmids may represent a major
mechanism for bacteria to change their genetic
composition and acquire new virulence factors

(Zhao and Qi 2011). Plasmids also may con-
tribute to genetic diversity of the Spiraeoideae-
infecting strains of E. amylovora (Mann et al.
2013; Zhao and Qi 2011). A total of 11 plasmids
have been reported in E. amylovora (Table 1.3)
of which six are present among 12 sequenced E.
amylovora genomes (Foster et al. 2004; Llop
et al. 2011; Mann et al. 2013). The nearly
ubiquitous plasmid pEA29 is present in all
sequenced strains except UPN527 (Llop et al.
2006; Mann et al. 2013; McGhee and Jones
2000). Plasmid pEA29 contains genes encoding
for thiamine biosynthesis, and loss of the thi-
OSGF genes results in thiamine auxotrophy
(Llop et al. 2012; McGhee and Sundin 2008).

Table 1.3 Overview of plasmids in Erwinia amylovora and related Erwinia species associated with pome fruit trees

Plasmid Species Strain Size (kb) Host Origin Accession

pEA29 E. amylovora Alla 28.2 Various Various FN666576

pEA72 E. amylovora ATCC49946 71.5 Apple NY FN666577

pEI70 E. amylovora ACW56400 65.8 Pear Switzerland CP002951

pEL60 E. amylovora Leb66 60 Apple Lebanon NC-005246

pEA34 E. amylovora CA11 34 Apple MI NA

pEA30/
pEU30

E. amylovora CFBP2585
UTRJ2

29.6 Sorbus
Apple

Ireland
Utah

HF560646
NC_005247

pEA8.7 E. amylovora CA3R 8.7 Apple CA NA

pEAR5.2 E. amylovora BAA-2158 5.25 Rubus IL FR719211

pEAR4.3 E. amylovora BAA-2158 4.37 Rubus IL FR719210

pEA2.8 E. amylovora IL-5 2.8 Rubus IL AY123047

pEA1.7 E. amylovora IH3-1 1.7 Crataegus LA AY123046

pEP36 E. pyrifoliae Ep1/96, 16/
96

35.9 pear Korea FN392238

pEP5
pEP3
pEP2.6

E. pyrifoliae Ep1/96, 16/
96,
Ejp617

4.96,
3.0,
2.6

pear Korea
Japan

FN392239
FN392237
FN392236

pJE01 E. pyrifoliae Ejp617 30.9 pear Japan CP002125

pJE03 E. pyrifoliae Ejp617 6.4 pear Japan CP002127

pET9, 35,
45, 46, 49

E. tasmaniensis Et1/99 9.3, 35.4,
44.7, 46.1,
48.8

Apple
flower

Australia CU468128
CU468130
CU468131
CU468132
CU468133

pEb102,
pEB170

E. billingiae Eb661 102, 170 tree UK FP236826
FP236830

pEPIR37 E. piriflorinigrans CFBP5887 37 pear Spain HE792893

Data adapted from Foster et al. (2004), Kube et al. (2008, 2010), Llop et al. (2011), Mann et al. (2012, 2013), Park
et al. (2011), Powney et al. (2011), Sebaihia et al. (2010), Smits et al. (2010a, b, 2013)
a Except strain UPN527
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The major genetic distinction of E. amylo-
vora strain ATCC49946 is the presence of
plasmid pEA72, which is not present in the 11 E.
amylovora genomes sequenced. Plasmid pEA72
contains a type IV secretion system that may be
involved in conjugative transfer of the plasmid
(Llop et al. 2012). In addition, plasmids pEA30,
pEI70, and two small plasmids (pEAR5.2 and
pEAR4.3) are present in strain CFBP 2585,
ACW 56400, and ATCC BAA-2158, respec-
tively (Table 1.3). In three sequenced E. pyri-
foliae strains, three plasmids are common
among them; and the fourth, pEp36, is not
present in the Japanese strain, Ejp617
(Table 1.3). Instead, strain Ejp617 contains two
extra plasmids (pJE01 and pJE03) (Kube et al.
2010; Park et al. 2011). Furthermore, E. piri-
florinigrans, E. billingiae, and E. tasmaniensis
strains contain one, two, and five plasmids,
respectively (Table 1.3) (Kube et al. 2008, 2010;
Smits et al. 2013).

1.2.2 Pan-Genome of E. amylovora

A pan-genome includes the full complement of
genes in a species, which consists of the ‘‘core
genome’’ containing genes present in all strains,
a ‘‘dispensable or accessory genome’’ containing
genes present in two or more strains, and finally
‘‘unique genes’’ specific to a single strain (Me-
dini et al. 2005). It is predicted that the pan-
genome of E. amylovora is still ‘‘open’’ based on
two complete and 10 draft genome sequences
(Smits et al. 2011; Mann et al. 2013).

1.2.2.1 Protein-Coding Genes, Core
Genome, and Pan-Genome

The numbers of protein-coding genes in the
genome of E. amylovora and related Erwinia
species are listed in Tables 1.1 and 1.2. A
comparison of genomes of E. amylovora strains
CFBP1430 and ATCC 49946 shows that the two
genomes share more than 99.9 % identity at the
nucleotide level. However, based on initial
annotation, the total predicted proteins in strain

ATCC 49946 and CFBP1430 are 3565 and
3706, respectively (Sebaihia et al. 2010; Smits
et al. 2010b). In a recent report, the number of
predicted proteins for strain ATCC49946 is
revised to 3712 (Mann et al. 2013). The numbers
of predicted proteins in Rubus-infecting strains
Ea644 and MR-1 are slightly higher as com-
pared to those observed for Spiraeoideae-
infecting strains of E. amylovora (Mann et al.
2013; Powney et al. 2011). Similarly, the gen-
omes of the two E. pyrifoliae strains from Korea
(Ep1/96 and DSM 12163 (Ep16/99) are almost
identical; however, due to similar discrepancies
in annotation, the total predicted proteins are
3697 and 4038 in Ep1/96 and DSM 12163,
respectively (Kube et al. 2010; Smits et al.
2010a). On the other hand, E. tasmaniensis and
E. billingiae, the two genetically most distant
Erwinia species associated with pome fruit trees,
contain 3,622 and 4,917 predicted proteins,
respectively (Table 1.1) (Kube et al. 2008,
2010).

Using the subtractive hybridization-based
mGenomeSubtractor program, which compares
the reference genome against multiple bacterial
genomes for in silico comparative genomic
analyses, Zhao and Qi (2011) found that the
number of conserved proteins with homology
values greater than 0.81 is about 2,100. This
indicates that the corresponding genes probably
constitute the ‘‘core genome’’ among sequenced
E. amylovora and related species (Zhao and Qi
2011). When E. amylovora strains CFBP1430 or
ATCC 49946 are compared to ATCC BAA2158,
a Rubus-infecting strain more closely related to
the Spiraeoideae-infecting strains, more than
3,400 of the 3,500 conserved proteins (98 %)
have homology values of 1. This indicates that
the genomes of these E. amylovora strains are
identical (Zhao and Qi 2011). When compared
to all 12 sequenced E. amylovora genomes,
including the genetically diverse Rubus-infect-
ing strains (MR-1 and Ea644), about 3414 cod-
ing sequences are identified as core genes (Mann
et al. 2013).

When E. amylovora strains are compared to
sequenced E. pyrifoliae, E. tasmaniensis, and E.
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billingiae strains, the numbers of conserved
proteins are about 2,800, 2,600, and 2,200,
respectively; and the number of proteins with
homology values of 1 drops dramatically to
1,200 and below (Zhao and Qi 2011). This
indicates that more diversification occurs for
these pathogenic/saprophytic microorganisms
and that E. amylovora and E. pyrifoliae may be
evolutionally derived from two separate sources,
one in North America and the other in Asia.
Similar conclusions could also be drawn for
strains of E. pyrifoliae from Japan and Korea,
whereby about 85 % of conserved proteins
(2,800 out of 3,300) are identical (Zhao and Qi
2011). In contrast, the number of strain-specific
proteins varies among genomes (Zhao and Qi
2011). The majority of specific proteins among
Erwinia species that have homology values of 0
are plasmid-borne, indicating that acquisition
and maintenance of plasmids may represent a
major mechanism for erwinias to change their
genetic composition. The ever expanding pan-
genome of E. amylovora is currently calculated
to contain 5751 coding sequences based on 12
genome sequences (Mann et al. 2013; Smits
et al. 2011).

1.2.2.2 Genomic Islands
and Pathogenicity Islands

Genomic islands (GIs) are defined as clusters of
genes in prokaryotic genomes, which may be
acquired by horizontal gene transfer, and include
prophages, integrated plasmids, integrative
conjugative elements, integrons, and conjugative
transposons (Langille et al. 2010). Typically,
GIs contain mobility-related genes and may also
carry ‘‘cargo’’ genes that can be involved in
virulence, resistance, and ecological fitness
(Seth-Smith and Croucher 2009). Pathogenicity
islands (PAIs) are generally regarded as large
regions of chromosomal or plasmid DNA con-
taining multiple virulence genes, which are
flanked by repeated sequences and are charac-
teristically distinct in GC content from the rest
of the genome (Hacker et al. 1997). Among the
12 sequenced E. amylovora strains, 12 GIs and
three PAIs have been identified, and the former

represent the majority of the genetic variation
observed within the chromosomal component of
the pan-genome (Mann et al. 2013; Zhao and Qi
2011). The majority of coding sequences within
the GIs of the E. amylovora pan-genome con-
sists of hypothetical and mobility-related genes,
including genes involved in replication, transfer,
and integration of mobile elements (Mann et al.
2013). In contrast, three T3SS genes and some
effectors are located within the three PAIs of E.
amylovora (Zhao et al. 2009a).

Among the GIs in the genome of E. amylo-
vora strains, one 34.5-kb GI is present in the
Rubus-infecting strains Ea644 and MR1, but a
different GI of 23.4-kb occupies the same locus
in the Spiraeoideae-infecting strains and ATCC
BAA-2158 (Mann et al. 2013). Strains Ea644
and MR1 contain a type 1 restriction modifica-
tion system, which protects the host DNA by
adding methyl groups to recognition sites of
expressed restriction enzymes. The Spiraeoi-
deae-infecting strains encode a DNA degrada-
tion (Dnd) host-specific modification system,
which incorporates sulfur into the DNA back-
bone to prevent restriction recognition (Mann
et al. 2013). In addition, all three sequenced
Rubus-infecting strains contain one 20-kb GI,
which is absent in all nine sequenced Spiraeoi-
deae-infecting strains. This locus encodes three
polyketide synthases (PKS), a non-ribosomal
peptide synthase (NRPS), and a putative trans-
porter, which may represent a novel NRPS/PKS
system for metabolite production (Mann et al.
2013). Remnants of this locus are found in
CRISPR region 1 (CRR1) of the Spiraeoideae-
infecting strains, suggesting that this GI in Ru-
bus-infecting strains may be ancestral to CRR1
of the Spiraeoideae-infecting strains (see below)
(Rezzonico et al. 2011).

There are large differences in the island
transfer (IT) region between each of the Rubus
strains and the Spiraeoideae-infecting strains
(Mann et al. 2012, 2013). The IT region, an
integrative conjugative element (ICE), is next to
the hrp PAI1 HEE region (Oh and Beer 2005).
The IT regions in Spiraeoideae-infecting strains
are highly conserved, but the IT regions of the
Rubus-infecting strains, E. piriflorinigrans, and
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E. pyrifoliae strains vary in gene content and
length, showing a mosaic structure (Mann et al.
2012, 2013). It appears that the IT regions have
undergone significant genome reduction in the
Spiraeoideae-infecting strains, being more than
30 kb shorter in length than all sequenced Ru-
bus-infecting strains (Mann et al. 2013). The IT
region in E. piriflorinigrans is the largest (72 kb)
(Smits et al. 2013).

Besides the well-characterized hrp T3SS
PAI1, analysis of the complete genome sequence
of E. amylovora strains revealed two extra non-

flagellar T3SS PAIs (PAI2 and PAI3) and two
flagellar T3SS systems (Flg-1 and Flg-2)
(Table 1.4). PAI2 and PAI3 are 38 and 43 kb in
length and contain 24 and 26 genes, respec-
tively. Both PAI2 and PAI3 have a significantly
lower %G+C content (38.4 and 43.4 % mol
G+C, respectively) and similar gene organiza-
tion with the known Inv/Spa-like T3SS PAIs of
the insect endosymbiont Sodalis glossinidius and
ysa of Yersinia enterocolitica (Zhao et al.
2009a). The non-flagellar T3SSs can be divided
into at least five groups based on phylogenetic

Table 1.4 Virulence-associated traits and their distribution in E. amylovora and related Erwinia species associated
with pome fruit trees

Strains E. amylovora E. pyrifoliae E. tasmaniensis E. billingiae

Traits CFBP
1430

ATCC
49946

BAA
2158

DSM
12163

EP
1/96

Ejp
617

Et1/99 Eb661

T3SS PAI1 + + + + + + + (P) –

T3SS PAI2 + + + + + + + –

T3SS PAI3 + + + – – – + (P) –

Flagella 1 (S) + + + + + + + +

Flagella 2 (C) + + + + + + – –

Amylovoran
biosynthesisa

+ + + + + + + (E) + (E)

Levansucrase (lsc) + + + – – – + +

Regulators of
levansucrase
(rlsABC)

+ + + + + + + –

Sorbitol
metabolism
(srlAEBDMR)

+ + + + + + – +

Protease A
(prtADEF)

+ + + – – – – –

Siderophore
biosynthesis
(dfoA)

+ + + + + + + –

hopC1(hopPtoC) + + + – – – – –

hopAK1 (eop2) + + + – – – – –

hopX1 (eop3)b + + +b + + + – –

avrRpt2(eop4)b + + +b – – – – –

eop1/esc1b + + +b + + + + –

HrpK, HsvABC + + +b + + + – –

P partial, S separated, C clustered, E In Et1/99 and Eb661, the amsE gene is missing, but additional genes are present
a Some genes such as amsCDE are very diverse among different species of Erwinia
b Sequence diversification found in different species and even between Spiraeoideae- and Rubus-infecting strains.
HrpK is truncated in strain ATCC BAA-2158. A single-base deletion at position 165 of AvrRpt2 found in strains
Ea644 and MR-1; an amino acid substitution (C156S) of AvrRpt2 found in some E. amylovora strains isolated from
Canada and US (Ea110, Ea400). Data adapted from: Kube et al. (2010), Mann et al. (2013), Vogt et al. (2013), Smits
et al. (2010a, b, 2011), Zhao and Qi (2011)

16 Y. Zhao



analysis (He et al. 2004). Phylogenetic trees
based on the HrcV or InvA protein sequences
revealed the PAI1 belongs to the Hrp1 group,
whereas PAI2 and PAI3 belong to Inv/Mxi/Spa
group (Fig. 1.4). The function of PAI2 and PAI3
is still unknown, but they are not directly
involved in virulence to plants (Zhao et al.
2009a).

Analyses of genome sequences of closely
related Erwinia species indicated that most PAIs
are present in E. piriflorinigrans, E. pyrifoliae,
and E. tasmaniensis (Table 1.4). However, PAI2
is not present in E. billingiae (Kube et al. 2008,
2010; Smits et al. 2010a, b, 2013), PAI3 is absent
in the genome of E. pyrifoliae and E. billingiae,
and only parts of PAI3 are present in E. tas-
maniensis (Kube et al. 2008, 2010; Smits et al.
2010a, b). In addition, E. pyrifoliae, E. piriflori-
nigrans, and E. tasmaniensis strain Et1/99

contain hrp T3SS PAI1, but E. piriflorinigrans
and E. tasmaniensis lack the HAE region that
includes the effector hrpK and hsvABC genes
(Kube et al. 2008; Smits et al. 2013). Further-
more, Flg-1 (separated into four gene clusters in
the genome) is present in all Erwinia genomes;
however, Flg-2 (clustered) is only present in E.
amylovora and E. pyrifoliae strains (Smits et al.
2011; Zhao and Qi 2011).

1.2.2.3 Repetitive DNA and CRISPR
Elements

Clustered regularly interspaced short palindromic
repeats (CRISPR) represent a family of short
DNA repeat sequences found in most archaeal
and bacterial genomes (Horvath and Barrangou
2010). CRISPR typically consists of several non-
contiguous direct repeats of 21–47 bp in size and

Yersinia enterocolitica YsaV

Sodalis glossinidius InvA

E. tasmaniensis InvA2

E. pyrifoliae InvA2

E. amylovora ATCC49946 InvA2

E. amylovora CFBP1430 InvA2

E. amylovora ATCC49946 InvA3

E. amylovora CFBP1430 InvA3

Escherichia coli EivA

Shigella sonnei MxiA

Salmonella enterica InvA

Vibrio parahaemolyticus LcrD

Yersinia pseudotuberculosis LcrD

Pseudomonas aeruginosa PcrD

Pseudomonas syringae HrcV

E. amylovora CFBP1430 HrcV

E. amylovora ATCC49946 HrcV

Burkholderia cepacia BcscV

Xanthomonas oryzae HrcV

Ralstonia solanacearum HrcV

Rhizobium sp HrcV

Bradyrhizobium japonicum RhcV

Citrobacter rodentium EscV

Escherichia coli EscV

FlhA

Inv/Mxi/Spa

Ysc

Hrp 1

Hrp 2

Esa/Ssa100

100
99

100

100

100
100

100

100

100
100

99

98

100

99

100

100

71

100

62

E. tasmaniensis HrpI

E. pyrifoliae HrcV

0.1

Fig. 1.4 Phylogenetic tree
based on aligned amino
acid sequences of HrcV/
FlhA homologs from Zhao
et al. (2011). The number
at each node is bootstrap
confidence values from
1,000 replicate maximum-
likelihood trees. Similar
copies of invA from
Erwinia spp. (PAI2 and
PAI3) are indicated by the
number. The five T3SS
groups are indicated on the
right. FlhA was used as an
outgroup

1 Genomics of Erwinia amylovora 17



are separated by stretches of variable sequences
(spacers). CRISPR is often adjacent to cas
(CRISPR-associated) and cse (CRISPR Cascade
complex) genes. Many of the spacer sequences
associated with CRISPRs share sequence identity
with bacteriophage, plasmid, and other laterally
transferred DNA sequences. Thus, CRISPR/Cas
systems function as CRISPR RNA (crRNA)-
mediated adaptive immunity systems against
bacteriophages and conjugative plasmids for
sequence-specific detection and silencing of for-
eign DNAs, similar to RNA interference (RNAi)
pathways in eukaryotes (Marraffini and Sonthei-
mer 2010; Wiedenheft et al. 2012). In particular,
Cas9, a DNA nuclease, has been shown to use
dual-RNAs for site-specific DNA cleavage,
which highlights the potential to exploit the sys-
tem for RNA-programmable genome editing
(Cho et al. 2013; Jinek et al. 2012).

Three CRISPR repeat regions (CRR1, CRR2,
and CRR4) have been identified in genomes of
E. amylovora and related species regardless of
host range (McGhee and Sundin 2012; Rezzo-
nico et al. 2011; Smits et al. 2010b). E. pyrifo-
liae strains contain four CRRs (CRR1 to CRR4),
and CRR1, CRR2, and CRR4 repeats share
100 % sequence identity to those of CRRs in E.
amylovora. E. piriflorinigrans and E. tasmani-
ensis contain two CRRs (CRR3 and CRR4). The
repeats of both CRR1 and CRR2 are 29 bp in
length, and only two nucleotide substitutions
(GA to AT) at positions 14 and 15 differentiate
CRR1 and CRR2 repeats (McGhee and Sundin
2012). The repeats of CRR3 and CRR4 are
significantly different from those of CRR1 and
CRR2 and are 28 bp in length. The CRR3
repeats of E. pyrifoliae and E. tasmaniensis are
identical to each other, but differ by one bp from
the CRR4 repeats of E. amylovora and E. pyri-
foliae (Rezzonico et al. 2011).

In E. amylovora, the majority of spacers are
characteristically 32 bp in length, ranging from
30 to 34 bp with some exception (Rezzonico
et al. 2011). The number of spacers within
CRR1 and CRR2 is variable among strains and
ranges from 12 to 98 and 23 to 49 within CRR1
and CRR2, respectively (McGhee and Sundin
2012; Rezzonico et al. 2011). All strains contain

five 34–35-bp spacers in CRR3 and CRR4. A
total of 588 unique spacers have been identified
in 85 E. amylovora strains (McGhee and Sundin
2012). Among them, approximately 23 % of the
spacers match known sequences, including 16 %
plasmids and 5 % bacteriophage. The plasmid
pEU30, isolated from E. amylovora strains from
the Western USA, is targeted by 55 spacers
(Foster et al. 2004; McGhee and Sundin 2012).
Interestingly, spacers from E. pyrifoliae do not
share homology with those of E. amylovora
(McGhee and Sundin 2012).

Both E. amylovora and E. pyrifoliae contain
eight E. coli-type cse and cas genes between
CRR1 and CRR2, and housekeeping genes
between CRR2 or CRR3 and CRR4, respec-
tively (Rezzonico et al. 2011). However, four
housekeeping genes within a 2.56-kb region
between the 30 end of the CRR1 and the cas3
gene is missing in E. pyrifoliae, E. amylovora
Rubus strains, and some E. amylovora strains
from the Western USA (CRISPR group III)
(McGhee and Sundin 2012). In contrast, E.
pyrifoliae, E. piriflorinigrans, and E. tasmani-
ensis have Y. pestis subtype csy genes between
CRR3 and CRR4. The csy genes and CRR3 are
apparently lost in E. amylovora, leaving only
CRR4 as a relic (Rezzonico et al. 2011).

1.2.3 Genomic Resources

The EMBL/GenBank accession numbers for E.
amylovora genome and plasmid sequences are
listed in Tables 1.1, 1.2 and 1.3. The E. amylo-
vora microarray design and HrpL regulon
microarray data are available at ArrayExpress
Web site (http://www.ebi.ac.uk/arrayexpress/;
accessions: Microarray #A-MEXP-2000, and
Dataset #E-TABM-1137) (McNally et al. 2012).
Other microarray data are available at the
National Center for Biotechnology Information
(NCBI) Gene Expression Omnibus database
(http://www.ncbi.nlm.nih.gov/geo/) (accession
numbers GSE30751 (RcsBC regulons),
GSE28630, GSE37064 (YbjN/AmyR regulons),
and GSE45602 (T3SS inhibitors) (Wang et al.
2011a, 2012a, b; Yang et al. 2014).
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1.3 Genome-Enabled
Understanding of E. amylovora
Virulence

During the past two decades, research on fire
blight has made great strides in elucidating the
genetic, molecular, and physiological basis for
pathogenesis (Oh and Beer 2005). However,
many key questions remain to be answered due
to insufficient genetic information regarding E.
amylovora and related Erwinia species, despite
extensive studies on E. amylovora and fire blight
disease for more than a century. Two puzzling
questions for the fire blight research community
are why natural isolates of E. amylovora display
differential virulence and what are the molecular
mechanisms underlying the host specificity of
Erwinia strains (Zhao and Qi 2011). The recent
revelation of the genetic composition of these
microorganisms provides opportunities to
employ both comparative and functional geno-
mic approaches to understand the pathogen, its
ability to cause disease, and its interaction
between host plants and insect vectors.

1.3.1 Evolutionary Insights
into Genome Sequencing of E.
amylovora and Related Species

In prokaryotes, small subunit ribosomal RNA
(rRNA) genes, especially 16S rRNA, have been
universal phylogenetic markers for reconstruct-
ing the evolutionary relationships between
microorganisms. Relatedness among closely
related organisms can also be distinguished by
analyzing the phylogenetic relationship of
housekeeping genes (Fig. 1.1) (Sarkar and
Guttman 2004; Zhao and Qi 2011). A global
phylogeny of 191 fully sequenced organisms,
representing the three domains of life, has been
reconstructed based on a concatenated alignment
of 31 single universal protein families related to
ribosomal function (Ciccarelli et al. 2006).
Phylogenomic trees have also been generated
from more specialized data sets. A phylogenetic
tree based on 14 flagellar proteins is congruent
with a bacterial species tree using 25 single-copy

proteins present in 249 genomes, indicating core
components of the bacterial flagella may origi-
nate from a single ancestral gene through
duplication and diversification (Liu and Ochman
2007). Furthermore, phylogenetic trees recon-
structed from a concatenation of the seven core
set of two-component systems from enterobac-
teria agreed well with that of the 16S rRNA gene
(Qi et al. 2010).

1.3.1.1 Comparative Genomics
and Evolution of E. amylovora
and Related Species

In order to identify genes that are responsible for
basic biology, virulence, and evolution of E.
amylovora and its related species, and to deter-
mine the molecular mechanisms of the differ-
ential virulence and host specificity,
comparisons of the complete genomes of E.
amylovora strains and related Erwinia species
have been performed (Kube et al. 2010; Mann
et al. 2012, 2013; De Maayer et al. 2011; Re-
zzonico et al. 2012; Smits et al. 2010a, b, 2011,
2013; Thapa et al. 2013; Zhao and Qi 2011).
These comparative genomic studies provided a
preliminary scientific basis for determining the
relatedness and evolution of genes/proteins
within the genomes of E. amylovora and closely
related Erwinia species (Smits et al. 2011; Zhao
and Qi 2011).

Based on comparative genomic studies, a
hypothesis of an evolutionary history of gen-
ome-sequenced E. amylovora strains and related
Erwinia species has been proposed (Mann et al.
2012; Rezzonico et al. 2012; Smits et al. 2011).
According to this hypothesis, the genealogy
within the genus Erwinia agrees largely with the
phylogeny (Fig. 1.1). From the ancestral Erwi-
nia in the enterobacterial ancestor, it takes sev-
eral evolutionary steps to reach the common
ancestor for the genome-sequenced Erwinia
species, which separate from other Erwinia spp.
From there, the non-pathogenic E. tasmaniensis
separates from the pathogenic Erwinia ancestor,
which further differentiates into E. piriflorinig-
rans, E. amylovora, and E. pyrifoliae (Smits
et al. 2010a). This hypothesis is supported by
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specific features or traits discovered in the
comparative genomic analyses (Malhony et al.
2012; Smits et al. 2010a, b). Most of the specific
features or traits are summarized in Table 1.4
and some discussed below in detail.

Comparative genomic studies have identified
the following ancestral origins of virulence-
associated traits, including three T3SS PAIs
(PAI1 to PAI3) (Mann et al. 2012; Zhao et al.
2009a), three type VI secretion systems (T6SS)
(De Maayer et al. 2011), two flagellar systems
(Zhao et al. 2011), one type I secretion system
(Palacio-Bielsa et al. 2012), CRISPR repeat
sequences and associated cas/cse genes
(McGhee and Sundin 2012; Rezzonico et al.
2011), lipopolysaccharide, amylovoran and
levan biosynthesis genes (Rezzonico et al. 2012;
Smits et al. 2011), and genes involved in sorbitol
metabolism (Mann et al. 2013; Smits et al.
2011). The major difference within the hrp-
T3SS PAI1 between pathogenic Erwinia species
and E. tasmaniensis is the IT and HAE regions;
however, gene sequence diversification is also
found within the HEE region as exemplified by
the eop1 gene among E. amylovora strains with
different host ranges (Table 1.4).

Type VI secretion system (T6SS) has been
identified in many Gram-negative bacteria
(Records 2011); however, its role in virulence has
not been documented in E. amylovora. In E.
amylovora, three T6SS gene clusters (1–3) have
been identified (De Maayer et al. 2011; Smits
et al. 2010b). Variation between strains of E.
amylovora is primarily found within the non-
conserved hcp and vgrG islands of T6SS-1
regions II and IV, and T6SS-3 region IV (Mann
et al. 2013). T6SS-1 and T6SS-2 are highly sim-
ilar to the T6SS clusters of E. pyrifoliae, E. piri-
florinigrans, E. tasmaniensis, and E. billingiae
and some differences in the genes encoding VgrG
proteins in T6SS-1. T6SS-2 also shows variations
in gene content (Kube et al. 2010; Smits et al.
2010a), where a frame shift is found in one of the
genes in E. pyrifoliae and a gene is lost in the
corresponding cluster in E. tasmaniensis (Smits
et al. 2010a, b). T6SS-3 is only identified in E.
amylovora, but absent in other related Erwinia
species (Smits et al. 2010b, 2013).

Lipopolysaccharides (LPS) are major com-
ponents of the cell surface of Gram-negative
bacteria. An LPS biosynthesis gene (waaL) in
Spiraeoideae-infecting strains of E. amylovora
has been shown to be involved in virulence
(Berry et al. 2009). Based on genome sequences,
Spiraeoideae-infecting strains contain three
glycosyltransferases and an LPS ligase (Spirae-
oideae-type waaL), whereas only two glycosyl-
transferases and a different LPS ligase (Rubus-
type waaL) for Rubus-infecting strains exist in
the core region of the LPS biosynthetic gene
cluster (Rezzonico et al. 2012). These coding
sequences for LPS biosynthesis genes share little
to no homology at the amino acid level between
Rubus- and Spiraeoideae-infecting strains
(Mann et al. 2013). In addition, amsCDE within
the ams biosynthetic operon are very diverse
among different species of Erwinia (Langlotz
et al. 2011).

Other genes seem to have been acquired after
divergence of pathogenic species, including a
second flagellar T3SS (Flg-2). Phylogenetic
trees based on concatenation of 14 conserved
flagellar proteins showed that both Flg-1 and
Flg-2 are clustered with those of enterobacteria,
indicating that these flagellar systems may be
originated from other enterobacteria (Fig. 1.5)
(Zhao et al. 2011). The Flg-1 system is much
closer to the phylogeny of species trees than that
of Flg-2, which is closely related to those of
Sodalis glossinidius, suggesting that Flg-2 along
with PAI2 and PAI3 may be acquired from a
similar enterobacterial source by horizontal gene
transfer (Figs. 1.4 and 1.5). Interestingly, PAI2
and PAI3 are also clustered together and closely
related to those of S. glossinidius (Fig. 1.4)
(Zhao et al. 2011).

Virulence factors such as type III effectors
(Eop2, HopC1 and AvrRpt2) are present in E.
amylovora strains, but not in E. pyrifoliae
strains, and these effectors may contribute to
host specificity (Khan et al. 2012; Zhao et al.
2005, 2006). The EPS levan is a virulence factor
in E. amylovora; however, the levansucrase gene
(lsc) is absent in the genome of E. pyrifoliae
strains, which can be used to differentiate E.
amylovora from E. pyrifoliae (Zhao and Qi
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2011). A type I secretion system (T1SS, PrtA-
DEF) is only present in the genome of E. amy-
lovora, but not in the other related species
(Table 1.4). The T1SS encodes a secreted pro-
tease (PrtA), which is a virulence factor, and its
export system (PrtDEF) (Smits et al. 2011;
Zhang and Geider 1999; Zhang et al. 1999). In
summary, these virulence-associated traits may
also be determinants of host specificity.

1.3.1.2 Understanding the Biology
and Virulence of E. amylovora
in Host–Pathogen Interactions

The hrp-T3SS and its effectors are one of the
primary determinants in E. amylovora to cause
fire blight disease (Oh and Beer 2005). In the past
two decades, effector biology has been the center
stage for studying the molecular function of
secreted proteins, which are widely recognized
as an essential component for understanding the

pathogen infection process. Knowledge of the
effector repertoire of E. amylovora and related
Erwinia species from genome sequence projects
promotes an understanding of Erwinia–host
interactions. In E. amylovora, recent studies have
begun to elucidate how type III effectors modu-
late plant susceptibility and promote the growth
and dissemination of the pathogen (Khan et al.
2012; Zhao and Qi 2011).

The first T3SS effectors identified in E. am-
ylovora were harpins (HrpN and HrpW) and a
unique disease-specific protein DspA/E, all
located within the hrp-T3SS PAI1 (Wei et al.
1992; Bogdanove et al. 1998a, b; Gaudriault
et al. 1997, 1998). The large multi-domain pro-
tein DspE is essential for E. amylovora patho-
genesis, as mutation of dspA/E resulted in a non-
pathogenic phenotype and no growth of the
bacterium on host plants (Bogdanove et al.
1998a, b; Gaudriault et al. 1997, 1998). Secre-
tion of DspA/E requires a specific chaperone
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DspB/F, which prevents DspA/E from degrada-
tion (Gaudriault et al. 2002; Oh et al. 2010).
DspB/F functions as a classical T3SS chaperone
by binding to amino acids 51 through 100 of
DspA/E and also interacting with the C-terminal
half of DspA/E (Oh et al. 2010; Triplett et al.
2009, 2010).

DspE/A is a member of conserved bacterial
effector family and members of this family have
been found to contribute to disease development
by inhibiting salicylic acid-mediated innate
immunity, such as blocking of callose deposition
and suppression of PR1 gene expression (Bou-
reau et al. 2006; DebRoy et al. 2004). Transient
expression of DspE/A in apple, tobacco, and
Nicotiana benthamiana led to necrosis, which is
dependent on NbSGT-1, a protein required for
programmed cell death (Boureau et al. 2006; Oh
et al. 2007). Host targets for DspE in apple
(Malus x domestica) have recently been identi-
fied using the yeast two-hybrid system (Meng
et al. 2006; Oh and Beer 2007). The N-terminus
4.7-kb fragment of DspE/A interacts with four
similar putative leucine-rich repeat (LRR)
receptor-like serine/threonine kinases (RLK)
from apple, named as DspE-interacting proteins
from Malus (DIPM) (Meng et al. 2006). The
DspE 3.2-kb fragment from the C-terminus
interacts with a cytoplasmic precursor, ferre-
doxin, which serves as an electron carrier in
photosystem I (PS-I) (Bonasera et al. 2006).
These studies suggested that DspE/A may inhi-
bit signal transduction and photosynthesis by
targeting chloroplasts to facilitate pathogenesis.

HrpN and HrpW belong to the harpin family,
and HrpN was the first cell-free elicitor identi-
fied in 1992 (Wei and Beer 1993; Wei et al.
1992). Wei et al. (1992) first purified the harpin
protein from E. amylovora and found that it was
required to trigger HR when infiltrated into
tobacco, tomato, and Arabidopsis thaliana.
HrpN plays an essential role in virulence and
avirulence activities of E. amylovora as the
hrpN mutant was incapable of causing disease in
pear and induced a reduced oxidative burst in
apple, suggesting that HrpN contributes to the
generation of oxidative stress in host plants
(Degrave et al. 2008; Venisse et al. 2001, 2003).

However, HrpN does not trigger cell death on
apple leaves or cells (Reboutier et al. 2007).
HrpW contains a pectate lyase domain homol-
ogous with type 3 pectate lyase and is partially
required for virulence (Kim and Beer 1998).
Both HrpN and HrpW contain functional N-
terminal type III translocation signals, indicative
of injection of harpins into the plant cell (Bo-
csanczy et al. 2008; Boureau et al. 2011; Perino
et al. 1999).

HrpN plays a critical role in facilitating its
own translocation process into the host plant cell
(Sinn et al. 2008) and other effectors, including
DspE/A and HrpW. This is based on a drastic
reduction in translocation of DspA/E:CyaA,
HrpN:CyaA, and HrpW:CyaA fusion proteins in
a hrpN mutant background (Bocsanczy et al.
2008; Boureau et al. 2011). In addition, purified
HrpN triggered opposite ion flux responses in
non-host Arabidopsis thaliana cells and host
apple cells, which indicates that HrpN may be
perceived differently by host and non-host plants
(Reboutier et al. 2007). However, purified HrpN
fails to induce oxidative stress in apple leaves or
cells, suggesting that oxidative stress induction
may depend on HrpN-dependent translocation of
other effectors, such as DspE (Boureau et al.
2011; Degrave et al. 2008). A host target protein
for HrpN (named HIPN) has been identified in
apple (Oh and Beer 2007), and interestingly,
AtHIPN, the homolog of HIPN, inhibits plant
growth in Arabidopsis. This evidence indicates
that translocation of HrpN promotes both plant
growth and infection by the pathogen (Khan
et al. 2012).

The first T3SS effectors identified that are
located outside the hrp-T3SS PAI1 in E. amy-
lovora genome were AvrRpt2 (Eop4) and
HopPtoC (HopC1) (Zhao et al. 2005, 2006).
Mutation in hopPtoC does not result in a
noticeable virulence defect (Zhao et al. 2005),
whereas AvrRpt2 acts both as a virulence factor
in susceptible hosts (Zhao et al. 2006) and an
avirulence factor on resistant Malus X robusta 5
apple in a gene-for-gene manner (Vogt et al.
2013). AvrRpt2 from E. amylovora is a homolog
of AvrRpt2 from P. syringae pv. tomato and
genetically interacts with the RPS2 disease-
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resistance protein in A. thaliana when expressed
in P. syringae pv. tomato DC3000 (Zhao et al.
2006). The effector protein AvrRpt2 and dis-
ease-resistance protein RPS2 in Arabidopsis is a
well-studied example of gene-for-gene interac-
tions (Axtell and Staskawicz 2003; Day et al.
2005; Mackey et al. 2003). AvrRpt2 is a cysteine
protease and encodes a 28-kD effector protein
delivered into plant cells during infection (Axtell
et al. 2003). The RPS2 protein is a plasma
membrane-associated intracellular nucleotide-
binding (NB)-leucine-rich repeat (LRR) protein
(Bent et al. 1994; Kunkel et al. 1993). Several
elegant studies provide experimental support for
the so-called guard hypothesis to describe the
interaction between AvrRpt2 and RPS2 proteins
(Coaker et al. 2005, 2006).

One of the virulence targets of AvrRpt2 in
Arabidopsis is the RIN4 (RPM1-interacting
protein 4), which is guarded by the RPS2 NB-
LRR protein (Belkhadir et al. 2004; Chisholm
et al. 2005; Mackey et al. 2002, 2003). In
healthy Arabidopsis plants, RIN4, as a negative
regulator, binds and suppresses the activity of
RPS2 (Belkhadir et al. 2004). After secretion
into plant cells by the T3SS, the AvrRpt2
interacts with host protein ROC1 (cyclophilins)
which binds AvrRpt2 at four sites, thus activat-
ing the self-cleavage function of AvrRpt2
(Coaker et al. 2005, 2006; Jin et al. 2003). The
activated AvrRpt2 protease not only cleaves its
own secretion signal peptide, but also eliminates
RIN4, thus activating the RPS2 protein (Coaker
et al. 2006; Day et al. 2005). In E. amylovora,
deletion of avrRpt2 overcomes the resistance
conferred by Malus X robusta 5 (Mr5) (Vogt
et al. 2013). Interestingly, an amino acid sub-
stitution (C156S) of AvrRpt2 found in some E.
amylovora strains isolated from Canada and the
USA also overcomes the resistance of Mr5
(Vogt et al. 2013). However, co-expression of
AvrRpt2 with RIN4 from A. thaliana indicated
that only the S-allele of AvrRpt2 led to partial
disappearance of RIN4 and caused stronger HR
response in N. benthamiana. This suggested that
the mechanism of resistance may be different
from Arabidopsis, although a homolog of RIN4
has been detected in Mr5 (Vogt et al. 2013).

Furthermore, a single-base deletion at nucleotide
165 (amino acid 55) of AvrRpt2, which occurs
in the Rubus-infecting strains Ea644 and MR-1,
results in a frame shift and truncated AvrRpt2
without the N-terminal secretion and transloca-
tion signal (Mann et al. 2013).

Comparison of effector homologs in the pan-
genome revealed variation of the effector pro-
teins HopX1 and Eop1 among different strains
of E. amylovora (Asselin et al. 2011; Bocsanczy
et al. 2012; Mann et al. 2013). The consistent
variation observed among Spiraeoideae-infect-
ing and Rubus-infecting strains of E. amylovora
suggested that both proteins are strong candi-
dates as determinants of host specificity,
although deletion of both genes in their corre-
sponding host strains did not result in reduced
virulence (Asselin et al. 2011; Mann et al. 2013).
Nevertheless, these effectors are indeed secreted
by E. amylovora (Nissinen et al. 2007).

1.3.1.3 Population Genetics
and Diversity, and Antibiotic
Resistance Tracking

E. amylovora is a relatively homogeneous bac-
terial species (Triplet et al. 2006; Zhao and Qi
2011). Early studies, however, showed that E.
amylovora strains differ in their ability to syn-
thesize dihydrophenylalanine, and in their pro-
files for carbon utilization and fatty acid
composition (Gehring and Geider 2012; van der
Zwet and Wells 1993). E. amylovora can also be
differentiated based on genetic DNA polymor-
phisms, including pEA29-based PCR (Llop et al.
2006; McGhee and Jones 2000), Rep-PCR
(McManus and Jones 1995), hrp gene restriction
fragment length polymorphism (RFLP) (Giorgi
and Scortichini 2005), random amplified DNA
(RAPD) analysis (Momol et al. 1997), amplified
fragment length polymorphism (AFLP) analysis
(Rico et al. 2004), amplified rRNA gene
restriction analysis (ARDRA) (Rezzonico et al.
2011), PFGE (Jock and Geider 2004; Jock et al.
2002), and ribotyping (Donat et al. 2007). These
studies consistently differentiate E. amylovora
strains isolated from Spiraeoideae (Maloideae)
and those from Rosoideae (Rubus spp.),
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suggesting a greater diverse population of Er-
winia strains within its North American origin.
Genome sequence analyses of E. amylovora
strains isolated from Spiraeoideae (Maloideae)
and those from Rosoideae (Rubus spp.) further
confirm these observations (Mann et al. 2013).
In addition, some E. amylovora strains isolated
from the Netherlands are deficient in levan
synthesis (Bereswill et al. 1997). In Spain, E.
amylovora strain UPN527 is deficient in the
ubiquitous pEA29 plasmid, but the virulence of
this pEA29-deficient strain is not reduced (Llop
et al. 2006). The nearly ubiquitous plasmid
pEA29 has been used for diagnostics purpose
and has plasmid variants implicated in strepto-
mycin resistance (McGhee et al. 2011; Russo
et al. 2008).

Among strains isolated from Spiraeoideae,
differential virulence has been observed on vari-
ous apple cultivars (Norelli et al. 1984, 1986). E.
amylovora strain Ea273 causes higher disease
severity on most apple/crabapple genotypes
including ‘‘Holly,’’ and little or no disease on
genotypes ‘‘Quinte,’’ ‘‘Novole,’’ and Malus x
robusta 5. In contrast, E. amylovora strain Ea266
appears to be less virulent on ‘‘Holly,’’ but causes
severe disease on ‘‘Quinte,’’ whereas strain
EA4001A is virulent on all three genotypes.
Based on severity of virulence on different apple/
crabapple genotypes, E. amylovora strains have
been classified as highly virulent (Ea4001a),
moderately virulent (Ea273), and low virulent
(Ea321) (Norelli et al. 1984). Similar results have
been reported for E. amylovora strains isolated
from Bulgaria, and from Idaho, Michigan, and
Pennsylvania (Lee et al. 2010; Thoelen et al.
2008; Wang et al. 2010a). Lee et al. (2010)
reported a highly virulent strain (HKN06P1) in
Pennsylvania, which secreted more DspE than
less virulent strains. Wang et al. (2010a) reported
the molecular signature of differential virulence in
four natural isolates of E. amylovora, including
two strains from Michigan and New York (Ea110
and Ea273) and two strains from Europe
(CFBP1430 and Ea1189). A positive correlation
between bacterial virulence on relatively resistant
genotypes and the expression/production of major
virulence factors such as HrpL, DspE, and

amylovoran in E. amylovora WT strains has been
demonstrated (Wang et al. 2010a). However,
from genome sequence, strains Ea273 and
CFBP1430 share 99.9 % sequence identity;
therefore, unknown factors could influence the
expression of virulence genes (Wang et al.
2010a).

CRISPR spacer diversity among E. amylo-
vora strains varying in geographical origin, host
range, and streptomycin sensitivity/resistance
have recently been characterized (McGhee and
Sundin 2012; Rezzonico et al. 2011). Based on
CRISPR spacer diversity, Spiraeoideae-infect-
ing strains of E. amylovora can be differentiated
into three main groups of different geographical
origin (McGhee and Sundin 2012; Rezzonico
et al. 2011). CRISPR group I contains strains
from Europe, the Middle East, New Zealand,
and the East Coast of North America, suggesting
that it is plausible that an E. amylovora strain
from the eastern USA is the likely source of fire
blight disease spread into New Zealand and
Europe as initially reported (McGhee and Sun-
din 2012; van der Zwet 2004; van der Zwet et al.
2012). Both CRISPR group II and III strains are
from the Western USA to suggest that related-
ness of spacer content could differentiate strains
isolated in the Eastern USA from those recov-
ered in the west. Interestingly, CRISPR geno-
typing correlated with ribotype, PFGE, and
groEL sequence groupings (Jock et al. 2002;
McManus and Jones 1995; McGhee et al. 2011).
In addition, E. amylovora strains from Rubus
and Indian hawthorn contain mostly unique
spacers compared to apple and pear strains,
while strains from loquat share 79 % of spacers
with apple and pear strains (McGhee and Sundin
2012). Currently, all sequenced Spiraeoideae-
infecting strains are of CRISPR group I (Mann
et al. 2013). It is possible that genome sequences
of E. amylovora strains from CRISPR groups II
and III might uncover more genetic information
about this pathogen.

Analysis of CRISPR spacer pattern has been
found to be very useful in tracking streptomycin
resistance in Michigan (McGhee and Sundin
2012). CRISPR spacer patterns for most strep-
tomycin-resistant (SmR) strains from Michigan
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exhibit an identical CRISPR genotype, whereas
diverse CRISPR spacer patterns are found
among CRR1 and CRR2 for streptomycin-sen-
sitive (SmS) strains, with 10 genotypes observed
among 17 strains (McGhee and Sundin 2012).
Similar CRISPR genotypes were detected in
Michigan in SmS E. amylovora populations and
in corresponding SmR strains, which contain
either Tn5393 or a spontaneous SmR mutation
(McGhee et al. 2011). Thus, the SmR popula-
tions in Michigan may have evolved from
indigenous populations of E. amylovora with
antibitoic resistance arising from locally adapted
genotypes. It will be interesting to determine
whether genotyping of CRISPR spacer sequen-
ces can be used for SmR strain tracking on a
regional level.

1.3.2 Functional Genomic Studies

1.3.2.1 Transcriptomics Using Bacterial
and Host Microarrays

Based on the complete genome sequences of E.
amylovora, a 60-mer oligonucleotide microarray
has been recently developed; thus, genome-wide
transcriptomic studies become possible
(McNally et al. 2012; Wang et al. 2012a; Yang
et al. 2014). The microarray consists of 3,483
chromosomal genes from E. amylovora strain
ATCC 49946 and 483 sequences from known E.
amylovora plasmids (McNally et al. 2012).
McNally et al. (2012) identified 19 genes posi-
tively regulated by HrpL, including known T3SS
and effector genes, and five negatively regulated
genes in cells of E. amylovora grown in a hrp-
inducing medium. A novel virulence gene,
EAM_2938, was identified that encodes a puta-
tive membrane protein and contributes to viru-
lence (McNally et al. 2012).

Using the same microarray, the regulons of
RcsBC of E. amylovora were also determined
both in vitro and in vivo (Wang et al. 2012a). A
total of 648 genes differentially regulated by
RcsCB in vitro and in vivo were identified,
including amylovoran biosynthesis and regula-
tory genes, cell wall and cell envelope

(membrane) genes, and several novel genes
(Wang et al. 2012a). Consistent with our previous
findings, RcsB acts as a positive regulator in both
conditions, whereas RcsC positively controls
expression of amylovoran biosynthetic genes
in vivo, but negatively in vitro (Wang et al. 2009,
2011b, 2012a). Interestingly, the expression of
EAM_2938 was also regulated by the RcsBCD
phosphorelay system, suggesting possible cross-
talk between amylovoran biosynthesis and T3SS.
In addition, an orphan protein AmyR, a func-
tionally conserved ortholog of YbjN in E. coli, is
a novel negative regulator of amylovoran pro-
duction in E. amylovora (Wang et al. 2011a,
2012b). Microarray studies also revealed that
amylovoran biosynthesis and related membrane
protein-encoding genes, such as EAM_0255,
were highly expressed in the amyR mutant, but
down-regulated in the amyR over-expression
strains in vitro (Wang et al. 2012b). Further
characterization of novel genes identified by
microarray will provide a more comprehensive
understanding of E. amylovora pathogenesis and
biology (Malnoy et al. 2012).

Identification of genes differentially expres-
sed in resistant and susceptible apple cultivars, as
well as apple flowers and rootstocks challenged
with E. amylovora, were reported (Baldo et al.
2010; Jensen et al. 2012; Sarowar et al. 2011b).
Using an apple microarray of 40,000 genes rep-
resenting different tissues and conditions,
including fire blight challenged tissues, Sarowar
et al. (2011b) identified about 3,500 genes that
were significantly modulated in response to E.
amylovora after blossoms were spray inoculated.
The majority of up-regulated genes are involved
in metabolism, signal transduction, transport, and
stress response. More than 150 genes were
commonly modulated by comparing wild-type
versus T3SS and dspE mutant-challenged blos-
soms, suggesting these genes may be specific to
T3SS, and indicating that T3SS may play a sig-
nificant role in the early stage of infection
(Sarowar et al. 2011a). Jensen et al. (2012)
identified 690 transcripts whose steady-state
expression levels correlated with the degree of
fire blight susceptibility of the scion/rootstock
combinations using a NimbleGenTM array
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consisting of 55,230 probes. Results determined
that 39 transcripts had expression levels that
correlated with fire blight resistance in the
breeding population. Since both apple and pear
genome sequences have become available (Ve-
lasco et al. 2010; Wu et al. 2012), the next gen-
eration of microarray (AryAne2 developed on
the basis of the annotation of the apple genome)
or next-generation sequencing methods, such as
RNA-seq, will provide new opportunities for
genome-wide studies on host–pathogen interac-
tions for fire blight disease (Malnoy et al. 2012).

1.3.2.2 Proteomics
Compared to other organisms, proteomics
approaches have not been widely used to study
E. amylovora and related species. So far, only
two comprehensive proteomics studies have
been reported for E. amylovora (Nissinen et al.
2007; Wu et al. 2013). Nissinen et al. (2007)
reported the first type III secretome of E. amy-
lovora strain Ea273 using mass spectrometry
and identified a total of twelve T3SS-secreted
proteins, including known effectors and chaper-
ones such as DspE, HrpW, HrpN, and HrpA. Six
new proteins whose secretion in vitro is depen-
dent on a functional T3SS were also identified
(Nissinen et al. 2007). Among them, HrpJ, a
homolog of YopN of Y. pestis (Bogdanove et al.
1996), may participate together with HrpK and
HrpN to form the translocon apparatus. Homo-
logs to known T3SS effectors in other phyto-
pathogenic bacteria identified in the secretome
included Eop1 to Eop4. Eop1 (OrfB or EopB)
has significant homology to the AvrRXv/YopJ
effector family and is believed to act as a cys-
teine protease (Asselin et al. 2011; Oh and Beer
2005). Eop2 shares homology with the HopP-
maH/HopAK family proteins, and Eop3
(HopX1) is homologous to AvrPphE (HopX)
(Bocsanczy et al. 2012). Eop4 (AvrRpt2) is
homologous to AvrRpt2, a cysteine protease and
an avirulence protein of P. syringae (Zhao et al.
2006).

Wu et al. (2013) recently reported the first
lysine acetylome in E. amylovora strains
Ea1189 and Ea273 using liquid chromatography

and tandem mass spectrometry (LC-MS/MS)
and matrix-assisted laser desorption/ionization-
time-of-flight mass spectrometer (MALDI-
TOF). Protein lysine acetylation (LysAc), a
dynamic and reversible protein posttranslational
modification, has recently been demonstrated to
be widespread in E. coli and Salmonella (Wang
et al. 2010b; Zhang et al. 2009) and was shown
to broadly regulate bacterial physiology and
metabolism. A total of 141 LysAc sites in 96
proteins that function in a wide range of bio-
logical pathways were identified in two E. am-
ylovora strains (Wu et al. 2013). Consistent with
previous reports, 44 % of the proteins are
involved in metabolic processes, including
central metabolism, lipopolysaccharide, nucleo-
tide, and amino acid metabolism. Interestingly,
several proteins involved in E. amylovora viru-
lence, including amylovoran biosynthesis (i.e.,
AmsJ, GalE) and type III secretion-associated
proteins (i.e., HsvB, YopH), were found, for the
first time, to be lysine acetylated. These results
suggest that LysAc may play a major role in
bacterial virulence. The study by Wu et al.
(2013) also demonstrated that LysAc profiles in
E. amylovora were strongly altered under dif-
ferent growth conditions and that differential
LysAc profiles were observed for two E. amy-
lovora strains that differ in their ability to cause
disease on different apple genotypes (Wu et al.
2013). Collectively, these results reinforce the
notion that lysine acetylation of proteins is
widespread in bacterial metabolism and
virulence.

1.3.2.3 From Genome to Gene Function
Before the genome sequence of E. amylovora
became available, numerous genome-level
studies had been conducted to elucidate the
molecular mechanisms of pathogenicity of
E. amylovora with emphasis on genes involved
in symptom development, colonization, and
plant–microbe interaction (Triplett et al. 2006;
Wang and Beer 2006; Zhao et al. 2005). Zhao
et al. (2005) used a modified in vivo gene
expression technique (IVET) system and iden-
tified 394 unique pear fruit-induced (pfi) genes
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of E. amylovora that are activated during
infection of immature pear tissue, a process that
requires expression of the major pathogenicity
factors of this organism. These genes included
host–microbe interactions (3.8 %), stress
responses (5.3 %), regulation (11.9 %), cell
surface properties (8.9 %), transport (13.5 %),
mobile elements (1.0 %), metabolism (20.3 %),
nutrient acquisition and synthesis (15.5 %), and
unknown or hypothetical proteins (19.8 %).
Known virulence genes, including hrp/hrc
components of the type III secretion system, the
major effector gene dspE, levansucrase lsc, and
regulators of levansucrase and amylovoran bio-
synthesis were up-regulated during pear tissue
infection (Zhao et al. 2005). New effectors,
including HopPtoC and AvrRpt2, were also
identified in this screening (Zhao et al. 2005,
2006).

Based on the genome sequence of E. amylo-
vora strain ATCC49946, Zhao et al. (2009b)
utilized a systems approach and identified about
50 two-component systems (TCS) and related
signal transduction genes in E. amylovora.
Comparative genomic analysis of 53 genomes of
16 enterobacterial species revealed that entero-
bacteria contain eight pairs of core TCSs (Qi
et al. 2010). Phylogenetic trees reconstructed
from the core set of TCSs showed that TCS
protein trees agreed well with that of the corre-
sponding 16S rRNA gene. Several core TCSs
were quite ancient and universal based on phy-
logenomic analysis of protein structures (Qi
et al. 2010). These results suggest that entero-
bacteria may have maintained their ancient core
TCSs and might acquire specific new TCSs for
their survival in different environments or hosts,
or may have evolved new regulatory functions
for adaptation to different ecological niches (Qi
et al. 2010).

Genome-wide TCS gene-knockout and
mutant screening revealed that the TCS plays a
major role in E. amylovora virulence and regu-
lation of amylovoran biosynthesis, including the
Rcs phosphorelay system (Nakka et al. 2010a, b;
Wang et al. 2010a, 2011b, 2012a; Zhao et al.
2009b). Both negative and positive regulators of
amylovoran biosynthesis were identified in

support ofthe presence of regulatory networks
governing expression of critical virulence genes
in E. amylovora (Zhao et al. 2009b). In addition,
new regulators for amylovoran biosynthesis and
T3SS were discovered based on genome
sequences, including AmyR (Wang et al.
2011b), a ribosome-associated protein YhbH
(Ancona et al. 2014), RNA-binding protein
RsmA (Ancona and Zhao 2013), and small RNA
chaperone Hfq and regulatory RNAs rprA and
ryhA (Zeng et al. 2013). Combined with other
functional genomic approaches such as RNA-
seq, it is expected that broader identification and
increased discovery of new virulence and regu-
latory genes in E. amylovora are possible in the
near future.

1.4 Future Perspectives
and Research Directions

In summary, genome sequences of E. amylovora
and related Erwinia species associated with
pome fruit trees have provided a near-complete
picture of the genetic composition and/or the
core/pan-genome of these erwinias. It can be
concluded that E. amylovora is closely related to
both pathogenic and non-pathogenic erwinias
associated with pome fruit trees. Both E. amy-
lovora and E. pyrifoliae exhibit very low levels
of genetic diversity and have both been consid-
ered as homogeneous species. Genome sequence
and comparative genomic analyses reinforce
these assumptions, support the current classifi-
cation scheme of Erwinia species associated
with pome fruit trees, and provide new clues
about the evolution of E. amylovora and related
Erwinia species. Genetic and functional geno-
mic studies have demonstrated that the key
determinants of E. amylovora pathogenesis are
the EPS amylovoran and the hrp-T3SS and its
associated effectors. In recent years, many novel
virulence factors or regulators have been dis-
covered after the genome sequence became
available. Studies on host–pathogen interactions,
especially effector functions, have started to
reveal the molecular mechanisms of Erwinia
pathogenesis and the host defense response. The
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recent genome sequence of the apple and pear
host plants will create new opportunities for
studying the host–pathogen interactions at a new
level that will help identify host-resistance
genes. There will be tremendous progress in the
next decade or so in studying fire blight and
related plant diseases, which will ultimately lead
to the development of environmentally sound
disease management strategies.

Unfortunately, the function of about half of
the genes is still unknown for any given bacterial
genome, including E. amylovora and related
species. These genes are annotated as genes of
unknown function, and their products are typi-
cally referred to as ‘‘conserved’’ or ‘‘hypotheti-
cal’’ proteins. These unknown proteins provide
opportunities to better understand the biology of
a particular organism, and open up potentially
new biomedical and commercial opportunities.
Novel approaches such as protein structure-
based computational prediction could be used to
understand the function of unknown proteins,
and the ‘‘in silico’’ (computer-aided) predictions
could be validated by additional means such as
enzyme assays and X-ray crystallography. On
the other hand, complete annotation of a given
bacterial genome is still a very daunting task,
and many small proteins and small regulatory
RNAs are poorly annotated in any given bacte-
rial genome. These small proteins and small
regulatory RNAs play significant roles in viru-
lence and survival during host–pathogen inter-
actions. Therefore, the fire blight research
community should take on the challenge of
improving the annotation of Erwinia genomes in
the near future.

Whole-genome sequencing and functional
genomic studies are powerful hypothesis gener-
ators, which will help to better understand the
pathogen, its virulence mechanisms, and host
specificity. A holistic systems biology approach
should be employed to investigate the compli-
cated interactions of Erwinia with both plant
hosts and insect vectors, including the identifi-
cation of the complex and dynamic exchanges of
signals between host and pathogen and how these
signals are sensed. Reconstructing regulatory or

signaling networks and metabolic networks
(biochemical pathways) will lead to a better
understanding of disease development and
resistance mechanisms. These regulatory/sig-
naling networks could be defined at different
levels, including DNA/RNA–protein and pro-
tein–protein interactions, posttranscriptional and
protein posttranslational modifications. Further-
more, comprehensive understanding of host–
pathogen interactions requires not only the
genomics of the pathogen, but also the genomics
of the host. Recent technological advances such
as next-generation sequencing-based transcrip-
tion analysis (RNA-seq) will revolutionize
investigations of prokaryotic as well as eukary-
otic transcriptomes. A conceptually feasible
‘‘dual’’ RNA-seq of both pathogen and host
could monitor gene expression simultaneously in
two organisms, which could provide simulta-
neous information to a high level of accuracy and
depth during host–pathogen interactions.

Finally, some obvious and imminent ques-
tions facing the fire blight research community
include: What are the host specificity determi-
nants? What causes the differential virulence
phenomenon of Erwinia strains? What are the
signals sensed by the pathogen to trigger the
expression of T3SS and amylovoran biosynthe-
sis genes? What is the molecular mechanism of
effector protein function, such as DspE/A and
AvrRpt2, when they are translocated inside plant
cells and what are their host targets or potential
resistance genes? What is the function of the
type VI secretion systems in erwinias? What are
the functions of the T3SS PAI2 and PAI3 during
interactions with insect vectors and their rela-
tionship within the microbiome of insect vec-
tors? Ultimately, answering these questions will
lead to a common goal, namely to find alterna-
tive control measures to decrease losses due to
fire blight disease, and to develop novel and
improved disease management strategies.
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2Genomics of Plant-Associated Bacteria:
The Soft Rot Enterobacteriaceae

Amy O. Charkowski, Jenna Lind, and Isael Rubio-Salazar

2.1 Introduction

2.1.1 Soft Rot Enterobacteriaceae
Taxonomy and Phylogeny

The two genera in the soft rot Enterobacteria-
ceae (SRE), Pectobacterium and Dickeya, have
had many names over the past 110 years, with
each change reflecting growth and precision
gained in knowledge about phytopathogens. Like
many bacterial genera, the SRE were originally
described as Bacillus (Jones 1900, 1901), but
they were soon moved to the new genus, Erwi-
nia, the name of which was derived from one of
the founders of phytobacteriology, Erwin Frink
Smith (Winslow et al. 1917). For many decades,
the genus Erwinia was used for all plant patho-
genic Enterobacteriaceae despite clear evidence
that these species were not monophyletic. As
early as 1945, taxonomists proposed to move
Erwinia carotovora and other SRE into a new
genus, Pectobacterium, to reflect differences in
its physiology (Waldee 1945), but this new name

was not generally accepted until more extensive
phylogenetic work was completed, almost
100 years after this group of plant pathogens was
first described (Gardan et al. 2003; Hauben et al.
1998; Kwon et al. 1997) (Table 2.1). Soon
afterward, another SRE species, Erwinia chry-
santhemi, was placed into the new genus Dickeya
and at the same time divided into multiple spe-
cies (Brady et al. 2012; Samson et al. 2005).
The two genera that comprise the SRE may be
phylogenetically separated by the genus Bren-
naria, which contains non-pectolytic strains that
infect mainly trees (Brady et al. 2012). Although
Brennaria genome sequences are available, the
genomic differences among the Pectobacterium,
Dickeya, and Brennaria remain little explored.
Little is known about the biology of Brennaria,
and since this genus mainly infects landscape
trees, it has not been developed as a model
system for the study of phytopathogens.

Although Pectobacterium and Dickeya are in
different genera, they are often discussed toge-
ther because they produce high levels of plant-
cell-wall-degrading enzymes (PCWDE) and
cause similar wilt and decay diseases on a wide
range of monocot and dicot plant species (Ma
et al. 2007). It is the activity of the PCWDE
pectate lyase that is used to isolate these genera
from plant, water, and soil samples; researchers
typically isolate SRE on pectate-containing
media, on which the SRE form pitting colonies
(Hyman et al. 2001). Since this method can only
isolate strains that encode pectate-inducible
pectinases, if non-pectolytic members of these
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genera exist, they will remain uncaptured by
standard isolation methods.

Like other Enterobacteriaceae, the SRE are
gram-negative rod-shaped non-spore forming
facultative anaerobes with peritrichous flagella.
They are easily grown in culture, and many
mutagenesis methods and plasmids developed
for the model bacterial species Escherichia coli
also work with the SRE. Numerous SRE genome
sequences are available, and a genial worldwide
research community has collaborated on SRE
studies for many years (Bell et al. 2004; Glasner
et al. 2008, 2011; Nykyri et al. 2012; Pritchard
et al. 2013b). Together, these attributes have
allowed the SRE to become an important model
for phytopathogenesis and a common teaching
tool in plant disease laboratory courses.

2.1.2 Agricultural Relevance
of Pectobacterium and Dickeya
Genomics

The SRE are widespread and are found in all
agricultural regions on numerous fruit, vegeta-
ble, and ornamental crops (Ma et al. 2007). SRE
species differ in economic significance in

different agricultural regions and on different
crops, but the genomic contributions to host
range and geographical distribution remain
unknown.

Most of the SRE research to date has focused
on its impact on potato, which is the most
important dicot food crop worldwide. The SRE
can cause disease on potato at planting, where
they decay seed pieces, during the growing
season, where they may kill stems and tubers,
and in storage, where they can rot large volumes
of potatoes in warehouses or during shipping.
On tubers, the disease often starts either from the
stem end, where the pathogen often appears to
have entered the tuber through the stolon, or
from the bud end, where it may have entered due
to incomplete periderm formation (Fig. 2.1).
The bacteria thrive in these low-oxygen envi-
ronments, and often, there is a vase-like portion
of undecayed tissue surrounding the diseased
portion, as though the pathogen was creating an
anaerobic chamber inside the tuber. Similar core
rots are also seen in carrots infected with SRE
(Fig. 2.1). The SRE can infect foliage from
infected tubers or from wounds on the stem, and
once inside stems, it causes a brown or black
decay that can kill the plant (Fig. 2.1).

Table 2.1 Pectobacterium and Dickeya species

Species Known host range References

Dickeya chrysanthemi Broad host rangea Samson et al. (2005)

Dickeya paradisiaca Banana, maize Samson et al. (2005)

Dickeya dadantii Broad host range Samson et al. (2005), Brady et al. (2012)

Ssp. dadantii

Ssp. dieffenbachiae

Dickeya dianthocola Broad host range Samson et al. (2005)

Dickeya zeae Broad host range Samson et al. (2005)

Pectobacterium aroiderium Ornamental monocotsa, potato Nabhan et al. (2013), Yishay et al. (2008)

Pectobacterium atrosepticum Potato, pepper, sunflower Gardan et al. (2003, Hauben et al. (1998)

Pectobacterium betavasculorum Sugar beet Gardan et al. (2003), Hauben et al. (1998)

Pectobacterium cacticida Cactia Alcorn et al. (1991), Hauben et al. (1998)

Pectobacterium carotovorum Duarte et al. (2004), Hauben et al. (1998)

ssp.carotovorum Broad host range among dicots

ssp. brasiliense Potato

ssp. odoriferum Potato, chicory

Pectobacterium wasabiae Wasabi, potato Gardan et al. (2003), Hauben et al. (1998)
a Four or more known hosts

38 A. O. Charkowski et al.



Pectobacterium also typically causes plants to
turn yellow, a symptom that is less apparent in
plants infected with Dickeya (Fig. 2.1).

There are no curative methods for plants
infected with SRE. Copper sprays provide lim-
ited control when conditions are conducive for
infection, but copper does not affect the bacteria
once they have colonized the inside of the plant.
Recent studies with sanitizers suggest that
treating tubers with bleach or benzoic acid pro-
vides useful control (Czajkowski et al. 2013).
Thus, sanitation, exclusion, crop rotation, and, to
a limited extent, plant resistance remain the most
important controls for the SRE (Czajkowski
et al. 2011).

The SRE are usually described as brute force
broad host range pathogens. However, a phylo-
genetic analysis of all reported hosts of the SRE
initiated several years ago by Arthur Kelman
suggests some host specificity among strains and

genera (Ma et al. 2007). For example, Dickeya
species infect many grain crops (Poales), but
there are no reports of Pectobacterium attacking
major crops such as rice or maize. Similarly,
Pectobacterium appears to be a significant
pathogen on brassica crops, whereas Dickeya
has not yet been reported on these widely grown
crops. Recent phylogenetic work supports this
host species analysis. For example, Pectobacte-
rium strains that infect monocot ornamentals are
genetically distinct from those infecting dicots
(Nabhan et al. 2013; Yishay et al. 2008).

Some SRE species have been reported to have
narrow host ranges, but the genomic basis for
host range in SRE remains obscure. For example,
Pectobacterium wasabiae had been reported as a
wasabi pathogen (Goto and Matsumoto 1987),
but sequence analysis of strains from diseased
plants later showed that this species is wide-
spread on potato (Baghaee-Ravari et al. 2011;

Fig. 2.1 Typical symptoms of SRE on potato and
carrot. Top Row Soft rot in potato and carrot is often
only found in the center of the tuber or root, highlighting
the pathogenesis of these bacteria under anaerobic
conditions. Bottom Row Chlorotic symptoms are charac-
teristic of Pectobacterium, but not Dickeya. The left leaf

was inoculated via the petiole with P. carotovorum, and
the leaf on the right is from an uninoculated control. The
SRE cause wilt and decay symptoms on potato stems,
and they can invade the leaves from the stems via the
petiole. The plant on the left grew from a potato tuber
naturally infected with P. carotovorum
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Moleleki et al. 2013; Pitman et al. 2010). Simi-
larly, Pectobacterium atrosepticum, which cau-
ses blackleg on potato, is considered a narrow
host range pathogen, but it has been reported on
crops such as sunflower (Bastas et al. 2009), and
it can cause disease on some non-solanaceous
plants in controlled environments (Marquez-
Villavicencio et al. 2011).

Future work will likely show that like many
bacterial plant pathogens, the genera Pectobac-
terium and Dickeya have broad host ranges, but
individual SRE strains have restricted host ran-
ges. Genomic data have been used recently to
develop simple and relatively inexpensive
methods to detect and differentiate all SRE spe-
cies (Pritchard et al. 2013a). However, because
home owners or farmers generally do not make
control decisions based on SRE species or genus,
there is rarely incentive for them to pay for these
sophisticated diagnostic tests that could aid in
understanding SRE epidemiology.

Because we know very little about how SRE
genomes affect regional distribution or host
range of these pathogens, we also know little
about factors that affect emergence of novel SRE
species or strains in agriculture. However, a
recent outbreak of a novel Dickeya species,
Dickeya solani, on potato has provided much
insight into these questions. D. solani was
unknown on potato until the past decade, when in
emerged swiftly in the Netherlands on potato,
and was then spread via seed potatoes to the
Middle East, North Africa, and Asia (Degefu
et al. 2013; Slawiak et al. 2009; Toth et al. 2011).
D. solani has now replaced P. atrosepticum as
the most important SRE on potato in Europe.
Unlike P. atrosepticum and other well-studied
SRE, D. solani strains are clonal, suggesting a
recent emergence. The available data suggest
that D. solani, which is also an efficient pathogen
of ornamental bulb crops, was spread into potato
in the Netherlands due to rotation of potatoes
with ornamental bulbs, supporting the hypothesis
that crop rotation promotes SRE emergence on
new host species. The Netherlands exports large
volumes of both ornamental bulbs and potatoes,
which resulted in swift dispersal of this pathogen
around the world within a few years.

D. solani has not yet been found in the
Americas or in South Africa. In these locations,
Pectobacterium carotovorum subsp. brasiliense
appears to be more common (Duarte et al. 2004;
Ma et al. 2007; van der Merwe et al. 2010).
D. solani also has not yet been found in some
seed-producing regions of Europe. Its emer-
gence in Europe resulted in quarantines in
D. solani-free regions, such as potato-producing
regions in Scotland in an effort to exclude this
pathogen (Kerr et al. 2010). In other countries,
such as the USA, this pathogen is essentially
ignored. Indeed, despite the lessons learned in
Europe, potato producers in Idaho have recently
begun rotating potato with ornamental bulbs,
which is likely to result in a similar spread of
novel SRE in North America.

The D. solani scenario describes the largest
practical impact of SRE genomics on agriculture
today. Due to the availability of genomic
sequences, researchers were able to quickly
identify a swiftly emerging potato pathogen and
to develop specific and sensitive diagnostic tools
to detect this pathogen (Degefu et al. 2013;
Pritchard et al. 2013a). These tools are now
being used to maintain D. solani-free regions in
some seed potato-producing regions of Europe
and to understand D. solani epidemiology.

2.1.3 Educational Relevance
of Pectobacterium and Dickeya
Genomics

A growing human population and climate change
increase our need for expertise in food and fiber
production, and the need for expertise in plant
protection will certainly grow, even as the pool
of people available to teach in this area continues
to shrink. In a time of shrinking resources, the
SRE are useful teaching tools for students inter-
ested in learning about bacterial pathogenesis.
The freely available SRE genomic resources
allow development of laboratory exercises with
the bacteria or in silico. Many features of bac-
terial physiology and pathogenesis, including
Koch’s postulates, bacterial isolation on selective
media, plant cell wall degradation, biofilm
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formation, quorum sensing, insect vectoring,
bacterial mutagenesis, pigment production,
motility, the plant hypersensitive response,
autophagy, antibiosis, bacterial iron acquisition,
phage responses, comparative genomic analyses,
and contact-dependent inhibition (CDI), can be
demonstrated with the SRE. They grow quickly
and cause dramatic plant symptoms, and because
they do not infect vertebrates, these genera are
among the safest bacteria for students to work
with. They are also ubiquitous, so teachers can
easily obtain local isolates, eliminating the need
for maintenance or transfer permits. Finally, the
development of ASAP (Glasner et al. 2003),
which is free intuitive peer-reviewed database
that allows students to enter new findings about
SRE genomes, provides a way for undergraduate
and graduate students to learn about genomics
and, at the same time, to contribute to phyto-
bacteriological research (Glasner et al. 2006).

2.1.4 The SRE Life Cycle

The SRE can cause disease at all stages of pro-
duction, from planting through storage. Plants
may become infected or contaminated with SRE
at any point in the production cycle. The SRE are
found in irrigation water, soil, and on insects and
can latently colonize plants, so it is difficult to
keep plants free of SRE in greenhouses or in the
field. Fortunately, the SRE are not as aggressive
as some viral, fungal, and oomycete pathogens,
so complete losses due to SRE during the
growing season are rare. However, even rela-
tively, small losses can complicate crop man-
agement. For example, poor plant emergence in a
potato field due to soft rot of seed tubers makes
the potato crop difficult to manage since the
plants adjacent to the rotted tubers will grow
larger and the harvested tubers will have an
uneven size profile. The SRE appear to be sig-
nificant only in agricultural environments since
epidemics in natural environments have not been
reported, unlike, for example, as occurs with
some fungal tree diseases, such as Dutch elm
disease or chestnut blight.

The most significant SRE-caused losses are in
storage, where the bacteria from a few decaying
vegetables can quickly spread to entire piles of
stored vegetables. Unlike many bacterial patho-
gens, the SRE are facultative anaerobes, and
some of their virulence genes are upregulated
under anaerobic conditions (Babujee et al. 2012;
James and Hugouvieux-Cotte-Pattat 1996). This
may explain why they can devastate stored
vegetables, where the rotting piles quickly
become anaerobic. The high virulence of these
strains under anaerobic conditions is often evi-
dent in symptom development in vegetables,
which are often only rotten in the center, with
the ring of tissue outside of the vascular ring
remaining undecayed (Fig. 2.1).

The SRE life cycle was once considered to be
very simple, and SRE were described as brute
force pathogens, with the bacteria colonizing
wounded or stressed plants and decaying them
through the action of PCWDE. A major impact
of genomic studies on the SRE has been a
greater appreciation for the subtleties of SRE
interactions with plants, insects, and other
microbes (Costechareyre et al. 2010, 2013;
Llama-Palacios et al. 2002; Toth and Birch
2005). The brute force view of the SRE life
cycle is likely the major reason that more effort
has not been put into understanding plant resis-
tance over the past century. A long-term impact
of genomic research will likely be an increased
appreciation for multiple mechanisms required
for SRE pathogenicity and resurgence in study-
ing plant resistance to the SRE.

2.1.5 Will Insights from SRE Genomes
Lead to Disease Control?

The genetics of SRE pathogenesis were first
explored in the early 1970s (Beraha and Garber
1971; Beraha et al. 1974; Chatterjee and Starr
1972), and hundreds of genetic and genomic
articles about SRE pathogenesis have been
published since then. Despite this, we still use
the same control recommendations that farmers
have been using for generations—sanitation,
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exclusion, crop rotation, and resistance. Many
possibilities for disease control that were fos-
tered by genomic studies remain on the horizon,
either because the methods proposed, such as
transgenic plants, are expensive to implement
and not acceptable to consumers or because we
still lack detailed information needed about
plant and insect interactions with the SRE that
could lead to useful control methods. As
described above, the most significant contribu-
tion today from SRE genomics is an improved
ability to detect and differentiate SRE taxa. The
most significant contribution to control on the
horizon will likely be improvements in breeding
for SRE resistance and in control of insect
vectors of the SRE.

2.2 Recent Insights
into Pathogenesis Made
from SRE Genomics

More Enterobacteriaceae species genomes are
available than from any other family of organ-
isms. The numerous Enterobacteriaceae and
SRE genomes available have allowed useful
applications of genomic data in control and
treatment of diseases caused by this important
bacterial family. However, much remains to be
done in development of new controls, under-
standing the evolution and pathogenesis in this
bacterial family, and exploring the ecology of
these species.

P. atrosepticum SCRI 1043 was the first SRE
genome sequenced (Bell et al. 2004). The Dic-
keya dadantii 3937 genome was sequenced at
approximately the same time as a large com-
munity project (Glasner et al. 2011). Although
the progress toward publication of the 3937
genome was slow, the collaborative nature of the
project and associated genome meetings were
effective at building rapport among this research
community. In recent years, numerous addi-
tional Pectobacterium and Dickeya genomes
have been sequenced by individual lab groups
and deposited in public databases (Glasner et al.
2008, 2011; Nykyri et al. 2012; Pritchard et al.
2013b). These genome sequences have aided in

resolving phylogenetic relationships within
genera, but, perhaps due to high rates of hori-
zontal gene transfer, it has been difficult to
determine how the SRE and related genera are
placed within the Enterobacteriaceae tree.

The SRE genomes consist of a single circular
chromosome of just under 5 Mb in size. None of
the sequenced strains have sequenced plasmids,
although small plasmids and other types of
extrachromosomal elements have been reported
in the SRE (Nomura et al. 1996). Like many
Enterobacteriaceae species, the Pectobacterium
genome is largely conserved, with indels
accounting for much of the genome differences
among species (Bell et al. 2004; Glasner et al.
2008). Similarly, the Dickeya species backbone
is also largely conserved (Glasner et al. 2011;
Nykyri et al. 2012; Pritchard et al. 2013b). For
the most part, the contribution of the various
indels to SRE pathogenicity remains unknown,
although there are several examples where the
genes encoded by these regions contribute to
virulence (Evans et al. 2010; Glasner et al. 2008;
Hommais et al. 2008; Nykyri et al. 2012, 2013;
Pérez-Mendoza et al. 2011; Williamson et al.
2010). At least some of these indels are able to
excise from the genome and replicate extra-
chromosomally (Vanga et al. 2012).

Much of the SRE genome-enabled research
over the past few years has focused on identifi-
cation and characterization of the roles of these
indels to SRE virulence. Through this work, we
have learned about SRE adhesion (Jahn et al.
2011; Pérez-Mendoza et al. 2011), pigments
(Williamson et al. 2010), potential toxins (Bell
et al. 2004), contact-dependent secretion (Aoki
et al. 2010), and even novel plant-cell-wall-
degrading enzymes (Rondelet and Condemine
2012). The SRE genome sequences have also led
to insights into insect vectoring, and infection by
SRE and the realization that genes required for
insect interactions are among the least conserved
portions of the SRE genomes (Acosta Muniz
et al. 2007; Basset et al. 2003; Costechareyre
et al. 2010, 2013; Quevillon-Cheruel et al. 2009).

SRE genomes have enabled a limited number
of gene expression studies via promoter-identi-
fication studies, microarrays, or chromatin
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immunoprecipitation microarrays. Most of these
gene expression experiments were designed to
catalog genes controlled by well-known central
regulators, and the essential discovery was that
most of these regulators control large numbers
of virulence and central metabolism genes
(Hommais et al. 2008; Koiv et al. 2013; Liu
et al. 2008; Monson et al. 2013; Rodionov et al.
2004; Venkatesh et al. 2006; Yap et al. 2008). A
contrast to this is an assessment of genes con-
trolled by the type III secretion system sigma
factor HrpL in Pectobacterium, where HrpL was
found to control mainly the type III secretion
system (T3SS) and genes encoding harpins and a
single known effector, DspE (Hogan et al. 2013),
rather than being integrated into control of a
wide range of other virulence or central metab-
olism genes.

A few SRE gene expression studies have
focused on conditions experienced by SRE and
provided insights into bacterial mechanisms used
to survive under diverse stresses, such as survival
inside insects or during a shift from aerobic to
anaerobic conditions. These experiments led to
novel insights about the SRE and their host plants
or insects. For example, D. dadantii upregulates
genes required for detoxifying antimicrobial
peptides, an antibiosis mechanism not previously
thought to be important for the aphid immune
system (Costechareyre et al. 2013). Antimicrobial
peptides have long been known to be important
for plant defenses, but only recently, through gene
expression analyses, have we learned that SRE
responses to these peptides are controlled via the
PhoPQ two-component system (Rio-Alvarez
et al. 2012). An investigation into SRE responses
to oxygen availability clearly showed that
although Pectobacterium and Dickeya share
many regulatory genes, their response to a shift to
low-oxygen conditions differed (Babujee et al.
2012), with Pectobacterium being better suited to
growing in low-oxygen conditions. These data
also supported a theme seen many times in com-
parisons between these two genera; although they
cause similar symptoms, the regulatory pathways
used to control similar virulence genes differ
among Pectobacterium and Dickeya [for details

see (Charkowski et al. 2012)]. Thus, conclusions
about regulatory networks cannot necessarily be
generalized across the SRE.

2.2.1 Genomics and Secretion

Genome sequences revealed that the SRE, as a
group, encode six of the seven protein secretion
systems known in gram-negative bacteria
(Fig. 2.2), and their role in virulence was
recently reviewed (Charkowski et al. 2012).
Because several of these secretion systems play
key roles in virulence, they have been explored
with multiple post-genomic methods, such as
gene expression arrays and proteomic surveys.
The SRE also secrete or produce extracellular
polysaccharides that play important roles in
biofilm formation and diseases.

T1SS. The SRE strains encode type I secre-
tion systems (T1SS), which they likely use to
secrete proteases and adhesins (Pérez-Mendoza
et al. 2011). With the exception of the single
report by Pérez-Mendoza et al. (2011), these
systems have been almost completely unexam-
ined in the past decade.

T2SS. All SRE encode a type II secretion
system, which secretes PCWDE, such as pec-
tinases and cellulases, as well as other virulence-
related proteins. Secretome analyses with SRE
have focused in large part on proteins that travel
the T2SS (Kazemi-Pour et al. 2004). The action
of the pectinases is required for isolation of SRE
on pectate-containing media, so due to the iso-
lation method used, the presence of these genes
in SRE is expected. Some SRE encode a second
T2SS, which has only one known target, a cell-
bound pectin lyase (Ferrandez and Condemine
2008).

Hrp T3SS. Many, but not all, SRE encode a
Hrp T3SS, which appears to secrete a single
effector protein, DspE (Hogan et al. 2013).
Genome sequences were instrumental in dem-
onstrating that one or, at most, only a few
effectors travel the T3SS. How this single
effector promotes virulence remains unknown; it
plays no apparent role in suppressing plant
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defenses. Among the SRE, P. wasabiae is
notable for its lack of a Hrp T3SS, although
strains in other clades also lack this system (Kim
et al. 2009; Nykyri et al. 2012; Pitman et al.
2010). Some T3SS contribute to bacterial

aggregation in culture; this phenotype for the
T3SS was first noted with Dickeya (Yap et al.
2005).

Flagellar T3SS. The SRE are motile via a
flagellar T3SS. Multiple flagellins are commonly

DspE
AHL

AHL

AHL

AHL
AHL

AHL
PCWDE

PCWDE

(a)

(b)

(c) competing 
bacterium

Fig. 2.2 SRE infection of plant tissue. a The SRE have
flagella and use chemotaxis to move toward wounded
plant tissue. b Once adjacent to plant cells, they adhere to
the cells with secreted adhesin proteins. Some SRE elicit
plant cell death by translocating their single known T3SS
effector, DspE, into plant cells. c They sense that they are
in plant cells by integrating signals, such as bacterial
AHL and plant cell wall fragments, and then produce
massive amounts of plant-cell-wall-degrading enzymes
(PCWDE) to macerate plant cell walls. The SRE encode

multiple antimicrobial systems and can kill other bacte-
rial strains and species with antibiotics, the contact-
dependent inhibition system, or bacteriocins. The SRE
are motile in macerated lesions. They multiply and
spread from the initial infection zone both locally from
cell to cell and systemically via the plant vascular
system. Multiple cell types per lesion (e.g., motile and
sessile) and cell motility complicate gene expression
analysis and growth analysis of SRE in infected plants
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encoded by SRE genomes, but whether the dif-
ferent flagellins affect virulence remains
unknown. Unlike many plant pathogens, the
SRE are often motile in diseased plants. The
flagellar regulator FliA is required for Dickeya
virulence (Jahn et al. 2008), but the contribution
of motility to virulence has been almost unex-
plored in our post-genomic era. Swimming may
play a role in addition to motility since SRE
swimming increases the efficacy of PCWDE or
signaling by mixing enzymes or signaling
compounds in decaying plant material.

T4SS. The type IV secretion system is only
encoded by some strains, and its targets and role
in SRE virulence remain unclear (Bell et al.
2004; Glasner et al. 2008; Nykyri et al. 2012).

T5SS. Compared to the other secretion sys-
tems in the SRE, the type V secretion system is
little explored. It appears to contribute to Dic-
keya adherence and aggregation during patho-
genicity (Rojas et al. 2002).

T6SS. The SRE also encode type VI secre-
tion systems, but their role in SRE biology
remains unclear (Nykyri et al. 2012).

Pili. The SRE encode pili genes, but they
have been little examined, and their role in
disease remains unknown (Nykyri et al. 2013).

Cellulose. Bacterial cellulose is used for
biofilm formation by many genera. The SRE
encode two different types of cellulose synthesis
operons, with Pectobacterium encoding synthe-
sis genes commonly found in other Enter-
obacteriaceae and Dickeya encoding a cellulose
synthesis gene cluster that appears to have been
recently horizontally acquired. The cellulose
synthesis cluster in Dickeya contributes to bio-
film formation (Jahn et al. 2011), but makes no
known contribution to virulence.

2.2.2 Bacterial Signal Molecules
and Disease Control

Disruption of virulence gene expression is an
attractive mechanism for control of diseases
caused by the SRE. Pectobacterium and Dickeya
regulate virulence genes by integrating respon-
ses to inter- and intracellular bacterial signals

and to plant signals [recently reviewed in
Charkowski et al. (2012)]. Although the symp-
toms caused by these two genera are similar and
their main pathogenicity factor is production of a
massive amount of PCWDE, regulation of these
enzymes, including the signals that the bacteria
produce and respond to, has diverged within the
SRE.

In both genera, acyl-homoserine lactone
(AHL)-mediated quorum sensing plays a role in
virulence gene activation, although its impor-
tance varies greatly among strains (Ham et al.
2004; Hussain et al. 2008; Mhedbi-Hajri et al.
2011). Pectobacterium was the first pathogen in
which AHL-mediated quorum sensing was
shown to control virulence genes (Pirhonen et al.
1993) and AHL appears to be universally
important in this genus. In Pectobacterium,
AHL-mediated quorum sensing regulates
approximately one-quarter of the genes through
its regulation of the RsmA-rsmB RNA degra-
dation pathway (Chatterjee et al. 2002; Liu et al.
2008). When AHL binds to the DNA-binding
proteins ExpRI or ExpR2, it reduces the affinity
of ExpR for DNA, resulting in decreased RmsA
production (Cui et al. 2005, 2006). Since RsmA
targets virulence protein mRNAs for degrada-
tion, less RsmA results in higher production of
some proteins, including many virulence genes
(Chatterjee et al. 1995; Mukherjee et al. 1996).

Genome sequence-enabled studies have
resulted in identification of additional bacterial
signal molecules in the SRE. These intracellular
signaling molecules are widespread among
bacteria, such as the autoinducer 2 (AI2) system
and cyclic-di-GMP (c-di-GMP)-mediated sig-
naling. Both Pectobacterium and Dickeya
encode luxS, which is required for production of
the AI2 signal (Crepin et al. 2012), but the role
this signal plays in the SRE life cycle remains
unknown. The c-di-GMP system is an example
of an intracellular signaling system that was
revealed in large part through genomic data
(Ryan et al. 2012). In bacteria, enzymatic mod-
ification of c-di-GMP is involved in cell differ-
entiation in response to environmental or
physiological cues. Regulation may occur
through sensing of c-di-GMP levels, which are

2 Genomics of Plant-Associated Bacteria: The Soft Rot Enterobacteriaceae 45



altered by diguanylate cyclases or phosphodies-
terases, or via riboswitches upstream of key
genes required for adhesion or motility (Sudarsan
et al. 2008). Recently, seven of the 18 proteins in
these classes were mutated in D. dadantii. Two
of the mutant strains (ecpB and ecpC) had
enhanced biofilm formation and reduced viru-
lence, motility, pectate lyase production, and
T3SS gene expression (Yi et al. 2010). These
same two genes also contribute to virulence in
Pectobacterium, where they regulate motility
and expression of a T1SS, which secretes an
adhesion (Pérez-Mendoza et al. 2011). Since
these intracellular signaling systems are wide-
spread in both plant and animal pathogens, they
are unlikely to be useful targets for disease
control in agriculture.

SRE genomics enabled discovery of less
conserved signaling systems in Dickeya,
including the Vfm system and a putative auxin-
mediated system. At least, some Dickeya strains
appear to produce auxin, and it may be a crucial
signaling molecule since mutants unable to
produce auxin are non-pathogenic (Yang et al.
2007). The auxin signaling pathway acts via the
RsmA-rsmB pathway, but how auxin is sensed
by Dickeya remains unknown. Like auxin, the
Vfm pathway is only present in Dickeya and not
Pectobacterium (Nasser et al. 2013). The 25 kb
Vfm locus, which is located adjacent to the AHL
locus encoding ExpR and ExpI in D. dadantii, is
required for PCWDE production by this patho-
gen. This locus produces a signal that regulates
both virulence gene expression and expression
of Vfm locus genes, reminiscent of the feedback
regulation of AHL-mediated quorum sensing.
These regulatory systems, which appear to be
specific to Dickeya, may be useful targets for
control of this genus.

The key role of bacterial signaling in viru-
lence makes these systems obvious targets for
disruption of pathogenicity, but implementation
of these methods in agriculture has not yet
occurred. To date, the only exploration of signal
disruption has been with AHL-mediated signal-
ing. Researchers have examined the use of AHL
antagonists and of plants that degrade or produce
AHL. Regardless of their efficacy in culture,

AHL antagonists are unlikely to be effective
under most field conditions since there is a short
window of time during infection that these
compounds are effective at disrupting pathoge-
nicity (Palmer et al. 2011). However, it is pos-
sible that such compounds could be useful under
very specific conditions, such as treating plant
cuttings just prior to planting.

Transgenic plants that produce an AHL lac-
tonase derived from Bacillus, AiiA, are able to
constantly degrade AHL and thereby resist soft
rot caused by Pectobacterium (Dong et al. 2000,
2001). As expected, transgenic potato plants that
produce AHL through targeting an AHL syn-
thase to the plant chloroplast are more suscep-
tible to tuber soft rot and stem decay (Toth et al.
2004), further supporting the importance of
AHL to SRE pathogenicity. Although plants that
disrupt AHL signaling resist bacterial soft rot
and AHL signaling is common among rhizo-
sphere bacteria, these plants do not have
detectable effects on bacterial colonization of
roots (D’Angelo-Picard et al. 2011; Dong et al.
2000, 2001).

Similar future signal disruption experiments
with antagonists or transgenic plants will likely
provide important information about the various
bacterial signaling systems important for viru-
lence. However, transgenic plants that target any
particular signaling system may not provide
long-term control of SRE diseases since these
plants would likely select for strains that use
alternate signaling pathways.

2.2.3 Genomics, Bacterial Metabolism,
and Disease Control

Multiple intracellular metabolites aid in integra-
tion of information about bacterial environment
and physiology and thereby play key roles in SRE
gene expression during pathogenicity. Unfortu-
nately, for the most part, large holes remain in our
knowledge of SRE metabolism. Of those signals
that are known, most have only been studied
individually and not as part of a comprehensive
metabolic model. Although novel control meth-
ods have not yet been developed based upon this
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metabolic information, these results help us
explain how some of our current control methods
work.

To date, glucose metabolism has been most
closely examined. Like typical Enterobacter-
iaceae, the SRE grow efficiently on glucose and
repress other metabolic pathways via the cyclic
AMP receptor protein, CRP, including the pro-
duction of enzymes required to digest plant cell
walls, when glucose is present (Reverchon et al.
1997). In turn, KdgR, a repressor that regulates
pectinases and other virulence genes also regu-
lates gluconeogenic enzymes (Rodionov et al.
2004), providing a mechanism to coordinate
metabolism and plant cell wall degradation.
There are several other hints that central
metabolism is closely tied to virulence. For
example, the starvation signal (p)ppGpp is
required for PCWDE production (Wang et al.
2007). Similarly, mutation of gluconate meta-
bolic genes results in hyper-maceration, a lack
of motility, and mis-regulation of KdgR and the
flagellar regulator FlhD (Mole et al. 2010).
Genomics will undoubtedly provide new
insights into ties between metabolism and viru-
lence now that we have a more comprehensive
inventory of the metabolic pathways present in
the SRE and tools to examine expression of
metabolic pathway genes in response to different
stimuli. As an example, Babujee et al. (2012)
recently reported the numerous and divergent
effects that a shift to low-oxygen conditions has
on Pectobacterium and Dickeya gene expres-
sion, demonstrating that conserved metabolic
pathways may respond differently to the same
stimulus even in closely related genera.

A comprehensive metabolic model for the
SRE will also likely provide insights into host
range and the rationale for the effects of various
fertilizers on SRE-caused diseases. For example,
recent observations that phosphorus increases
susceptibility of calla lilies to soft rot may be
tied to the effects of the PhoPQ regulon on vir-
ulence gene expression, providing an example of
how genomic studies combined with greenhouse
experiments could lead to useful recommenda-
tions for farmers (Gracia-Garza et al. 2004;
Llama-Palacios et al. 2003, 2005).

2.2.4 Genomics, Plant Signal
Molecules, and Disease Control

The SRE have long been known to activate
virulence genes in response to plant cell wall
fragments, but until recently, little else was
known about how they perceived plant cells and
respond to plant cell signals. An exciting recent
finding aided by genomics is the discovery that
D. dadantii is attracted to and swims toward the
wound hormone, jasmonic acid (Antunez-Lamas
et al. 2009). The SRE encode numerous methyl-
accepting chemotaxis (Mcp) receptors, which
are membrane proteins that allow bacterial cells
to perceive and move along a chemical gradient.
The identity of the Mcp that senses jasmonic
acid remains unknown as do the targets of nearly
all of the over 40 different Mcp proteins encoded
by the SRE.

The SRE also sense other organic acids
commonly produced by plants. For example,
o-coumaric acid and t-cinnamic acid, both of
which are intermediates in the salicylic acid
biosynthesis pathway of plants, activate the D.
dadantii T3SS (Yang et al. 2008), suggesting
that regulators controlling the T3SS sense plant-
derived chemicals. There are likely to be many
additional plant-produced signals waiting to be
discovered, and some of these may explain dif-
ferences in host susceptibility to the SRE.

2.2.5 Genomics, Microbial Antibiosis,
and Disease Control

Antagonism between two microorganisms may
be based on one or more mechanisms such as
nutrient competitiveness, secretion of growth
inhibitory compounds, and antibiotic production
or through inducing systemic resistance in
plants. Several SRE genes dedicated to compete
with other microbes were known before any
SRE genomes were sequenced, but SRE genome
sequence analysis highlighted that much of the
variable portion of SRE genomes is dedicated to
producing or protecting against antimicrobial
metabolites, proteins, or phage (Bell et al. 2004;
Glasner et al. 2008).
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The systems studied to date in the SRE
include antibiotic production (McGowan et al.
2005), bacteriocins (Grinter et al. 2012; Roh
et al. 2010; Tovkach 1998), iron competition
(Expert 1999), export of bacterial antimicrobial
compounds (Llama-Palacios et al. 2002), and the
contact-dependent inhibition systems (Aoki
et al. 2010). Few of these systems have been
evaluated in greenhouse or field experiments,
and global studies of the contribution of an
entire SRE genome to microbial competition or
of the evolution of genes involved in microbial
competition have not yet been done.

Among the most exciting new fundamental
discoveries in antibiosis studies derived from
genomics is the discovery of the CDI system.
Recently, the SRE pathogen D. dadantii was
used to demonstrate that Rhs proteins and rela-
ted YD-peptide repeat proteins, which are pres-
ent in a wide range of bacterial species,
including other SRE, inhibit growth of neigh-
boring bacteria. Rhs carry polymorphic C-ter-
minal toxin domains which are predicted to be
deployed into target cells using the type VI
secretion system. D. dadantii 3937 is able to
protect itself from the cognate toxins and auto-
inhibition by encoding sequence-diverse immu-
nity proteins (RhsIB) (Aoki et al. 2010;
Koskiniemi et al. 2013; Poole et al. 2011). Since
the CDI system is usually only functional when
the bacteria are in association with host cells and
SRE virulence assays are simpler and less
expensive that model pathogens that require
animals, the SRE will likely continue to be an
important model system for studying CDI sys-
tem function.

The most likely avenue for disease control via
antibiosis is through phage therapy. Phage ther-
apy trials with Pectobacterium have been con-
ducted on calla lily tubers in greenhouse settings
and demonstrated to reduce disease incidence by
up to fifty percent (Ravensdale et al. 2007).
Recently, two phages, vB_DsoM_LIMEstone1
and vB_DsoM_LIMEstone2, were isolated and
characterized for the control of D. solani, an
aggressive biovar 3 variant of Dickeya dianthi-
cola (Adriaenssens et al. 2013). In this case,
phage therapy reduced disease incidence and

severity in greenhouse trials with inoculated
potatoes and resulted in higher yields in potato
field trials. The species within the SRE are
diverse, and multiple taxa are commonly found
in fields (Kim et al. 2009; Yap et al. 2004), and
thus, treatments with individual phage are unli-
kely to be successful in most cases. However,
increased efficiency of phage therapy may be
achieved through the use of phage cocktails
containing multiple phage types (Adriaenssens
et al. 2013; Jones et al. 2007). In the future,
genomic-enabled detection methods and phage
analysis may allow us to assess an agricultural
environment or seed lot and determine the
appropriate phage cocktail for SRE disease
control.

2.2.6 Plant Resistance and Disease
Control

Although some examples of single dominant
genes conferring resistance to SRE have been
known for decades (Lewellen et al. 1978;
Whitney and Lewellen 1978), the mechanisms
of resistance to soft rot disease remain mostly
unknown and were little studied until recently.
Data from both cultivated and wild potato sug-
gest that pre-formed resistances occur such as
differences in plant cell walls, protease inhibi-
tors, antimicrobial peptides, or other antimicro-
bial compounds. These genes may appear as
quantitative trait loci in genetic experiments
designed to identify SRE resistance genes.

Much of what we know about plant resistance
to bacterial pathogens is derived from Pseudo-
monas syringae—Arabidopsis interactions or
Xanthomonas—rice interactions. Unfortunately,
these hemibiotrophic pathogens use very differ-
ent virulence strategies. Consequently, models
based on these pathosystems provide little
insight into resistance to SRE. Similarly, many
pathosystems examined in Arabidopsis use a
few key hormones, namely salicylic acid, jas-
monic acid, and ethylene for defense pathway
signaling. But again these systems may not play
an important role in resistances observed in
some plant species or varieties in the field and
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greenhouse. Also, plant disease resistance has
mainly been studied with leaf pathogens. The
SRE are stem, root, and tuber colonizers, so
models based on foliar pathogens that colonize
leaf surfaces may only be tangentially useful for
understanding SRE pathogenesis.

Only a few researchers have attempted to map
SRE resistance in plants, and this work has
mainly been done with P. atrosepticum. In
potato, there are genes that contribute to leaf or
tuber resistance to P. atrosepticum on all 12
chromosomes (Zimnoch-Guzowska et al. 2000).
The available data suggest that leaf and tuber
resistance is independent, highlighting the com-
plexity of studying resistance to this pathogen
(Zimnoch-Guzowska et al. 2000). Whether the
same genes provide resistance to other Pecto-
bacterium species or to Dickeya is unknown.

Wild species likely encode novel SRE resis-
tance genes. In an assessment of tubers from 123
accessions of wild potato species, P. carotovo-
rum-resistant plants were found, but there was
no tie to potato taxonomy or strong ties to bio-
geography of the accessions (Chung et al. 2011).
Despite the difficulty in predicting where to find
resistant wild species, these results show that
novel resistance genes are available in wild
relatives of an important crop species.

2.2.7 Genomics Contributions
to Pathogen Detection
and Epidemiology

The field of study that most separates plant
pathology from other research focused on
microbial symbiosis is pathogen epidemiology.
Until recently, nearly all epidemiological work
on the SRE focused on Pectobacterium in
potatoes grown in temperate climates. Almost
nothing is known about the epidemiology of the
SRE in tropical and subtropical climates. In the
past few years, considerable work has focused
on the epidemiology of D. solani due to its
emergence as an important potato pathogen in
Europe. We know that the SRE can be found in
irrigation water, agricultural soils, insects,
snails, and in latent associations with the roots of

numerous plant species. They are not typically
found on leaf surfaces nor do they tend to cause
diseases of trees or emergence problems with
plants grown from true seed. Even on inoculated
potato in field trials, SRE disease is sporadic,
suggesting that much remains to be learned
about environmental components of SRE–plant
interactions.

One of the most significant contributions now
used to control SRE can be tied to disruption of
SRE epidemiology, and specifically in disrup-
tion of insect vectoring of SRE. The reduction of
Dickeya stalk rot in maize as a result of trans-
genic insect-resistant plants is a significant
example of control through disruption of the
vector life cycle (Dalmacio et al. 2007). Maize
stalk rot used to be a significant concern in North
America (Thind and Payak 1976; Thind and
Singh 1976), but no work has been published
from North America on this disease in decades.
The reason for the quiet disappearance of this
disease from the literature is likely due to a
combination of the prevalence of insect-resistant
transgenic maize, the lack of phytobacteriolo-
gists working on SRE diseases in North Amer-
ica, the almost complete lack of routine survey
data for most plant diseases, including all SRE
diseases, and the nearly complete control of
research and maize seed production by a handful
of large corporations.

Although reports of SRE–insect associations
go back over 80 years (Leach 1926, 1931, 1933),
very little is known about SRE–insect interac-
tions. However, this has begun to change, and it
is one of the largest contributions of SRE
genomics toward understanding of SRE ecology
and epidemiology. The relationship between
SRE and insects is complex, with evidence for
insects acting as SRE vectors (Molina et al.
1974) and for SRE being a deadly insect patho-
gen (Costechareyre et al. 2010). Prior to avail-
ability of SRE genome sequences, the gene, Evf,
which contributes to Pectobacterium fitness on
fruit flies (Drosophila melanogaster), was iden-
tified (Basset et al. 2003). Evf is a lipid-binding
protein that requires palmitoylation for function,
but how it contributes to bacterial colonization of
fly guts remains unknown (Quevillon-Cheruel
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et al. 2009). Although Evf is required for Pec-
tobacterium colonization of fruit flies, it is not
conserved among Pectobacterium strains. Whe-
ther only a subset of Pectobacterium colonizes
fruit flies or whether another gene has an analo-
gous role in colonization remains unknown.

The effect of Dickeya on insects is much
more dramatic since some strains infect and kill
aphids. A locus encoding four tandem repeats of
a cytotoxin and possibly the ability to detoxify
antimicrobial peptides contribute to D. dadantii
insect pathogenicity (Costechareyre et al. 2010,
2013). D. dadantii has a limited host range on
insects, and its virulence is affected by aphid life
stage, suggesting an intricate interaction
between these two organisms. Like Evf, the
Dickeya cytotoxin genes are not widespread in
the SRE, making it clear that we have much to
learn about the diversity of SRE–insect interac-
tions and their impact on SRE epidemiology.

A third set of genes likely to be involved in
SRE–insect interactions is widespread in the SRE
and in many other bacteria. The action of these
genes, detected through the Voges–Proskauer
assay, has been used to differentiate environ-
mental Enterobacteriaceae from coliform
Enterobacteriaceae for decades (Levine 1916).
The potential role of this gene cluster, denoted as
budAB, in insect interactions was brought to the
forefront by genomic studies. The budAB operon
encodes two of the three enzymes required for the
3-hydroxy-2-butanone (3H2B) pathway, which is
an alternate fermentation pathway (Huang et al.
1999; Lopez et al. 1975). This operon is expres-
sed in plants and required for virulence, particu-
larly under anaerobic conditions (Effantin et al.
2011; Marquez-Villavincencio et al. 2011). There
are two possible volatile compounds produced by
this pathway, 3H2B, and the related compound
2,3-butanediol (23B). Both can function as kai-
romones for a wide variety of insects, including
sap beetles (Carpophilus hueralis) (Nout and
Bartelt 1998), lygus bugs (Lygus sp.) (Buttery
et al. 1984), cockroaches (Nauphoeta cinerea)
(Moore and Moore 1999; Moore et al. 2002),
Melanesian rhinoceros beetles (Scapanes aus-
tralis) (Rochat et al. 2002), sorghum chafers
(Pachnoda interrupta) (Bengtsson et al. 2009),

and Mexican fruit flies (Anastrepha ludens)
(Robacker and Lauzon 2002). The mechanism for
attraction has only been described for fruit flies,
to date. These insects normally avoid CO2, which
is emitted by ripening fruit, but 23B inhibits
antenna neurons sensitive to CO2 (Turner and
Ray 2009). Fruit flies and other insects are often
found in and around decaying fruit and vegeta-
bles, with massive numbers of fruit flies com-
monly found in warehouses when soft rot
symptoms develop on stored vegetables. Whether
the volatile molecules produced by the budAB
operon are part of what attracts insects to
decaying plants in warehouses, compost piles,
and kitchens remains unknown.

2.3 Future Prospects for Disease
Control Simplified
by Genomics

Scientists studying SRE spent the past several
decades focused on the genetics, and later the
genomics, of SRE–plant interactions and have
learned a tremendous amount about how this
pathogen deconstructs plant cells. Concurrently,
epidemiological and phylogenetic studies have
clarified where SRE are in agricultural environ-
ments and how these species are related to each
other and to other Enterobacteriaceae. And yet,
we have made little progress in control of diseases
caused by SRE. The largest recent contributions
toward disease control have been in testing
methods that allow faster disease diagnosis and in
the serendipitous effects of the BT transgene in
maize in essentially eliminating Dickeya stalk rot.

The SRE are closely related to E. coli and
Salmonella, two animal pathogens that are very
well characterized by a large research commu-
nity. Despite our large body of genomic
knowledge for these human pathogens, we still
use antibiotics to treat diseases caused by these
microbes, just as we have for the past 70 years.
This suggests that significant breakthroughs in
chemistry, metabolism, or signaling must be
made before bacterial genomic studies lead to
control of SRE diseases through manipulation of
the bacteria. However, a combination of
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information from SRE and host plant genomics
is likely to lead to clearer understanding of how
some plant species resist SRE; this work will
likely lead to control through plant resistance in
the near future. Importantly, SRE-resistant
plants represent a sustainable, environmentally
friendly disease control approach, and breeding
and deployment of resistant plants does not
require significant technological or theoretical
breakthroughs. But it does require sustained
funding for plant breeding and plant–microbe
interaction studies.

2.3.1 Development of SRE-Resistant
Plants

Those attempting to control plant pathogens
have one large advantage that researchers
studying human Enterobacteriaceae pathogens,
such as E. coli, lack. We are able to breed the
host for disease resistance. Although plant
resistance is always among the best options for
disease control, scientists have focused very
little effort on understanding resistance to the
SRE. One reason for this lack of research is that
the SRE attack mainly vegetable and ornamental
crops, and SRE resistance is often not the most
important characteristic to breed for. Also,
compared to major food crops, little is known
about the genomics of these plants. However,
this is quickly changing, and genome sequences
of numerous vegetable crop plants are now
available. In addition, researchers have defined
the SRE as brute force secondary pathogens for
which genetic resistance might not be available,
and therefore, many researchers simply have not
searched for it. However, SRE-resistant wild
relatives of major vegetable crops are fairly easy
to identify. Recently available genomic tools
should allow identification of the types of genes
that confer resistance to SRE.

Potato, one of the major hosts of the SRE, is a
good example of underutilized SRE-resistant
germplasm and availability of genomic tools.
Unlike most other SRE hosts, potato is a major
food crop with an active worldwide research
community. But, unlike other major crops, such

as maize, soybean, and canola, there is relatively
little corporate interest in potato; this crop
remains mostly in the hands of family farms and
public researchers. Thus, there has been little
investment in potato genomics compared to
maize and soybean, and until very recently, no
genome sequence was available (Xu et al. 2011).
Commercial lines of potato are tetraploid, which
makes them difficult to sequence and to assess
through standard genetic methods. Of necessity,
sequencing efforts initially focused on an inbred
potato that bears little resemblance to commer-
cial potato. Essentially, no disease resistance
work has been completed by the larger research
community with this sequenced line.

Fortunately, the potato genus, Solanum, is
highly diverse, and many species within this
genus are easily hybridized. In addition, dis-
coveries in potato genetics now allow fairly
simple breeding of diploid potato capable of
self-fertilization, which allows development of
inbred lines more similar to commercial potato
and suitable for disease resistance studies
(Lindhout et al. 2011). Since there are multiple
wild Solanum species that are resistant to SRE,
this line of work holds promise both for under-
standing how plants resist the SRE and for
development of SRE-resistant varieties.

2.3.2 Insect Control

SRE genomics has provided new insights into
the epidemiology and ecology of these patho-
gens, and as a result, it has drawn new
researchers to this field. For example, SRE–
insect interactions have been sporadically stud-
ied for the past 80 years, but the genetics and
epidemiology of these relationships remain little
characterized. Recently, decoded genomes of
SRE and other plant pathogenic Enterobacteri-
aceae have clarified that insects play a large role
in dissemination of these pathogens and suggest
that several of these genera have intimate
interactions with insects. Control of insects
through transgenic plants has essentially elimi-
nated SRE disease in maize, suggesting that
insect resistance would benefit other crops as
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well. It is possible that modern synthetic pesti-
cides have also reduced SRE diseases, but we
have almost no historical or current survey data
for SRE disease incidence on any crop.

Despite the apparent relationship with insect
vectors, SRE genes known to be involved in
insect interactions are not well-conserved among
SRE species or strains, suggesting that con-
served genes required for insect interactions
remain uncharacterized and/or that only some
SRE strains are vectored by insects. Identifica-
tion of major potential insect SRE vectors and
development of systems to study these vectors
would aid in determining if vector control would
reduce SRE incidence in vegetable and orna-
mental crops.

2.3.3 Antibiosis

These methods are likely to be based on species-
or strain-specific antibiosis techniques that
remain almost entirely unexplored at the farm
level, such as phage-mediated control or contact-
dependent inhibition. If simple detection methods
could be followed up by targeted control through
phage or other similar methods in seed lots, soils,
or water supplies known to carry aggressive SRE
strains, a useful level of SRE control might be
achieved. The accurate and sensitive diagnostic
tools that allow researchers to differentiate among
SRE species and strains in order to study their
epidemiology in detail have recently been
developed, so one factor required for effective
control through antibiosis is in place. Expertise in
phage biology and biocontrol is sporadic among
researchers studying SRE–plant interactions, so
both funding and training will likely be required
to further develop these control methods.

2.3.4 Inhibitors of SRE Pathogenicity
or Metabolism Genes

Interference with bacterial quorum sensing pro-
vided promising results for control of soft rot in
potato, but this solution is not commercially
viable for a number of reasons, one of which is

the expense of development and lack of accep-
tance for transgenic vegetable crops. Oddly
enough, consumers find it acceptable for vege-
table crops to be sprayed with a range of syn-
thetic chemicals, including endocrine inhibitors
and obesogens in order to control pests and
manage diseases. In general, though, crops are
not sprayed with antibiotics, which can effec-
tively control bacterial diseases, at least in the
short term, because these chemicals are reserved
for treatment of disease of humans and other
animals.

Researchers are now searching for chemicals
that are not antibiotics, but rather that inhibit
specific virulence systems (Li et al. 2009). For
the most part, plant and animal pathogens use
similar virulence and regulatory systems for
pathogenicity, so even if useful chemicals are
discovered, they will likely be reserved for
treatment of animal pathogens. One of the few
types of virulence genes unique to the SRE and
other similar bacterial decay pathogens, like the
pectolytic pseudomonads, are the PCWDE. As
yet, no chemical inhibitor of PCWDE has been
discovered.

2.3.5 From Genomics to Sustainable
Plant Production

By obtaining and analyzing SRE genome
sequences, we now know far more about the
genetics, evolution, and molecular virulence
strategies of SRE pathogenicity than we did a
decade ago, but we still have much work to do to
put our knowledge into practice in order to
improve sustainability of food, fiber, fuel, and
ornamental plant production. If we are willing to
invest in the necessary research and training, a
combination of plant and microbe genomics has
the potential to transform plant production in the
near future. Control of SRE soft rot and stem rot
in potato is an excellent example of this. Potato
farmers of the future could feasibly be planting
their fields only with hybrid diploid tubers
grown from true seed that was planted into
hydroponic systems rather than with tetraploid
potato that has been through several generations
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of field production. The simplification of the
seed system would reduce land, water, and fuel
use, would reduce the risk of losses due to
inclement weather, would simplify planning,
and would eliminate the many SRE disease
problems that occur in the field and in storage. In
addition, these diploid potatoes, for which the
entire genome sequence could be known, could
carry resistance genes to SRE and many other
pests and pathogens that were derived from wild
relatives. Genome sequences of these wild rel-
atives would aid in marker-assisted selection of
breeding lines encoding these resistance genes.
If a new SRE strain emerges, as recently hap-
pened with D. solani in Europe, its genome
could be sequenced and detection tools could be
developed and tested within a few weeks.
Farmers could use these detection tools to detect
SRE strains within their seed supply, soil, and
water to enable them to improve their planting
and storage decisions. Genome sequences could
also be used to make decisions about control
options, such as whether a commercially avail-
able phage could be used to help control the
SRE pathogen in water, soil, or on plants.

Together, these genomics-enabled decisions
on variety development, pathogen detection, and
pathogen control have the potential to increase
efficiency and reduce year-to-year variability,
which would simplify farm management and
food systems planning. But, little of this is likely
to happen if our society does not invest in
research and training in both fundamental and
transformational plant and microbial sciences.
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3Ecological Genomics of Pseudomonas
syringae

David A. Baltrus, Tory A. Hendry, and Kevin L. Hockett

Pseudomonas syringae is a facultative bacterial
phytopathogen of many (if not all) plant species,
but strains can also survive and thrive outside of
their plant hosts across many different environ-
ments (Hirano and Upper 2000). Given an
abundance of recent reviews that focus largely
on studies of pathogenicity (Block and Alfano
2011; Lindeberg et al. 2012; O’Brien et al. 2011;
Studholme 2011), we take this opportunity to
summarize and explore what is known about
genomic features that influence ecological
dynamics for P. syringae inside and outside of
plant hosts. Recent sequencing efforts have
yielded a wealth of data about genomic diversity
throughout this species, but have also given rise
to numerous overarching questions about evo-
lutionary dynamics for P. syringae and related
bacteria. We view this chapter as an incomplete
roadmap that both summarizes current knowl-
edge of the genomic basis for ecological diver-
sity throughout the species and highlights
unexplained patterns that arise from comparison
across genomes.

3.1 Taxonomy

Taxonomic relationships across phytopathogens
and other soil-associated microbes often change,
with nomenclatural disputes sparking heated
disagreements across disciplines. The focus of
this chapter will be what is currently referred to
as P. syringae but which includes other potential
species such as P. savastanoi and P. cannabina
(Ramos et al. 2012; Sarris et al. 2013; Young
2010). We reference genome sequences from
within these isolates as a point of context for
comparison, but support those that would chose
to split off species names given appropriate
phenotypic contexts. P. syringae as a whole
contains upward of 50 different pathovars
spanning pathogens of important crops as well
as wild plants (O’Brien et al. 2011; Young
2010). In recent years, due to extensive envi-
ronmental sampling, greater appreciation has
been given to environmental isolates that are not
known to be virulent on any host (and thus lack
pathovar designations) but which phylogeneti-
cally cluster within P. syringae (Diallo et al.
2012a; Kniskern et al. 2010; Morris et al. 2010).
One clade in particular, referred to below as
MLST group 2C, stands out as having shifted its
ecological niche compared to closely related
phytopathogenic strains. For the moment, we
consider these all to be P. syringae isolates and
suggest that elucidation of the ecological roles
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for these environmental isolates is an intriguing
future research direction.

Historically, P. syringae has been classified
based on phenotypic responses to the LOPAT
test, with positive interactions for levan synthe-
sis and tobacco hypersensitive response and
negative responses for arginine dihydrolase,
oxidase production, and potato rot as distin-
guishing features (Young 2010). Strains may be
further classified into pathovars based on phe-
notypic information concerning disease symp-
toms, hosts of isolation, and pathogenicity on a
variety of alternative hosts, in addition to nutri-
tional characteristics (Young 2010). While
fruitful in providing a context for rapid and
inexpensive classification, phenotype-based
methods are prone to errors due to incorrect
scoring of phenotypes and convergent evolution
of phenotypes relevant for classification. For
instance, the MLST group 2C clade tests nega-
tive for the tobacco hypersensitive response, but
genome sequences indicate that they are a clear
subclade within P. syringae (Diallo et al.
2012a). Moreover, there are multiple instances
where pathovar designation is polyphyletic, with
convergence of disease states on the same host
(Baltrus et al. 2011; O’Brien et al. 2012). For
these reasons, the focus of classification has
shifted to genotypic methods that provide a
much richer framework for interpreting evolu-
tionary relationships and patterns between
isolates.

Genotypic classification of strains began with
random PCR amplification-based methods, but
the first leap forward occurred when Gardan and
colleagues used DNA–DNA hybridization to
classify isolates into eight genomospecies by
genomic similarity (Gardan et al. 1999; Young
2010). More recently, multi-locus sequence type
(MLST)-based comparisons have become the
default technique for characterizing strains and
pathovars (Almeida et al. 2010; Hwang et al.
2005; Morris et al. 2010). MLST characterization
relies on sequencing portions of conserved
‘‘housekeeping’’ loci such as rpoD, gapA, gltA
(also known as cit), and gyrB. To further facili-
tate rapid MLST comparisons, a database and
Web-based server has been established (Almeida

et al. 2010). According to these MLST compar-
isons, P. syringae strains can be subdivided into
at least five distinct clades with complete genome
sequences available for strains within three of
these groups (group I: P. syringae pv. tomato
DC3000, PtoDC3000; group 2: P. syringae pv.
syringae B728a, PsyB728a; and group 3: P. sy-
ringae pv. phaseolicola 1448a, Pph1448a), draft
genome sequences for isolates from the other two
main groups (group 4: P. syringae pv. oryzae
1_6, Por1_6 and group 5: P. cannabina pv. ali-
salensis, Pcal), and numerous other strains
throughout the phylogeny (Baltrus et al. 2011;
O’Brien et al. 2011; Sarris et al. 2013; Studholme
Studholme 2011). For the remainder of this
chapter, we will refer to the strains by their
MLST group designations where possible and
secondarily by their genomospecies (see
Fig. 3.1) and will focus on important insights to
be gained and questions to be asked by focusing
on genome evolution between and within MLST
groups.

3.2 Genome Features

Although genomic features within P. syringae
have been covered extensively elsewhere, to
facilitate further discussion, we highlight a
handful of interesting nuances within this chapter
that have arisen from comparison across diverse
strains. The average genomic content for most P.
syringae strains is roughly 5–6 Mb, coding for
slightly more than 5,000 open reading frames
(O’Brien et al. 2011). Strain PtoDC3000 con-
tains the most thoroughly vetted genome anno-
tation, the product of extensive hand curation and
multiple RNAseq experiments (Filiatrault et al.
2010, 2011), and we caution that one should
always be wary when analyzing numerous draft
genomes due to their fractured nature.

Genomic comparisons across P. syringae
have already raised numerous ecological ques-
tions, the number of which will only increase
with additional genomic information. For
instance, group I strains contain approximately
500 additional genes compared to any of the
other group, with some functional classes
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Fig. 3.1 Phylogeny of Pseudomonas syringae strains
and related species. Phylogeny is based on draft and
whole-genome sequences and has been modified from
(Sarris et al. 2013). MLST groups and genomospecies for

each strain are shown at the right. In cases where MLST
groups (IV) or genomospecies (4, 5, 6, 7) are not
represented within the tree, numbers within the tree
highlight estimated branching points for these groups

3 Ecological Genomics of Pseudomonas syringae 61



overrepresented within this suite compared to
the remaining genomic distribution (Baltrus
et al. 2011). While this pattern is unimpressive
when compared to the considerable genomic
diversity of plant-associated pseudomonads, it
could signal important ecological differences
when considered within the context of P. sy-
ringae as a species. Likewise, plasmids are
found within most P. syringae isolates and likely
play a primary role in structuring ecologically
and virulence-related genomic diversity
throughout the species, while also enabling rapid
evolutionary shifts through horizontal transfer
across strains. Of the complete genomes,
PtoDC3000 and Pph1448a both contain two
plasmids that house numerous virulence genes,
but PsyB728a lacks such plasmids altogether
(Buell et al. 2003; Feil et al. 2005; Joardar et al.
2005). Plasmids have also been observed within
many other strains (Ma et al. 2007; Vivian et al.
2001). Since plasmids are notorious for con-
taining repetitive elements, which confound
draft genome assemblies, it is difficult to pin-
point which contigs within these incomplete
sequences are associated with extrachromo-
somal elements. However, most strains with
draft genomes do appear to contain genomic
features that are correlated with the presence of
mobile elements (Baltrus et al. 2011). Given the
important role horizontal gene transfer plays in
the evolution of virulence (Jackson et al. 2011;
Sundin 2007), it remains to be seen what effects,
if any, lack of plasmids has on strain evolu-
tionary and ecological dynamics (Feil et al.
2005). One of the most interesting plasmids is
found within a small number of group III strains
from pathovar lachrymans (Baltrus et al. 2011).
These strains have recently acquired an inde-
pendently replicated, circular megaplasmid that
increases total genomic content by *1 Mb.
Although it contains hundreds of additional
genes little else is known about the functions of
this element; however, that megaplasmids often
code for niche-specific pathways implies that
undescribed ecological variability exists within
this strain (Harrison et al. 2010).

3.3 Genomic Factors that Limit
Host Range of P. syringae

Although P. syringae has a wide host range as a
species, each individual isolate only causes dis-
ease on a limited number of plants. Moreover,
disease symptoms can vary from leaf and fruit
spots to trunk cankers to galls depending on
strain, pathovar, and host context (Arnold et al.
2011; Preston 2000; Ramos et al. 2012; Scorti-
chini et al. 2012). Our current understanding of
interactions between plant immune responses
and bacterial virulence mechanisms can be
described, at best, as complicated. However, at a
primary level, P. syringae growth is limited by
the environment within a plant host regardless of
dedicated immune responses. For instance, it has
long been known that isolates of P. syringae
differ in their abilities to use a variety of sub-
strates for nutrition. Plant species can vary dra-
matically in the quantitative and qualitative
distributions of these substrates, and the impor-
tance of manipulating host metabolism seems to
be a growing theme across phytopathogen spe-
cies [i.e., Xanthomonas and SWEET genes
(Verdier et al. 2012)]. It is likely that nutrient
concentrations limit growth of P. syringae in
planta, so different metabolite compositions
within leaves could contribute to host range
limitation (Rico and Preston 2008). With this
idea in mind, it seems particularly noteworthy
that multiple clades of P. syringae that invade
woody plant species have convergently acquired
pathways involved in the breakdown of catechols
(Green et al. 2010; Marcelletti et al. 2011; Rod-
ríguez-Palenzuela et al. 2010). Furthermore,
Thlaspi caerulescens can hyperaccumulate zinc,
nickel, and cadmium at high enough concentra-
tions to prevent bacterial pathogenesis (Fones
et al. 2010). In the absence of high concentra-
tions of these metals, PcalES4326 is virulent on
T. caerulescens. Transposon mutagenesis can be
used to isolate mutants with higher metal toler-
ance, and these mutations enabled PcalES4326
to sustain virulence in T. caerulescens plants as
concentration of toxic metals increased.
Although this result is tantalizing and suggestive,
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it remains unclear how much natural variation
exists for metal tolerance within P. syringae and
how much of an impact such environmental
context plays in structuring natural bacterial host
ranges.

The first layer of induced plant immune
responses against any phytopathogen involves
dedicated receptor-like kinase proteins that
directly recognize conserved peptides (termed
pathogen-associated molecular patterns or
PAMPs) triggering basal defenses (Thomma
et al. 2011). Although we have learned extensive
amounts about the molecular mechanisms
underlying PAMP recognition, it is likely that
this is only the tip of the iceberg and that there is
much more to discover as to how these receptors
vary in presence and specificity at the level of
host phylogeny. Although the most highly
reactive and widely studied PAMP within P.
syringae is flagellin (specifically flg22), a library
of other proteins has been implicated in trig-
gering basal defenses (also known as pathogen-
triggered immunity, PTI) (McCann et al. 2012;
Thomma et al. 2011). Moreover, at least in a
subset of plant species like tomato, other por-
tions of flagellin (flg28) can also be recognized
(Cai et al. 2011). Although natural variation in
PAMP regions exists across P. syringae strains
and pathovars, and these regions appear to have
been the target of diversifying selection, the
contribution of amino acid diversity of bacterial
PAMPs to structuring host range remains
unclear (McCann et al. 2012).

An emerging trend, however, is that receptor-
like kinases that respond to specific peptides
may not be conserved across all plant species, so
that PAMP recognition may differ in a qualita-
tive way across plant hosts (Segonzac and Zipfel
2011; Thomma et al. 2011). For example, bac-
terial elongation factor Tu (EfTu) can act as a
PAMP (peptides are named elf18 and elf26)
within Brassicaceae hosts, but does not in
Solanaceous hosts like tobacco and tomato
(Lacombe et al. 2010). Therefore, P. syringae
isolates that are pathogenic on Brassicaceae
must overcome recognition that isolates from
other pathovars may not experience. The ability
of such plant clade-specific receptors to structure

host range is apparent, and indeed, genetic
modification is already focused on moving spe-
cific PAMP receptors across plant families with
the hopes of creating durable resistance (La-
combe et al. 2010). While the total number and
phylogenetic distributions of PAMP receptors
remain unknown, it is highly likely that there are
additional receptors like EFR that can limit
natural bacterial host range.

Immune responses to PTI include callose
deposition, production of reactive oxygen spe-
cies, and deployment of antimicrobial com-
pounds (Jones and Dangl 2006; Nicaise et al.
2009). P. syringae strains must be able to cope
with or avoid these stresses during infection, and
it is possible that clade- or isolate-specific vari-
ation in proteins like catalase could mediate
differential interactions inside of hosts. For
instance, glucosinolate production within Ara-
bidopsis strongly limits the growth of P. syringae
(Fan et al. 2011). Interestingly, glucosinolate
expression is not thought to be involved in the
PTI response, as precursors are held in vacuoles
until these containers are disrupted by mechani-
cal forces like chewing insects. Bacterial isolates
that are pathogenic on Arabidopsis have acquired
multiple efflux systems through horizontal
transfer that enable higher tolerance toward
glucosinolates, but these systems are not found
extensively throughout P. syringae. The overall
contribution of such plant species with specific
responses to host range limitation has not been
thoroughly investigated across hosts and bacte-
rial isolates.

Pseudomonas syringae uses a type III secre-
tion system to translocate effector proteins into
host cells, which is essential for virulence as
described below, but recognition of these effec-
tor proteins (or their actions) by plant R genes
can limit host range (referred to as effector-
triggered immunity, ETI) (Jones and Dangl
2006; Thomma et al. 2011). The outcome of ETI
is the plant hypersensitive response (HR), which
involves localized cell death to limit pathogen
growth and spread. At one level, ETI is
responsible for establishing race structure within
pathovars of P. syringae based on differential
recognition of variable effector proteins across
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cultivars of a given plant species (Taylor et al.
1996). At another level, ETI can contribute to
limiting the host range of pathovars across plant
species. For instance, recognition of the effector
AvrPtoB has been demonstrated to limit the
growth and decrease symptoms of multiple
pathovars of P. syringae on tomato (Chien et al.
2013; Lin and Martin 2007). Likewise, recog-
nition of HopQ1 renders PtoDC3000 avirulent
and may partially explain lack of growth of
Pph1448a on tobacco (Ferrante et al. 2009; Wei
et al. 2007). When considering the contribution
of ETI to host range limitation overall, however,
one must consider the distribution and conser-
vation of known avirulence factors across all
isolates within a pathovar and comparisons of
diversity for R genes across plant species and
populations. Effectors have been shown to trig-
ger HR reactions in every tested cultivar of a
plant species for only a handful of cases, but if
such trends hold up with further sampling, these
effector proteins may truly limit host range at the
level of plant species (Arnold et al. 2001;
Wroblewski et al. 2009). Consideration of how
such interactions structure host range may be
especially important when two pathovars have
recently diverged to infect different hosts, as
with HopC1 in pathovars Pgy and Pph (Baltrus
et al. 2012), as a recent report suggests that ETI
is the first stage of host differentiation between
pathovars (Schulze-Lefert and Panstruga 2011).

3.4 Genomic Factors that Promote
Host Range Expansion

All known phytopathogenic P. syringae isolates
require a type III secretion system for virulence
(O’Brien et al. 2011; Tampakaki et al. 2010).
This TTSS was acquired by an immediate pro-
genitor of all P. syringae and P. cannabina,
likely from a clade within P. viridiflava (Araki
et al. 2006; Sarris et al. 2013). Although local-
ized recombination within the TTSS has been
observed, the system as a whole has been ver-
tically inherited since this introduction (Sarris
et al. 2013). While avirulence due to TTEs limits
host range in an R gene-dependent way, in the

absence of ETI, these translocated proteins are
absolutely essential for bacterial growth and
disease progression in planta (Block and Alfano
2011; Lindeberg et al. 2012). Moreover, the
actions of some TTE can cover up ETI triggered
by other TTEs (Jones and Dangl 2006).

Each strain of P. syringae possesses a handful
of conserved effector genes that, although they
may not be functional within a strain, have been
vertically inherited from an ancestor of all vir-
ulent P. syringae including hopI1, hopAH2,
avrE, hopAA1, and hopM1 (Baltrus et al. 2011;
O’Brien et al. 2011). Such conservation implies
a foundational role for these proteins across a
wide array of plant hosts. In addition to this
small number of conserved effector proteins,
each strain possesses from 3 to 36 (or more)
additional effector proteins which are frequently
lost through deletion or gained by horizontal
gene transfer (Baltrus et al. 2011; Lindeberg
et al. 2012). While an increasing amount of
information about the precise functions of
effector proteins has been summarized else-
where, common themes emerge by comparing
these isolates and exploring what these trends
say about the evolution of virulence and host
range.

Studies within one strain, PtoDC3000, across
multiple host plants have demonstrated that
effector proteins can be clustered into tiers based
on function (Cunnac et al. 2011). Some TTEs
can further be classified into redundant effector
groups (REG) based on overlapping virulence
function and ability to complement phenotypic
virulence effects (Kvitko et al. 2009). Single
knockouts of genes within a REG yield no (or
very small) virulence defects, so that only by
disrupting each member of a REG is virulence
noticeably changed. Two main REGs have been
identified at present within P. syringae: AvrE/
HopM/HopR appears to disrupt secretion sys-
tems involved in plant defenses, while AvrPto/
AvrPtoB disrupts perception and signaling after
the recognition of bacterial PAMPs (Kvitko
et al. 2009; Lin and Martin 2005; Badel et al.
2006). As a demonstration of effector tiers,
Cunnac et al. (2011) showed that, if single
members of either of these REGs were present
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within PtoDC3000, a variety of other type III
effector proteins could quantitatively and inter-
changeably contribute to virulence. It is unclear
how conserved REG functions are across strains
and host plants. However, as Baltrus and col-
leagues showed, the placement of AvrPto from
the soybean pathogen Pgy into a virulent bean
pathogen (Pph1448a) could increase virulence
on the target host species even though Pph1448a
already contains AvrPtoB (Baltrus et al. 2012).
It will be interesting to see how the REG con-
cept and tiers of effector proteins are refined
with future studies.

Type III effectors are not the sole determinant
of success and failure during infections by P.
syringae as many strains also produce toxins and
phytohormones that manipulate plant physiol-
ogy (Bender et al. 1999; Melotto et al. 2006;
Schellenberg et al. 2010), including polyketide
synthase (PKS) and non-ribosomal peptide syn-
thase (NRPS) pathways. One of the best studied
of these PKS-derived phytohormone mimics is
coronatine, which binds to jasmonic acid
receptors, and is the product of two multi-gene
pathways that can be horizontally transferred
across strains (Alarcón-Chaidez et al. 1999;
Melotto et al. 2006). While the best known
function of coronatine involves stomatal
manipulation, which can also be altered by the
TTE AvrB or the toxin syringolin, additional
evidence points to secondary virulence effects
for coronatine after bacterial cells reach the
apoplast (Geng et al. 2012; Melotto et al. 2006).
One unexplained trend that has emerged from
genomic comparisons across P. syringae is that
group II strains contain a lower number of
effector proteins on average than any of the other
groups. Parsimonious reconstruction across TTE
groups suggests that the ancestor of group II
contained additional TTE, so that this trend is
the outcome of gene loss [at a minimum loss of
gene families hopR, hopAS, hopQ, and hopD,
with more complicated histories for avrpto and
hopAB (Baltrus et al. 2011)]. This pattern is not
an artifact of sampling, but correlates with the
presence of toxin pathways for syringolin, sy-
ringomycin, and syringopeptin. It is tantalizing
to speculate that these strains have replaced

virulence functions of TTE with those of toxins,
especially because syringolin has recently been
implicated both in manipulating stomatal func-
tion and in preventing ETI in PsyB728a
(Schellenberg et al. 2010). Furthermore, an
independent data point suggesting that toxins
replace TTE function involves pv. pisi strains
which appear to have secondarily lost all three of
these toxins but have gained back numerous
effector groups (Baltrus et al. 2011). It is difficult
to know whether these toxins can each identi-
cally replace the ‘‘lost’’ effector groups as well
as how toxins factor into strain specificity. Also
of note when discussing phytohormone manip-
ulation by P. syringae is that strains that form
galls on woody plants contain additional copies
of pathways to produce the phytohormone auxin,
which directly contributes to plant tissue growth
and is required for gall formation along with the
TTSS (Rodríguez-Palenzuela et al. 2010). Other
toxins include phaseolotoxin, mangotoxin, and
tabtoxin, which are found in a limited number of
strains, and all appear to contribute to disease
symptoms like chlorosis but not necessarily
growth in planta (Bender et al. 1999; Carrion
et al. 2013; Groll et al. 2008).

A small subclade within group II strains
(referred to as group IIC) has replaced the ori-
ginal TTSS with a phage sequence and has
actually gained an alternative type III secretion
system at a different location of the genome
(Clarke et al. 2010; Mohr et al. 2008). While
divergent in protein sequence from the canonical
P. syringae TTSS, this second system most
closely resembles structures used to translocate
proteins across plant cells and these strains were
shown to be able to grow in planta in a TTSS-
dependent way (Clarke et al. 2010). Moreover,
group IIC strains can be found epiphytically on
plants across a wide range of environments and
hosts (Diallo et al. 2012b; Kniskern et al. 2010).
The precise function of this alternative type III
secretion system is not known, but it could
contribute to pathogenicity during this epiphytic
stage, playing a more subtle ecological role than
the canonical system, or may be used in an
entirely different way during interactions with
non-plant hosts. Of note is that this secondary
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system within group IIC does not appear to be as
finely regulated at a transcriptional level when
compared to the canonical system (Clarke et al.
2010). Lastly, some strains within groups III and
IV have been shown to harbor a second type III
secretion system within their genomes (O’Brien
et al. 2011). This system does not appear to be
involved in phytopathogenicity, and its true
function is not known.

3.5 Expansion of Host Range
Outside of Plants

Although the most widely studied aspects of P.
syringae evolution and ecology involve phyto-
pathogenesis, a growing body of work suggests
that certain members of this species can survive
and thrive in non-plant hosts (Stavrinides et al.
2009). Indeed, such interactions may be a criti-
cal aspect of environmental persistence and
could structure ecological relationships between
strains and species in previously unrecognized
ways. For instance, P. syringae is routinely
exposed to insects throughout the environment
and can be isolated from inside-surface-steril-
ized insects that have fed on plants (Stavrinides
et al. 2009). Insects are a prevalent part of the
life cycles for numerous plant pathogens, but the
potential for insects to act as vectors or hosts of
P. syringae has received comparatively little
attention (Nadarasah and Stavrinides 2011).
However, multiple strains possess a demon-
strated capacity to grow to high densities inside
of pea aphids (Acyrthosiphon pisum) and can be
deposited on new plants through excreted hon-
eydew. Intriguingly, strain-specific entomo-
pathogenicity has also been demonstrated, as
PsyB728a but not PtoDC3000 has the potential
to kill up to 95 % of aphids within 48 h of
infection (Stavrinides et al. 2009).

The ecological importance and relevance of
these interactions are currently unclear, but these
early results suggest fascinating directions for
future study. Firstly, hemipteran insects, like
aphids, are excellent candidates for bacterial
hosts/vectors because they feed on and excrete
carbohydrate-rich plant sap. They also

continually probe plant surfaces during feeding,
which increases the chance of encountering
epiphytic bacteria (Stavrinides et al. 2009).
However, it is currently unknown whether P.
syringae can successfully infect hemipteran
insects in addition to aphids. Also unknown is
the genetic and genomic basis of persistence
inside of insects and entomopathogenicity.
While Stavrinides et al. (2009) were able to
demonstrate that a functioning flagellum is
important for establishing insect infection, they
also ruled out contributions from all recogniz-
able entomotoxins within the genome sequence
compared to other insect pathogens. Given the
wealth of genomic information available for P.
syringae, a promising future research direction
could involve evolutionary and phylogenetic
comparisons of entomopathogenicity. Such
experiments could shed light on both the genetic
basis and evolutionary mechanisms enabling
insect killing. Are similar genes involved in
virulence on plants versus insects, or is insect
virulence a newly evolved trait? Do strains that
are able to make use of insect hosts have specific
adaptations associated with the phenotype?

P. syringae genomes also harbor multiple
independent pathways that mediate interactions
with fungi. Notably, many group II strains are
demonstrated producers of toxins like syringo-
mycin, and the bioassay for production of these
molecules involves suppression of growth of the
fungus Geotrichum candidum (Quigley and
Gross 1994; Scholz-Schroeder et al. 2001). This
toxin is assembled through an NRPS pathway
and also contributes to plant infection and to
disease symptom development. Another gene
present within many P. syringae isolates, phcA,
has been shown to induce a cell death response
in Neurospora crassa, but an ecological role for
this protein remains unclear (Wichmann et al.
2008). Lastly, most (if not all) P. syringae
genomes contain at least one type VI secretion
system (HSI-I) and associated effector mole-
cules, while strains PtoDC3000 and P. canna-
bina pv. alisalensis contain a second type VI
secretion system (HSI-II) (Records and Gross
2010; Sarris et al. 2010, 2013). Both HSI-I and
HSI-II enable P. syringae to outcompete fungi,
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but very little is known about how such path-
ways structure natural communities (Haapalai-
nen et al. 2012).

3.6 Competition with Other
Bacteria

Syringopeptin and HSI-II can also be used to
influence interactions between P. syringae and
other bacterial species (Haapalainen et al. 2012;
Scholz-Schroeder et al. 2001), and all isolates
likely contain additional pathways to produce
narrow spectrum antimicrobial compounds
termed bacteriocins. Bacteriocins can take a
variety of forms, but all are active only against
strains closely related to the producer. Readers
are directed to recent reviews (and references
therein) on bacteriocins produced by phyto-
pathogens, including P. syringae, for back-
ground on bacteriocin biology (Grinter et al.
2012; Holtsmark et al. 2008). In particular,
bacteriocin activity has been demonstrated
within multiple P. syringae isolates including
pathovars syringae, morsprunorum, glycinea,
phaseolicola, ciccaronei, and tomato (Barreteau
et al. 2009; Garrett et al. 1966; Ghequire et al.
2012; Lavermicocca et al. 1999; Vidaver et al.
1972). Additionally, various bacteriocins have
been predicted within the genomes of PsyB728a,
Pph1448A, PtoDC3000, and P. syringae pv.
aptata (Ghequire et al. 2012; Holtsmark et al.
2008; Parret and De Mot 2002).

Bacteriocins can influence the phyllosphere
community as well as plant disease in several
ways. Most directly, they could promote disease
by providing potential pathogens with an epi-
phytic advantage by preferentially excluding
closely related strains [which are likely to
occupy a similar or identical niche (Wilson and
Lindow 1994)]. Conversely, nonpathogenic
strains could be used to reduce plant disease
through preferential exclusion of pathogens.
Indeed, Lavermicocca et al. (2002) found that
application of a currently undetermined bacte-
riocin from P. syringae pv. ciccaronei reduced
olive knot disease caused by P. savastanoi
(Lavermicocca et al. 2002). Additionally,

Garrett et al. (1966) found a general trend where
P. syringae isolates recovered from citrus tended
to produce bacteriocins active against isolates
recovered from pear and vice versa. Whether
such a pattern is common, is the result of long-
term evolutionary forces, or is stochastic will
require further research.

In addition to their direct killing effect, bac-
teriocins may influence the ecology of P.
syringae by targeting receptors important for
nutrient uptake, like TonB-dependent sidero-
phore receptors (Davies and Reeves 1975;
Denayer et al. 2007). Indeed, selection for bac-
teriocin resistance negatively affected the ability
of Erwinia chrysanthemi (Dickeya dadantii) to
cause soft rot in Saintpaulia plants, with a cor-
related loss of low-iron-induced outer membrane
proteins (Expert and Toussaint 1985). In this
way, bacteriocins could influence evolutionary
patterns across P. syringae genomes, by directly
altering selective pressures on targets like sid-
erophore uptake receptors. While, to our
knowledge, there are currently no receptors
described as mediating bacteriocin sensitivity in
P. syringae, identification of such receptors will
significantly aid in understanding the influences
of bacteriocins on P. syringae ecology.

3.7 Survival in the Environment

Pseudomonas syringae strains can survive epi-
phytically on the outside of plant leaves and can
be isolated from environmental sites such as leaf
litter, rivers, lakes, snowpack, and even from
clouds (Morris et al. 2008, 2010). While some
genetic factors that facilitate survival across such
diverse habitats have been well studied [i.e., UV
resistance (Kim and Sundin 2000; Zhang and
Sundin 2004)], whole-genome analyses and
intense sampling schemes have only raised
additional ecological questions about persistence
of P. syringae outside of disease-causing infec-
tions. Indeed, each genome contains many ECF
sigma factors, regulatory targets of which are
unknown, that appear to be dispensable for phy-
topathogenesis but could enable environmental
survival (Oguiza et al. 2005; Thakur et al. 2013).
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Although epiphytic and apoplastic popula-
tions of P. syringae experience very different
environments, the type III secretion system and
associated effectors appear to play critical roles
in epiphytic survival. Recent work by Yu et al.
(2013) has begun to illuminate the traits har-
bored by P. syringae that contribute to both
epiphytic and apoplastic fitness, as well as those
traits that appear to be utilized in only one of the
two environments. Confirming previous research
that showed that motility was an important epi-
phytic trait, genes encoding flagellar compo-
nents, chemosensory and chemotaxis proteins,
rhlA, which encodes, and enzyme that produces
3-(3-hydroxyalkanouloxy) alkanoic acid (HAA),
a swarming motility-enabling surfactant (Burch
et al. 2012), were upregulated in the epiphytic
environment compared to the apoplastic envi-
ronment. Taken together, the data suggest that
motility is important for the epiphytic coloni-
zation, but does not play a prominent role in
apoplastic colonization [with the caveat that
motility aids in initial invasion (Hattermann and
Ries 1989; Panopoulos and Schroth 1974)].
Supporting the idea that group II strains have
transitioned from relying on diverse TTEs to
phytotoxins as mediators of virulence, secondary
metabolites, including many NRPSs and PKSs,
were all more highly expressed apoplastically
than epiphytically. Interestingly, genes associ-
ated with mobile elements (prophage, insertion
sequences, and transposases) were also more
highly expressed within the apoplast than on the
leaf surface. This finding correlates with recent
findings in Pph1448A, where a genomic island
(PPHGI-1) readily transferred between strains
co-infiltrated into bean leaves, but did not
readily transfer between strains co-inoculated
into culture media (Lovell et al. 2009). Taken
together with the knowledge that horizontal gene
transfer has significantly contributed to evolu-
tion across P. syringae isolates, these results
might suggest that gene transfer readily occurs
between bacteria co-colonizing a leaf apoplast.
As might be expected, metabolism was also
influenced by association with the plant host.
Pathways involved in the uptake and catabolism
of GABA, phenylalanine, as well as other amino

acids and sugars were induced in planta com-
pared to basal conditions (Yu et al. 2013). Some
pathways were more highly induced in the
apoplast (GABA), while others were more
highly induced epiphytically (phenylalanine).
Perhaps one of the most dominant environmen-
tal forces inside and outside of leaves is water
limitation, a trend which stands out in both
phenotypic assays and transcriptome studies, but
very little is known across strains about survival
under water stress. While there is now a wealth
of data regarding expression patterns in two
important plant environments (the leaf surface
and leaf interior), it will be interesting to com-
pare such patterns across strains as well as plant
hosts to determine which expression profiles are
largely conserved or are more specific to a par-
ticular strain or plant host. For instance, are traits
that are generally conserved across P. syringae
pathovars equally conserved in their regulation?

A phenotype often associated with virulence
and success in plants, the ability to attach to and
aggregate on surfaces, is also required for P.
syringae’s success in epiphytic and environ-
mental habitats (Hirano and Upper 2000).
Attachment and aggregation on surfaces not
only prevent cells from being physically
removed from a surface (i.e., being washed
away), but also help P. syringae resist a variety
of environmental stresses such as desiccation,
exposure to UV light and reactive oxygen spe-
cies, and competition from other microbes.
However, the ability to aggregate on leaf sur-
faces is not required for in planta virulence and
all strains are not equally proficient at forming
environmental aggregations (Hirano and Upper
2000; Lindow et al. 1993).

Exactly how P. syringae attaches to surfaces
is not well understood across strains, but can
involve the secretion of extracellular polymeric
substances (EPS) to form aggregations or bio-
films (Hirano and Upper 2000; Laue 2006;
Lindeberg et al. 2008). A variety of polymers
have been proposed to be important in P. sy-
ringae biofilm formation. Epiphytic fitness has
been best linked to production of the polysac-
charide alginate (Laue 2006; Quiñones et al.
2005), the production of which is upregulated in
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epiphytic populations compared to apoplastic
populations within strain PsyB728a (Yu et al.
2013), although other polysaccharides such as
levan or cellulose may also be important (Laue
2006; Lindeberg et al. 2008; Ude et al. 2006).

A major problem with uncovering the geno-
mic basis for surface aggregation in P. syringae
is that many of the genes likely to be involved
are widespread and conserved across strains.
However, although regulation of EPS pathways
seems to be tied to quorum sensing and cell
density (Quiñones et al. 2005), differences in
expression levels of pathways involved in bac-
terial aggregation may ultimately underlie phe-
notypic differences. For instance, while
PtoDC3000 and the notable biofilm-forming
human pathogen P. aeruginosa both possess full
operons for cellulose production, they differ in
regulatory genes for the operon (Lindeberg et al.
2008). Possibly, pairing transcriptome analyses
with genomic analyses will help to identify
adaptations useful in surface aggregation. This
approach would be particularly useful when
compared across strains that vary in environ-
mental niches. Another area that remains rela-
tively unexplored is the formation of
aggregations on other environmental surfaces
besides plant leaves. Environmentally isolated
P. syringae strains have been found to use cel-
lulose as a biofilm matrix (Ude et al. 2006), but
it is not known whether they also use polysac-
charides produced on leaves and how the pro-
duction of these compounds may be regulated in
diverse environments.

3.8 Dispersal

Global dispersal of P. syringae is thought to be
intricately linked to the water cycle, where long-
distance transfer takes place by cells or aggre-
gations of bacteria being swept up into clouds
and transported by meteorological forces (Mor-
ris et al. 2008). One of the most important
pathways contributing to this dispersal process
for many plant-associated bacteria is ice nucle-
ation proteins (Morris et al. 2010). However,
there is substantial variability in the protein

composition and nucleation properties of ice
crystals across strains, with some isolates like
Pph1448a lacking production capabilities due to
disruption by insertion elements. Moreover,
some strains like PtoDC3000 display ice
nucleation capabilities even though they lack
inaZ (Feil et al. 2005; Hwang et al. 2005; Joar-
dar et al. 2005).

Some pathovars of P. syringae may rely more
heavily on seed-borne rather than environmental
dispersal, and it is currently unknown how such
ecological changes manifest at the level of the
genome. For example, pathovar phaseolicola is
readily dispersed through seeds and has a sub-
stantially smaller nutritional range than other
strains like P. syringae pv. syringae B728a or
pv. tomato DC3000 (Arnold et al. 2011; Rico
and Preston 2008). These changes could be the
product of selection for mutational deterioration
of unused molecular pathways, but may also
reflect differences in population size and genetic
drift. Although just a correlation at this point,
such changes in addition to the disruption of
inaZ could explain why subclades within group
III strains in particular appear to be under-sam-
pled when it comes to environmental reservoirs
of P. syringae (Morris et al. 2008, 2010). Also
unclear are specific virulence factors that enable
strains to facilitate seed dispersal.

That iron limitation is a strong selective force
for environmental pseudomonad populations is
reflected in the diverse array of siderophores that
have evolved to scavenge this scarce element.
Most P. syringae isolates studied to date have
the genetic capability to produce two, if not
more, high-affinity iron uptake systems (see
below). The most widely studied siderophore
produced by P. syringae is pyoverdine
(Fig. 3.2), which is encoded by a NRPS pathway
and imparts the characteristic fluorescence to
strains of this species as well as related ‘‘fluo-
rescent’’ pseudomonads (Visca et al. 2007). This
class of siderophores has been studied for sev-
eral decades, largely in Pseudomonas aerugin-
osa, where much has been learned with regard to
the genetics, genomics, and biochemistry of
pyoverdine production and transport [reviewed
in Budzikiewicz (2004), Gross and Loper
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(2009), Meyer (2000), Visca et al. (2007)].
Interestingly, although three structurally differ-
ent pyoverdines are produced among different
strains of P. aeruginosa (Cornelis et al. 1989),
which is mirrored by allelic diversity in the
genes responsible for pyoverdine synthesis and
uptake (Bodilis et al. 2009; Smith et al. 2005;
Spencer et al. 2003), pyoverdines produced by
different strains of P. syringae are largely iden-
tical (Bultreys and Gheysen 2000; Bultreys et al.
2001, 2003; Jülich et al. 2001). These observa-
tions suggest that while pyoverdine synthesis
and uptake are under diversifying selection in P.
aeruginosa, such selection does not occur in P.
syringae. The difference in selection pressure
between these two species is likely a result of
differences between their ecologies.

While pyoverdine produced across P. syrin-
gae pathovars is identical (or nearly so), and
presumably the underlying genetics governing

synthesis, export, and import is highly similar,
the regulation of pyoverdine production and
perception may differ between pathovars (see
Fig. 3.1 for example). For instance, evidence
suggests that production of pyoverdine and
achromobactin in P. syringae pv. syringae 22d/
93 was much more sensitive to culture condi-
tions (presumably oxygen availability) than P.
syringae pv. glycinea 1a/96 (Wensing et al.
2010). Indeed, the one clear example of pyov-
erdine playing a role in virulence toward its host
comes from pv. tabaci, where production of
pyoverdine was shown to play a signaling role
(Taguchi et al. 2010). Taguchi et al. (2010)
demonstrated that disruption of pyoverdine
production influenced the regulation of EPS
production, surfactant production, swarming
motility, AHL production, antibiotic resistance,
and tabtoxin production. Presumably, this global
regulatory role of pyoverdine production is not

Fig. 3.2 Diverse colony morphologies and fluorescent
pigment (pyoverdine) production across Pseudomonas
syringae pathovars. Five microliters of overnight KB
broth cultures was inoculated onto solid KB medium and
incubated at room temperature for 48 h. Pictures of plates
were taken without (top panels) or with UV illumination
(bottom panels). MLST group I strains: Pan (pv.
actinidiae), Pmp (pv. morsprunorum), Pto DC3 K (pv.
tomato DC3000), Pla 106 (pv. lachrymans 106), and Pto
T1 (pv. tomato T1); MLST group II strains: Psy B728a

(pv. syringae B728a), Pac (pv. aceris), Cit7 (P. syringae
Cit7), B48 (P. syringae B48), B15 (P. syringae B15), Ptt
(pv. aptata), Ppi 1704 (pv. pisi), FF5 (pv. syringae FF5),
1212 (pv. syringae 1212), Pja (pv. japonica), and A2 (pv.
syringae A2); MLST group III strains: Pmo (pv. mori),
Pph 1448A (pv. phaseolicola 1448A), Pgy (pv. glyci-
nea), Pla 107 (pv. lachrymans 107), Pta (pv. tabaci), and
Pae (pv. aesculi); MLST group V Pcal (pv. alisalensis,
but also known as P. syringae pv. maculicola ES4326),
MLST group IV Por (pv. oryzae)
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generally conserved among all pathovars, or one
would expect similar results to be observed by
Jones and Wildermuth (2011).

P. syringae isolates may also contain one or
several non-NRPS-derived siderophores includ-
ing achromobactin (pv. actinidiae, pv. syringae,
and pv. phaseolicola), yersiniabactin (pv.
tomato, pv. actinidiae, and pv. phaseolicola),
haemin (pv. actinidiae), enterobactin (pv. ac-
tinidiae and pv. aesculi), and citrate (Berti and
Thomas 2009; Buell et al. 2003; Green et al.
2010; Jones and Wildermuth 2011; Owen and
Ackerley 2011; Scortichini et al. 2012; Wensing
et al. 2010). In addition to siderophore predic-
tion from whole-genome analyses, yersiniabac-
tin has either been detected directly using HPLC
or is predicted to be encoded in several patho-
vars belonging to genomospecies 2, 3, 7, and 8
(Bultreys et al. 2001). The diversity of non-py-
overdine siderophores produced across P. sy-
ringae pathovars may be evolutionarily
analogous to the diversity of pyoverdines pro-
duced across P. aeruginosa isolates.

In addition to receptors mediating uptake of
endogenously produced siderophores, strains of
P. syringae encode numerous receptors pre-
dicted to import non-native siderophores
(Cornelis and Bodilis 2009; Cornelis and Mat-
thijs 2002). Comparison of PtoDC3000,
Pph1448A, and PsyB728a indicated that they
share a common core set of 13 TonB-dependent
uptake receptors, but collectively encode 29
such receptors. While cognate siderophores that
interact with these receptors are largely
unknown, it is tempting to speculate that this
diversity is linked to each organism’s distinct
ecology.

Siderophores have been demonstrated to play
a role in epiphytic fitness, where they likely
function to aid P. syringae in acquiring other-
wise unavailable iron (Karamanoli et al. 2011;
Wensing et al. 2010). Indeed, whole-cell bio-
sensors employed by Joyner and Lindow indi-
cated that, like many nutrients, biologically
available iron is heterogeneously distributed
over a bean leaf surface (Joyner and Lindow
2000). Additionally, plants that harbor greater
amounts of leaf surface polyphenolics (including

tannin, an iron chelator) induced greater pro-
duction of pyoverdine in PsyB728a, as well as
inhibited growth of an isogenic mutant unable to
produce pyoverdine, than plants with lower
levels of leaf surface polyphenolics (Karamanoli
et al. 2011). In contrast to P. aeruginosa, where
siderophore production contributes to virulence
(Meyer et al. 1996; Takase et al. 2000), sidero-
phore production by P. syringae appears to be
largely dispensable for infection of plant hosts
(Cody and Gross 1987; Jones and Wildermuth
2011; Owen and Ackerley 2011). This is likely a
result of sufficient available iron within the leaf
interior [see references cited in (Jones and
Wildermuth 2011)]. Indeed, recent transcrip-
tomic work in PsyB728a found that iron acqui-
sition systems were largely uninduced in the
plant apoplast when compared with an iron-
limiting medium (Yu et al. 2013). While no
work has directly addressed the role of sidero-
phores in the life history of P. syringae beyond
the phyllosphere, presumably these high-affinity
iron uptake systems are important for these
stages of its life cycle. Moreover, it may be that
the alternate siderophores produced across
pathovars are uniquely adaptive to each strain’s
particular life cycle. Clearly, more experimental
and comparative research is required to under-
stand the adaptive basis for the diversity of
alternate (non-pyoverdine) siderophores enco-
ded by P. syringae pathovars.

While siderophores, and their associated
uptake systems, are well understood for their
role in acquiring scarce iron (and potentially
other limiting metals) from the environment, one
aspect of siderophore receptors that is com-
pletely unstudied is their role as receptors
mediating phage and bacteriocin sensitivity.
Similar to bacteriocins described above, phage–
P. syringae interaction is likely to be an area
where dedicated research is likely to improve
our understanding of diversity-generating pro-
cesses. Several prophage regions have been
predicted in all of the fully sequenced P. syrin-
gae strains, though whether any of these regions
is active (i.e., gives rise to an infective phage) is
currently unreported in the literature. Previous
research has indicated that some P. syringae
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strains harbor active prophage (Garrett and
Crosse 1963; Minor et al. 1996; Nordeen et al.
1983; Prior et al. 2007; Sato 1983), but the lack
of genome sequences for these strains and pro-
phage limits understanding of the underlying
biology. It is tempting to speculate that P. sy-
ringae–phage interactions may be important in
several ways given the recent results indicating
that genes encoded in a prophage region of
PsyB728a are induced under environmentally
relevant conditions (Hockett et al. 2013; Yu
et al. 2013). Additionally, recent work has
demonstrated that there is an abundance of
infective phage that can be isolated from the
interior of horse chestnut leaves, which can
replicate on P. syringae hosts (Koskella et al.
2011). Future research should aid in answering
questions about the possible role(s) of phages in
affecting the ecology and evolution of P. syrin-
gae. For instance, are phages important con-
tributors to genetic exchange among P. syringae
pathovars, similar to plasmids?

3.9 Concluding Remarks

The plummeting cost of DNA sequencing has
enabled an explosion of genomic data for P.
syringae strains and related species. While these
sequences have provided numerous insights into
the mechanisms of pathogenicity and environ-
mental persistence for a handful of strains,
ecological dynamics and mechanisms of sur-
vival outside of plant hosts remain a black box
for the species as a whole. Moreover, it is far too
easy to fall into treating P. syringae strains
monolithically and assume what is true for one
strain is true for all. In reality, vast phenotypic
diversity exists across this species and ecologi-
cal interactions could dramatically differ even
for close relatives. While realization of these
differences can enable more thorough ecological
explorations, genomic-scale comparisons must
be matched by greater sampling of strains out-
side of plant hosts and experimental tests of
phenotypes to understand what traits are critical
for environmental survival, persistence, and
dispersal. Each lineage of P. syringae exhibits a

highly complex evolutionary trajectory where
selection acts on survival inside and outside of
plant hosts and only incorporation of lineage-
specific ecologies and appreciation of differ-
ences between strains can enable a complete
understanding of genomic patterns and evolu-
tionary dynamics across this species.
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4Pseudomonas syringae Genomics: From
Comparative Genomics of Individual
Crop Pathogen Strains Toward
Population Genomics

Boris A. Vinatzer and Caroline L. Monteil

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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H, Prosser F, Pus�cas� M, Ronikier M, Scheuerer M,
Schneeweiss GM, Schönswetter P, Schratt-Ehrendor-
fer L, Schüpfer F, Selvaggi A, Steinmann K, Thiel-

Egenter C, van Loo M, Winkler M, Wohlgemuth T,
Wraber T, Gugerli F, IntraBioDiv C (2012) Genetic
diversity in widespread species is not congruent with
species richness in alpine plant communities. Ecol
Lett 15(12):1439–1448. doi:10.1111/ele.12004

Vezzulli L, Pruzzo C, Huq A, Colwell RR (2010)
Environmental reservoirs of Vibrio cholerae and their
role in cholera. Environ Microbiol Rep 2(1):27–33.
doi:10.1111/j.1758-2229.2009.00128.x

Wasukira A, Tayebwa J, Thwaites R, Paszkiewicz K,
Aritua V, Kubiriba J, Smith J, Grant M, Studholme
DJ (2013) Genome-wide sequencing reveals two
major sub-lineages in the genetically monomorphic
pathogen Xanthomonas campestris pv. musacearum.
Genes. doi:10.3390/genes3030361

Wei C-F, Kvitko BH, Shimizu R, Crabill E, Alfano JR,
Lin N-C, Martin GB, Huang H-C, Collmer A (2007)
A Pseudomonas syringae pv. tomato DC3000 mutant
lacking the type III effector HopQ1-1 is able to cause
disease in the model plant Nicotiana benthamiana.
Plant J 51(1):32–46. doi:10.1111/j.1365-313X.2007.
03126.x

Xu X, Miller SA (2013) First report of bacterial leaf spot
of parsley caused by Pseudomonas syringae pv.
coriandricola in Ohio. Plant Dis 97(7):988. doi:10.
1094/pdis-12-12-1181-pdn

Yan S, Liu H, Mohr TJ, Jenrette J, Chiodini R,
Zaccardelli M, Setubal JC, Vinatzer BA (2008) Role
of recombination in the evolution of the model plant
pathogen Pseudomonas syringae pv. tomato DC3000,
a very atypical tomato strain. Appl Environ Microbiol
74(10):3171–3181. doi:10.1128/aem.00180-08

Young BC, Golubchik T, Batty EM, Fung R, Larner-
Svensson H, Votintseva AA, Miller RR, Godwin H,
Knox K, Everitt RG, Iqbal Z, Rimmer AJ, Cule M, Ip
CLC, Didelot X, Harding RM, Donnelly P, Peto TE,
Crook DW, Bowden R, Wilson DJ (2012) Evolution-
ary dynamics of Staphylococcus aureus during pro-
gression from carriage to disease. Proc Natl Acad Sci
USA 109(12):4550–4555. doi:10.1073/pnas.
1113219109

Young JM, Park DC, Shearman HM, Fargier E (2008) A
multilocus sequence analysis of the genus Xantho-
monas. Syst Appl Microbiol 31(5):366–377. doi:10.
1016/j.syapm.2008.06.004

Zhou Z, McCann A, Litrup E, Murphy R, Cormican M,
Fanning S, Brown D, Guttman DS, Brisse S, Achtman
M (2013) Neutral genomic microevolution of a
recently emerged pathogen, Salmonella enterica
serovar Agona. PLoS Genet 9(4):e1003471. doi:10.
1371/journal.pgen.1003471

98 B. A. Vinatzer and C. L. Monteil

http://dx.doi.org/10.1111/mec.12162
http://dx.doi.org/10.1111/mec.12162
http://dx.doi.org/10.1093/jpe/rtn012
http://dx.doi.org/10.1073/pnas.90.10.4384
http://dx.doi.org/10.1111/j.1469-8137.2011.03950.x
http://dx.doi.org/10.1111/j.1469-8137.2011.03950.x
http://dx.doi.org/10.1146/annurev.phyto.010708.154114
http://dx.doi.org/10.1146/annurev.phyto.010708.154114
http://dx.doi.org/10.1105/tpc.105.037648
http://dx.doi.org/10.1111/ele.12004
http://dx.doi.org/10.1111/j.1758-2229.2009.00128.x
http://dx.doi.org/10.3390/genes3030361
http://dx.doi.org/10.1111/j.1365-313X.2007.03126.x
http://dx.doi.org/10.1111/j.1365-313X.2007.03126.x
http://dx.doi.org/10.1094/pdis-12-12-1181-pdn
http://dx.doi.org/10.1094/pdis-12-12-1181-pdn
http://dx.doi.org/10.1128/aem.00180-08
http://dx.doi.org/10.1073/pnas.1113219109
http://dx.doi.org/10.1073/pnas.1113219109
http://dx.doi.org/10.1016/j.syapm.2008.06.004
http://dx.doi.org/10.1016/j.syapm.2008.06.004
http://dx.doi.org/10.1371/journal.pgen.1003471
http://dx.doi.org/10.1371/journal.pgen.1003471


5Genetics and Functional Genomics
of the Pseudomonas fluorescens Group

Sarah Craven Seaton and Mark W. Silby

5.1 Introduction

5.1.1 General Characteristics

The fluorescent pseudomonads are of tremen-
dous interest in diverse areas including patho-
genicity, food spoilage, bioremediation, and
biological control. In particular, members of the
Pseudomonas fluorescens group are ubiquitous,
environmental saprophytes that are found in soil,
foliage, freshwater, and seawater (Cornelis
2008). Because most P. fluorescens strains are
psychrotrophic, unable to grow at temperatures
above 32 �C, generally the species is considered
to pose no health threat; however, in rare cases,
P. fluorescens has been linked to disease
(Gershman et al. 2008; Hsueh et al. 1998).

Members of the P. fluorescens group are
Gram-negative rod-shaped chemoheterotrophs
that are motile by means of polar flagella and
belong to the c subclass of proteobacteria. They
have simple nutritional requirements and can
utilize an array of small organic molecules as

sources of carbon and energy (Palleroni 1984).
P. fluorescens strains are strictly respiratory;
however, some can utilize nitrate as an electron
acceptor in place of O2, and all strains can use
nitrate as a nitrogen source. P. fluorescens
strains produce and secrete siderophores to
scavenge iron when in iron-deplete environ-
ments, the major example of which is pyover-
dine, the yellow–green fluorescent pigment
lending these organisms the characteristic fluo-
rescence for which they are named.

The ubiquity of members of the P. fluores-
cens group in various environments (up to 106 in
a gram of soil) is, in part, a consequence of the
simple nutritional requirements of the organ-
isms, the range of carbon sources they utilize, as
well as their genetic and metabolic adaptability.
Soil-dwelling P. fluorescens are distributed
throughout the world and have evolved the
metabolic capacity to subsist on or degrade an
array of plant-derived phenolics. Thus, the spe-
cies in this group contribute greatly to the
turnover of organic matter and to global carbon
cycles. Such inherent metabolic diversity has
also been exploited for biodegradation of natural
and xenobiotic pollutants including styrene
(Baggi et al. 1983; Beltrametti et al. 1997),
naphthalene and other polycyclic aromatic
hydrocarbons (Chauhan et al. 2008; Foght and
Westlake 1996), and chlorinated hydrocarbons
(Vandenbergh and Kunka 1988), among others.
Genetic and genomic tools continue to be
applied to deciphering the mechanisms under-
lying these metabolic capabilities, with a view to
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development of improved bioproducts which
can be deployed to remediate contaminated
environments.

The relationship between bacteria and the
plants and soil they inhabit is well known, but on
a functional level, it is still poorly understood.
Many pseudomonads live in a commensal rela-
tionship with plants, utilizing plant-exuded
nutrients and occupying sites provided by the
architecture of the plant. Such commensal spe-
cies, in turn, can have profound effects on plant
health by suppressing phytopathogens, enhanc-
ing local access to nutrients, degrading envi-
ronmental pollutants, or inducing systemic
resistance in the plant host. Of particular interest
is the capacity of Pseudomonas spp. to produce a
variety of bioactive secondary metabolites,
including antibiotics that thwart plant pathogens
and hormones which promote plant growth.
While the genetics underlying some of these
metabolic processes is well established, big
questions remain. The advent of genomic
approaches leveraging sequence and expression
data has begun to reveal the complexity and
details of processes required for interactions of
P. fluorescens with its environment. Further-
more, genome comparisons and genome mining
approaches have identified new features which
are likely critical to the success of these organ-
isms, but had remained undetected using other
approaches. Genetic and functional genomic
analysis of P. fluorescens living in natural
environments is giving us new insight into the
way of life of these bacteria outside of the
laboratory.

5.1.1.1 Taxonomy
The genus Pseudomonas is large and diverse,
currently comprised of more than 200 named
species that are phenotypically and genotypi-
cally well defined. The genus was first described
by Migula (1894), based almost exclusively on
the morphological characteristics of its members
and thus for many years served as a repository
for any number of Gram-negative, aerobic non-
sporulating rods with polar flagella, despite the
fact that such characteristics are shared by

bacterial genera that are only distantly related
from a phylogenetic standpoint. The taxonomy
of the genus has aptly been described as
tumultuous, and one estimate suggests that in the
first decades of the twentieth century, the num-
ber of named species approached the one thou-
sand mark (Cornelis 2008). Increasingly
sensitive methods in molecular taxonomy have
redistributed many of the former Pseudomonas
species into other genera, while species desig-
nations continue to see reorganization.

In particular, heterogeneity within the P. flu-
orescens species has long been a topic for
investigation. In the 1960s, Stanier et al. (1966)
first introduced the division of P. fluorescens
into five distinct biovars, defined by exhaustive
phenotypic characterization. However, even this
early delineation was described by Stanier as
tenuous, highlighting the poor cohesion within
the fluorescens complex. Sensitive methods that
rely on DNA sequence comparisons, alone or in
addition to phenotypic characterization, provide
a clearer, but continually evolving portrait of
P. fluorescens phylogeny. Classification based
on 16S rRNA gene sequence permits the
ascription of an organism to the Pseudomonas
genus, but provides little resolution at the spe-
cies level. Polyphasic investigations that assign
phylogeny based on the sequence of multiple
genes (for example, 16S rRNA, gyrB, rpoB, and
rpoD) provide better resolution, but the genes
chosen for analysis impact the final result.
Recent reports relying on multilocus sequence
typing divide the P. fluorescens complex into
nine distinct subgroups (Mulet et al. 2012).

5.1.1.2 Phylogenomics
Whole-genome sequences allow for a compre-
hensive appraisal of relationships and unequiv-
ocal assignments into groups based on overall
relationships. This can be based on the average
nucleotide identity (ANI), average amino acid
identity (AAI) among the predicted proteins of
conserved genes, or a phylogenomic approach
which builds phylogenetic trees based on simi-
larity of all genes rather than just a handful as in
MLST. The availability of complete genome
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sequence information for members of the P. flu-
orescens complex has led to the reorganization
of the P. fluorescens into a group comprised of
several species. Initial comparative genomic
analysis of the first three complete P. fluorescens
genome sequences (Pf0-1, SBW25, and Pf-5)
highlighted a large number of strain-specific
genes (Silby et al. 2009), suggesting that the
sequenced strains belong to a complex rather
than to a single species. In addition, the AAI
scores between the three strains were well below
what has been deemed the cutoff in terms of
defining a species. This genomic analysis clearly
showed that the three P. fluorescens strains were
more closely related to each other than to other
species in the genus, but not close enough to
each other to meet current AAI-based definition
of a species. Even with the benefit of phyloge-
nomic analysis, the estimation of the structure of
the P. fluorescens group is highly dependent on
the number and identity of the strains included.
Loper et al. (2012) suggested three main clades

from analysis of 10 strains (Loper et al. 2012),
while a more recent phylogenomic appraisal of
50 strains yielded five subgroups (Redondo-
Nieto et al. 2013). The genomic variation among
the P. fluorescens group means that new species
(e.g., Pseudomonas protegens) are frequently
introduced, leading to a state of flux with regard
to the number of species in any given subgroup.
What continues to be apparent is the consider-
able diversity and the ongoing need to clarify the
taxonomy of this complex. For researchers who
isolate putative new members of the group, it
may not be clear how to determine their relative
phylogenetic position, given that some of the
recent analyses utilize whole-genome phyloge-
nies. Such a method is not always available to
laboratories which do not routinely carry out
bioinformatic analyses. A simpler and more
accessible procedure is to generate a tree using
housekeeping genes. Figure 5.1 shows a phylo-
genetic tree which was generated from concat-
enation of four housekeeping genes (rpoD, gltA,

P. protegens CHAO

P. protegens Pf-5 

P. fluorescens NZI7

P. chlororaphis 30-84 

P. chlororaphis O6 

P. fluorescens A506 

P. fluorescens SS101 

P. synxantha BG33R 

P. fluorescens SBW25 

P. fluorescens WH6

P. brassicacearum NFM21

P. fluorescens F113

P. brassicacearum Q8r1-96 

P. fluorescens Q2-87 

P. fluorescens NCIMB11764 

P. fluorescens Pf0-1 

P. fluorescens R124 

E. coli

0.08 

Fig. 5.1 Phylogenetic tree
depicting the relationships
of sequenced members of
the Pseudomonas
fluorescens group. The
neighbor-joining tree is
built based on
concatenated alignments of
four housekeeping genes,
using Geneious Tree
Builder with default
parameters (Geneious
version 6.1.6): rpoD, gyrB,
gltA, and gapA, with
E. coli as the out-group.
Boxed regions indicate the
four subgroups as defined
by whole-genome
phylogenetic analysis
described by Marchi et al.
(2013)
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gyrB, and gapA). The topology is consistent with
that generated by Marchi et al. (2013) using the
core genome (Marchi et al. 2013), indicating that
new isolates can be placed into the phylogeny
based on housekeeping genes with a relatively
high degree of confidence. In this chapter, we
will discuss multiple species within the ‘‘Pseu-
domonas fluorescens complex’’ including the
recently renamed P. protegens Pf-5 and mem-
bers of the closely related P. brassicacearum,
P. synxantha, and P. chlororaphis. We addi-
tionally recognize that restructuring of the
P. fluorescens complex is ongoing and anticipate
that many of the current species designations
may change as whole-genome sequences
become available.

5.2 P. fluorescens Genomes

5.2.1 Genome Organization

The genetic repertoire within the P. fluorescens
complex reflects the diverse lifestyles of these
ubiquitous bacteria. Colonization of diverse
habitats, from soil and water to plant and animal
hosts, correlates with the ability to exploit many
different nutrition sources and a high potential
for adaptation to new and changing environ-
mental conditions. Such versatility necessitates
the maintenance of relatively large genomes,
ranging from 5.51 Mbp to over 7 Mbp, in the
sequenced strains, each with approximately
6,000 CDSs (Table 5.1).

Given the broad range of isolates in the
P. fluorescens group, it is not surprising that
there is considerable variability in the genome
content (discussed below). An additional strik-
ing feature of the genomes is the overall orga-
nization of genes, at the level of individual genes
and on a genome-wide scale. Several functional
genomics studies have indicated that in at least
two strains of P. fluorescens as well as Pseu-
domonas putida, divergent overlapping sense/
antisense pairs of genes may be common fea-
tures (Fernandez et al. 2013; Silby et al. 2009;
Silby and Levy 2008). These were identified by

IVET screening (see below), taking advantage of
the non-biased nature of the method in terms of
sequences that can be identified. Studies in some
other species also indicate that these may be
normal genomic features, but functional studies
are somewhat limited. In SBW25, at least 42 of
these ‘‘antisense’’ genes are activated during
growth on plant surfaces (Gal et al. 2003; Rai-
ney and Preston 2000; Silby et al. 2009). The
presence of these in Pf0-1 and SBW25 suggests
that similar organization occurs in other P. fluo-
rescens genomes, although this has yet to be
demonstrated. Something as seemingly simple
as estimating the number of genes in a bacterial
genome has turned out to be far more chal-
lenging than expected in the early days of
microbial genomics.

When examined as a whole, two interesting
and possibly related features of P. fluorescens
genomes are apparent. At least two studies,
comparing different isolates, have shown that the
genomes of P. fluorescens can be considered in
two major regions. Around the origin of repli-
cation, there is a relatively high degree of syn-
teny among isolates. In contrast, toward the
replication terminus, synteny drops dramati-
cally. The genomes appear compartmentalized.
Most of the conserved (core) genes in strains in
the P. fluorescens group are found in the two-
thirds of the genome flanking the origin. In
contrast, there is relatively low conservation in
the one-third of the genome around the replica-
tion terminus (Loper et al. 2012; Silby et al.
2009) (Fig. 5.2). In this region, there are many
strain-specific genes, suggesting the possibility
of a mechanism by which strain-specific genes
are concentrated in this area. Such strain-specific
genes may represent flexible genome content in
the group, which confers niche-specific capa-
bilities on isolates from different environments.

A second feature of the genomes of P. fluo-
rescens is apparent extensive rearrangement by
reciprocal recombination around the replication
terminus (Fig. 5.2). This has been observed in
comparisons among P. fluorescens Pf0-1 and
SBW25 and P. protegens Pf-5 (Silby et al. 2009)
and when Pf0-1 was compared with P. fluorescens
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F113 and P. brassicacearum NFM421 (Redondo-
Nieto et al. 2013). The mechanism underlying the
recombination has not been determined. Exami-
nation of Pf0-1, SBW25, and Pf-5 genomes did
not reveal any significant homology correlated
with regions which had been translocated, indi-
cating that recA-dependent homologous recom-
bination is unlikely to be responsible. The
functional significance, if any, also remains
unknown.

5.2.1.1 Core and Pan-Genome
As of July 15, 2013, the NCBI hosts details of
four completely sequenced and closed P. fluo-
rescens genomes (Table 5.1: Pf0-1, SBW25,
F113, and A506), along with sequence data for
nearly 20 other P. fluorescens draft genomes
which are assembled into more than one contig.
When considering the broader P. fluorescens
group, the depth of sequence data becomes far
more pronounced, including fully sequenced

Table 5.1 Features of selected strains of the Pseudomonas fluorescens group

Strain Source Chromosome
size (Mbp)

G + C
(%)

Protein-coding
sequences (CDSs)

P. fluorescens

Pf0-1 Agricultural loam soil,
Massachusetts, USA

6.44 60.5 5,722

SBW25 Sugar beet phyllosphere,
Oxfordshire, UK

6.72 60.5 5,921

A506 Pear phyllosphere, California,
USA

6.02 59.9 5,334

F113 Sugar beet rhizosphere, Ireland 6.85 60.8 5,862

WH6 Grass rhizosphere, Oregon,
USA

6.27 60.6 5,860

SS101 Wheat rhizosphere, the
Netherlands

6.18 60.0 5,372

R124 Cave isolate 6.30 60.3 5,224

Q2-87 Wheat rhizosphere,
Washington, USA

6.37 60.6 5,596

NCIMB11764 Enrichment from River Tees
sediment, UK

7.02 59.0 6,416

P. protegens

Pf-5 Soil, Texas, USA 7.07 63.3 6,108

CHAO Tobacco rhizosphere, Morens,
Switzerland

6.84 60.8 6,095

P. brassicacearum

NFM421 Arabidopsis rhizosphere,
Australia

6.84 60.8 6,095

Q8r1-96a Wheat rhizosphere,
Washington, USA

6.6 61.0 5,715

P. chlororaphis

O6 Soil, Utah, USA 6.98 62.9 6,223

30–84 Wheat rhizosphere, Kansas,
USA

6.67 62.9 5,848

P. synxantha

BG33R Peach tree rhizosphere, South
Carolina, USA

6.3 59.7 5,509

a Listed in GenBank as P. fluorescens, but categorized by Loper et al. (2012) as P. brassicacearum
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members of the P. protegens, P. brassicacea-
rum, P. synxantha, and P. chlororaphis species
(Table 5.1).

Two recent studies have comprehensively
examined genome diversity within the P. fluo-
rescens complex, highlighting a relatively small
core genome and a large number of strain-spe-
cific genes (Loper et al. 2012; Redondo-Nieto
et al. 2013). Loper et al. (2012) analyzed a total
of 10 strains, in which they describe a core
genome of just 2,789 predicted protein-coding
genes, among a pan-genome of 13,872 predicted
protein-coding genes. The small core genome,
representing only 45–52 % of the total proteome
of each strain, highlights the extreme diversity
among the strains tested and combined with

phylogenomic analyses has led to the reassign-
ment of several of the strains to other species.
Here, we define a more stringent P. fluorescens
core genome—that is, the set of orthologous
genes common to strains that currently retain the
P. fluorescens designation—in a multiway
BLAST analysis via the GView server (Petkau
et al. 2010). Using e-value and percent identity
cutoffs of 1 e-10 and 80 %, respectively, a core
genome of 2,396 predicted CDSs was defined
(Fig. 5.3a). Genes conserved in the core of all
strains encode proteins that contribute mainly to
fundamental housekeeping functions, including
those proteins involved in protein and nucleic
acid synthesis and central metabolism. Further-
more, core genes are found in the highest

Fig. 5.2 Comparison of five closed genomes of P. fluo-
rescens group members. Amino acid matches between 6-
frame translations are shown. Comparisons were generated
using TBlastX at the Double ACT Website (http://www.
hpa-bioinfotools.org.uk/pise/double_act.html) and visu-
alized using the Artemis Comparison Tool (ACT) (Carver
et al. 2005). For each genome, forward and reverse strands

are shown as gray lines, with nucleotide coordinates
included. Red bars between genomes indicate regions of
synteny, while blue bars show inverted matches. Notable is
the generally higher level of conservation and synteny near
the origin (left and right ends) and the sequences which
have been inverted and translocated around the terminus
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(a)

Core Genome 
(2781 CDSs)

Pan-Genome 
(13941 CDSs)

(b)

Fig. 5.3 Core genome and pan-genome analyses of
selected P. fluorescens genomes. a The core genome (the
set of genes shared by all P. fluorescens strains under
analysis). The inner circle (blue) shows all of the
predicted CDSs in the genome of strain A506, the
smallest of the sequenced genomes. The outermost circle
(red) indicates only those CDSs for which a BLAST hit
([60 % identity) was present between the A506 refer-
ence and all of the genomes in the query (all P. fluores-
cens strains listed in Table 5.1). Of note is the large
proportion of core genes clustered around the replication
origin, with less conservation around the terminus, as

discussed in the text. b The full complement of genes, or
pan-genome, of the nine P. fluorescens strains analyzed.
The pan-genome, represented by the innermost circle
(blue), was constructed by concatenating all the unique
regions among each of the nine query genomes. Subse-
quently, a BLAST atlas was created for each query
genome, as shown in the outer circles. The strains appear
in the following order, from outer circle to inner:
SBW25, Pf0-1, A506, F113, NCIMB11764, WH6,
SS101, Q2-87, and R124. Analysis and images done
using the GView server (Petkau et al. 2010)
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proportion around the origin of replication
(Fig. 5.3a) and strain-specific genes highest in
the third of the genome surrounding the termi-
nus, consistent with previous observations that
levels of synteny decrease with distance from
the origin (Loper et al. 2012; Silby et al. 2009).

The remarkable diversity of habitat and
ecology of P. fluorescens group is further
reflected in the large pan-genome of the
sequenced members of the species. The pan-
genome of the strains sequenced by Loper et al.
(2012) consists of 13,872 putative protein-cod-
ing genes, a substantially larger pan-genome that
has been estimated for Pseudomonas aeruginosa
and Pseudomonas syringae. A similarly sized
pan-genome is apparent in our analysis of the
nine sequenced strains that retain the P. fluores-
cens designation (13,914 CDSs; Fig. 5.3b).
Furthermore, of the CDSs comprising the P. flu-
orescens pan-genome, 5,798 do not have ortho-
logs in the genomes of other Pseudomonas spp.,
reflecting high-level differentiation of genes in
the group and likely a high frequency of hori-
zontal gene acquisition from other taxa (Loper
et al. 2012). Both the large size of the pan-
genome and the restricted group of core genes
are likely reflective of the varied lifestyles of
members of the group and the distinct circum-
stances they must deal with in their different
niches. Indeed, the inventory of genes present in
P. fluorescens isolates is likely to continue to
increase as new genome sequences become
available.

5.2.1.2 Repetitive and Mobile Genetic
Elements

The large inventory of genes in the P. fluores-
cens complex is due, in part, to the presence of
horizontally acquired mobile genetic elements
(MGEs) including prophages, plasmids, and
transposons. Such elements are common in the
genomes of environmental bacteria and are often
niche specific. While transient, those elements
harboring genes that confer a fitness advantage
are selected and become a part of the flexible
gene pool of a particular species or group.

Prophages. Analysis of Pseudomonas gen-
ome sequences reveals that most contain pro-
phages formed when temperate bacteriophages
integrate into the host genome (Loper et al.
2012; Mavrodi et al. 2009; Silby et al. 2009).
These genetic elements not only encode phage-
related functions, but can also harbor accessory,
or cargo, genes that alter the phenotype and fit-
ness of the host and thus allow survival in new
ecological niches. For instance, phage-related
genes are induced in P. fluorescens strains con-
fronted with a bacterial competitor (Garbeva
et al. 2011) and under environmental stress such
as desiccation (Silby, unpublished), indicating a
potential ecological role for these genetic ele-
ments. Alternatively, temperate phages that
remain capable of development through the lytic
pathway ultimately result in phage-induced host
cell lysis. Thus, maintenance of prophages can
adversely affect populations of rhizosphere-
inhabiting P. fluorescens (Keel et al. 2002) and
can also provide a mechanism for exchange of
genes, leading to the generation of increased
diversity among related strains.

Comparative analysis of genomes of the
P. fluorescens group reveals a number of phage
elements, with each genome encoding one to six
prophage regions (Loper et al. 2012). The gen-
ome of P. protegens Pf-5, for instance, encodes
six prophage elements, collectively spanning
over 130 kbp of the genome. Notable are the
prophages (designated prophage 01, in each
genome) inserted into a common position
between mutS and cinA in most of the sequenced
strains (Loper et al. 2012; Mavrodi et al. 2009).
These putative prophages display mosaic struc-
ture and appear to have undergone widespread
recombination. Given the absence of some
essential phage genes for head development, it is
possible that these all encode putative F-type,
R-type, or hybrid F/R-type pyocins. Pyocins,
which are proteinaceous, narrow-spectrum
bacteriocins, can kill sensitive strains of Pseu-
domonas and thus may provide a selective
advantage in natural habitats. Indeed, wide-
spread distribution of F-type and R-type pyocins
among P. fluorescens soil isolates (Mavrodi
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et al. 2009) indicates positive selection for the
maintenance of these elements. Unlike the pro-
phage 01 elements, many of the prophage
regions carry a set of cargo genes that are dis-
tinct from those in prophages of other strains.
Putative proteins encoded by phage cargo genes
include additional bacteriocins, UV resistance
proteins, putative fimbrial subunits, adenine- and
cytosine-specific DNA methyltransferases, and
an array of conserved hypothetical proteins
whose functions remain unknown (Loper et al.
2012). Prophage regions represent a portion of
the flexible gene pool of P. fluorescens strains,
but still only account for a fraction of the strain-
to-strain variability that is evident in the P. flu-
orescens complex.

Repetitive extragenic palindromic (REP)
elements. REP elements—short (approximately
20 bp) extragenic sequences with palindromic
structure—are the predominant class of repeti-
tive DNA in bacterial genomes. REP elements
are abundant in the intergenic regions of Pseu-
domonas genomes, and while the function of
these sequences remains in question, roles in
mRNA stability, insertion of genetic elements,
binding of proteins such as IHF, DNA poly-
merase I, and DNA gyrase have been suggested.
An elegant study of the occurrence and distri-
bution of REP elements in the genome of
P. fluorescens SBW25 (Bertels and Rainey
2011a) revealed three distinct sequence groups
of REPs (GI, GII, and GIII) and provided the
first evidence that individual REP elements are
in fact part of a larger mobile element consisting
of a REP doublet in inverted orientation or REP
doublet forming hairpin (REPIN). Population
sequencing data revealed that the REP doublets,
or REPINs, are excised from the chromosome,
suggesting that these elements are active MGEs.
REPINs, however, are too short to encode their
own transposition machinery, and thus, their
movement requires activity encoded by some
other fully autonomous element or an orphan
transposase gene. Indeed, proximal to the
REPIN elements are often found transposases
that are distantly related to those of the IS200
family of insertion sequences. It is these so-
called RAYTs, REP-associated tyrosine

transposases, that likely mediate transposition of
the REPINs.

The possibility that REPINs are transposable
elements is intriguing given their widespread
distribution in P. fluorescens genomes. At least
one type of REP element, occurring at least 250
times, is observed in each of the completely
sequenced genomes of the P. fluorescens group,
with the exception of strain Pf0-1. Across all of
the REP-containing strains, a primary conserved
REP sequence (REPa) can be found; however,
the REPa sequence is not identical among the
strains and many strains encode more than one
distinct REP class. In addition to the primary
REPa element, secondary REP elements are
present in a number of genomes: REPb is pres-
ent in P. chlororaphis strains 30-84 and O6, and
P. protegens Pf-5; REPc and REPd display
scattered distribution among the sequenced
strains; REPe is only found in the genome of
SBW25. Distinct RAYT proteins were identified
as associated with each REP class, with the
exception of REPc. As described above and in
(Bertels and Rainey 2011a, b), the majority of
REP sequences were found as oppositely ori-
ented pairs separated by a uniform distance,
lending further support to the REPIN as the
minimal mobilizable unit. Differences in the
distribution and abundance of REP elements
among closely related Pseudomonas strains
suggest that the evolution of such elements is
independent of the core genome. However, this
does not appear to be the case for the associated
RAYT-encoding genes, as phylogenetic analysis
of RAYT sequences closely resembles that seen
in the MLSA tree of the Pseudomonas strains,
suggesting that the RAYT genes may have been
a stable part of the genomes since their diver-
gence (Mavrodi et al. 2009). While the potential
influence on genome evolution is considerable,
it is important to keep in mind that experimental
evidence for mobility of REPINs is limited
(Bertels and Rainey 2011b). Interestingly in
strain Pf-5, the RAYT associated with REPa
sequences contains a nonsense mutation likely
rendering the RAYT non-functional. Nonethe-
less, the Pf-5 genome contains 999 copies of
REPa, indicating that these REP sequences were
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dispersed prior to the RAYT mutation or that the
REPINs may be mobilized through the activity
of some other transposase. Much about the ori-
gin, maintenance and dissemination of these
elements, as well as their possible function,
remains to be determined.

Plasmids. The genomes of plant-associated
Pseudomonas species frequently contain a sig-
nificant component of extrachromosomal DNA
in the form of one or more plasmids (Vivian
et al. 2001). Because plasmids often encode
context-dependent benefits that facilitate sur-
vival and colonization in a specialized niche or
habitat, the transfer of these plasmids within and
between bacterial populations is thought to
facilitate adaptation to novel environments (Gal
et al. 2003).

Long-term field studies of the phytosphere
microflora of sugar beet at a site in Oxford, UK,
revealed an abundance of self-transmissible
plasmids, collectively called the pQBR plas-
mids, that transfer freely among the resident
Pseudomonas community (Lilley and Bailey
1997b). At least five genetically unrelated plas-
mid replicons were present at the site, repre-
senting five distinct sequence groups (groups I–
V) as determined using RFLP analysis. The
identified plasmids were selected based on the
ability to confer mercury resistance, and all
harbor a Tn5041-like transposon encoding the
mer operon. However, the large size of the
plasmids (ranging from 60 to over 400 kb) and
the persistence of the plasmids during repeated
sampling over several years suggested that
additional environment traits, perhaps those for
adaptation to or survival in the terrestrial plant
environment, may select for maintenance of
these plasmids in the field.

A substantial body of work has genetically
(Lilley and Bailey 1997b; Tett et al. 2007; Turner
et al. 2002; Zhang et al. 2004b) and ecologically
(Lilley and Bailey 1997a, 2002; Zhang et al.
2004a, b) characterized plasmids of the pQBR
group. pQBR103, isolated from P. fluorescens
SBW25, was the first representative to be fully
sequenced and at 425 kb is one of the largest
self-transmissible plasmids yet sequenced from
the phytosphere microbial community (Tett et al.

2007). Sequence analysis confirmed that
pQBR103 carries a near-perfect copy of the
Tn5042 HgR transposon, a common characteris-
tic of environmental plasmids. RulAB homo-
logues were also identified, which explains the
enhanced UV resistance the plasmid confers
upon P. fluorescens SBW25 (Zhang et al.
2004b), a factor known to influence survival of
pseudomonads in the light-exposed phytosphere
environment. Strikingly, pQBR103 lacks genes
often found in other large environmental plas-
mids, including those involved in nutrient uptake
and utilization (Gal et al. 2003). In fact, of the
nearly 500 predicted coding sequences housed on
pQBR103, only 20 % show similarity to known
proteins or functional domains, making it diffi-
cult to predict the functional role of the plasmid
in the phytosphere. However, carriage of the
plasmid in P. fluorescens SBW25 enhances fit-
ness of bacteria colonizing mature sugar beet
plants (Lilley and Bailey 1997a) and the plasmid
persists at the same field site over multiple years,
strongly suggesting that pQBR103-encoded
traits confer some selectable advantage in the
terrestrial plant environment. pQBR103-encoded
genes that are specifically induced on the plant
surface included three helicase-like genes (helA,
helB, and helC), an oligoribonuclease gene (orn),
an AlgZ-like transcriptional regulator, a response
regulator protein, and the three Tn5042 trans-
posase subunits, among others. Interestingly,
expression of a greater proportion of pQBR103
genes than SBW25 chromosomal genes is
induced while growing on plant surfaces (Zhang
et al. 2004b), indicating that the coding density
of ecologically important traits is quite high.

The majority of the fully sequenced P. fluo-
rescens strains, many of which were propagated
in the laboratory for years prior to sequencing, do
not harbor plasmids; however, it is likely that
pseudomonads in natural environments com-
monly acquire and share plasmids that are stably
or transiently maintained. Indeed, genome
sequencing of P. fluorescens A506 revealed the
presence of an approximately 57-kbp conjuga-
tive plasmid, whose sequence features and eco-
logical function have recently been characterized
(Stockwell et al. 2013). The plasmid, designated
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pA506, is a member of the well-characterized
pPT23A plasmid family and contains 67 pre-
dicted coding sequences arranged in a highly
mosaic structure composed of blocks of genes of
variable G + C content, likely correlating with
plasmid regions from distinct origins. Among the
predicted genes are those involved in plasmid
replication and partitioning, as well as elements
typical of certain integrative conjugative ele-
ments (ICEs) found in the chromosomes of
Pseudomonas species, suggesting a widespread
mechanism for the transfer of traits among
Pseudomonas populations. Genes related to
ecological fitness of the host bacterium were also
identified, including those encoding a putative
pyocin immunity protein, which may protect
strain A506 from pyocins produced by other
bacteria in the environment. Like pQBR103,
rulAB genes, which are involved in tolerance to
UV irradiation, are present. Indeed, strain A506
is significantly more tolerant to UV irradiation
than a plasmid-cured derivative. Also like
pQBR103, a large percentage of the gene
inventory of pA506 encodes proteins of
unknown function, and thus, ecological benefits
of carrying pA506, beyond resistance to UV, are
difficult to predict. Interestingly, pA506 is
mobilizable not only to other pseudomonads, but
also to members of the Enterobacteriaceae and
thus may represent a vehicle for genetic
exchange between diverse bacteria in soil and on
plant surfaces (Stockwell et al. 2013). In addi-
tion, because the plant epiphytic A506 is avail-
able as a commercial biocontrol agent (marketed
under the name BlightBan), the role of plasmid
pA506 in epiphytic fitness and biocontrol will be
of continued interest.

Genomic Islands. Members of the P. fluo-
rescens complex carry a number of genomic
islands, including the so-called ICEs, which are
plasmid-like in their replication and conjugation
machinery but additionally encode phage-like
integrase genes to allow for site-specific inte-
gration into the host chromosome. In addition to
genes required for replication and transfer, ICEs
often carry unique ‘‘cargo’’ genes that reflect the
specific lifestyle of their hosts and may include
pathogenicity factors and metabolic, regulatory,

and transport genes. In P. aeruginosa and P. sy-
ringae, ICEs encode pathogenicity factors that
enable host colonization, while an ICE in
Pseudomonas sp. strain B13 encodes genes that
allow the host to metabolize chlorinated aro-
matic compounds. The P. protegens Pf-5 gen-
ome contains two ICEs (Mavrodi et al. 2009).
The 115-kb genomic island 01 (PFGI-1) is
integrated into one of two tRNALys genes, in a
region of conserved synteny likely representing
an integration ‘‘hot spot’’ for ICEs in Pseudo-
monas spp. The first two-thirds of PFGI-1
encode plasmid replication, partitioning, and
conjugation functions; however, it is not known
whether PFGI-1 exists as an episome in strain
Pf-5 or any other Pseudomonas host. It is not
clear what role, if any, PFGI-1 may play in the
survival of P. protegens Pf-5 in the rhizosphere.
However, the element contains a unique 35-kb
DNA segment that encodes genes not related to
plasmid maintenance or transfer, many of which
do not have homologs elsewhere in the Pf-5
genome or in the genome of related strains
including P. fluorescens Pf0-1. These PFGI-1
cargo genes encode functions that may enhance
rhizosphere adaptation, including a non-heme
catalase which may protect the host from oxi-
dative stress, both the kinase and response reg-
ulators of a two-component system that may
enable the host to sense and respond to changes
in the environment and other genes with putative
roles in protection from environmental stress.

The function of the second genomic island in
P. protegens, PFGI-2, is even more cryptic. PFGI-
2 is similar to ICE-like elements in Pf0-1 and
SBW25 (Silby et al. 2009). Approximately half of
the small (16.8 kb) PFGI-2 element contains a
gene cluster found in the exchangeable effector
locus (EEL) of a tripartite type III secretion
pathogenicity island (T-PAI) from the plant
pathogen P. viridiflava. However, strain Pf-5 does
not encode a type III protein secretion pathway,
suggesting that PFGI-2 is inactive and simply
represents a T-PAI remnant anchored in the
chromosome (Mavrodi et al. 2009). Similar ICEs
are also present in other sequenced members of
the P. fluorescens group. Strain BG33R, for
instance, encodes a 154-kb genomic island, with
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similarity to the PFGI-1 island in Pf-5. However,
unlike PFGI-1, the BG33R island contains genes
encoding uptake and catabolism of indole-3-ace-
tic acid, quinolones and haloaromatic com-
pounds, as well as a MexCD drug efflux pump and
other transporters, a toxin-like subunit protein and
several transposases (Loper et al. 2012). Overall,
individual members of the P. fluorescens complex
carry from two to seven genomic islands, and
these elements contribute to the heterogeneity of
the strains and likely provide functions specific to
the habitat of the host strain. Whether some or all
of them are capable of excision from their geno-
mic location is unclear. Functional studies similar
to those done for islands in P. aeruginosa (Mathee
et al. 2008) and P. syringae (Godfrey et al. 2013)
are required if we are to fully understand the data
generated by DNA sequencing.

5.2.2 Genetic Capacity for Secondary
Metabolite Production
and Biocontrol

From an application point of view, critical features
of P. fluorescens genomes are the genes for bio-
synthesis of antifungal and antibacterial metabo-
lites and the genetic circuits required for their
regulation. Genetic approaches have revealed
much about the pathways to make a range of such
compounds. Although there was intense genetic
research over many years, the rise of genomic tools
has enabled the discovery of hitherto unknown
compounds, expanding completeness of knowl-
edge on the repertoire of antimicrobial compounds
made. Genomic approaches also allow rapid
appraisal of the variation in biosynthetic gene
content for phenazines, which reflects the nature of
the end product, and has given insight into the
evolutionary history of the genes responsible for
2,4-DAPG production.

5.2.2.1 Repertoire of Secondary
Metabolites

Pseudomonas strains synthesize an array of
chemically diverse metabolites with antibacte-
rial, antifungal, and antihelminthic activity. The

production of such compounds is irrefutably
linked to biocontrol efficacy, and Pseudomonas-
produced compounds that exhibit activity against
agriculturally relevant pathogens include 2,4-di-
acetylphloroglucinol (Landa et al. 2002), hydro-
gen cyanide (Voisard et al. 1989), phenazines
(Hofte and Altier 2010; Huang et al. 2004), pyr-
rolnitrin (Hammer et al. 1999), pyoluteorin
(Howell and Stipanovic 1980), viscosinamide
(Nielsen et al. 1999), and coronatin (Bender et al.
1998), among others. The molecular basis for
some, such as phenazines and 2,4-DAPG, was
characterized with ‘‘traditional’’ molecular
genetic techniques, but other important com-
pounds such as orfamide remained unknown
prior to whole-genome analysis (Gross et al.
2007). Genomic analysis has also been instru-
mental in extending the understanding of the
evolution of phl genes and the production of
phenazine variants (discussed below). Whole-
genome surveys additionally reveal the patchy
distribution of many of the secondary metabolite
gene clusters, with single strains harboring quite
different repertoires of secondary metabolite
biosynthetic loci (Fig. 5.4a). Of the gene clusters
linked to bioactive metabolite production, only
the genes specifying pyoverdine synthesis are
present in all sequenced P. fluorescens strains.
Other biosynthetic loci are present only in a
subset of strains and can often be found in dif-
ferent genetic contexts, indicating a complex
pattern of inheritance punctuated by acquisition
and/or loss of gene clusters throughout the evo-
lution of these strains. An example of such
complex inheritance is highlighted by the distri-
bution of 2,4-DAPG biosynthesis in members of
the P. fluorescens group (Fig. 5.4b).

The distribution of 2,4-diacetylphloroglucinol
biosynthesis. The low molecular weight phenolic
2,4-diacetylphloroglucinol (DAPG) is implicated
in myriad ecological functions and contributes to
the biocontrol of plant disease due to its toxicity
to a wide range of plant pathogenic fungi, bac-
teria, and helminthes (Haas and Defago 2005;
Laville et al. 1992; Raaijmakers et al. 1997,
2002). DAPG additionally can affect the plant
host by promoting amino acid exudation from
plant roots (Phillips et al. 2004; Brazelton et al.
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Fig. 5.4 Genomic distribution and context of secondary
metabolite genes in sequenced strains of the P. fluores-
cens group. a The distribution of secondary metabolite
gene clusters is analyzed in the nine sequenced strains
designated as P. fluorescens (solid gray) and in repre-
sentative members of the P. protegens, P. brassicacea-
rum, and P. chlororaphis species (dashed). The presence
of metabolite biosynthetic genes, along with the approx-
imate location, is shown along the length of the genome.
Selected secondary metabolite gene clusters are as
follows: pyoverdin (open square), pyrrolnitrin (closed
circle), hydrogen cyanide (gray triangle), cyclic lipo-
peptide (closed square), 2,4-diacetylphloroglucinol
(inverted triangle), and phenazine (gray diamond). The
identity of a particular CLP is represented by a letter
designation: O orfamide A; M massetolide; V viscosin; or
U unknown. Note that for the pyoverdin biosynthetic
genes, the genomic location is representative of the locus
encoding pvdIJ, and the remaining genes are spread

throughout different locations in the respective genomes
(for example, 7 different loci in SBW25 and 3 different
loci in Pf0-1 and Pf-5). Similarly, the CLP biosynthetic
genes are spread across two loci in strains SS101 and
SBW25, as shown by distinct boxes. b The phl gene
cluster is located in three different genetic contexts in the
sequenced P. fluorescens genomes. The sequence and
organization of the phlHGFACBDE cluster are conserved
in all DAPG-producing P. fluorescens strains (black
arrows within boxed region). The sequence immediately
30 of the phl cluster is homologous among the main
genomic location groups (dashed arrows). In the 50

flanking region, strains F113 and Q2-87 share homology,
but are distinct from that of Pf-5. The presence of a gene
in the region following phlE in all DAPG producers
(asterisk), but absent in any other Pseudomonas strain,
suggests that this may constitute an additional phl gene,
although its function has yet to be determined
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2008) and by triggering systemic resistance
leading to enhanced plant protection, as has been
shown for Arabidopsis against fungal and bac-
terial pathogens (Iavicoli et al. 2003). Despite the
diverse activities and apparent ecological bene-
fits of DAPG, its production is limited to only a
subset of P. fluorescens strains. First discovered
in P. fluorescens F113 (Fenton et al. 1992), the 8-
kb phlHGFACBDE biosynthetic locus is shared
by all DAPG producers and comprises genes for
biosynthesis (phlACBD) and degradation (phlG)
of DAPG, with additional genes important for the
regulation (phlF and phlH) of DAPG production
and its transport (phlE). An additional gene, phlI,
lacks significant homology to genes in the dat-
abases and was only recently linked to DAPG
production because of its presence in alignments
of the phl locus in multiple strains (Moynihan
et al. 2009) (Fig. 5.4b).

While the phl locus is conserved at the
sequence and organizational levels in DAPG
producers, the capacity to produce DAPG is
restricted to only a minority of P. fluorescens
strains with no other bacteria having the capacity
to produce this compound (Troppens et al.
2013). Also striking is the observation that the
genomic context of the phl operon is variable, as
a comparison of the flanking genes reveals at
least three different genetic loci (Fig. 5.4b) in
sequenced members of the P. fluorescens com-
plex (Moynihan et al. 2009). There is a clear
phylogenetic divide between producers and non-
producers. Among the producers, there are three
distinct phylogenetic clusters (Moynihan et al.
2009). In each cluster, the phl genes are at a
specific location, and this location varies
between the different clusters. The relatively low
frequency of phloroglucinol production in
strains of the P. fluorescens complex combined
with the presence of the phl cluster in different
genetic contexts is reminiscent of horizontally
transferred genetic elements. Indeed, recent
reports highlight the complex evolution of the
phl locus and suggest that phlD and the phlACB
operon have distinct evolutionary origins and
likely were acquired in two separate horizontal
gene transfer events (Troppens et al. 2013).
Initial theories that phlD was acquired from

plants, which were based on the similarity of
PhlD to plant chalcone synthases, have been
shown to be incorrect. Instead, the phlD gene in
Pseudomonas appears to have its origins in the
Actinobacteria. The phlACB operon, however,
appears to have been acquired independently,
and the observation that homologs of these three
genes are found in multiple archaeal groups
suggests that the phlACB cluster was acquired
from an archaeon. phlD was likely acquired first,
as no lineages lacking phlD but carrying phlACB
have been identified. Also striking is the obser-
vation that phlD and phlACB are clustered in all
DAPG-producing strains, indicating selective
pressure for their linkage, as is often the case for
biosynthetic and catabolic gene clusters in bac-
teria (Reams and Neidle 2004).

Further complicating the issue is the appar-
ently widespread loss of the phl locus, some
estimates suggesting that as few as 1 % of
P. fluorescens isolates are capable of DAPG
production (Moynihan et al. 2009; Troppens
et al. 2013). Given the presumed ecological
functions of DAPG in antibiosis and cell-to-cell
signaling, it is difficult to imagine why the locus
has been retained in so few lineages. Studies of
the frequency and geographic distribution of
DAPG producers offer some insight into the
ecological context that selects for phl mainte-
nance. For instance, studies from diverse geo-
graphic locations and using soils of varied
physiochemical composition indicate that
DAPG producers are highly enriched in soils
suppressive to take-all decline of wheat (de
Souza et al. 2003; Landa et al. 2002; Raaij-
makers et al. 1997). The proportion of phl+ and
phl- populations is also affected by the resident
plant population, as specific plant cultivars
exhibit a differential capacity to select for spe-
cific resident populations and long-term crop
monoculture leads to an enrichment of 2,4-
DAPG producers (McSpadden Gardener et al.
2005; Landa et al. 2006). Overall, genomic
analysis of Pseudomonas spp. from complex
environments reveals how lineages become
specialized to a particular niche, necessitating
maintenance and loss of genes required for fit-
ness under specific conditions.
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The genetics of phenazine production. The
bacterial phenazines include more than 50
known nitrogen-containing heterocyclic pig-
ments that contribute to the ecological fitness
and biocontrol activity of the producing strain.
Phenazines are produced by diverse bacterial
genera, including Pseudomonas, Burkholderia,
Streptomyces, Pectobacterium, and Brevibacte-
rium, as well as by the archaeon Methanosarcina
mazei. Fluorescent pseudomonads remain the
best-studied phenazine producers, and while
P. fluorescens strains were previously thought to
produce only the yellow compound phenazine-
1-carboxylic acid (PCA), recent genomic evi-
dence reveals that the spectrum of phenazines
produced is more broad.

Genetic and enzymatic details of PCA bio-
synthesis have been described by others in detail
(Ahuja et al. 2008; Blankenfeldt et al. 2004;
Mavrodi et al. 2001, 2004, 2006; Thomashow
et al. 1990). In addition to PCA, which is the
phenazine product of the core biosynthetic
pathway coded for by the operon phzABCDEFG,
P. chlororaphis 30-84 produces 2-hydroxy-PCA
by hydroxylation of PCA mediated by the
enzyme PhzO (Maddula et al. 2008). The
genomic location of phzO is adjacent to the core
PCA genes, as is also the case with genes
responsible for core modification in other pseu-
domonads. For example, in P. aeruginosa
PAO1, the phz1 operon is flanked by phzM
(upstream and divergently encoded) and phzS
(downstream). Both PhzM and PhzS are
involved in the modification of the PCA core;
PhzS converts PCA to 1-OH-phenazine, while
the combined action of PhzS and PhzM leads to
the production of pyocyanin. When phz genes
are identified by genome sequencing or genetic
analysis, examination of surrounding sequence
can yield genes with novel roles in the produc-
tion of modified phenazine compounds (Mavrodi
et al. 2001).

Taking advantage of whole-genome sequen-
ces enables rapid searching for genes related to
those in other organisms, but which are not
found in the same genomic context. Again using
the PAO1 example, a phzH gene similar to that
in P. chlororaphis PCL1391 was identified using

BLAST. In P. chlororaphis PCL1391, phzH is
downstream of the phz core genes and is
responsible for conversion of PCA to phenazine-
1-carboxamide (Chin et al. 2001). In PAO1,
phzH is not clustered with the other phz genes
and is most easily identified by genomics. Sim-
ilar approaches are likely to lead to an expanded
view of phenazine derivatives made by members
of the P. fluorescens family (Mavrodi et al.
2001).

Recent work aimed at the ecology of phena-
zine production has given insight into the dis-
tribution of phenazine+ pseudomonads in natural
environments. In a study of over 80 dryland
wheat fields in the inland Pacific Northwest, an
abundance of phenazine+ pseudomonads was
detected in the rhizosphere of commercially
grown cereals (Mavrodi et al. 2012a, b), where
their presence was positively correlated with the
transient accumulation of high levels of PCA.
Surprisingly, phenazine+ populations seem to
flourish under arid conditions and population
densities decreased in neighboring fields subject
to irrigation, suggesting that phenazine+ strains
are uniquely adapted to the plant rhizosphere
under conditions of water stress. These data
illustrate the importance of the environment in
selection of the different genotypes in the
P. fluorescens group, a parameter which we
suggest should be included when organizing
members of the group.

Genomics and the discovery of new biocon-
trol metabolites. Examination of the genome
sequences of P. fluorescens reveals the potential
for the synthesis of numerous toxic metabolites,
the production of which has not yet been
detected. A recently published complete genome
of a P. fluorescens isolate is that of F113
(Redondo-Nieto et al. 2012). In addition to loci
known to be required for 2,4-DAPG and HCN
production, Redondo-Nieto et al. (2012) dis-
covered genes with similarity to lankacidin
synthesis genes from Streptomyces rochei. The
15 genes, including polyketide synthase and
non-ribosomal peptide synthetase modules, are
clustered in S. rochei but separated into two
clusters in F113. Comparative genome analysis
showed that no other Pseudomonas genome

5 Genetics and Functional Genomics of the Pseudomonas fluorescens Group 113



carries these genes, adding to the picture of
broad and varied genome content among the
P. fluorescens group. Further examination of the
F113 genome indicates the potential to synthe-
size an insecticidal toxin which correlates well
with the ability to kill insects, and numerous
genes predicted to specify hemolysin/hemag-
glutinins and adhesin or agglutination proteins
(Redondo-Nieto et al. 2012, 2013).

P. protegens Pf-5 has been intensively stud-
ied for its potential in biological control of plant
pathogens for many years. Despite this detailed
work, the genome sequence revealed that Pf-5
might make antimicrobial compounds that had
not been detected previously. Indeed, using a
‘‘genomisotopic’’ approach, the cyclic lipopep-
tide (CLP) orfamide A was discovered (Gross
et al. 2007). Orfamide A has a role in motility of
Pf-5 and shows antimicrobial activity, indicating
that it is likely an important compound for Pf-5
in its natural environment. The potential for CLP
biosynthesis, which is mediated by non-ribo-
somal peptide synthetases (NRPSs), is quite
straightforward to identify based on DNA
sequence data. These synthetases consist of
conserved modules which mediate amino acid
activation (adenylation by the A-domain), thi-
oesterification of the activated amino acid (by
the T-domain), and peptide bond formation (by
the condensation C-domain) which adds amino
acids to the growing chain. The modules are
generally in an order which corresponds with the
amino acids they add to the chain, which aids in
the prediction of the primary amino acid
sequence, which can be accomplished using
Web-based tools, for instance NRPS predictor 2
(Rottig et al. 2011). Thus, the CLP sequence,
which varies with respect to the length and
composition of the peptide moiety even among
closely related Pseudomonas strains, can be
predicted solely from DNA sequence. Whether
the non-ribosomal peptide is cyclic can be pre-
dicted by the examination of the TE domain
which releases the peptide from the NRPS. In
the case of CLPs, the TEs (known as peptide
cyclases) have characteristic amino acid
sequence features distinct from those TEs which

release linear peptides (Sieber and Marahiel
2005). This technique has been used, for
instance, to predict the structures of as yet
uncharacterized CLPs from Pf0-1 and BG33R,
which include an 11- and 9-amino acid peptide,
respectively (Loper et al. 2012).

Genome mining has also led to the identifi-
cation of a large number of orphan gene clus-
ters—that is, loci with sequence characteristic of
secondary metabolite genes but without known
biosynthetic products. Work on one such orphan
NRPS/PKS cluster combined both genomic
analysis and metabolic profiling and ultimately
led to the discovery of five rhizoxin analogs with
activity against the phytopathogens Botrytis
cinerea and Phytophthora ramorum and toxicity
toward plants and human cell lines (Loper et al.
2008). Additional orphan clusters are predicted
to encode the biosynthesis of novel siderophores,
based on sequence similarity to siderophore
biosynthetic loci in other bacteria. Soil pseudo-
monads likely produce a repertoire of natural
products that have yet to be identified, and these
examples illustrate the power of genomic anal-
ysis for the discovery of novel systems.

5.2.3 Genetic Tools and Tractability

To gain the maximum benefit from the avail-
ability of genome sequences, and to increase our
understanding of these sequences, experimental
studies are required. Critical to these are genetic
experiments which seek to ascribe function to
predicted genes and add functional data to models
built with genome and transcriptome data.

Pseudomonas sp. are generally straightfor-
ward to manipulate genetically. DNA can be
introduced by conjugation, and for several spe-
cies, electroporation is also established (Itoh
et al. 1994; Smith and Iglewski 1989). Com-
bined with the many important traits, the trac-
tability has likely driven much of the use of
pseudomonads as model systems in research
areas such as experimental evolution and biofilm
development. The ability to do genetic, and
more recently functional genomic, experiments
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makes these bacteria popular choices when
considering pathogenesis (P. aeruginosa, P. sy-
ringae) and environmental research (P. fluores-
cens, P. putida).

In recent years, a considerable collection of
resources have been applied with success in
P. fluorescens. The workhorses of genetics are
replicative plasmids, suicide plasmids, and vec-
tors for introducing transposons for mutagenesis.
Several examples of each exist. Shuttle vectors
based on the plasmids pUC18/19 for moving
cloned DNA from E. coli to Pseudomonas were
constructed in the 1990s (Schweizer 1991; West
et al. 1994). These pUCP18/19 derivatives have
been widely used, along with other vectors such
as the pBBRMCS series (Kovach et al. 1994,
1995), which have the added advantage of being
mobilizable by conjugation. Tools have also
been developed which permit the straightfor-
ward generation of random and site-specific
mutations. Several Tn5 derivatives have been
made which facilitate the creation of random
mutants carrying a range of markers and with
promoter fusions to reporters such as lacZ,
phoA, and luxCDABE and the gene for GFP (de
Lorenzo et al. 1990; Tang et al. 1999). For the
construction of targeted mutants, suicide plas-
mids such as pUIC3 (Rainey 1999), pSR47s
(Andrews et al. 1998), and pKO3 (Monds et al.
2007) have all been used successfully in allele
exchange mutagenesis of P. fluorescens strains.
Of note, the splicing by overlap extension
approach (Horton et al. 1989) is relatively sim-
ple in P. fluorescens Pf0-1, allowing the con-
struction of precise unmarked deletion mutants
(Silby and Levy 2004). Recently, several useful
Tn7 constructs have become available. The Tn7
generally integrates at a specific site downstream
of the gene glmS in many bacteria, and this
insertion is considered to be neutral in terms of
effect on growth. This means that genes for
complementation or overexpression can be
cloned in Tn7 and delivered to a predictable site
in the genome (Choi et al. 2005). Tn7 elements
have been made which differ only in the anti-
biotic resistance gene (Monds et al. 2007; Silby

and Levy 2008), which we have used to create
essentially isogenic but differently marked ver-
sions of strains of Pf0-1. Other useful features in
Tn7 constructs include a PBAD promoter
enabling inducible expression of genes down-
stream (Damron et al. 2013) and cloned lux-
CDABE genes which can be used to report
activity of cloned promoters or for the locali-
zation of bacteria by luminescence (Damron
et al. 2013). Many other plasmids have been
constructed for use in Pseudomonas. The few
highlighted here demonstrate part of a broad
range of tools available which help make
Pseudomonas sp. attractive model systems.

5.3 P. fluorescens Functional
Genomics

The increasing number of P. fluorescens gen-
omes and the ever-improving annotation and
comparative genomic tools have combined to
generate a reasonably comprehensive picture of
the genetic complement of members of this
species. The great challenge is to understand this
information and to do so in a context that is as
meaningful as possible. Leveraging genomic
sequence data and genome-wide expression
technologies allows genomic activity to be
viewed as a whole, complementing many years
of genetic work in which genes and gene net-
works have been examined one at a time. For an
organism like P. fluorescens, which dwells pri-
marily in soils and on plants, the ultimate goal is
to understand the organism in these natural
conditions. The utilization of genome-wide
investigations has begun to reveal the secrets of
P. fluorescens strains living under non-standard
culture conditions. Functional genomic studies
are even starting to show us how P. fluorescens
adapts to stress in its natural environment (Lim
et al. 2012, 2013a; Varivarn et al. 2013) and how
it behaves during encounters with other micro-
bial species (Garbeva et al. 2011) and in
response to host plants (Jousset et al. 2011;
Kidarsa et al. 2012; Matilla et al. 2007).
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5.3.1 Gene Expression Under Nutrient
Limitation

In a number of microarray-based studies, labo-
ratory culture conditions have been manipulated
to address the transcriptional response of Pseu-
domonas spp. to nutritional conditions that the
organism is likely to encounter in natural envi-
ronments, including limited bioavailability of
the micronutrients iron (Lim et al. 2012) and
zinc (Lim et al. 2013a) and the presence of
plant-secreted products such as tannins (Lim
et al. 2013b). We generally consider such con-
ditions as ‘‘extreme’’ because we are used to
working under laboratory conditions. However,
for the bacterium, conditions such as low iron
availability are routinely encountered. Genome-
wide studies can give us insight into the activi-
ties of P. fluorescens under environmentally
relevant conditions and can begin to ascribe
functional significance to the numerous ‘‘hypo-
thetical’’ genes identified in genome annotation
studies. These genomic studies should not be
viewed as esoteric. Indeed, understanding
P. fluorescens under conditions that get close to
nature will allow better prediction of success and
failure of applications associated with these
bacteria. If we know some key environment-
related traits which favor success, we know what
to look for in new isolates being considered for
applications such as biocontrol.

Iron, which acts as a cofactor for a number of
essential enzymes, is a micronutrient necessary
for bacterial growth. While often abundant in
soil, iron exists primarily in the insoluble ferric
oxide form and is thus not available for use by
bacteria under aerobic conditions. P. fluorescens
strains overcome the limited bioavailability of
iron through a variety of mechanisms—secreting
siderophores, encoding a barrage of TonB-
dependent receptors that ‘‘steal’’ siderophores
produced by other microorganisms, through
haem uptake systems, by direct uptake of ferrous
iron and use of iron storage proteins such as
bacterioferritins (Andrews et al. 2003; Cornelis
and Matthijs 2002; Hartney et al. 2011). Despite
the importance of iron and its general low

bioavailability in soil, how members of the
P. fluorescens group respond to iron limitation
has been unknown until a recent study investi-
gated the effect of iron limitation on global gene
and protein expression profiles of P. protegens
Pf-5 (Lim et al. 2012). The transcription of over
300 genes was significantly altered (180
increased and 121 decreased) in iron-starved
cells versus those supplemented with FeCl2,
indicating a broad genetic and physiological
response to iron stress. As expected, genes
encoding iron homeostasis were upregulated
under iron-deplete conditions. These include
genes for siderophore biosynthesis, membrane
proteins to facilitate uptake of iron(II) and
iron(III), and a bacterioferritin-associated ferre-
doxin that mobilizes iron stored in bacterioferr-
itin B. Such genome-wide studies are revealing
unexpected consequences of environmental
conditions, such as the reduction in flagellar
gene expression and presumably motility, as
well as increased expression of a ribosomal
protein and genes predicted to encode refractile
inclusion bodies (R bodies). Inclusion of a
source of ferric iron in the experiment rather
than an iron-limited condition would take the
setup a step closer to natural conditions and
provide a picture of the whole transcriptome
activity under a nutrient condition more relevant
to the bacterium’s ‘‘normal’’ habitat.

A complementary study addressed the genetic
and physiological response of P. protegens to
zinc limitation (Lim et al. 2013a). Zinc is a
particularly important micronutrient, estimated
to act as a cofactor in as many as 5 % of the
proteins found in bacteria. While zinc is essen-
tial for many cellular functions, excess levels
can be toxic, and thus, intracellular zinc con-
centrations must be finely modulated. Tran-
scriptional profiles of P. protegens Pf-5 under
zinc limitation reveal 73 and 28 genes that are
significantly up- and downregulated, respec-
tively. Genes with altered expression were from
a variety of functional classes including, as
expected, upregulation of the global regulatory
gene, zur, involved in zinc homeostasis as well
as a number of zinc-specific ABC transporters
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and TonB-dependent receptors predicted to
facilitate zinc uptake. Additional responses
include the upregulation of the xseA DNA repair
gene and reduced expression of a gene encoding
the CopZ copper chaperone. Due to the
requirement for zinc cofactors in various DNA
replication and repair enzymes, increased
expression of xseA may be a response to com-
pensate for increased DNA replication errors
during zinc limitation. Altered expression of
copZ suggests interplay between copper and zinc
homeostasis in P. fluorescens; however, the
mechanism remains unclear. Again, application
of genome-wide analytical tools has generated a
picture of the impact of zinc on cellular physi-
ology that is far broader than would be pre-
dicted, which most likely would not be captured
by genetic or biochemical studies.

In addition to the role of micronutrients on
normal cellular physiology, iron and zinc are
linked to the expression of biocontrol pheno-
types in some Pseudomonas species. In the case
of P. protegens Pf-5, iron-deplete conditions
resulted in altered expression of a number of
genes involved in bioactive metabolite synthesis,
including downregulation of hydrogen cyanide
production (Blumer and Haas 2000; Lim et al.
2012) and upregulation of genes involved in the
production of DAPG, pyrrolnitrin, and orfamide
A (Lim et al. 2013a). On the contrary, down-
regulation of several genes involved in the
DAPG production was observed in the tran-
scriptional profile of Pf-5 under zinc depletion,
supporting the observation that DAPG produc-
tion can be enhanced by exogenous zinc
amendment (Duffy and Defago 1997, 1999).
Successful application of Pseudomonas spp. to
biocontrol requires an increased understanding
of how these organisms modulate bioactive
metabolite synthesis in the field and during
interaction with host plants. It is clear that
external factors including local concentrations of
micronutrients alter bioactive compound pro-
duction, as does the presence of plant-exuded
compounds (described below).

5.3.2 Gene Expression During
Interaction with Plants
and Plant-Exuded Compounds

Plants release into the rhizosphere a wide variety
of low molecular weight compounds including
polysaccharides, organic acids, phenolics, and
amino acids from their roots, selecting specific
microbial communities and modulating micro-
bial activity. The link between plant-exuded
compounds and changes in bacterial gene
expression has been assessed, for instance, using
reporter fusions to specific genes involved in
bioactive metabolite synthesis (de Werra et al.
2011; Jousset et al. 2011). Given the high
abundance of plant-derived compounds in soil, it
is important to understand how such compounds
may alter the overall physiology of rhizosphere
pseudomonads. Recent studies, for example,
those by Lim et al. (2013b), Matilla et al. (2007),
and Kidarsa et al. (2012) assess global tran-
scriptional profiles of Pseudomonas spp. to
plant-derived compounds, roots, and seeds,
respectively. Taken together, such studies pro-
vide evidence for the differential expression of
hundreds of genes in response to plant-exuded
compounds and during interaction with plant or
seed surfaces. Genes with altered expression
encode functions including biofilm formation,
motility, type VI secretion, antibiotic and exo-
enzyme production, and iron homeostasis,
among others. During Pseudomonas interaction
with plant roots, Matilla et al. (2007) showed
upregulation of several regulatory systems and
genes for metabolism and transport, consistent
with the expectation that changes in gene
expression would reflect adaptation to different
nutrient sources such as root exudates.

Microarray studies have proven extremely
useful in improving understanding of gene
expression of P. fluorescens under conditions
which are moving toward mimicking natural
environments. However, there is still some way
to go. These studies represent a significant step
and will inform the next generation of
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experiments as environmental conditions begin
to be approximated with greater accuracy. Even
more powerful, however, is the ability to assess
global bacterial gene expression directly in a
complex environment. While challenging, this
has been attempted using in vivo expression
technology and is becoming more accessible
with the use of transcriptome sequencing. Soon,
analysis of gene expression in the environment
will be limited only by a researcher’s ability to
isolate a sufficient quantity and quality of
mRNA from even the most complex microbial
habitat.

5.3.3 Gene Expression in Natural
Environments: Functional
Genomics In Situ

As recently as thirty years ago, microbial
activity in natural environments such as the
rhizosphere remained somewhat of an unknown.
Study of rhizosphere bacteria was restricted to
pure cultures studied in the laboratory, limiting
knowledge to single, cultivable species under
relatively unnatural conditions. Advances in
methodology including fluorescent in situ
hybridization (FISH) and stable isotope probing
(SIP) provided for the first time a means to
detect and link functional activity to uncultured
bacteria in the rhizosphere or other natural
environments; however, detail at the genetic
level remained absent.

An approach to identify and understand the
function of genes in complex environments is the
promoter-trapping strategy IVET (in vivo
expression technology) (Mahan et al. 1993).
Broadly, IVET allows the selection of bacterial
promoters that are active in a specified niche.
Such promoter-trapping strategies rely on posi-
tive selection of niche-induced promoters by
using genetic complementation of a condition-
ally lethal mutation. Promoters active in the
environment under study, but inactive under
laboratory conditions, are isolated on a genome-
wide scale independent of whether the loss of
those sequences is lethal and thus allowing the

recovery of essential and nonessential genes that
contribute to ecological success. IVET was first
applied to identify Xanthomonas campestris
genes induced during infection of turnips
(Osbourn et al. 1987) and has since been adapted
to examine genes induced in pathogens during
infection of hosts (Slauch et al. 1994), during
Rhizobium–legume symbiosis (Oke and Long
1999), and when bacteria interact with fungi (Lee
and Cooksey 2000) and plants (Boch et al. 2002).

Various IVET strategies have been success-
fully applied to study the adaptation of Pseu-
domonas species to different environments,
including plant surfaces, the rhizosphere, and
bulk soil (Gal et al. 2003; Rainey 1999; Silby
and Levy 2004). Complementary IVET strate-
gies, based on panB and dapB, were used to
identify P. fluorescens SBW25 genes that are
specifically induced in the sugar beet rhizo-
sphere (Rainey 1999). In agreement with the
saprophytic lifestyle of soil pseudomonads, one
quarter of the identified genes were related to
nutrient acquisition and metabolism. These
include metabolism of organic acids and xylose
as well as genes involved in amino acid and
nucleotide uptake and transport, suggesting that
P. fluorescens can utilize plant-exuded carbon
sources and may scavenge amino acids and
nucleotides as a source of carbon or nitrogen. An
additional suite of genes with elevated expres-
sion in the rhizosphere were those involved in
the oxidative stress response, suggesting that
efficient elimination of the harmful effects of
oxidative stress is an important factor in rhizo-
sphere competence.

A similar dapB-based IVET approach iden-
tified 22 P. fluorescens Pf0-1 promoters with
elevated expression in bulk soil (Silby and Levy
2004). Genes with predicted environmental rel-
evance were again identified including those
involved in nutrient acquisition and metabolism,
nucleotide transport, and stress response. Of
particular interest, however, was the surprising
number of fusions in which the sequence driving
expression of dapB had no similarity to known
genes or proteins. Nearly half of the in vitro
expressed sequences were these so-called
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cryptic fusions, transcribed on the antisense
strand opposite a known open reading frame.
Individual antisense transcripts have been shown
to function as antisense RNA regulators, while
others encode a polypeptide, and it is clear that
this class of genes plays a role in the ecological
success of P. fluorescens Pf0-1 (Silby and Levy
2008). IVET experiments in other Pseudomonas
spp. have identified the existence of additional
sense/antisense transcriptional pairs (Silby and
Levy 2004; Fernandez et al. 2013), suggesting
an importance of this class of transcripts to the
ecology of pseudomonads in a variety of niches.
It is important to note that identification of
antisense or non-predicted transcripts is not
possible with traditional microarray studies
described in the previous section, as these
sequences would be missing from the array.

Transcriptome sequencing combines the
genome-wide scope of microarrays with IVET’s
unbiased ability to discover previously non-
predicted genes, using the high throughput of
new-generation sequencing technology to
sequence cDNA derived from all transcripts in a
given sample. Often called RNA-seq, this
approach allows quantification of gene expres-
sion, providing a snapshot of all transcripts
under conditions of interest. Comparative
approaches can then reveal the network of genes
specifically important in each environment. For
optimal utility, transcriptome sequence data
should be mapped onto a complete genome
sequence for which a high-quality annotation
exists, although efficient de novo assembly of
transcriptome data into contigs of expressed
sequences means that even genotypes for which
genome sequence data are not available are
amenable to the approach.

To date, transcriptome sequencing of P. fluo-
rescens strains has been limited to only a few
environments. Our recent work focuses on
understanding gene expression patterns during
survival and persistence of P. fluorescens strain
Pf0-1 in soil, under varying moisture content. To
survive in nature, bacteria need to adapt to rapid
and sometimes severe perturbations in their
environment, including drastic swings in mois-
ture content of soil, which varies naturally as a

consequence of weather and varies in agricul-
tural settings because of irrigation. Some studies
have examined the response of Pseudomonas sp.
to water stress in vitro, but these have relied on
simulated conditions to reduce water availability
(Chang et al. 2007; Gulez et al. 2012). We have
completed a study of the genome-wide tran-
scriptional response of Pf0-1 to dehydration,
while the bacterium is growing in soil, providing
the first insight into factors that are important for
adaptation to dehydration in situ. When soil
colonized by Pf0-1 was allowed to lose 40 % of
its moisture, expression of [200 genes was
elevated at least 5-fold as a rapid response (1 h)
to dehydration and also after five days reflecting
longer-term adaptation strategies. There was
only limited overlap between rapid and long-
term responses to dehydration, indicating a dis-
tinction between immediate stress response and
broader stress tolerance. Genes specifying pro-
duction of alginate and another extracellular
polysaccharide were upregulated during water
stress, suggesting a protective role for these
products in dry soil. While alginate expression
was induced immediately and remained high,
genes for the second EPS were only induced
after a longer dehydration time. Our data indi-
cate that Pf0-1 uses different polysaccharides for
specific purposes in adaptation to water stress.
Our continued transcriptome analysis of Pf0-1
under a variety of environment conditions,
including gene expression profiles in complex
multispecies bacterial communities, moves for-
ward the knowledge of pseudomonas behavior
in natural settings and will improve our under-
standing of what features may enhance the bio-
control potential of these organisms.

5.4 Future Perspectives

Genome sequencing is now a routine task for
many research groups. Computational tools for
the assembly and preliminary annotation of new
genome sequences are freely available, bringing
the possibility of sequencing all new P. fluores-
cens isolates within reach. We expect many
novel and useful traits to be identified by careful
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examination of the genome sequences, followed
by experimental studies. The pending deluge of
new P. fluorescens genome sequences seems
likely to increase the pan-genome estimate and
decrease the core genome size. Given the vari-
ability in the group, we anticipate that it will
take many sequences for the core and pan-gen-
ome numbers to reach a stable plateau. In
addition, these new genome sequences will
inevitably lead to more revisions of the species
and of the P. fluorescens group. With the ease of
generating sequence data, our expectation is that
genome sequences will form a platform for
sophisticated new functional and comparative
studies using high-throughput genomic
methodologies.

Potential and limits to biocontrol. A major
long-term goal of comparative and functional
genomics of P. fluorescens is the improvement
in biological control strategies to combat plant
pathogens. The major features of an effective
biocontrol strain are the ability to compete and
thrive in the target environment and the ability
to inhibit the growth of the target pathogens.
Genomic studies coupled with other approaches
have begun to shed light on mechanisms for
persistence in soil and on plant surfaces and
have led to an expanded catalog of antimicrobial
compounds that can be produced by P. fluores-
cens. It may be that none of the P. fluorescens
isolates currently being investigated is the
‘‘complete package’’ for application in biocon-
trol; in fact, it is likely that many will be needed
for use in different agricultural environments.
The genomic information gleaned from the iso-
lates already sequenced provides a catalog of
features known to favor biocontrol, and because
of the relatively low cost of genome sequencing,
at present these traits can be readily identified in
new isolates by comparative genomics. Those
isolating these organisms can search for the
ability to produce compounds known to be
effective in combatting a particular pathogen and
can determine the presence of a range of genes
of importance in environmental performance.
Importantly, the tools are available to permit the
detection of novel genes for antimicrobial
production.

Genomic investigations have provided a
baseline from which to extend the repertoire of
biological control agents and show promise for
improvement of Pseudomonas-mediated bio-
control. Current attention, for example, makes
use of sequence information and functional
genomic studies to direct strain engineering and
environmental augmentation for improved bio-
control. Genetic engineering strategies often
focus on secondary metabolite biosynthesis. For
instance, one study to improve strain efficacy
involved insertion of PCA biosynthetic operon
from P. fluorescens 2-79 into the chromosome of
strain SBW25, a robust rhizosphere colonizer
known to control a number of fungal phyto-
pathogens but that does not produce PCA. The
phz operon in the engineered SBW25 permitted
strong constitutive expression of PCA produc-
tion independent of cell density and significantly
improved the ability of SBW25 to reduce
damping-off disease of pea seedlings caused by
Pythium ultimum (Timms-Wilson et al. 2000).
Using a similar strategy, PCA production was
engineered in P. fluorescens strain Q8r1-96, a
superior root colonizer that produces the unre-
lated antibiotic DAPG and is known to control
take-all disease of wheat. Recombinants
expressing the PCA cassette not only produced
high levels of PCA, but also showed increased
production of DAPG, and were effective at
controlling both take-all disease and Rhizoctonia
root rot even when inoculated at doses one to
two orders of magnitude lower than the control
(Huang et al. 2004). The engineered derivatives
additionally showed increased efficacy in field
trials spanning three years, as wheat treated with
the recombinant strains showed yields up to
20 % greater than those from treatments with the
wild type (Mavrodi et al. 2006). Such studies
confirm that the in situ performance of an
already effective biological control agent can be
significantly enhanced by the insertion of novel
functional traits.

While it is clear that many Pseudomonas
strains have the genetic capacity to produce an
array of biocontrol traits, the presence of rele-
vant genes is simply a first step along the path
toward effective exploitation of these traits.
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Understanding how such genes are regulated in
complex environments, as well as an under-
standing of how to ensure survival and fitness
of desirable populations in situ, is equally
important. As such, studies of microbial com-
munity dynamics in natural environments are of
increasing importance. For instance, in the case
of some P. fluorescens strains, the presence of
other, competing soil bacteria induces the pro-
duction of bioactive metabolites and thus may
enhance biocontrol potential (de Boer et al.
2007; Garbeva and de Boer 2009; Garbeva
et al. 2011). Such interspecies bacteria–bacteria
interactions may be a driving force for bioac-
tive compound production in complex micro-
bial communities, where this so-called
chemical warfare may offer a competitive
advantage to the producing strain. Other envi-
ronmental factors may be equally important, as
it is clear that nutrient availability (Lim et al.
2012, 2013a), soil moisture (Varivarn et al.
2013), and temperature (Arana et al. 2010) can
have a drastic effect on both the survival of
biocontrol organisms and expression of bio-
control traits.

We see the next generation of genomic
analysis as being a combination of genome
sequencing and high-throughput automated
annotation, with transcriptome sequencing. The
latter adds a layer of functional information,
which can be integrated into metabolic models
and combined with high-throughput metabolo-
mic and proteomic studies to produce a system-
wide view of the functioning of cells and pop-
ulations. Critical to this approach is the choice of
experimental frameworks which move closer
toward ‘‘real-world’’ situations, ensuring that the
models built have the potential to reflect life in
natural environments rather than life as a
monoculture in a flask of laboratory growth
medium. Of equal importance is the realization
in the post-genomic era that genomic analysis
gives a view of the potential of an organism, but
only with continued genetic, physiological,
metabolic, and environmental experiments can
the potential revealed in sequence and tran-
scriptomic studies be fully characterized and
understood.
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6The Genomics of Xanthomonas oryzae

Lindsay Triplett, Ralf Koebnik, Valerie Verdier,
and Jan E. Leach

6.1 Introduction

Few bacterial plant pathogens, particularly those
with narrow host ranges, have the global impact
of Xanthomonas oryzae (Xo) pathovars. The host
they attack, rice (Oryza sativa), is the staple food
crop for more than half of the world’s population.
Currently, Xo has two recognized pathovars,
X. oryzae pv. oryzae (Xoo) and X. oryzae pv.
oryzicola (Xoc), which differ in the symptoms
they cause on rice. Xoo causes bacterial blight
(BB) of rice, characterized by spreading marginal
lesions, while Xoc causes bacterial leaf streak
(BLS).

Under disease-favorable conditions and in
rice hosts with ineffective resistance, BB can
cause yield losses up to 70 % (Reddy et al. 1979;

Mew et al. 1993), although more typical reports
ranged from 20 to 50 % (Ou 1985). BLS disease,
caused by Xoc, is less widespread, occurring in
tropical and subtropical regions of Asia, Africa,
and Australia (Gonzalez et al. 2007), and is less
severe than BB, with losses usually ranging
between 10 and 20 %. Control methods for the
diseases caused by Xo are limited. Although
chemical means for control are available
(Chaudhary et al. 2012; Devadath 1989), their
use and effectiveness is limited by cost, high
variability in susceptibility among strains, and
the impracticality of applying treatments during
heavy rains characteristic of tropical growing
seasons (Gnanamanickam et al. 1999; Devadath
1989; Gu et al. 2005; Yoshimura et al. 1998).
Cultural controls such as drainage, plant spacing,
and fertilizer management are also recommended
(Leung et al. 2003). Regulatory controls aimed at
prevention of Xo movement into unaffected areas
restrict the movement of rice seed internation-
ally. Importation and interstate movement of
these pathogens within the USA has long been
regulated by the USDA plant protection and
quarantine (PPQ) program within the animal and
plant health inspection service (APHIS). Now,
all Xos are designated as select agents (http://
www.aphis.usda.gov/programs/ag_selectagent/)
according to the Public Health Security and Bi-
oterrorism Preparedness and Response Act of
2002 (Public Law 107–188; June 12, 2002).

The most reliable method for control of Xoo
is varietal resistance. Qualitative resistance has
proved highly useful in controlling BB; in areas
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where effective resistance is deployed, BB cau-
ses yield losses of less than 1 % (Savary et al.
2000a, b; Leung et al. 2003). More than 30 BB R
genes, named Xa1 to Xa38, have been described
(Bhasin et al. 2012; Verdier et al. 2012b), and
the development of robust molecular markers for
several of these genes is making them more
available to breeders (Verdier et al. 2012c). It is
interesting that, while more than 80 R genes
have been identified and 21 have been cloned
conferring resistance to rice blast, a fungal dis-
ease of rice caused by Magnaporthe oryzae
(Ballini et al. 2008; Lv et al. 2013), the
sequences of only eight R genes conferring
resistance to BB are known [Xa1, Xa3/Xa26,
xa5, xa13, Xa21, Xa21D, Xa24, and Xa27
(Yoshimura et al. 1998; Gu et al. 2005; Song
et al. 1995; Iyer and McCouch 2004; Blair et al.
2003; Wang et al. 1998; Xiang et al. 2006;
Ogawa et al. 1987; Khush and Angeles 1999)].
This may be related to the atypical nature of BB
resistance mechanisms; while rice blast resis-
tance genes fall into the category of dominant
NB-LRR-type R genes, most of the BB R genes
cloned are not in this category (Verdier et al.
2012b), and 14 are recessive genes (Zhang and
Wang 2013).

Oddly, given the successful identification of
R genes controlling BB, single R genes con-
trolling BLS have not been found in cultivated
rice, despite concerted screening efforts (Chen
et al. 2006). Currently, the most promising
sources of resistance to BLS that are identified
from rice are based on quantitative genetic
resistance (Tang et al. 2000; Zheng et al. 2005;
Han et al. 2008; Chen et al. 2006; Raymundo
et al. 1999). Two novel sources of single-gene
resistance to BLS have been found by searching
outside of Oryza sativa. One R gene, Rxo1, was
cloned from maize and shown to confer resis-
tance to BLS when introduced into rice (Zhao
et al. 2004b, 2005). More recently, a second
recessive R gene, bls1, was localized to chro-
mosome 6 of Oryza rufipogon (He et al. 2012).

Despite the regulatory, cultural, and genetic
controls employed against Xo, the species
remain a significant threat to rice yields and the
global food supply. Given the importance of

these two diseases and of rice, it is not surprising
that the pathogens and their interactions with
rice have been the focus of significant research
efforts. This chapter will focus on the contribu-
tions of genomic sequencing projects to the
understanding of Xo biology and diversity and
the future questions that genomics will help
address.

6.1.1 The Biology of Xanthomonas
oryzae

The Xo pathovars are particularly fascinating
because, despite the close relatedness of Xoo and
Xoc, the two enter and establish relationships
with different host tissues, and the disease
symptoms they cause are distinct. Xoo is a vas-
cular pathogen and is particularly devastating
when it infects rice leaves at the seedling stage,
when the plants are especially vulnerable. The
pathogen can enter the vessels directly through
wounds generated during transplanting or by the
wind-driven rains during typhoons. Movement
between leaves and plants occurs as bacterial
exudates are blown by wind or splashing rains,
or as leaves rub against one another. Alterna-
tively, Xoo can gain access to vessels by moving
with guttation fluids through natural openings
called hydathode water pores located on the
edges of rice leaves (Guo and Leach 1989; Mew
et al. 1984; Tabei 1977). Once in the water pore,
the bacteria multiply in the epithem and enter
the vessels through the vascular pass (Tabei
1977). In early stages of infection, the rice
leaves turn grayish green and curl. As disease
progresses, the leaves turn yellow to straw color,
and if infected at the seedling stage, the plant
wilts, dries up, and dies. If leaves of older plants
are infected, the pathogen moves down the leaf
in the vessels, killing the entire leaf.

Xoc is an intercellular pathogen that can enter
plants either through wounds or by invading the
stomata (Mew 1993). As the bacteria multiply
between the mesophyll parenchyma cells, the
disease symptoms first manifest as small, water-
soaked streaks between leaf veins. The streaks,
which appear translucent when backlit, then turn
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light brown to yellowish gray. As disease pro-
gresses, the entire leaf becomes brown and dies.
As with BB, in high humidity, yellow droplets
containing masses of bacteria can be observed
on the leaf surface. At later stage of infection, it
is difficult to distinguish between leaf blight and
leaf streak in the field.

6.1.2 Distribution and Taxonomic
Diversity

Xanthomonas oryzae pathovars are widely dis-
tributed. BB disease causes losses in both tem-
perate and tropical environments, particularly in
irrigated or rainfed lowland areas (Mew et al.
1993; Verdier et al. 2012b). Xoo has been
reported in almost all major rice-growing areas,
except for the Mediterranean Basin (Spain,
Turkey, and Egypt). In addition to reports in most
East and Southeast Asian countries, Xoo has also
been reported in Australia (Aldrick et al. 1973),
Iran (Ghasemie et al. 2008), and in several sub-
Saharan African countries (Awoderu and John
1984). There are single reports of Xoo in several
other rice-producing areas, including North and
Latin America, but Xoo has not been confirmed
to be endemic in these areas (Jones et al. 1989;
Lozano 1977). Xoc is found in Asia and has also
been reported in Madagascar and more recently

in West Africa (Buddenhagen 1985; Wonni et al.
2011). In recent years, the disease has been
observed with increasing frequency in Asia and
Africa, likely due to the planting of susceptible
varieties (Xie et al. 1990; Tang et al. 2000;
Gonzalez et al. 2007; Wonni et al. 2011) and
possibly as a result of a changing environment
(Llano 1999).

Taxonomic studies have shown that Xo forms
a distinct genetic lineage that is not more closely
related to other Xanthomonas pathogens infect-
ing monocots than to species infecting dicots.
While differentiation according to observed
symptoms classified X. oryzae into two patho-
vars (pvs. oryzae and oryzicola), analysis of
strains from the USA and Africa has challenged
the view that these two subgroups represent two
genetically distinct lineages. Multi-locus
sequence analysis points to three major genetic
Xo lineages: (1) Asian Xoo, (2) Asian and
African Xoc and African Xoo, and (3) Xo iso-
lates from the USA (Fig. 6.1). Additional phy-
logenetic analyses of Xoo strains concur that
Asian and African strains belong to distinct
genetic lineages and that African Xoo strains
share several features with Xoc (Gonzalez et al.
2007; Soto-Suarez et al. 2010b; Hajri et al.
2012). The group of isolates from the USA,
referred to as USXo, causes weak blight-like
symptoms and yield losses of less than 1 %

Lineage I

Lineage II

Lineage III

Fig. 6.1 Phylogenetic relationships of Xanthomonas
oryzae strains. Xanthomonas oryzae forms three major
lineages; the US Xo group branches separately from the
Asian Xoo lineage and the lineage containing African

Xoo, Xoc, and a native grass pathogen named Xantho-
monas campestris pv. leersiae. Figure, reprinted from
Triplett et al. (2011), is based on Bayesian phylogenetic
analysis of three concatenated housekeeping genes
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(Jones et al. 1989), but has no formally desig-
nated pathovar. The USXo strains fall into a
separate clade from all known Asian and African
Xoo and Xoc strains, suggesting an extended
period of geographic separation. One group of
strains causing blight-like symptoms on the
native grass Leersia hexandra was originally
named X. campestris pv. leersiae or X. leersiae,
but those strains with sequence information
appear to be bona fide X. oryzae strains related
to Xoc and African Xoo (Triplett et al. 2011).

6.2 Genetic Characterization
of X. oryzae Prior to Genomic
Sequencing

6.2.1 Genetic Races

Prior to the publication of the first X. oryzae
genome, much research interest of Xoo genetics
was focused on the identification of races and
the mechanism of race specificity. (No race
structure has been characterized in Xoc or USXo,
although USXo elicits HR on many varieties).
Races are groups of strains sharing a common
phenotype of virulence or avirulence to a set of
differential cultivars carrying different R genes.
Near-isogenic lines (NILs) such as the IRBB
lines developed at the International Rice
Research Institute are commonly used to iden-
tify Xoo races (Ogawa et al. 1990, 1991; Ogawa
and Yamamoto 1987) (Table 6.1). Each NIL
carries one specific resistance gene (Xa gene),
which was incorporated into the indica cultivar
IR24 by traditional breeding techniques and/or
using marker-assisted selection. Based on their
reaction on the IRBB lines, eleven Xoo races
(Philippine races 1–10) were identified in the
Philippines, 14 in Sri Lanka (Ochiai et al. 2000),
and three in Africa (Table 6.1, A1, A2, and A3)
(Gonzalez et al. 2007). Interestingly, HR-
inducing resistance to African A3 strains was
observed in all IRBB lines tested including
IR24. In China, successively 9, 61, and 2 races
were described among Xoo strains collected
from different provinces (Liu et al. 2007, 2009a;

Yang et al. 2013), with the new race FXP1
strains carrying genetic determinants that induce
resistance (incompatibility) on the NILs carrying
xa5 and Xa7 (Table 6.1). The emergence of new
races after the widespread deployment of Xa
resistance genes is a common occurrence (Mew
et al. 1992). For example, resistance to Xa4 was
overcome in more than one instance by the
emergence of new races (Pandey et al. 1986;
Mew et al. 1992; Vera Cruz et al. 2000).

In studies among Xoo strains in Japan, Nepal,
Korea, and India, numerous other races have
been named in addition to the 30 in Table 6.1.
Because these races were reported based on
phenotyping isolates on different sets of NILs or
other cultivars, it is not known how many Xoo
races have emerged (Jeung et al. 2006; Lee et al.
1999; Noda et al. 1996). A single mutation or
gene transfer event can change pathogen race,
and races cannot be correlated to phylogeny or
geographic group (Ochiai et al. 2005).

6.2.2 Avirulence and Virulence Genes

Beginning in the mid-1980s, the implementation
of techniques for genetic analysis of Xantho-
monas conjugation (via bi- or triparental mating)
(Choi and Leach 1994) and transformation (via
electroporation) (White and Gonzalez 1995;
Choi and Leach 1994) of DNA into Xo strains
allowed transposon insertional mutagenesis,
complementation, and screening of cosmid
libraries in Xo to identify the avr genes confer-
ring race specificity (Sun et al. 2006; Daniels
and Leach 1993). After it was discovered that
avrBs3, an avr gene cloned from X. vesicatoria
(Bonas et al. 1989), was highly similar in
sequence to other Xanthomonas avirulence pro-
teins, hybridization with avrBs3 followed by
inoculation experiments was used to identify
cosmid clones containing avrBs3-like Xoo
effector genes avrxa5, avrXa10, and avrXa7
(Hopkins et al. 1992). The avrBs3-family
effectors, now called transcriptional activator-
like (TAL) effectors, function by binding to
effector-specific sites in the host genome and
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activating expression of specific host genes.
Some activate host genes that enhance suscep-
tibility and thus contribute to virulence, while
some also activate host resistance genes and thus
function as avirulence factors [for review, see
(Boch and Bonas 2010)]. For example, the TAL
effector AvrXa7 from Xoo functions as a viru-
lence determinant by activating expression of a
sugar transporter, OsSWEET14 (Chen et al.
2012); if the plants contain the R gene Xa7,
AvrXa7 induces resistance (Hopkins et al.
1992). Another TAL effector homolog, avrXa27,
was cloned as a gene directly inducing the
activation of Xa27 (Gu et al. 2005). Microarray
analysis of induced genes in rice helped to
determine that the TAL effector, pthXo1, was the
factor triggering Xa13-mediated susceptibility
(Yang et al. 2006). Like many effector proteins,
some TAL effectors from Xoo and Xoc are
critical components of a pathogen’s virulence
(Bai et al. 2000; Verdier et al. 2012a; Yang and
White 2004; Sugio et al. 2007; Yu et al. 2011),
while others have no known contribution (Bai
et al. 2000). A few avr genes are not TAL
effectors; avrRxo1 was cloned as an Xoc gene
triggering HR in maize carrying the Rxo1 gene
(Zhao et al. 2004a). Several genes required for
the AvrXa21–Xa21 interaction, called rax, have
also been discovered (Lee et al. 2006).

Numerous other genes were implicated in the
Xo infection process prior to the availability of
the genome sequence. In addition to transposon
mutagenic screens, studies in X. campestris
often served as a guide for amplification and
identification of homologous genes in Xo (Li
et al. 2004). This work led to the identification,
sequencing, and characterization of the viru-
lence roles of the hrp cluster for type III secre-
tion (Zhu et al. 2000), the xps cluster involved in
type II secretion of enzymes (Ray et al. 2000),
the gum cluster of exopolysaccharide synthesis
genes (Dharmapuri and Sonti 1999), the rpf
cluster of quorum sensing and biofilm formation
genes (Tang et al. 1996; Chatterjee and Sonti
2002), and distinct clusters of lipopolysaccha-
ride and O-antigen formation genes (Patil and
Sonti 2004). Genes involved in the utilization of
host resources including phytic acid (Chatterjee

et al. 2003), purines (Chatterjee and Sonti 2005),
xylan (Rajeshwari et al. 2005), and iron
(Subramoni and Sonti 2005) were also required
for Xoo virulence. Virulence factors character-
ized also encoded stress resistance factors
including the aroE gene required for pigment
production (Goel et al. 2001) and genes encod-
ing catalase (kat) and peroxidase (pox) enzymes
(Chamnongpol et al. 1995; Chittoor et al. 1997).

6.3 Insights from the Sequenced
Genomes of Xo Strains

As of this writing, 12 complete Xanthomonas
genomes have been published, four of which are
in the species X. oryzae: strains KACC10331
(XooK; Korea), MAFF311018 (XooM; Japan),
and PXO99A (XooP; Philippines) in the pathovar
oryzae (Lee et al. 2005; Ochiai et al. 2005;
Salzberg et al. 2008) and the strain BLS256 of
pathovar oryzicola (Bogdanove et al. 2011). All
four complete Xo genomes were sequenced by
shotgun sequencing using the Sanger method, and
the annotations were manually curated; the XooP
genome annotation was later improved by addi-
tional analysis and validation (Lei et al. 2013). In
addition, two draft genomes of Xo strains X11-5A
and X8-1A were sequenced using Illumina tech-
nology, assembled into over 300 contigs, and
automated annotation was performed (Triplett
et al. 2011). Draft Illumina genome sequence has
been generated but is not yet publicly available
for multiple strains of Xoo and Xoc isolated from
China and West and Central Africa (authors,
unpublished data; White, pers. comm.); however,
phylogenetic and gene content information based
on analysis of these genomes has been published
and will be discussed below (Triplett et al. 2011;
Zhao et al. 2012a; Hajri et al. 2012). This section
will focus on the insights gained from sequencing
Xo genomes.

6.3.1 DNA Sequence Characteristics

Basic general characteristics of the four com-
pleted Xo genomes are shown in Table 6.2. Xo
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genomes are similar in size, GC content, and
gene number to other Xanthomonas genomes,
but encode a much larger number of insertion
sequence elements and TAL effectors (Meyer
and Bogdanove 2009). The sequenced Asian
strains of Xo do not contain plasmids, but the
USXo strain X8-1A genome contains a plasmid
similar to pXAV38 from X. axonopodis pv. ve-
sicatoria (Triplett et al. 2011).

6.3.2 The Gene Content of X. Oryzae
Genomes

6.3.2.1 TAL Effectors
Genome sequencing revealed a wealth of infor-
mation about the diversity, organization, and
evolution of TAL effectors, formerly AvrBs3/
PthA-family effectors, in the genomes of Xo. It
was known from Southern hybridization exper-
iments that unlike genomes of X. axonopodis pv.
citri, X. vesicatoria, and X. gardneri, which
contain single TAL effectors, Xo genomes con-
tained many and varying copies of TAL effec-
tors (Hopkins et al. 1992; Ryba-White et al.
1995; Leach et al. 1995), and Xo genome
assemblies confirmed this: 15–19 are found in
Asian Xo strains and 26 in Xoc. The genes are
clustered in nine loci in the XooP genome, eight
loci in the XooM genome, seven loci in the
XooK genome, and 11 loci in the Xoc genome,
with one to eight TAL effector genes in each
individual locus. In both Xoc and Xoo, TAL
coding sequences are not clustered in operons
but are separated from each other by a conserved
sequence containing a *100-bp putative pro-
moter sequence that is conserved among Xoc
and Xoo (Bogdanove et al. 2011).

Xanthomonas oryzae genomes revealed
interesting observations about the evolutionary
history of TAL effectors in Xo. Phylogenetic
analysis based on the N- and C-terminal portions
of Xo TAL effectors shows that the effectors form
Xoc group separately from those of Xoo
(Bogdanove et al. 2011), while the TAL effectors
from XooM and XooP do not form distinct
clades. Later, TalC from the African Xoo strain

BAI3 was shown to be part of the Xoc clade of
TAL effectors (Yu et al. 2011). Together, these
results suggest that a single TAL effector entered
the genome of a progenitor of Xoo and Xoc, and
amplification and diversification occurred after
the separation of the Asian Xoo group from the
Xoc/African Xoo group. Further amplification
and shrinkage events then occurred after the
separation of XooM and XooP strains. Interest-
ingly, both draft genomes from the divergent
clade of USXo strains showed no evidence of full
or partial TAL effector sequences (Triplett et al.
2011). This suggests that TAL effectors never
entered the USXo genomes and that the transfer
of the initial TAL effector occurred after the
divergence of the USXo group from the Xoo/Xoc
progenitor. The high degree of duplication of
TAL effectors could have been mediated by
transposition or recombination, conferring a
selective advantage to strains with multiple TAL
effectors. However, tracing the mechanism of
TAL effector duplication is difficult due to the
extensive level of rearrangement in the Xo gen-
omes; while IS elements flank some TAL effec-
tor loci (Bogdanove et al. 2011), no specific
family of IS element has been reported to be the
predominant element associated with TAL
effectors. Interestingly, Southern hybridization
and unpublished sequence analysis indicates that
African strains of Xoo contain fewer copies of
TAL effectors than the Asian strains (Gonzalez
et al. 2007; Hajri et al. 2012), as does the Xo
strain known as X. campestris pv. leersiae
(5 copies; authors, unpublished). Sequencing
TAL effectors in additional strains from the Xoc
clade, including African Xoo and X. campestris
pv. leersiae, is needed to understand whether
genomic factors may influence TAL duplication,
whether TAL effectors contribute to tissue
specificity in Xo, and whether there are addi-
tional TAL effector variants in the Xo species.

6.3.3 Other Type III Secreted Effectors

Type III secreted effectors other than the TAL
have been predicted in Xo genomes on the basis
of homology to known effectors, N-terminal
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features characteristic of effectors, or the pres-
ence of conserved promoter elements indicative
of a gene in the HrpX regulon, i.e., a plant-
inducible promoter (PIP) box or a -10 box
(Furutani et al. 2006). Ochiai et al. (2005)
identified 37 putative secreted effectors in the
XooM genome based on PIP-box presence;
Furutani et al. (2009) later identified 60 putative
effectors based on all three effector criteria. By
fusing these 60 genes to the translocation
reporter gene cyaA and measuring reporter
activity in planta, the authors discovered that 16
of the predicted effectors were secreted into
plant cells, including seven previously uniden-
tified effectors (Furutani et al. 2009). White et al.
(2009) proposed a Xop nomenclature for effec-
tors in Xanthomonas species, identifying 22
putative effectors in the XooM genome (the 16
known translocated effectors plus six additional
effector homologs not assayed in the CyaA
study) and 21 in the unpublished genome of the
African strain CFBP1947. Of this list, only
XopC, XopG, XopL, XopAD, and XopAE have
not yet been shown to be translocated by Xoo,
although a later study demonstrated transloca-
tion of Xoo XopAE from X. campestris (Zhao
et al. 2013).

Comparative analysis of the completed gen-
omes demonstrates that Xo effector repertoires
are strikingly homogenous for a species with a
high degree of genomic plasticity. However,
there is a small pool of variable effectors. Of 26
putative effector genes in the Xoc genome, only
five are absent or disrupted in completed Xoo
genomes (XopAF, XopAJ, XopAK, XopO, and
XopI), making these potential candidates as
mediators of the hrp-dependent suppression of
the rice defense response to Xoo TAL effectors
by Xoc (Bogdanove et al. 2011). Like Xoc, the
draft genome of the African Xoo strain
CFBP1947 is missing the effector XopT; how-
ever, this strain does not encode Xoc effectors
XopAJ, XopAF, XopO, or XopAK (Hajri et al.
2012). The draft genomes of the USXo group,
which causes Xoo-like symptoms but is equally
related to the Xoo and Xoc lineages, are pre-
dicted to contain intact copies of ‘‘Xoc-specific’’
effectors XopAK and XopI and ‘‘Xoo-specific’’

effector XopT in addition to all other Xoo
effectors except XopU [(Triplett et al. 2011),
unpublished data]. One effector present in all X.
oryzae strains, XopC2, is specific to Xo among
all Xanthomonas species (Bogdanove et al.
2011).

6.3.4 Virulence Factors

The major gene clusters associated with patho-
genesis in Xanthomonas are the hrp (type III
secretion), xps and xcs (type II secretion), rpf
(quorum sensing and biofilm formation), lps
(lipopolysaccharide), and gum (xanthan exo-
polysaccharide synthesis) clusters. The genes
encoding the hrp, xps, and gum clusters are
strongly conserved among Xanthomonas spp,
varying only in the border regions and occa-
sional presence of IS elements between genes
(Lu et al. 2009). For example, in the hrp clusters
of XooK and XooM, but not Xoc, a cluster of IS
elements is inserted in region II between xopF1
and hrpF (Lu et al. 2009). While the central gum
cluster (gumB–gumN) is conserved among
Xanthomonas, the genomes of X. campestris
encode gum genes of unknown function down-
stream of gumN that are lacking in the Xo gen-
omes. Mutagenic analysis of the Xo gum cluster
genes showed that genes involved in exopoly-
saccharide synthesis and export are required for
full Xo virulence, but genes that function in
posttranslational modifications such as acetyla-
tion do not affect symptoms (Kim et al. 2009).
This contrasts with studies in X. campestris pv.
campestris, in which deletion of xanthan acety-
lation genes gumF and gumG cause a reduction
in virulence (Katzen et al. 1998). The highly
conserved xps type II secretion system is
required for full virulence and for secretion of
xylase, cellulase, cellobiosidase, and lipase
enzymes in Xoo (Jha et al. 2007; Ray et al.
2000). Xo genomes lack the xcs type II secretion
clusters of X. campestris, which have no known
role in virulence.

In Xanthomonas, quorum sensing mediated
by diffusible signal factor (DSF) is mediated by
the putative DSF synthases RpfF and RpfB, the
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sensor RpfC, and the response regulator RpfG.
Mutagenesis of rpfF and of rpfC and G decrea-
ses virulence in Xoo and Xoc, respectively (Tang
et al. 1996; Guo et al. 2012; Wang et al. 2007).
The roles of additional rpf genes A, D, E, H, and
I are not known. All the rpf genes are conserved
among Xo genome sequences, with the excep-
tion of absent or disrupted rpfH and rpfI genes in
some strains (Lu et al. 2009). Nucleotide
sequence analysis determined that rpfC and rpfF
have relatively divergent sequences among
Xanthomonas and are under low levels of puri-
fying selection (Lu et al. 2009), although it is not
known how this sequence divergence affects the
chemical makeup and perception of the group of
compounds that compose DSF.

Of the virulence clusters of Xo, the greatest
diversity is seen among the lipopolysaccharide
(LPS) synthesis genes. LPS is an outer mem-
brane component which acts as a PAMP to
trigger plant defense responses. Xoo and Xoc
have distinct clusters of seven and 15 LPS syn-
thesis genes, respectively, with only two
homologous genes shared between them (Lu
et al. 2009). LPS synthesis genes are important
for virulence in Xoo and Xoc (Guo et al. 2012;
Wang et al. 2007, 2013a), although it is not
known how LPS O-antigen diversity might
impact host-range adaptation.

The BLS256 genome report includes tabular
comparison of HD-GYP-, GGDEF-, and EAL-
domain proteins, TonB-dependent receptors,
adhesins, and two-component systems in the Xo
genomes and other representative Xanthomonas
sp. (Bogdanove et al. 2011), and these are further
reviewed in Ryan et al. (2011). A variety of fi-
mbrial and afimbrial adhesins contribute to Xoo
colonization of the external surfaces of the leaf as
well as internal colonization of vessels (Boch and
Bonas 2010; Pradhan et al. 2012; Ray et al. 2002).
Adhesins also contribute to Xoc virulence (Wang
et al. 2007). Adhesin content is similar among Xo
genomes, with the notable exception of fhaB, a
large ([10 kb) afimbrial adhesin gene involved
in biofilm formation in other Xanthomonas sp.
(Li and Wang 2011). fhaB and associated genes
are present in the genomes of XooP, Xoc, and
USXo, but absent in XooM and XooK. GGDEF-

and HD-GYP/EAL-domain proteins are involved
in the synthesis and degradation, respectively, of
the signaling messenger cyclic di-GMP. Of the
35 X. campestris pv. campestris genes with a
GGDEF or EAL domain, 31 are present in the
Xoc genome and 26 are present in the genomes of
XooM and XooP (Bogdanove et al. 2011). Two of
the few two-component systems characterized in
Xoo, RpfC/RpfG and PdeK/PdeR, are virulence
factors and regulators of cyclic di-GMP (Yang
et al. 2012; Tang et al. 1996).

TonB-dependent receptors (TBDRs) are
transporters of iron–siderophore complexes,
vitamins, and sugars and thus may play a crucial
role in growth and virulence in the plant host.
TBDRs are identified in the genome based on
the presence of a TonB box sequence, an
N-terminal signal sequence, and plug and
b-barrel domains (Blanvillain et al. 2007). While
most bacterial species encode fewer than 14
TBDRs, strains of X. campestris and X. axo-
nopodis encode between 52 and 68, and up to 17
of these contributed to symptom development on
plants in X. campestris pv. campestris (Blanvil-
lain et al. 2007). The genomes of Xoc, XooM,
XooK, and XooP each encode 36 complete
TBDRs (Bogdanove et al. 2011; Blanvillain
et al. 2007), although TBDR pools are not
identical between the four genomes (Bogdanove
et al. 2011); at least one TBDR has been
implicated in Xoo virulence (Xu et al. 2012).
The reduced numbers of cyclic di-GMP and
TBDR proteins in Xo compared with other
Xanthomonas species may be a consequence of
adaptation to a narrow ecological niche. In
addition, loss of some TBDRs might be com-
pensated for by the acquisition of TAL effectors
that increase availability of sugars in the plant
environment.

Both USXo draft genomes harbor large
numbers of predicted genes with similarity to
non-ribosomal peptide synthase–polyketide
synthase (NRPS-PKS) clusters of the sugarcane
pathogen X. albilineans (Triplett et al. 2011). In
X. albilineans, one NRPS-PKS cluster produces
the peptide toxin albicidin, a GyrB-targeting
protein toxic against plants and against other
bacteria, and several other NRPS-PKS clusters
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with unknown function are encoded. NRPS
genes have been identified in the African Xoo
strains as well (NCBI accession JQ348075). The
NRPS genes identified in African Xoo and USXo
are highly conserved on the amino acid level,
but they share only slightly less than 80 %
identity with the X. albilineans NRPS genes
(unpublished data). NRPS clusters similar to the
syringomycin synthesis genes of Pseudomonas
syringae are reported in the Xoc genome (Ryan
et al. 2011).

6.3.5 IS Elements

Insertion sequence (IS) elements are mobile
genetic elements that can constitute a significant
component of eubacterial and archaeal genomes
(Siguier et al. 2006). With several hundred
complete and partial IS elements per genome
representing six distinct families (Table 6.2), Xo
genomes contain a much higher number and
diversity of IS elements than other Xanthomonas
species (Fig. 6.2) (Bogdanove et al. 2011). IS
element expansion often follows restriction to a
single host, and Xo does occupy a narrow eco-
logical niche, but the number of IS elements in
Xo is extreme even among specialized pathogens
(Mira et al. 2006). In a mathematical modeling
study of IS element distribution, the three Xoo
genomes had the highest copy numbers of IS5
out of 525 proteobacterial genomes studied in
183 genera, suggesting a low fitness cost for IS5
in Xoo (Bichsel et al. 2013). The high number of
IS elements compared with other Xanthomonas
could also stem from unusual activity levels of
an Xo gene that modulates IS element activity,
such as a recombinase, DNA chaperone, or
methylase (Mahillon and Chandler 1998). By
generating insertions, deletions, and duplica-
tions, and by modulating activity of nearby
genes, IS elements are drivers of genomic
diversity and strain adaptation (Boch et al.
2009), potentially benefiting Xo fitness through
the generation of duplicated beneficial genes
such as TAL effectors. Insertion sequence ele-
ments are associated with seven of ten major
chromosomal rearrangements in the XooP

genome compared with other Xoo strains
(Salzberg et al. 2008), and whole-genome
alignments show a striking level of genome
rearrangement among the four Xo genomes
compared with the rearrangements between four
X. campestris genomes (Bogdanove et al. 2011).

6.4 Applications of the Xo
Genomes

Gene function studies The availability of Xo
genome sequences facilitated an expansion of
single gene function studies involving targeted
mutagenesis and cloning, library screening, and
proteomics, yielding information about the roles
of diverse genes. For example, Xoo genomes
have contributed to the characterization of
individual virulence factors including sidero-
phores (Subramoni et al. 2012; Pandey and Sonti
2010), adhesins (Pradhan et al. 2012), a man-
ganese efflux system (Li et al. 2011), and TonB-
dependent receptors (Xu et al. 2012). Virulence
and regulatory roles were characterized for the
master regulator rsmA and two-component

Fig. 6.2 Comparison of selected IS elements in the four
completed Xo genomes (four right columns) with four
strains of Xanthomonas campestris (left columns): Xcc8
(Xanthomonas campestris pv. campestris strain 8004),
XccA (Xanthomonas campestris pv. campestris strain
ATCC33913), XccB (Xanthomonas campestris pv. cam-
pestris strain B100), and Xcr (Xanthomonas campestris
pv. raphani). Bars representing IS elements in each
genome are, left to right, ISL3, IS630, IS30, IS3, ISCNY,
IS4, and IS5. Figure reprinted from (Bogdanove et al.
2011)
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systems (Yang et al. 2012; Zhu et al. 2011).
Other Xoo genes characterized contribute to
general pathogen biology and stress responses,
such as SAM salvage pathway components and
SOS response genes (Sukchawalit et al. 2006). A
screen of transposon mutants in Xoc revealed
that type III secretion genes and type IV pilins
for attachment and motility are important in
virulence (Wang et al. 2007). Other novel viru-
lence factors identified in Xoc using genome-
guided cloning and gene disruption or analysis
of transposon-induced mutations include a novel
extracellular protease (Zou et al. 2012), an
aspartate metabolism gene (Qian et al. 2012a),
quorum sensing-regulated genes (Zhao et al.
2012b), and several genes of unknown function
(Shen et al. 2012; Wang et al. 2013a).

Genomes also enable systematic mutagenesis
and cloning studies to elucidate the roles of every
individual member of a gene family. Several
studies have used systematic approaches to
identify the true repertoires of secreted effectors
in Xoo from among dozens of candidates, leading
to the identification of the first non-TAL effectors
that contribute to Xoo virulence. In the first sys-
tematic translocation and mutagenesis study of
Xoo effectors [(Furutani et al. 2009), discussed
above], the effector XopR was found to inhibit
virulence in rice and suppress the innate immune
response in Arabidopsis (Akimoto-Tomiyama
et al. 2012; Furutani et al. 2009). In another
study, the XooM genome sequence was used to
amplify and fuse 41 candidate effectors in Xoo
strain 13751 to an N-terminal truncation of the
X. campestris pv. campestris gene avrBs1;
fusions were introduced into an avrBs1 deletion
mutant of X. campestris and tested in an HR-
based translocation assay on pepper (Zhao et al.
2013). Nine proteins were translocated, includ-
ing one not identified among the 16 previously
found in XooM. Mutagenesis of the nine effectors
confirmed XopR as a virulence determinant in
strain 13751 (Zhao et al. 2013). It is possible that
the avrBs1 fusion assay is less sensitive than the
cyaA assay as a test of protein translocation;
either way, these studies show that a relatively
small proportion of the Xoo genes with charac-
teristics of type III effectors (homology to other

known effectors and presence of cis regulatory
promoter elements) are actually translocated into
plant cells in these assays. A small proportion of
these contribute to virulence in the standard
scissor-clip assay (Kauffman et al. 1973) used for
rice. In addition to XopR, mutagenesis studies
using other strains or infection conditions
reported virulence roles for XopZ and XopN
(Song and Yang 2010; Cheong et al. 2013).

Although few individual secreted proteins
have measurable impacts on symptom develop-
ment, they may have roles in combination, on
different plant hosts, or in different environ-
mental contexts. Transgenic overexpression
studies in plants, an alternate strategy to study the
individual contributions of Xops, uncovered
putative roles of five additional Xoo effectors in
suppressing PAMP-triggered immunity (Sinha
et al. 2013; Yamaguchi et al. 2013a, b). Patho-
gen-associated molecular patterns (PAMPs)
betray the pathogen to the plant and trigger
defense responses (Block and Alfano 2011).
Xoo2875 (also called XopAA), a homolog of the
early chlorosis factor from X. campestris pv.
vesicatoria (Morales et al. 2005), was shown to
promote colonization by a Xoo type III secretion
mutant of rice plants overexpressing this effector,
possibly by binding to OsBAK1 and/or OsBi-
SERK1 and interfering with PAMP signaling
(Yamaguchi et al. 2013a). Another effector,
Xop1488 (or XopY), was shown to interact with
the receptor-like cytoplasmic kinase,
OsRLCK185, thus suppressing its OsCERK1-
mediated phosphorylation and consequently
inhibiting peptidoglycan- and chitin-induced
immunity (Yamaguchi et al. 2013b). Interactors
of XopN include the resistance-related tran-
scription factor OsVOZ2, which is required for
rice resistance to Xoo (Cheong et al. 2013).
Marker-free strategies have been developed for
engineering double- and triple-knockout mutants
in Xo (Zou et al. 2011). A systematic study of
effector subsets in an effector-depleted strain,
such as demonstrated for the plant pathogen
Pseudomonas syringae (Cunnac et al. 2012b),
may further illuminate the collective contribution
of type III effectors to pathogenicity. Systematic
analyses have also extended beyond Xoo
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effectors; bioinformatic prediction and muta-
genesis of genes for Xoc-specific secreted pro-
teins led to the identification of the novel quorum
sensing-regulated virulence factor Epv (Qian
et al. 2012b).

6.4.1 Proteomics and Gene Expression
Studies

While the majority of Xanthomonas functional
genomics studies have been performed in
X. campestris (Ryan et al. 2011), the Xo genome
sequences have enabled microarray-, proteo-
mics-, or reporter-based studies of gene expres-
sion in vitro and in planta. A systematic analysis
of reporter fusions was used to identify nine
novel Hrp-regulated promoters from a pool of 21
putative PIP-box promoters identified in the
genome, including several controlling genes of
unknown function (Furutani et al. 2006). An
Xoo–Xoc dual genomics microarray determined
genes upregulated in the apoplast-mimicking
minimal medium XOM2, showing that many
genes are only upregulated in this medium in
Xoo (Seo et al. 2008). This demonstrated that
there are key differences in the regulation of
virulence genes in Xoo and Xoc, which could
contribute to their tissue specificity differences.
Other studies have used microarray analysis to
identify differences in expression in Xoo strains
with deleted master regulatory genes. A micro-
array was used to identify 330 genes differen-
tially regulated by the LuxR-type response
regulator OryR (González et al. 2012), and 214
genes were found to be differentially regulated
in Xoo deficient in the PhoPQ two-component
system, including virulence and regulatory genes
(Sriariyanun et al. 2012).

In a third microarray study, 139 genes were
differentially regulated in a XooDrpfF strain
incapable of producing the quorum-sensing sig-
nal diffusible signal factor (DSF); attachment
genes were downregulated, and genes for motility
and extracellular enzymes were upregulated in

the absence of the autoinducer (Rai et al. 2012).
Expression findings were validated with func-
tional analysis showing that the rpfF deletion
mutant exhibits decreased aggregation and exo-
polysaccharide production and increased motil-
ity. The results suggest that Xoo DSF triggers a
transition from a free-swimming invasion stage to
biofilm formation in the xylem. This contrasts
with the model of DSF function in the non-vas-
cular pathogen X. campestris, in which DSF
decreases attachment and increases motility, and
parallels the model in the vascular pathogen
Xylella fastidiosa, in which DSF increases
attachment and suppresses motility (Rai et al.
2012). Intriguingly, study of an rpfF deletion
mutant of Xoc exhibited increased aggregation
and decreased expression of flagellar motility
genes, suggesting that unlike Xoo, Xoc may fol-
low the non-vascular, X. campestris model of
DSF function (Zhao et al. 2011). In a follow-up
study, 33 DSF-regulated extracellular proteins
were identified using a similar experimental setup
and four of them, including three type II-secreted
hydrolases, were shown to contribute to virulence
(Qian et al. 2013). Further expression analyses
are needed to determine whether Xoo and Xoc
respond differently to cell density signals in the
host, or whether the observed differences stem
from different in vitro experimental conditions.

Custom microarrays were also developed to
identify genes expressed during infection in
plants; 147 genes were differentially expressed
in the African Xoo strain MAI1 during infection
on rice, including Xop and TAL effectors,
TonB-dependent receptors, IS elements, and
adhesins (Soto-Suarez et al. 2010a). A micro-
array approach was also used to identify differ-
entially expressed genes in Xoo strain
KACC10331 at 1, 3, and 7 days post-infection
(Zhang et al. 2009). Finally, Xo genomes have
also aided the identification of proteins identified
in proteomic analysis. Mass spectrometry of
xylem fluid from infected rice identified 64
proteins secreted by Xoo during infection,
including novel virulence factors validated by
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mutagenesis (Gonzalez et al. 2012). A compar-
ison of proteins from media-grown Xoo with
proteins extracted from infected leaf tissue
demonstrated production of Hrp proteins, adhe-
sins, and quorum-sensing regulators during
infection (Wang et al. 2013b). When cells of
Xoo ectopically expressing the key regulatory
virulence gene hrpX were compared to wild-type
cells grown in vitro, seven proteins with differ-
ent abundances in both samples were identified.
Among these were two different peptidyl–prolyl
cis–trans isomerases (Robin et al. 2013), point-
ing to a role of such chaperones in virulence, as
had been shown before for X. campestris pv.
campestris (Zang et al. 2007).

6.4.2 In Silico and Structural
Genomics Techniques

The Xoo genomes have also been used to test
novel in silico genomics techniques. The genome
of MAFF311018 was used to perform in vitro
and in silico analysis of restriction landmark
genome scanning analysis (RLGS) to identify
specific areas methylated in the genome, dem-
onstrating the validity of this technique for pin-
pointing methylation-rich regions (Ichida et al.
2007). The sequence of N-acetylglucosamine-
1-phosphate uridyltransferase (GlmU) gene from
the XooM genome was used to create a structural
model of the protein based on alignment with
crystallized GlmU homologs, and this model was
used to perform in silico screening of potential
antimicrobial small molecules that would bind to
GlmU and suppress Xo growth (Min et al. 2012).
Three compounds identified, including the fla-
vonoid luteolin, inhibited the activity of GlmU
and had whole-cell antimicrobial properties
against Xoo. This study demonstrates the use-
fulness of genome-derived information in the
search for novel chemical controls against Xo.
The RpfF protein, the synthase of diffusible
signal factor quorum-sensing molecule, has also
been modeled in silico for potential application
in inhibitor screening (Reddy et al. 2012).

6.4.3 Development of TAL Effector-
Based Applications

Determination of how TAL effectors target
specific sequences provided an important clue to
enable discovery of TAL targets in the host
genome. For years, it was known that TAL
specificity resided in the central repeat region,
and specifically at the highly variable residues at
positions 12 and 13 of each 33–34 aa repeat
(Leach and White 1996). However, the clever
deciphering of the code did not occur until 2009,
when two groups independently showed that the
amino acids at positions 12 and 13, called the
repeat-variable diresidue (RVD), specify a
nucleotide in the target; thus, the number and
composition of RVDs in the TAL effector define
the length and nucleotide sequence of the target
(Boch et al. 2009; Moscou and Bogdanove
2009). Cross-comparison of predicted TAL
sequences from Xo genomes with expression
data from infected rice provided key validation
for the TAL binding code, showing that TAL
effectors were likely upregulating expression of
predicted targets (Moscou and Bogdanove
2009). Synthetic TAL effectors are now being
applied to introduce a variety of site-directed
alterations in diverse organisms, a technology
with wide-ranging implications for research and
therapeutics (reviewed in (Doyle et al. 2013).
Discoveries characterizing the binding specific-
ity of major TAL effectors of X. oryzae to spe-
cific sequences in plant promoters (Moscou and
Bogdanove 2009; Boch et al. 2009) and the
computational prediction of the binding
sequences (Doyle et al. 2012; Grau et al. 2013)
have presented new avenues for resistance to
bacterial blight and streak in rice. By engineer-
ing multiple TAL effector binding elements
(EBEs) upstream of a known resistance gene,
researchers have developed transgenic rice with
qualitative resistance to multiple strains of Xoo
and Xoc (Hummel et al. 2012). EBE editing has
also been used to inactivate a TAL-targeted
susceptibility gene to Xoo (Li et al. 2012),
another avenue to bacterial blight resistance.
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Designer TAL effectors (dTALEs), synthetic
effectors designed to activate specific genes in
the rice genome, have been developed as a tool
to help elucidate the role and mechanism of
plant disease resistance genes (Li et al. 2013).

The understanding of TAL effectors from the
genomes can be applicable toward conventional
breeding techniques. Sustainable control mea-
sures for Xo depend on understanding and
characterizing genes involved in rice–Xo inter-
actions, particularly those that determine race
specificity. However, functional overlap among
dozens of effectors in Xo genomes has made
functional characterization of TAL effectors
difficult, as well as correlation of genetic races
with specific effectors. The absence of TAL
effectors in the USXo draft genome led to the
development of USXo strain X11-5A as a tool
for screening germplasm for resistance and
susceptibility to individual TAL effectors
(Verdier et al. 2012a). In a study of the effect of
three individual TAL effectors on X11-5A vir-
ulence on 21 varieties of rice, novel sources of
Xa7 activity were revealed. In addition, TAL
effector-mediated susceptibility was suppressed
in some genetic backgrounds, suggesting that
rice genetic loci other than known targets could
moderate the effects of TAL effectors through an
unknown mechanism (Verdier et al. 2012a).

6.4.4 Strain Typing and Diagnostics

Understanding strain diversity, movement, and
population dynamics through strain typing is
especially important for quarantine pathogens
like Xo. Genome sequence availability has led to
a technological shift in bacterial strain typing
from fingerprinting approaches (AFLP, RFLP,
and rep-PCR) to sequence and repeat-based
techniques (Li et al. 2009b). Complete genome
sequences are mined to identify short, hyper-
mutable repetitive elements known as micro-
satellites, simple sequence repeats (SSR), or
variable-number tandem repeats (VNTR). Dif-
ferences in repeat number within these elements
can be used to distinguish strains with a high
degree of specificity. Repeat-based typing is

performed with much greater repeatability than
fingerprinting methods, yielding results that are
easy to score and digitize. A microsatellite-
based typing scheme has been developed for Xoc
(Zhao et al. 2012a), and markers specific to
additional Xo lineages are under development
(authors, unpublished).

Clustered regularly interspersed short palin-
dromic repeats (CRISPR) represent another
repetitive sequence useful for population struc-
ture determination. CRISPR loci, part of a sys-
tem that protects bacteria from foreign DNA,
consist of repeated sequence separated by spac-
ers that vary in length (Bogdanove et al. 2010).
CRISPR-based typing, also called spoligotyping
or spacer oligotyping, is well-established in
mycobacteria (Driscoll 2009), and CRISPR locus
typing in Xoo has been developed to differentiate
strains originating from different lineages and
geographic areas (Salzberg et al. 2008; Seme-
nova et al. 2009). However, the genomes of Xoc
and African Xoo and USXo lack CRISPR loci,
thus limiting this typing method to Asian strains
of Xoo where CRISPR loci appear to be omni-
present [(Triplett et al. 2011), unpublished
results]. Finally, typing and detection of Xo has
been performed through partial sequencing of
two housekeeping genes, gyrB and rpoB, and of
the 16S-23S intergenic spacer (Goncalves and
Rosato 2002; Parkinson et al. 2009; Ferreira-
Tonin et al. 2011). Genomics-based analysis was
used to develop pathovar-specific detection
assays to target the 16S-23S rDNA, a membrane
fusion protein gene, and an rhs family gene
(Adachi and Oku 2000; Kang et al. 2008; Cho
et al. 2011).

Accurate detection and differentiation of Xoo
and Xoc is critical for diagnostic and regulatory
purposes, but most DNA-based diagnostic tests
published prior to genome sequencing lacked
pathovar-level specificity or sensitivity to glob-
ally diverse strains. Lang et al. (2010) used a
computational approach to design primers based
on numerous genomic loci specific to (and
conserved among) Xoc or Xoo and then devel-
oped a multiplex PCR assay to simultaneously
detect and distinguish the two pathovars. The
multiplex assay was validated on a diverse
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collection of strains, and a similar approach was
later used to develop primers specific to Xo
isolates from the USA (Triplett et al. 2011). The
pathovar-specific loci are being used to develop
loop-mediated isothermal amplification (LAMP)
PCR protocols to enable rapid field-level diag-
nostics of Xo pathovars (Lang et al. 2014).

6.5 Future Perspectives

The genome sequences of X. oryzae have yiel-
ded a wealth of information about the content of
virulence genes, IS elements, and taxonomic
differences among Xoo and Xoc. The genomes
have served as a framework for studies of Xoo
and Xoc gene function and expression, compar-
ative analyses of pathovar differences, and
development of improved typing and diagnostic
tools. The resulting findings have introduced
many new questions. We are only beginning to
understand the complex regulatory networks
involving quorum sensing, two-component sys-
tems, and c-di-GMP signaling and how these
affect bacterial responses to the environment.
The basis of tissue specificity differences
between the closely related Xoo and Xoc is still
not known. No virulence function or biochemi-
cal target has been attributed to most Xop
effectors, and rice target genes for many TAL
effectors have only been predicted computa-
tionally. The majority of avr and R genes
mediating race specificity have still not been
identified. Because many resistance-triggering
genes are unknown or are highly homologous,
difficult-to-differentiate TAL effectors, race
determination of field strains of X. oryzae is still
limited to labor-intensive, low-throughput
bioassays.

While bench experimentation will be neces-
sary to completely answer most of these ques-
tions, the generation and analysis of additional
genome and transcriptome data will provide
important insight and direction. Transcriptomic
studies will improve genome annotations and
lead to better understanding of gene regulation
not only in vitro but also in vivo (i.e., during
host colonization), as demonstrated for the plant

pathogen Ralstonia solanacearum (Jacobs et al.
2012). The continuous drop in sequencing costs
and improvement in new techniques, such as
laser microdissection and dual pathogen–host
RNAseq, will ultimately allow the study of
transcriptomic changes of tissue-specific sub-
populations during the infection process.
Sequencing of additional diverse Xo genomes,
including those from Africa, Australia, and the
Middle East, will provide an improved per-
spective of pathogen evolution and spread, allow
development of clade-specific diagnostics, and
provide a more comprehensive core and pan-
genome for comparative analysis of gene con-
tent. African Xoo are closely related to Xoc,
even though the strains cause different diseases
and inhabit different tissues; comparative anal-
ysis of African Xoo with Xoc could provide
better clues toward the basis of tissue specificity.
Interestingly, the leersiae group of Xo, equally
genetically related to African Xoo and Xoc
(Fig. 6.1), was originally reported to cause leaf
streak symptoms like Xoc (Fang and Ren 1959);
sequencing of this genome could also help illu-
minate the basis of Xo tissue specificity.

The future of Xo genomics will not be limited
to a few representative strains. High-throughput
genome sequencing is becoming a routine
technique in studies characterizing bacterial
populations involved in human outbreaks (Chan
et al. 2012) and, to a lesser extent, plant disease
epidemics (Bart et al. 2012; Baltrus et al. 2012).
Population genomics can be used to diagnose
diseases, reveal probable means of pathogen
spread, and track the origin and dissemination of
toxins and antibiotic resistance genes through
complex communities (Chan et al. 2012). In Xo,
identifying the comprehensive global pool of
TAL effectors would be one primary goal in
population-level Xo sequencing projects. The
majority of known native TAL effectors are
encoded by the Xo species, and genomic study
of global Xoo and Xoc TAL effectors will be
critical for understanding how these genes
duplicate and evolve in nature, what the most
common and conserved TAL effectors are, and
how their function is affected by the host gen-
ome. Both field and laboratory studies have
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correlated the durability of plant R genes with
the fitness cost of pathogen loss of certain TAL
effectors [reviewed in (Leach et al. 2001)]. With
population genomics, the probability of R genes
functioning in a specific rice-growing region
could be predicted prior to deployment. In short,
genomics-enabled diagnostics of a specific
area’s Xo race diversity would be an extremely
useful resource for plant breeders to target their
efforts.

The read length limitations of second-gener-
ation sequencing technologies have made
repeat-rich Xo genomes, and particularly the
large and repetitive TAL effectors, difficult to
assemble. However, sequencing approaches
being developed could soon make it feasible to
survey TAL effector variation on a population
scale (Weber et al. 2011; Briggs et al. 2012;
Reyon et al. 2012). Pacific biosciences RS
(PacBio) offers a single-molecule sequencing
technology yielding long reads without GC-bias
(Korlach 2012), and Oxford Nanopore promises
low-cost sequencing with lengths of 50 kb or
more from its nanopore sequencing technology
(Loman et al. 2012). Researchers have recently
begun to apply the PacBio sequencer toward
characterizing bacterial genomic diversity,
including analysis of DNA methylation patterns
that could affect pathogenicity (Chin et al. 2011;
Korlach 2012). As error rates and costs decrease,
there will be tremendous potential for using new
technologies to capture the long repetitive
regions specific to TAL effectors in Xo and study
genomic variability on a population scale.
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7Genomics of Xanthomonas citri
and Related Species

Neha Jalan, Qing Yan, Sunitha Kogenaru, Yinping Guo,
Jeffrey B. Jones, James H. Graham, and Nian Wang

7.1 Introduction

Citrus is an important fruit for human health and
nutrition. It is the most widely produced fruit
and is grown in more than 80 countries. The
citrus industry contributes enormously to the
world economy with an estimation of more than
10 billion US$ annually (Ladaniya 2008).
However, the citrus industry has been threatened
by impending problems including pests, dis-
eases, and climatic problems that have limited
expansion of the industry and affected the
quality and quantity of citrus production. Citrus
bacterial canker is one of the most devastating
citrus diseases (Graham et al. 2004). Citrus
canker affects most commercially important
citrus species and cultivars in many citrus-
growing areas worldwide and severe infection

due to the disease causes extensive damage to
citrus harvest. There are no effective disease
suppression strategies against citrus canker for
the susceptible cultivars of citrus grown in wet,
tropical, and subtropical areas (Schubert et al.
2001). A strictly enforced quarantine or regula-
tory program was employed in the countries or
regions free of citrus canker to prohibit intro-
duction of infected citrus fruit and plant
materials.

7.2 Citrus Canker and Related
Diseases Associated With
Citrus Trees
and the Corresponding
Pathogens

Multiple types of citrus canker disease have
been reported. Among them, Asiatic (A) type
canker is the most widespread and destructive
form of citrus canker and is caused by Xantho-
monas citri subsp. citri (XccA). Phylogenetic
analyses place XccA at the taxonomic position
of Bacteria, Proteobacteria, Gammaproteobac-
teria, Xanthomonadales, Xanthomonadaceae,
and Xanthomonas. X. citri is a straight rod-
shaped, Gram-negative, obligately aerobic
bacterium, which is motile by a single polar
flagellum (Fig. 7.1). Bacterial colonies on many
common bacteriological media usually display
yellow pigment due to the production of xanth-
omonadin (Brunings and Gabriel 2003; Das
2003; da Silva et al. 2002).
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Xanthomonas fuscans subsp. aurantifolii
(Xau) is also known to cause citrus canker but
has a limited geographical distribution and lim-
ited host range. XauB is restricted to South
America (Argentina, Uruguay, and Paraguay)
and causes canker B. It mostly affects lemon
(C. limon) and Mexican lime (C. aurantifolia),
but is also found on sweet orange (C. sinensis)
and grapefruit (Civerolo 1984). XauC is
restricted to Brazil and causes canker C only on
Mexican lime (Stall and Civerolo 1991).

Compared to Xau, XccA has a broad host
range and affects most commercial citrus varie-
ties within the Rutaceae family including
grapefruit and Mexican lime (Sun et al. 2004).
Two variants of XccA have also been identified.
The variant designated as A* was found in
Southeast Asia in the 1990s causing typical
canker lesions on Mexican lime, but not grape-
fruit (Vernière et al. 1998; Sun et al. 2004). The
second variant designated as Aw (Wellington
strain) was isolated from Palm Beach County in
southern Florida and described by Schubert et al.
in Florida in late 1990s (Sun et al. 2004; Schu-
bert et al. 2001). XccAw was found to be path-
ogenic to Mexican lime and alemow
(C. macrophyla) plants, but not to grapefruit and
orange. Both XccAw and XccA cause similar
symptoms on Mexican lime, and the populations
were similar in this susceptible host (Rybak
et al. 2009).

In 1984, a disease similar to citrus canker was
discovered in citrus nurseries and named as E
type of citrus canker in central Florida and led to
destruction of millions of seedlings (Schoulties
and Miller 1985; Sun 1984). Leaf spots of this

strain are irregular to round, 3–5 mm in diame-
ter, flat, water-soaked, often necrotic in the cen-
ter, and usually surrounded by a chlorotic halo.
Water-soaked elongate lesions with necrotic
centers are also observed on twigs but not on
fruits (Cubero and Graham 2002). Unlike typical
citrus canker, this disease does not show raised
callus-like lesions. Further study indicated that
this disease is different from citrus canker. This
disease was renamed as citrus bacterial spot
disease, and the pathogen was named as X.
axonopodis pv. citrumelo (Gabriel et al. 1989).

In this review, we mainly focus on the A type
of citrus canker due to its wide distribution and
importance. The A type of citrus canker is
hereinafter referred to as citrus canker in this
review.

7.2.1 Citrus Canker Disease Origin
and Its Current Distribution

Knowledge of the origin of disease is essential
for understanding the evolution of the pathogen.
Currently, citrus canker is reported to have
originated in Southeast Asia, from where the
disease was distributed to other citrus-growing
areas. However, the exact geographical origin of
this disease is still a matter of controversy (Das
2003). It was believed that citrus canker origi-
nated from Southern China, and the wild host
plant was assumed to be Fortunella hindsii (Lee
1918). But a later investigation indicated that
citrus canker lesions were detected on the oldest
citrus herbaria that were collected from India in
1827–1831 and Indonesia in 1842–1844,

Fig. 7.1 Xanthomonas citri subsp. citri causes canker
lesion symptoms on citrus leaves (a), stem (b), and fruits
(c). d The rod-shaped bacterium of X. citri subsp. citri

contains a single polar flagellum. Enlarged view under an
electron microscope
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suggesting that citrus canker may have origi-
nated in India and Java (Jenkins 1933).

The geographical range of citrus canker has
continued to expand to new citrus-growing areas
since it was first observed in Southeast Asia. By
the twentieth century, citrus canker was present
in more than 30 counties in Asia, South and
Central Africa, the Middle East, Australia, New
Zealand, the Pacific Islands, South America, and
southeastern USA. The disease has spread to all
citrus-producing continents except Europe
(Schubert et al. 2001; Das 2003).

Citrus canker has been introduced at least
three times into the Florida in USA. The history
of this disease in Florida can be traced back to
1910 when it was first introduced to North
Florida and other Gulf States. The introduction
of this disease is reported to have resulted from a
shipment of infected nursery stock from Japan
where citrus canker is endemic (Dopson 1964;
Stall and Seymour 1983). However, citrus can-
ker was not considered a bacterial disease until
1915 when a bacterium was identified as the
causative agent of this disease (Hasse 1915).
Quarantine was imposed immediately in 1915.
Florida groves and orchards lost 250,000 trees
and nurseries lost 3,100,000 plants to the citrus
canker eradication program (CCEP) (Rhoads
and DeBusk 1931), which was declared suc-
cessful in 1933 (Dopson 1964). A second out-
break of citrus canker occurred in Tampa Bay
area of West Central Florida in 1986, and suc-
cessful eradication was declared in 1994.
Around 88,000 commercial and 600 residential
trees were removed and the eradication cost $27
million at that time. Only one year later, a third
citrus canker outbreak was found on a residential
tree near the Miami International Airport in
1995 (Schubert et al. 2001). It was determined
that citrus canker had been there more than
2 years, and the disease had been estimated to
spread to 12,950 ha (Schubert et al. 2001). The
Florida CCEP, a joint effort of state and federal
government, was managed by animal and plant
health inspection service (APHIS) and the
Florida Department of Agriculture and Con-
sumer Services (FDACS), with the mission to
destroy all infected trees. The joint eradication

program has spent nearly $1 billion for surveys,
eradication, and compensation over a 9-year
campaign (Gottwald and Irey 2007). In spite of
great efforts to eradicate citrus canker, the dis,
the disease had spread extensively mainly due to
the hurricanes in 2004 and 2005. Consequently,
citrus canker had become endemic in Florida.
The United States Department of Agriculture
(USDA) determined that citrus canker eradica-
tion was not feasible in Florida on January 11,
2006 (USDA 2006). Eventually, the official
decision to halt the CCEP was made by Florida
House of Representatives on May 3, 2006
(Gottwald and Irey 2007).

7.2.2 Economic Losses and Costs
of Citrus Canker Disease
Management

Citrus canker poses a wide range of serious
economic consequences to the citrus industry by
affecting the production, marketing, and trade of
commodities. Infection of citrus by XccA at early
growth stage causes the fruit to crack or become
malformed as they grow. Infection in the later
growth stage causes canker lesions on leaves,
stems, and fruit (Fig. 7.1). Although XccA does
not affect human health, the scattered physical
lesions on the canker-infected fruit damage the
fruit surface and adversely affect the value of fruit
that is suitable for fresh market. It was estimated
that the fresh market accounts for nearly one
quarter of the entire citrus production in the USA
(Zansler 2004). Citrus canker also reduces the
productivity and vigor of citrus trees that even-
tually results in reduction of fruit yield. It is
estimated that as much as one-third of the pack-
out rates for fresh fruit market will be reduced
due to citrus canker disease (Zansler 2004). The
severe infection of canker disease on fruit and
leaves usually induces heavy defoliation, leaving
only bare twigs (Graham et al. 2004).

Several formulations of copper bactericides,
including copper oxychloride, copper sulfate,
copper oxide, copper hydroxide, and ammonia-
copper carbonate, that showed bactericidal
activity have been used for controlling citrus
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canker disease (Behlau et al. 2008, 2010;
Schubert et al. 2001). More than one application
is usually needed to maintain fresh fruit
appearance standards. In addition to copper
compounds, establishment of windbreaks sig-
nificantly slows down wind speed, resulting in
increased effectiveness of other control mea-
sures, and thus reducing the intensity of canker
disease (Gottwald and Timmer 1995; Behlau
et al. 2008; Leite and Mohan 1990).

The most serious economic problem due to
citrus canker infection is the impact on commerce
caused by quarantine restrictions imposed by
canker-free citrus-growing areas and countries to
interstate and international transport and sale of
fruit and plant material from canker-infested
areas (Das 2003; Canteros 2004). Movement of
citrus plant materials has to be under strict
restrictions within quarantine areas. Commercial
citrus nursery sales are prohibited. Some pro-
cessing plants and packinghouses refuse to accept
fruit from quarantine areas (Gottwald et al. 2001).
Only fresh fruit harvested from certified canker-
free growing areas is allowed to be exported to
European markets from Argentina, where citrus
canker is endemic. As a result of strict inspections
of canker disease being required before harvest-
ing the fruit and during packing, higher costs are
incurred (Muraro et al. 2001). It was estimated
that the citrus industry in Florida would experi-
ence net revenue losses of $53 million and $2
million for red and white seedless grapefruit,
respectively, by losing the European Union fresh
market due to the quarantine issues of canker
disease (Zansler 2004).

7.2.3 Disease Symptoms and Life
Cycle

XccA can infect all young above-ground tissues
of citrus. Maximum susceptibility of the citrus
tissues is observed during the last half of the
expansion phase of growth (Schubert et al.
2001). XccA enters host tissues through natural
openings and wounds under favorable condi-
tions. The earliest symptoms on leaves can be
noticed with a hand lens, as tiny oily looking

lesions on the abaxial surface about 4–7 days
after inoculation (Schubert and Sun 1996; Stall
and Seymour 1983). The primordial lesions may
be confused with oil glands in the leaf, but can
be distinguished by their aggregated distribution
on the leaf surface. On leaves, stems, thorns, and
fruit, the lesions become raised above the sur-
face of host tissue and are rough to the touch.
Lesions are usually visible on both sides of a
leaf. The lesions continue to enlarge and may
reach 10 mm in diameter and turn to a tan to
brown color with a water-soaked margin. The
water soaking may disappear as lesions age and
is not prominent on resistant cultivars. A diag-
nostic yellow halo usually can be observed
around the lesion and may fade or disappear as
the lesion enlarges. Large number of lesions
may form on a single fruit, leaf, or stem
(Fig. 7.1). Older lesions on leaves and fruits tend
to have more elevated margins and a sunken
center, which on fruit result in a blemished
appearance (Brunings and Gabriel 2003). Heavy
infection eventually leads to defoliation, pre-
mature fruit abscission, and twig dieback on
diseased plants.

XccA remains alive in lesions on leaves,
stems, and fruits. Multiplication of XccA occurs
mostly while the lesions are still expanding. The
bacteria persist in the lesions on leaves and fruit
until they fall and begin to decompose. Even
after falling, XccA can be detected from buried
citrus leaves with lesions up to 2–3 months
(Hartung 1992; Graham et al. 1989). The bac-
terium could stay viable in lesions on woody
branches up to a few years. Viable bacteria were
detected from stem lesions on 5- to 7-year-old
trunks of Mexican lime infected with the canker
pathogen in Florida (Gottwald et al. 2002). Thus,
the canker bacteria can remain viable as long as
host cells in the vicinity of the lesions are alive,
although the bacterial titer will drop consider-
ably. Research also indicated that the canker
bacteria may stay viable on non-host plants for
several weeks under natural conditions
(Gottwald et al. 2002). Bacterial cells ooze out
when there is free moisture (e. g., rainwater) on
the lesions. The bacterial concentration in the
rainwater collected from foliage with lesions
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could reach 105–108 CFU per ml (Stall et al.
1980). The bacterial cells could be dispersed to
new growth and other healthy plants and serve
as inoculum for further disease development.
Windblown rain is the primary mechanism for
short and medium distance dispersal of the
pathogen. Long-distance spread usually happens
by mechanical transmission or by human
movement of diseased plant materials, or by
tropic storms (Gottwald et al. 1997a, b).

7.3 Virulence Factors
and Regulation of XccA

7.3.1 Protein Secretion Systems
and Effectors

XccA harbors an extensive repertoire of viru-
lence factors including surface polysaccharides,
cell-wall-degrading enzymes, detoxification-
related factors, effectors and their secretion
systems, and a diffusible signal factor-mediated
quorum-sensing (QS) system (da Silva et al.
2002). Intensive studies of virulence mecha-
nisms of XccA were conducted, and numerous
virulence-associated factors have been identified
(Brunings and Gabriel 2003; Moreira et al.
2010a). In our recent effort to investigate viru-
lence factors of XccA, an EZ-Tn5 mutant library
containing 22,000 mutants of XccA strain 306
was used to screen virulence-deficient mutants
in grapefruit. A total of 82 genes involved in the
type II secretion system (T2SS), type III secre-
tion system (T3SS) and effectors, quorum-sens-
ing system, extracellular polysaccharide (EPS)
and lipopolysaccharide (LPS) synthesis, regula-
tory factors, extracellular enzymes, adhesion,
ABC transporters, plasmid stabilization, and
general metabolic pathway were identified as
being required for the full virulence in planta
(Yan and Wang 2012).

Many Gram-negative plant pathogenic bacte-
ria employ the T3SS to benefit the pathogen by
injecting effector proteins directly into the host
cells and thus manipulate the host cellular activ-
ities (Büttner and He 2009). XccA contains a hrp
(hypersensitive response and pathogenicity)

cluster of 26 genes from hrpF to hpa2 which
encodes the T3SS proteins. The hrp cluster genes
of XccA are in a similar order with that of X.
campestris pv. campestris, with the only excep-
tion of hrpW, which is located between hrpF and
hrpE in X. campestris pv. campestris, but outside
the hrp cluster in XccA (da Silva et al. 2002).
Consistent with the critical role played by the
T3SS in the virulence mechanism, mutation of
hrpB, hrpB4, hrcV, and hrcN in XccA completely
abolished the bacterial ability to cause citrus
canker symptoms on citrus (Laia et al. 2009; Yan
and Wang 2012).

Twenty-four known and putative T3SS
effectors were found in the genome of XccA
(Moreira et al. 2010a). Among them, PthA has
been well studied and functions as a major
pathogenicity determinant in the canker patho-
gen. PthA is necessary for XccA to cause citrus
canker disease, and an exogenous insertion of
pthA gene into X. axonopodis pv. citrumelo,
which elicits citrus bacterial spot disease without
the erumpent canker lesions, confers the ability
to cause canker symptoms in citrus (Swarup
et al. 1991). Importantly, transient expression of
pthA itself in citrus plants is sufficient to induce
hypertrophy and hyperplasia of host cells and
cause canker lesions on citrus leaves (Duan et al.
1999). PthA is a member of the avirulence and
pathogenicity (AvrBs3/PthA) or transcription
activator-like (TAL) effector family. Members
of this large family are widely distributed in
phytopathogenic Xanthomonas species and play
critical roles. AvrBs3/PthA effectors contain a
near-identical, leucine-rich, tandem repeat
region in their central part. Each repeat, in
general, consists of 102 bp nucleotides encoding
34 amino acids. The number and nature of the
central repeats may vary in different members of
this effector family and thus contribute to the
specific function of the AvrBs3/PthA effectors
during the elicitation of resistance or virulence
in the respective host–pathogen interactions
(Szurek et al. 2001; Boch and Bonas 2010;
Fujikawa et al. 2006; Yang and White 2004;
White et al. 2009). It has been elucidated that
AvrBs3 in X. campestris pv. vesicatoria, the
causal agent of bacterial spot disease on pepper
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and tomato, was translocated to the plant cell
nucleus and induced the expression of upa20 by
direct binding to the promoter of upa20 via the
central repeat region (Kay et al. 2007). The
upa20 gene encodes a master regulator of plant
cell size (Marois et al. 2002). Activation of
upa20 eventually resulted in hypertrophy of
plant mesophyll cells that contributes to symp-
tom development. Efforts have been made to
define the target(s) of PthA4, a functional
homolog of PthA, of XccA in host citrus.
Interestingly, a very recent microarray analysis
revealed that the wild-type XccA 306 but not the
pthA4 mutant strongly induced the expression of
two host plant genes, which encode a lateral
organ boundaries (LOB) domain protein and a
nodulin MtN3 protein, respectively (Hu et al.
2012), which might be the direct targets of
PthA4 and involved in citrus canker symptom
development.

7.3.2 Exopolysaccharide
and Lipopolysaccharide

Similar to other species of Xanthomonas, one
characteristic feature of X. citri is the production
of copious amounts of mucoid EPS (also named
xanthan gum) (Subramoni et al. 2006). EPS of
xanthomonads consists of b-1,4-linked D-glucose
backbone with trisaccharide side chains contain-
ing mannose-(b-1,4)-glucuronic acid-(b-1,2)-
mannose attached to alternate glucose residues in
the backbone by a-1,3 linkages (Jansson et al.
1975) and can be released into its living envi-
ronment when cultured in vitro or in vivo. EPS has
long been recognized as an important virulence
factor for many phytopathogenic bacteria (Leigh
and Coplin 1992). In XccA, the gum cluster genes
from gumB to gumP are responsible for the bio-
synthesis and exportation of EPS. Six gum genes,
i.e., gumCDEFJK, were identified to be involved
in biofilm formation in borosilicate glass tubes (Li
and Wang 2011a). Biofilm refers to complex
structures formed by communities of microor-
ganisms that enhance attachment to biotic or
abiotic surfaces. Biofilm formation protects
microbes from diverse environmental stresses,

contributes to the epiphytic fitness of microbes,
and has been implicated in the virulence of many
phytopathogenic bacteria (Danhorn and Fuqua
2007). Mutation of gumB gene in Xcc resulted in
defective EPS production, biofilm formation,
epiphytic survival, and reduced disease symp-
toms in lemons (Rigano et al. 2007), suggesting an
important role of EPS in the early infection pro-
cess of the canker pathogen. gumF and gumK
were also reported to contribute to virulence of
XccA (Yan and Wang 2012). Compared with the
wild type, the gumF and gumK mutants showed a
significant reduction of bacterial growth in planta
after pressure inoculation into the intercellular
spaces of Duncan grapefruit leaves. EPS also
suppresses plant defense responses such as callose
deposition in the plant cell wall, probably by
chelation of divalent calcium ions that are present
in the plant apoplast and are required for activa-
tion of plant defense responses (Aslam et al.
2008).

Another important virulence factor employed
by the canker pathogen is LPS. LPS is a key
component of the outer membrane of Gram-
negative bacteria and plays multiple roles in
plant–microbe interactions (Newman et al.
2007). It has been suggested that LPS can
function as a protective wall to protect bacteria
from variety of unfavorable environmental
conditions such as antimicrobial compounds
produced by host cells (Papo and Shai 2005;
Dow et al. 1995). LPS is also a pathogen-asso-
ciated molecular pattern (PAMP) that elicits or
potentiates plant defense-related responses in
plant–pathogen interactions (Zeidler et al. 2004).
LPS is a tripartite amphipathic molecule com-
posed of a lipid A moiety, a core oligosaccha-
ride, and an O-antigen polysaccharide chain
(Vorholter et al. 2001; Raetz and Whitfield
2002). In Xanthomonas, the lps gene cluster is
flanked by highly conserved genes, metB and
etfA, which are required for the biosynthesis and
exportation of LPS (Patil and Sonti 2004).
Variation in gene number and nucleotide
sequence of the lps gene clusters have been
found among different strains of Xanthomonas
(Patil and Sonti 2004; Patil et al. 2007).
For example, the lps cluster contains 6, 14, and
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15 genes in X. oryzae pv. oryzae, XccA, and
X. campestris pv. campestris, respectively. This
variation was proposed to play a role in evading
the host immune system in diverse host–patho-
gen interactions. The LPS structure of XccA has
been defined recently (Casabuono et al. 2011).
It is composed mainly of a penta- or tetra-acyl-
ated diglucosamine backbone attached to either
two pyrophosphorylethanolamine (PP-EtNH2)
groups or to one PP-EtNH2 group and one
phosphorylethanolamine group. The core region
consists of a branched oligosaccharide and two
phosphate groups, whereas the O-antigen is
composed of a rhamnose homo-oligosaccharide.
Recent studies indicate that LPS is involved in
multiple steps of the disease cycle of XccA.
Mutation of wxacO (XAC3596) and rfbC
(XAC3598) impaired LPS production as
revealed by sodium dodecylsulphate–polyacryl-
amide gel electrophoresis (Li and Wang 2011b).
The wxacO and rfbC mutants formed a com-
promised biofilm on glass or host plant leaves
and were more sensitive to antimicrobial com-
pounds such as polymyxin B and hydrogen
peroxide. Both mutants also showed deficiency
in virulence and growth on host leaves after
spray inoculation. The mutants, which had intact
flagella, had reduced motility on swimming and
swarming assay plates (Li and Wang 2011b).
Additionally, another six lps genes, i. e., wzm,
wzt, XAC3591, XAC3593, XAC3595, and
XAC3597, were reported to be involved in
biofilm formation (Li and Wang 2011a). The
wzm and wzt genes encode an ATP-binding
cassette (ABC) transporter system responsible
for export of the O-antigen polysaccharide of
LPS (Cuthbertson et al. 2007). Mutation of wzm
and wzt also severely affected the virulence of
XccA and significantly reduced bacterial popu-
lations in the host plant (Yan and Wang 2012;
Casabuono et al. 2011). Based on sequence
analysis, two novel hypothetical genes (orf3 and
orf5) were reannotated in the lps cluster in XccA
306 (Patil et al. 2007). Gene orf5 was renamed
as nlxA (novel lps cluster gene of XccA), which
is required for the LPS O-antigen biosynthesis
by encoding a putative rhamnosyltransferase
(Yan et al. 2012). The nlxA mutant caused much

less canker symptoms on Duncan grapefruit
leaves, and the bacterial population was signifi-
cantly lower than the wild type in host plant
(Yan et al. 2012; Yan and Wang 2012). Muta-
tion of orf3 (renamed as nlxB) also severely
affected the virulence of XccA in Duncan
grapefruit (Yan and Wang 2012). However, no
detectable change was observed in the LPS
pattern by mutation of nlxB gene.

7.3.3 Regulatory Systems

Xanthomonas citri, like other foliar bacterial
pathogens, encounters diverse environmental
conditions on leaf surface and the intercellular
space during its infection cycle. X. citri has evolved
elaborate regulatory systems to efficiently use its
genetic resource to adapt to these environments.

7.3.3.1 Two-Component Regulatory
System

The two-component regulatory system is one of
the basic stimulus-response coupling mecha-
nisms for bacteria to sense and respond to a
variety of stimuli (Stock et al. 2000). A typical
two-component system consists of a membrane-
associated histidine kinase sensor and a cyto-
plasmic response regulator. Upon stimulation by
a specific environmental signal, the sensor kinase
is activated via autophosphorylation at a con-
served histidine residue. The phosphoryl group is
then transferred to the cognate response regulator,
which results in a conformational change in the
regulatory protein and activates its target genes.

Genome analysis indicates that XccA con-
tains a large number of genes (n = 114) that
belong to the two-component regulatory system
(Qian et al. 2008; da Silva et al. 2002). Among
them, HrpG is a two-component system
response regulator responsible for regulation of
the hrp genes in XccA. Similar to the typical
response regulator, the 263-residue HrpG pro-
tein of XccA contains an N-terminal response
regulator receiver domain that commonly
receives a phosphoryl signal from sensor kinase.
Yeast two-hybrid assay using HrpG as bait
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revealed that HrpG can interact with itself and
three proteins encoded by XAC0095, XAC1568,
and XAC3683 (Alegria et al. 2004). Interest-
ingly, XAC3683 encodes a putative histidine
kinase sensor. This result implied that XAC3683
might serve as a cognate sensor kinase to acti-
vate the HrpG regulator. However, mutation of
XAC3683 has no detectable effect on the bac-
terial virulence in Duncan grapefruit. How HrpG
is activated in XccA remains to be addressed.

ColS/ColR is another two-component regu-
latory system that plays important role in regu-
lation of the virulence genes. The ColS/ColR
system was first identified in Pseudomonas flu-
orescens and contributes to its colonization of
plant roots (Dekkers et al. 1998). ColS functions
as the sensor kinase and ColR is the cognate
response regulator. Further investigations of
ColS/ColR in P. putida suggested that it plays
multiple roles including transposition of a
transposon (Rita Hõrak et al. 2004; Kivistik
2010), membrane function regulation, phenol
tolerance (Kivistik et al. 2006), and heavy metal
resistance (Hu and Zhao 2007).

ColS/ColR is a global regulatory system
involved in various cellular processes, including
virulence, hypersensitive response, and stress
tolerance in X. campestris pv. campestris (Zhang
et al. 2008). The ColS/ColR system also plays
multiple roles in the virulence mechanism of
XccA (Yan and Wang 2011). Mutation of colS
and colR abolished the virulence of XccA in
planta. The mutants formed a much reduced
biofilm in glass tubes and on host leaf surfaces.
Furthermore, the bacterial populations of the
mutants in planta were significantly lower than
that of the wild type. Quantitative reverse tran-
scription-PCR (qRT-PCR) assay revealed that
ColS/ColR positively regulated the expression of
important virulence genes, including hrpD6,
hpaF, the O-antigen LPS synthesis gene rfbC, and
the catalase gene katE. Consistently, mutation of
colS or colR altered the LPS production and
impaired the catalase activity and tolerance of
environmental stress, including phenol, copper,
and hydrogen peroxide (Yan and Wang 2011).

7.3.3.2 Quorum-Sensing System
Quorum-Sensing is a widespread cell-to-cell
communication mechanism utilized by many
bacteria to monitor their population densities and
to adapt their behaviors by regulating gene
expression in response to fluctuations in cell
population density (Miller and Bassler 2001;
Keller and Surette 2006). It was first described as
a regulatory mechanism that controls biolumi-
nescence production in Vibrio fischeri (Nealson
and Hastings 1979). QS has been identified in
many Gram-negative and Gram-positive bacteria
and plays important roles in a diverse array of
physiological activities, including symbiosis,
virulence, competence, conjugation, antibiotic
production, motility, sporulation, and biofilm
formation (González and Keshavan 2006; de
Kievit and Iglewski 2000; Waters et al. 2008;
Waters and Bassler 2005). Diverse QS systems
that employ different signals including N-acyl-
homoserine lactones (AHLs), LuxS-dependent
autoinducer-2 (AI-2), and Pseudomonas quino-
lone signal (PQS), and the diffusible signal factor
(DSF)have been found in Gram-negative patho-
genic bacteria (Williams et al. 2007).

The DSF-mediated QS pathways have been
found to be involved in virulence regulation in
different strains of xanthomonads, such as X.
campestris pv. campestris, X. oryzae pv. oryzae,
Xylella fastidiosa, and XccA (He et al. 2010;
Barber et al. 1997; Andrade et al. 2006; Chatterjee
et al. 2008). The DSF structure from X. campestris
pv. campestris was recently defined as an unsat-
urated fatty acid cis-11-methyldodecenoic acid
(Wang et al. 2004). The regulation of pathoge-
nicity factors (rpf) cluster of genes is required for
the synthesis and perception of the DSF signal
(Dow 2008). Gene rpfF encoding a putative
enoyl-CoA hydratase functions as a key enzyme
for DSF biosynthesis. The perception of DSF is
dependent on a two-component system encoded
by rpfC and rpfG (Barber et al. 1997; Slater et al.
2000). RpfC is a membrane-associated sensor
kinase containing a CheY-like receiver motif and
a C-terminal histidine phosphotransfer domain.
RpfG is the response regulator with an HD-GYP
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domain, which is involved in the hydrolysis of the
bacterial second messenger cyclic-di-GMP (Sla-
ter et al. 2000; Ryan et al. 2010).

In XccA, the DSF-mediated QS system plays
an important role in initial attachment of bacte-
rial cells on host surfaces during the infection
(Guo et al. 2012). Compared with the wild type,
the rpfF, rpfC, and rpfG mutants formed less
biofilm in polypropylene tubes. Green fluores-
cent protein (GFP)-labeled wild-type and mutant
strains were used in a confocal laser scanning
microscopy assay to determine the bacterial
attachment to host leaves. The wild-type cells
started to aggregate to form microcolonies on the
leaf surfaces of Duncan grapefruit after one hour
of incubation, but only a few individual cells of
the rpfF, rpfC, and rpfG mutants attached to the
leaves. Higher bacterial attachment and a biofilm
matrix were observed on the leaf surfaces inoc-
ulated with wild type but not the rpf mutants at
six hours after inoculation. A scanning electron
microscope assay also showed that more wild-
type cells occupied the depressions between
epidermal cells and around stomata than the QS
mutants. Consistently, after a spray inoculation
which mimics the natural invasion conditions,
the rpfF, rpfC, and rpfG mutants caused reduced
canker lesions on grapefruit leaves than the wild
type (Guo et al. 2012).

The DSF-mediated QS system is also
required for the full virulence of XccA after
entering the host plant. Compared with the wild-
type XccA, deletion of the rpfF, rpfC, and rpfG
genes showed no significant effect on the
symptom development in Duncan grapefruit
leaves when the strains were inoculated with a
high bacterial concentration adjusted to 108

CFU/ml, but caused significantly fewer lesions
on leaves when inoculated with a bacterial sus-
pension adjusted to 104 CFU/ml (Guo et al.
2012). The QS mutants were also deficient in
motility, and extracellular protease as was
demonstrated in other Xanthomonas species
(Barber et al. 1997; Ryan et al. 2010).

Yeast two-hybrid assays revealed that com-
ponents of the DSF-mediated QS system can
physically interact with a number of proteins

including the NtrB/NtrC two-component regu-
latory system and proteins containing a GGDEF
domain (Andrade et al. 2006). It has been
reported that the GGDEF domain possesses
diguanylate cyclase activity involved in the
synthesis of bacterial second messenger cyclic-
di-GMP (Tal et al. 1998; Paul et al. 2004). The
cyclic-di-GMP can allosterically inhibit the
DNA-binding activity of Clp (CRP [cyclic AMP
receptor protein]-like protein) in XccA (Leduc
and Roberts 2009), thus preventing it from reg-
ulating a subset of the DSF regulon genes (He
et al. 2007). The HD-GYP domain of the RpfG
protein can interact with nine GGDEF proteins.
Among them, two were encoded by XAC0258
and XAC0424, respectively (Andrade et al.
2006). Their homolog proteins (XC_0249 and
XC_0420) were found to control motility but not
other DSF-mediated phenotypes in X. campes-
tris pv. campestris (Ryan et al. 2010). The
expression of XAC0424 was positively regu-
lated by RpfG in the microarray analysis (Guo
et al. 2012). Furthermore, the RpfC/RpfG two-
component system interacts with the NtrB/NtrC
two-component system with the specificity that
RpfC interacts with NtrB and RpfG interacts
with NtrC, respectively (Andrade et al. 2006).
The NtrB/NtrC system has been shown to reg-
ulate r54-dependent transcription of nitrogen-
regulated genes in many enteric bacteria (Ninfa
et al. 1995). The sensor kinase NtrB possesses a
C-terminal transmitter module that transfers the
phosphoryl signal to an N-terminal receiver
domain of the response regulator NtrC which
contains a r54-activating domain and a DNA-
binding domain. The NtrC-like r54 activator
(LuxO) and r54 are involved in QS regulation
network in V. harveyi and V. cholera (Lenz et al.
2004). Interestingly, mutation of XAC1969
(encoding r54, RpoN) impaired the biofilm for-
mation (Li and Wang 2011a). The expression of
XAC1969 was positively controlled by the QS
in XccA (Guo et al. 2012). These results indicate
that the NtrB/NtrC two-component system and
r54 could be another regulatory pathway
involved in the QS-regulated biofilm formation
in the canker bacteria.
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7.3.4 Tools for Molecular Genetics
Studies

As a model strain to study the plant–microbe
interactions, diverse tools are suitable for the
molecular genetics studies of XccA. The gen-
ome sequence of XccA 306 was published in
2002 and has greatly facilitated the molecular
research on citrus canker (da Silva et al. 2002).
Site-directed mutagenesis and random muta-
genesis have been used to generate mutants. For
example, EZ-Tn5 was used to create mutant
libraries of XccA to identify virulence- and
biofilm-related genes (Yan and Wang 2012; Li
and Wang 2011a; Guo et al. 2010). Gene(s) of
interest could be conveniently deleted using a
homologous recombination strategy via a sui-
cide plasmid pOK1 (Huguet et al. 1998). A
subset of plasmids including pUFR053 and its
derivatives could survive in XccA (El Yacoubi
et al. 2007). Extra plasmids could be introduced
into XccA cells by electroporation or by tri-
parental mating method with the helper plasmid
pRK2013 (Figurski and Helinski 1979).

7.4 Genome Sequencing of X. citri
and Related Species

7.4.1 Genome Structure, General
Features, and Distinguishing
Characteristics

The complete genome sequence of XccA strain
306 was sequenced in 2002 (da Silva et al.
2002). Shotgun libraries with 46,462 clones
were created using pUC18 to completely
sequence the pathogen with 7X coverage, rep-
resenting 98 % of the genome. The rest of the
genome was decoded using a cosmid library (da
Silva et al. 2002). The genome consists of a
circular chromosome, 5.27 Mb in size and two
plasmids 33 and 64 Kb in size. The annotated
genome is publicly available for download from
GenBank (accession number AE008923.1,
AE008924.1, AE008925.1). With advances in
sequencing technologies, other strains associated

with citrus canker were also sequenced recently.
Currently, draft sequences of XauB and XauC
are available from GenBank (Moreira et al.
2010a). The complete genome of XccAw strain
12879 has been sequenced (Jalan et al. 2013a),
whereas XccA* strain 270 is currently being
sequenced. Furthermore, the genome of another
closely related citrus pathogen, X. axonopodis
pv. citrumelo strain F1 that causes citrus bacte-
rial spot, is also completed (Jalan et al. 2011).
Multilocus sequence phylogenetic analysis of
XccA and other Xanthomonas spp. using protein
sequences of nine housekeeping genes (uvrD,
secA, carA, recA, groEL, dnaK, atpD, gyrB, and
infB) that are highly conserved in bacteria
revealed that citrus canker pathogens form a
closely related group as compared to other
xanthomonads (Fig. 7.2). Overall, the availabil-
ity of genome sequences of XccA along with
related strains and comparative analyses have
provided a foundation to elucidate the virulence
mechanisms, genetics, and evolution of this
important phytopathogen. Some of the key
aspects of the genome are discussed further.

The sequenced genomes of XccA and related
strains are similar in general characteristics
(Table 7.1). Their sizes range from 4.87 to 5.39
million base pairs; G+C content is almost con-
stant at 64.7–64.9 %. All the genomes encode
for two ribosomal RNA (5S-16S-23S) operons
and 51–54 transfer RNAs. The number of
annotated genes ranges from 3,804 to 4,675
among the strains; however, this difference can
be attributed to the size difference and the draft
nature of genomes of XauB and XauC. Addi-
tionally, XccA contains plasmids, which intro-
duce genetic variation as they encode for
different virulence factors such as type III
effectors and a type IV secretion system among
others.

7.4.2 Genome Rearrangements

The gene content among XccA and related
strains is largely conserved, but whole genome
alignment of completely sequenced genomes
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X. citri subsp. citri Aw 12879 
X. citri subsp. citri A* 270 
X. citri subsp. citri A 360 
X. citri pv. mangiferaeindicae LMG 941 
X. axonopodis pv. punicae LMG 859   
X. fuscans subsp. aurantifolii ICPB 10535   
X. fuscans subsp. aurantifolii ICPB 11122  
X. axonopodis pv. manihotis AFNC 1360   
X. campestris pv. vesicatoria 85-10  

X. axonopodis pv. citrumelo F1   
X. perforans 91-118 
X. campestris pv. musacearum  NCPPB 4381  
X. campestris pv. vasculorum NCPPB 702 

X. oryzae pv. oryzicola BLS 256  
X. oryzae pv. oryzae MAFF 311018 
X. oryzae pv. oryzae KACC 10331 
X. oryzae pv. oryzae PXO99A 
X. vesicatoria ATCC 35937 

X. gardneri ATCC 19865  
X. campestris pv. raphani 756C   
X. campestris pv. campestris B100  
X. campestris pv. campestris 8004  
X. campestris pv. campestris ATCC 33913  

X. albilineans GPEPC73
X. sacchari NcPPB 4393   

Xylella fastidiosa 9a5c
Xylella fastidiosa M12
Xylella fastidiosa M23
Xylella fastidiosa Temecula1

Fig. 7.2 Maximum-likelihood phylogenetic tree of the
genomes of Xanthonomas citri subsp. citri and other
sequenced xathomonads. The tree was constructed using
concatenated protein sequences of nine housekeeping
genes (uvrD, secA, carA, recA, groEL, dnaK, atpD, gyrB,
and infB) aligned using Clustal W. A phylogenic tree
from concatenated sequences was constructed in MEGA

(version 5.0) using the maximum-likelihood method. The
strains of Xylella fastidiosa were used as out-group
species. The percentage of replicate trees in which the
associated taxa clustered together in the bootstrap test
(1,000 replicates) is shown next to the branches. Hori-
zontal scale bar (0.1) at the bottom represents number of
amino acid substitutions per site

Table 7.1 Summary of the complete genome of Xanthomonas citri subsp. citri A strain 306 and related species

X. citri subsp.
citri A strain
306

X. citri subsp.
citri Aw strain
12879

X. fuscans subsp.
aurantifolii
strain B

X. fuscans subsp.
aurantifolii
strain C

X. axonopodis
pv. citrumelo
strain F1

Genome
size (bp)

5,274,174 5,398,685 4,877,808 5,012,633 4,967,469

Sequencing
status

Finished Finished Draft Draft Finished

GC content
(%)

64.7 64.7 64.9 64.8 64.9

CDSs 4,427 4,760 3,804 3,921 4,202

tRNAs 54 54 51 51 54

rRNA
operons

2 2 2 2 2

Plasmids 2 2 0 0 0
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shows many inversions, indels, and rearrange-
ments relative to one another (Jalan et al. 2011).
Many of the rearranged and deleted blocks are
flanked by repetitive mobile genetic elements
such as transposons and/or phage-related in-
tegrase on at least one border. Since the rest of
the genomes are very collinear, it indicates that
the rearrangements may be a result of horizontal
gene transfer, mediated on occasion by phage
vectors. Horizontal gene transfer is recognized
as one of the major mechanisms for genome
plasticity leading to diversification and specia-
tion of bacteria (Ochman et al. 2000), thus giv-
ing rise to variant strains of X. citri.

7.4.3 Plasmids

XccA 306 contains two plasmids pXAC33
(33,699 bp) and pXAC64 (64,920 bp). Plasmids
are very important for citrus canker-associated
Xanthomonas spp. as they encode for various
virulence factors. The most prominent effector
protein is PthA, which belongs to avrBs3/pthA
family of type III effectors (Al-Saadi et al.
2007). XccA 306 has four copies of pthA
homologs: pthA1, pthA2, pthA3, and pthA4 on
two plasmids. PthA4 with 17.5 repeats, which is
the same as observed for PthA, is known to play
an important role in citrus canker as a knockout
of pthA4 abolished citrus canker symptom
development (Yan and Wang 2012). PthA is
responsible for development of hypertrophic and
hyperplasic symptoms and cell death, and its
mutation leads to reduction in ability of bacteria
to disseminate from infected lesions (Yan and
Wang 2012). A type IV secretion system (T4SS)
encoded by vir genes was identified in the XccA
plasmid pXac064. The XccAw12879 genome
consists of two plasmids pXcaw19 and pXcaw58
that are significantly different from the plasmids
found in XccA 306. Plasmid pXcaw19 sequence
has no homology with the plasmids of XccA
306, whereas pXcaw58 is only about 35 %
similar to pXAC64. Plasmid pXcaw58 contains
a pthAw2 gene, which is a functional homolog of

pthA4, capable of conferring the ability to cause
canker-like symptoms (Swarup et al. 1992).
Based on BLAST analysis, 46 % of the plasmid
pXAC33 sequence is found in XauB and XauC
contigs, respectively, whereas 61 and 55 % of
pXAC64 sequence are found in XauB and XauC
contigs, respectively (Moreira et al. 2010a).
Moreover, Al-Saadi et al. (2007) had established
all citrus canker-causing Xanthomonas that
contain one functional homolog of pthA and thus
are able to cause canker symptoms (Swarup
et al. 1992). The X. axonopodis pv. citrumelo
strain F1 does not harbor any plasmid nor the
pthA4 homolog (Jalan et al. 2011), and thus, it is
unable to induce canker-like symptoms on
citrus.

7.4.4 IS and CRISPR Elements

A feature shared by all Xanthomonas genomes is
an abundance of insertion sequence (IS) ele-
ments. These IS elements are transposable DNA
that can move between bacterial species, thus
promoting genome evolution (Monteiro-Vito-
rello et al. 2005). Other than horizontal gene
transfer, IS elements also generate genome
rearrangements such as inversions and deletions
which result in modification of gene content.
XccA 306 contains 108 transposable elements,
with the IS3 family being the most abundant (da
Silva et al. 2002). XccA 306 also contains phage-
related integrases indicating genome transfer
using phage vectors. CRISPRs (Clustered Reg-
ularly Interspaced Short Palindromic Repeats)
are also found in XccA 306. CRISPRs are short
(21–47 bp) direct repeats interspaced with
unrelated similarly sized non-repetitive sequen-
ces (spacers) (Semenova et al. 2009). CRISPR
cassettes function as a prokaryotic immune sys-
tem and confer resistance to exogenous genetic
elements such as plasmids and phages. The
spacers incorporated into the genome between
CRISPR repeats serve as a ‘memory’ of past
exposures and are used to recognize and silence
exogenous genetic elements.
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7.4.5 Genomic Islands

Genomic islands are part of the genome and
indicate significant evidence of horizontal gene
transfer. Distinguishing foreign from indigenous
DNA by comparing GC content, GC skew,
codon usage bias, and the presence of mobile
genetic elements identifies genomic islands.
Lima et al. (2005) identified 35 genomic islands
in XccA 306 genome by analyzing the GC
content bias, the dinucleotide content bias, and
the codon usage bias (Lima and Menck 2008).
Overall, the total number of genes within gen-
ome islands corresponds to almost one quarter of
the entire XccA 306 genome. The functional
categories that have higher proportions of genes
within the genomic islands are those related to
pathogenicity and virulence as well as mobile
genetic elements (Lima et al. 2008).

The genomic islands also contain genes
related to metabolic pathways, including genes
involved in the metabolism of the NAD coen-
zyme, arginine, and cysteine and in energy
metabolism (Lima and Menck 2008). Phyloge-
netic reconstructions for such genes confirm
these islands are the result of transfer from dis-
tantly related organisms, with some showing
homology to the archaea, as well as other dis-
tantly related bacteria, such as Actinobacteria,
Firmicutes, and Bacteroidetes. This indicates
that these genes related to primary metabolic
functions were acquired by horizontal gene
transfer much earlier in the bacterial evolution
cycle (Lima et al. 2008). XccA 306 also contains
several recently acquired islands that carry genes
related to type II, III, and IV secretion systems,
xanthan gum production, and host cell wall
degradation (Lima et al. 2005; Van Sluys et al.
2002). Most of the islands are flanked by tRNAs
and show the presence of various transposases.
Furthermore, the genes in the islands are
homologous to distantly related bacteria.
Another important characteristic of genomic
islands is the presence of orphan genes that have
a very limited phylogenetic distribution and
have no recognizable homologs. A recent study
in Escherichia coli demonstrated that most

orphan genes encode functional proteins (Dau-
bin and Ochman 2004). Thus, genomic islands
in XccA 306 not only encode essential metabolic
functions but also facilitate fitness and virulence
in planta.

7.4.6 Genomic Resources

The complete and draft genome sequences of
XccA 306 and related species are available for
download along with annotations at the NCBI
database. The most up-to-date and comprehen-
sive database is the Xanthomonas resource web-
site (www.xanthomonas.org). This database
maintains an updated list of all Xanthomonas
genomes available, the nomenclature of type III
effectors as well as new research on Xanthomonas
available through papers or meetings. The Xan-
thomonas Genome Browser (http://xgb.
fli-leibniz.de/cgi/index.pl) is another resource
available to provide genomic and other biological
information on a group of Xanthomonas spp. with
an emphasis on genome comparison. The browser
contains only five Xanthomonas genomes
including XccA 306. Plant Associated and Envi-
ronmental Microbes Database (PAMDB) (http://
genome.ppws.vt.edu/cgi-bin/MLST/home.pl) is
a multilocus sequence typing and analysis website
and database specifically designed for identifica-
tion of plant associated and environmental
microbes and for the study of their epidemiology,
population genetics, and molecular evolution.
They support analysis for five different bacterial
genera including Xanthomonas. The Xanthomo-
nas sp. portal is a Xanthomonas database intended
for comparative genomics, BLAST analysis, and
transcriptomics related to the represented strains
(https://iant.toulouse.inra.fr//bacteria/annotation/
cgi/xansp.cgi). Resources that are not directly
associated with Xanthomonas but may be useful
for annotation, BLAST, and type III effector
analyses are the following (1) CPGR: Compre-
hensive Phytopathogen Genomics Resource
(http://cpgr.plantbiology.msu.edu/), (2) DIGAP:
Database of Improved Gene Annotation in
Phytopathogens (http://ibi.hzau.edu.cn/digap/),
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(3) Type III effector database (http://effectors.bic.
nus.edu.sg/T3SEdb/index.php), (4) Type III
effector prediction (http://www.sysbep.org/sieve/),
(5) IMG (http://img.jgi.doe.gov/), (6) KEGG
(http://www.genome.jp/kegg/), and others.

7.5 Genome-Enabled
Understanding of X. citri
Virulence and Host Specificity

Comparison of the genome of XccA with other
closely related strains revealed that they share
3,183 proteins at 70 % identity (Fig. 7.3). Thus,
the gene content is largely conserved within
XccA, XccAw, XauB, and XauC. There are more
shared genes among XccA and XccAw as com-
pared to XauB and XauC confirming their sep-
aration into different clades in phylogenetic
comparison (Fig. 7.2). Here, we will mainly
discuss T3SS genes and T3SS effector genes
shared by XccA and other closely related strains.
Readers are encouraged to read the compre-
hensive genomic analyses published elsewhere
(Jalan et al. 2011, 2013a, b).

The hrp/hrc genes encoding the T3SS are
conserved and found in the same order in XccA,
XccAw, XauB, and XauC. Nineteen effectors are
present in XccA, XccAw, XauB, and XauC and
thus represent the core effector set for xantho-
monads that cause citrus canker. The effector
genes avrBs2, xopK, xopL, xopQ, xopR, xopX,
and xopZ are found in all other sequenced
Xanthomonas genomes, and hence, the seven
genes might be a core set of effectors required
for phytopathogenicity as suggested by Moreira
et al. (2010a).

Among all the effectors, it has been suggested
that PthA or its functional homolog(s) is the
major pathogenicity determinant of the citrus
canker pathogen (Al-Saadi et al. 2007), which
linked the strains of Xanthomonas with different
host range together. The avrBs3/pthA family of
effectors includes various pth genes, but only
PthA (Swarup et al. 1992) is known to induce
canker. PthA4 in XccA 306 is a functional
homolog of PthA located on pXAC64. PthA4
has the same repeat number (17.5) as other

functional homologs PthAw, PthB, and PthC
from the three respective citrus canker-causing
strains XccAw, XauB, and XauC (Moreira et al.
2010a). The AvrBs3/PthA family effectors are
known as TAL effectors since they reprogram
host cells by specifically binding to the pro-
moters of plant genes recognized by the central
domain of tandem repeats (Boch et al. 2009).
Comparing the DNA-binding TAL effector
codes for PthA from XccA as predicted by Boch
and Bonas (2010) to other functional homologs
indicates that the codes for PthA are quite
divergent. This may result in recognition of
different target genes in the host plant or dif-
ferences in strength of induction of plant genes
and thus affect virulence of different citrus
canker variants.

Comparative analysis has also identified
multiple strain-specific effectors that might
contribute to the differences in virulence and
host range. Among these are two effector genes,
avrGf1 and xopAF, identified in XccAw, XauB,
and XauC but which were not present in XccA
genome (Table 7.2). The presence of these
effectors in limited host range strains causing
citrus canker and not in the broader host range
XccA makes them prime candidates for effectors
that could affect host specificity. The AvrGf1
effector in XccAw belongs to the XopAG family
and has been shown to trigger a hypersensitive
reaction in grapefruit, thus limiting its host range

XauC
(3921) 

XauB
(3804) 

XccAw

(4760) 

XccA
(4427) 

3183 

146 25

8 

18 13
113

16
16

775 133

275

422493

164

Fig. 7.3 Venn diagram represents the shared genome of
X. citri subsp. citri str. 306 (XccA), X. citri subsp. citri
strain Aw12879 (XccAw), X. fuscans subsp. aurantifolii
strain ICPB 11122 (XauB), and X. fuscans subsp.
aurantifolii strain ICPB 10535 (XauC). Numbers in
brackets represent the protein-coding genes of each
species or pathotype
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(Rybak et al. 2009). AvrGf1 from XccAw shows
only about 45 % identity to its homolog
XAUC_04910 in XauC, whereas the homolog
XAUB_03570 in XauB is interrupted by a
transposon and might be non-functional. When
the mutant strain XccAwDavrGf1 was inoculated
in grapefruit, it caused typical canker-like
symptoms instead of HR, but the symptoms
were visibly reduced (Rybak et al. 2009).
Another candidate gene, which might contribute
to host specificity, is xopAF, which belongs to
avrXv3 family. Homologs of xopAF from
XccAw are found in XauB and XauC
(XAUB_02310 and XAUC_00300) but not in
XccA (Table 7.2). A XopAF homolog AvrXv3
from X. campestris pv. vesicatoria is known to
induce HR in tomato line Hawaii 7981 and
pepper plants (Astua-Monge et al. 2000). In our
recent study, we found that xopAF mutant and
xopAF avrGf1 double mutant both have lower
growth in planta as compared to XccAw and
avrGf1 single mutant, respectively (Jalan et al.
2013b). Mutation of xopAF did not make XccAw

strain pathogenic in sweet orange Valencia.
Instead, it slowed growth of the pathogen in
Duncan grapefruit and Mexican lime, which was
restored by complementation, indicating that
XopAF is important for bacterial growth in
planta but not host range (Jalan et al. 2013b).

7.6 Transcriptomics of XccA

7.6.1 Transcriptomic Analysis of XccA
Using Microarray

The availability of whole genome sequences of
XccA and related species has accelerated the
transcriptome analyses. Microarray is one of the
earliest tools and is still a convenient and afford-
able method to investigate the bacterial tran-
scriptome. Since 2005, three gene array platforms
of XccA have been reported. The first one is a
macroarray containing 279 genes of XccA asso-
ciated with pathogenicity and virulence (Astua-
Monge et al. 2005). The second microarray
platform consists of 2,365 genes which were

selected from shotgun libraries used for genomic
sequencing of XccA (Moreira et al. 2010b). This
gene array covers 52.7 % of the annotated genes
of the XccA genome. The third one is a whole
genome DNA Agilent microarray that we devel-
oped for XccA, representing all 4,427 annotated
protein-coding genes (Guo et al. 2011). This
microarray platform has been used extensively in
the transcriptomic studies of XccA. Here, we
summarize the current knowledge gained from
XccA transcriptomic research on regulatory net-
works controlling the virulence factors of XccA.

DSF-mediated QS has been found in many
bacteria, including X. campestris pv. campestris,
X. oryzae pv. oryzae, Xylella fastidiosa, Steno-
trophomonas maltophilia, and Burkholderia
cenocepacia as well as XccA (Barber et al.
1997; Boon et al. 2007; Colnaghi Simionato
et al. 2007; da Silva et al. 2002; Fouhy et al.
2007; He et al. 2010). This QS pathway contains
three major components: RpfF, RpfC, and RpfG,
which are DSF signal producer, signal sensor,
and response regulator of the two-component
system, respectively. A transcriptome study on
the rpfF mutant of X. campestris pv. campestris
revealed that the DSF regulon consists of genes
in 12 functional groups, such as genes involved
in flagellar biosynthesis, exopolysaccharide
(EPS) production, toxin and stress resistance,
and genes encoding extracellular enzymes (He
et al. 2006). Comparative genomic analysis
showed that the sequences of the rpf gene cluster
of XccA are highly similar to the homologs of X.
campestris pv. campestris, including rpfF, rpfC,
and rpfG. Guo et al. (2012) investigated the
transcriptomic profiles of rpfF, rpfC, and rpfG
mutants of XccA. The analysis revealed that the
three regulons overlap in the majority of genes,
143 genes in the exponential phase and 63 genes
in the stationary phase. Those genes are
involved in multiple biological activities, such
as chemotaxis and flagellar biosynthesis, stress
tolerance, adhesion, transport, energy metabo-
lism, and detoxification (Fig. 7.4). It indicates
that RpfC-RpfG is the major signal transduction
system of DSF-mediated QS in XccA, whose
regulatory function is similar to the QS system
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in X. campestris pv. campestris. However, the
comparison of three regulons showed that mul-
tiple genes are regulated by only one of the three
rpf genes: 42 genes in the RpfF regulon, which
represents 40 % of the number of genes in this
regulon, were not controlled by RpfC and RpfG
in stationary phase; 21 genes in the RpfC regu-
lon were not affected by the mutations of rpfF
and rpfG in the exponential phase; and 88 genes
in the exponential phase and 156 genes in the

stationary phase were controlled by RpfG only.
Those unique genes in the RpfG regulon include
genes encoding type V secretion system adhe-
sins, T3SS, regulators, iron transporters, and
genes involved in energy metabolism. The
unique genes in each regulon suggest that the
additional signal transduction pathways may be
involved in DSF-mediated QS. Additionally, the
RpfC-RpfG system may participate in gene
regulation other than the DSF pathway. These

Fig. 7.4 The global regulatory network of virulence
factors of X. citri. The signals from the environment or
plant activate the unknown sensor protein which relays
the signal to the regulator HrpG. The activated HrpG
induces the transcription of HrpX, which in turn activates
the expression of a large set of virulence genes encoding
T3SS, T3SS effectors, and T2SS-secreted enzymes.
HrpX also regulates the transcription of some genes
related to nutrient transport and metabolism. HrpX
indirectly represses the transcription of genes involved
in histidine biosynthesis. A two-component system ColS/
ColR also controls the expression of genes encoding the
T3SS translocon. RpfF is involved in the production of
DSF signal molecule, which is sensed by a two-compo-
nent system RpfC/RpfG. The activated RpfG binds to

two proteins with a GGDEF domain, resulting in the
control of motility. RpfG also decreases the level of the
second messenger c-di-GMP by its c-di-GMP phospho-
diesterase activity. The low levels of c-di-GMP inhibit
biofilm formation and also release the bound transcrip-
tional activator Clp. Clp binds to the promoters of target
genes and induces the expression of genes encoding
T3SS and genes involved in the synthesis of extracellular
enzymes and EPS. HrpG interacts with DSF-mediated
quorum-sensing pathway via repressing the transcription
of RpfG and two GGDEF proteins. Arrows represent
positive regulation, the dash-dot arrow represents neg-
ative regulation, dash arrows represent physical binding,
and ‘?’ represents unknown proteins
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findings significantly broaden our perspective of
the complexity of DSF-mediated QS.

It is well known that HrpG and HrpX are
essential for hrp gene expression. HrpG is an
OmpR family regulator, which was first reported
to activate the expression of hrcC and hrpX in X.
campestris pv. campestris (Wengelnik et al.
1996). HrpX is an AraC-type transcriptional
activator regulating the expression of hrp genes
(T3SS structural genes) and some T3SS effectors
(Wengelnik and Bonas 1996). Due to the regu-
latory roles of HrpG and HrpX in the expression
of virulence genes, a few studies have been done
to identify the genes in HrpG and HrpX regu-
lons, resulting in the extension of HrpG and
HrpX regulons to genes encoding T2SS-secreted
enzymes (Furutani et al. 2004; Wang et al. 2008;
Yamazaki et al. 2008) and genes containing a
plant-inducible promoter (PIP) box (Fenselau
and Bonas 1995; da Silva et al. 2002; Noel et al.
2001). Guo et al. (2011) used an XccA whole
genome DNA microarray to explore the tran-
scriptome of XccA and characterized the HrpG
and HrpX regulons. The comprehensive study
provides us with an overall view of the genes in
the HrpG and HrpX regulons, by expanding the
HrpG regulon to 232 genes and the HrpX reg-
ulon to 181 genes (Guo et al. 2011). All of the 24
hrp genes encoding T3SS proteins are upregu-
lated by HrpG and HrpX. Twenty-three putative
and known T3SS effectors are also controlled by
the two regulators. Besides the previously
reported eight genes encoding T2SS-secreted
enzymes, 21 additional HrpG- and HrpX-regu-
lated genes were identified encoding putative
T2SS enzymes. HrpG and HrpX regulons also
include genes involved in amino acid biosyn-
thesis, oxidative phosphorylation, pentose
phosphate pathway, transport of sugar, iron and
potassium, and phenolic catabolism (Fig. 7.4).
Several genes encoding a two-component sys-
tem and transcriptional regulators are also found
to be controlled by HrpG and HrpX. For
instance, pccQ and XAC1455 encoding tran-
scription regulators were regulated by both
HrpG and HrpX. It was suggested that those
genes are utilized as downstream regulators in

the signaling pathways of HrpG and HrpX.
Notably, HrpG alone regulates a number of
genes involved in flagellar biosynthesis and
chemotaxis and also influences the expression of
rpfG and two GGDEF family genes (Fig. 7.4),
which are involved in DSF-mediated QS. This
indicates the possibility of the cross talk between
the HrpG regulatory cascade and QS. Overall,
the findings of the transcriptomics study
revealed that HrpG and HrpX participate in a
global signaling network and regulate the
expression of multiple virulence genes to modify
and adapt to the host environment.

7.6.2 Transcriptomic Sequencing
Using RNA-Seq

RNA-seq has been conducted to obtain a com-
prehensive picture of the HrpX regulon of XccA
cultured in XVM2 medium (Kogenaru et al.
2012). RNA-seq is a whole transcriptome pro-
filing method that can measure the RNA levels
using a massive parallel deep-sequencing-based
approach (Wang et al. 2009). RNA-seq provides
qualitative identification as well as quantitative
level of expression of genes in a given condition
(Wang et al. 2009; Marguerat and Bähler 2010).
Various platforms, such as Roche 454 sequen-
cer, Illumina Genome Analyzer, Illumina HiSeq,
and Applied Biosystems SOLiD sequencer, are
currently available to obtain RNA-seq data. In
our study, RNA samples of XccA that passed the
quality control were sequenced using the Illu-
mina Genome Analyzer IIx (GAIIx) system
(Kogenaru et al. 2012). A total of 4,323 genes
were found to have at least one read mapped,
constituting [90 % of the reads being mapped
onto the reference genome, indicating good
sequence coverage. Overall, *97 % of the
annotated genes had more than one read map-
ped, while merely *3 % of the annotated genes
had no reads mapped, indicating good sequenc-
ing depth (Kogenaru et al. 2012). It was also
observed that annotated coding genes from the
chromosome with a size of 5.18 Mb had 98 %
sequence coverage, while it was observed to be
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78 % for plasmid pXAC64 with a size of 64 kb
and even relatively lower with only 62 %
sequence coverage for the second plasmid
pXAC33 with a size of 33 kb. The read count of
uniquely mapped genes to each annotated gene
from both the wild-type as well as hrpX mutant
for all the biological replicates was used to
estimate the genes, which are differentially
expressed using DESeq, an open-source package
available under the Bioconductor suite under R
environment (Anders and Huber 2010). DESeq
estimates the variance in RNA-seq data across
replicates and conditions and conducts tests for
differential expression using negative binomial
distribution (Anders and Huber 2010).

Gene expression levels quantified by RNA-
seq were compared with microarray (Kogenaru
et al. 2012; Guo et al. 2011). The RNA-seq and
microarray highly correlated both at absolute as
well as relative levels (Spearman correlation-
coefficient, rs [ 0.76). Further, the expression
levels quantified by RNA-seq and microarray for
the significantly differentially expressed genes
(DEGs) also were highly correlated with qRT-
PCR-based quantification (rs = 0.58 to 0.94). In
addition to the 55 newly identified DEGs, 72 %
of the already known HrpX target genes were
detected by both RNA-seq and microarray,
while the remaining 28 % could only be detec-
ted by either one of the methods.

Eighty-seven statistically significant differen-
tially expressed genes were obtained by applying
a cutoff threshold of FDR B 0.05 (5 %) and an
absolute log2 fold-change C0.6 (Kogenaru et al.
2012). Among them, 21 (25 %) were upregulated
while 66 (75 %) were downregulated in the hrpX
mutant. Among the hrp genes, 16 genes, hrcN,
hrcJ, hrcU, hrcV, hrpB1, hrpB2, hrpB4, hrcQ,
hrcR, hrpD5, hrpD6, hrpE, hrpF, hpa1, hpaB, and
hpaF, were detected as differentially expressed
with a log2FC ranging between -0.92 to -2.23,
while nine genes from the cluster, hrpB5, hrcS,
hpaP, XAC0395, hrcC, hrpB7, hpa2, hpaA, and
hrcT, were not detected as differentially expressed
by RNA-seq (Kogenaru et al. 2012). Among the

effector genes, 11 genes, xopE, avrXacE3, xopI,
xopK, xopN, xopP, xopR, xopX, xopAI, hrpW, and
xopAD, were found to be regulated by HrpX with a
log2FC range varying between -0.8816 to -

3.5117, while 11 genes, xopQ, xopV, avrBs2,
xopL, xopE, xopZ, xopAK, pthA1, pthA2, pthA3,
and pthA4, were not detected as differentially
expressed at the given time point (Kogenaru et al.
2012). Pseudo- or inactive genes XAC2785,
XAC1210, and XAC1209 were not included in the
RNA-seq analysis. Seventy-five percent of the
known T3SS and effectors were detected as dif-
ferentially expressed at the given time point by
RNA-seq. Among the differentially expressed
genes newly identified by the transciptome study
is gene XAC0755 that is found to be downregu-
lated. This gene encodes KdpF, a component of an
integral membrane potassium-transporting sys-
tem. Four genes, XAC4116, XAC1819,
XAC3026, and XAC3363, were found to be
involved in signal transduction and gene regula-
tion. Further, the gene products of seven differ-
entially expressed genes, XAC3275, XAC3680,
XAC1943, XAC0527, XAC0599, XAC0239, and
XAC0755, were predicted to be T2SS substrates.
Fifty novel targets have been identified from the
RNA-seq transcriptome profiling: they are
XAC0239, sflA, XAC0335, metE, XAC0392,
XAC0527, XAC0599, lacZ, XAC0755, kdpA,
XAC0854, rpoA, XAC1061, XAC1163,
XAC1203, rpsT, cyoD, scoF, araJ, tpmT,
XAC1629, XAC1715, XAC1816, tspO,
XAC1943, fliO, rpmJ, rpmS,XAC3026,
XAC3275, blaI, XAC3446, XAC3680, putA,
yhhT, XAC4085, XAC4116, XAC4131, appA,
XAC4149, XACb0064, pcaH, XAC0315,
XAC2787, XAC3646, XAC2654, XAC1172,
btuB, XAC3445, and stkXac1. Sixty-eight percent
of these novel targets were found to be hypothet-
ical, which might have potential roles in viru-
lence, while the remaining 32 % novel targets
were involved in signaling and transcription reg-
ulation (Kogenaru et al. 2012). RNA-seq tran-
scriptome profiling has significantly enhanced the
understanding of the HrpX regulome.

170 N. Jalan et al.



7.7 Concluding Remarks

The advent of high-throughput sequencing tech-
nologies, for example, Roche-454 Life Sciences,
Solexa-Illumina, ABI-SOLiD, and Pacific Bio-
Single-molecule real-time sequencing and ever-
increasing computing capacity render it possible
to sequence multiple strains of the same bacterial
species. It has been realized that a significant
percentage of each genome sequence was specific
to each individual strain, and therefore, each new
genome sequenced provided a number of new
genes not previously characterized. Thus, pan-
genome analysis has become of increasing inter-
est. The pan-genome includes the ‘core genome’
of genes common to all strains of the species and
the ‘dispensable or accessory genome’, which
consists of genes present in at least one, but not all
strains of a species (Medini et al. 2005). The core
genome is related to its fundamental biological
processes and derived traits from a common
ancestor, whereas the dispensable genome con-
tributes to the species’ diversity and probably
provides functions that are not essential to its
basic lifestyle but confer selective advantages
including niche adaptation, antibiotic resistance,
and the ability to colonize new hosts (Tettelin
et al. 2008). X. citri is a pathogen with wide
geographical distribution and contains multiple
strains with different host ranges (Ngoc et al.
2010). Thus, a comprehensive sequencing of
strains of X. citri will help with pan-genome
analysis and understand the mechanisms for dif-
ferent strains with distinct traits including differ-
ences in host range and resistance to copper.
Pathogens always undergo evolution to adapt to
ever-changing environments. Genomic studies
using high-throughput sequencing will facilitate
an ability to understand the mechanism(s) of X.
citri evolution in the generation of super patho-
gens that can overcome plant defense of resistant
varieties or become antibiotic or copper resistant.
Consequently, we could prevent the generation of
the super pathogens of X. citri. Using both high-
throughput DNA sequencing and RNA-seq, we
can better understand the bacterial genome

biology and novel transcripts. RNA-seq makes it
easier to study the regulation of X. citri under
different environments and the regulons of dif-
ferent regulators for a better understanding of the
pathogen. Importantly, RNA-seq makes it easier
to simultaneously investigate the transcriptomes
of both the host and pathogen during interactions,
which in turn will help us understand the virulence
mechanism of X. citri and the resistance mecha-
nism of the host to design innovative strategies to
control citrus canker and other bacterial diseases.
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8Genomic Insights into Xylella fastidiosa
Interactions with Plant and Insect Hosts

Adam C. Retchless, Fabien Labroussaa, Lori Shapiro,
Drake C. Stenger, Steven E. Lindow,
and Rodrigo P. P. Almeida

8.1 Introduction

The utilization of genomic data and widespread
availability of genomics tools is still incipient in
plant pathology. The first genome of a plant
pathogen, that of the bacterium Xylella fastidiosa,
was only completed in 2000 (Simpson et al.
2000). Since then, many bacterial plant pathogens
have been sequenced, but much of the scientific
knowledge extracted from these data is still lim-
ited, especially when compared to human
pathogens. Nevertheless, significant advances
have been made during the last decade, when
genomics became widely available to the plant
pathology community. Our understanding of the
functional role of genes and pathogen taxonomy

and evolution has improved significantly. The
availability of genome sequences has served as
the backbone for much of this work. In this
chapter, we take a holistic approach and explore
X. fastidiosa evolution, biology, and management
based on information and insights that would not
have been possible, or would have been techni-
cally challenging, during the pre-genomics per-
iod of plant pathology. Although X. fastidiosa is
widely thought of as a plant pathogen, its biology
is more complex and focus on its pathogenicity to
crops clouds our broader understanding of its
biology, ecology, and evolution. We predict that
genomic data and further research on isolates that
do not cause crop diseases will permit a more
complete view of X. fastidiosa. This is especially
important in the context of emerging diseases, as
data suggest that novel X. fastidiosa isolates are
particularly prone to emerge as crop pathogens of
economic importance.

8.1.1 History

The first plant disease associated with the bac-
terium X. fastidiosa was described over one
century ago (Pierce 1892). However, knowledge
about this organism lags significantly behind
other well-known plant pathogenic bacteria.
Epidemics have been the major factor driving
research on this pathogen. The first recorded
epidemic caused by X. fastidiosa in grapevines
in southern California in the late 1800s led to
initial characterization of Pierce’s disease of

In late 2013 Xylella fastidiosa was reported in southern
Italy (Saponari et al. 2013). This report highlights the
importance of X. fastidiosa as a quarantine pathogen, and
the need to better understand its ecology and evolution.
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grapevines (Pierce 1892). Later, parallel and
inter-related epidemics of Pierce’s disease and
alfalfa dwarf in the Central Valley of California
resulted in the identification of insect vectors, but
also in the conclusion that the etiological agent of
these diseases was a virus (Hewitt et al. 1949).
Only in the mid-1970s, after it was shown that
‘yellows’ diseases of plants were of bacterial
origin (phytoplasmas and spiroplasmas; Doi et al.
1967), were diseases caused by X. fastidiosa
determined to also have bacterial etiology
(Hopkins and Mollenhauer 1973). That break-
through led to its axenic culture in 1978 (Davis
et al. 1978); and the bacterium was named
X. fastidiosa one decade later (Wells et al. 1987).
Despite its importance, research on this pathogen
remained limited until a new disease in citrus
emerged in Brazil in 1987 and another re-
emerged in California in the late 1990s (Hopkins
and Purcell 2002). These diseases, principally in
Brazil, led to efforts aimed at sequencing the
genome of these pathogens, with the expectation
that this novel information would assist research
aimed at the development of better and new dis-
ease management practices. That culminated in
the sequencing of the first bacterial plant patho-
gen, X. fastidiosa, in the year 2000 (Simpson et al.
2000). It is fair to say that, other than data avail-
able for PCR-based detection of X. fastidiosa
(Minsavage et al. 1994), very limited information
derived from molecular tools was available for
this bacterium prior to 2000. We direct readers
interested in a more complete perspective of the
history of X. fastidiosa research to a recently
published review by Purcell (2013).

8.1.2 Geographical Distribution

Initially thought to be limited to North America
(Hewitt 1958), X. fastidiosa is now known to be
present throughout the Americas and Taiwan.
There is one report of X. fastidiosa in Kosovo,
Europe (Berisha et al. 1998); however, the bac-
terium is considered to be absent from the conti-
nent. Taiwan represents an interesting case, where
two distinct phylotypes of X. fastidiosa occur,
causing disease in pear trees and grapevines,

respectively (Su et al. 2012, 2013). The grapevine
disease is caused by isolates that are phylogenet-
ically among those widely distributed in the
United States, suggesting that it was recently
introduced into the island, which is also evidenced
by the lack of genetic diversity among Taiwanese
isolates. The pear isolates, however, appear to
have evolved in isolation, raising important
questions regarding the worldwide distribution of
X. fastidiosa and X. fastidiosa-like bacteria,
which may have remained undetected due to
significant biological, phenotypic, and genetic
differences when compared to known taxa.

Within the Americas, X. fastidiosa occurs
from the northeast region of the United States and
Canada (Goodwin and Zhang 1997) to Argentina
and southern Brazil (Hopkins and Purcell 2002).
However, as discussed later, the distribution of
individual subspecies is more limited, suggesting
that geographical isolation has been important in
the evolution of this bacterium. Furthermore, as
with grapevine isolates in Taiwan, evidence
indicates that at least some isolates causing dis-
ease in plum in Brazil originated from North
America (Nunes et al. 2003) and that grapevine
isolates in the United States originated from
Central America (Nunney et al. 2010). Therefore,
X. fastidiosa populations appeared to have
remained largely isolated due to geographical
barriers, but recent human activity has resulted in
dispersal over continental distances.

8.1.3 Impact

X. fastidiosa causes disease in a wide range of
host plants, from perennial fruit crops such as
grapes and citrus to ornamental trees and shrubs.
The economic impact of these diseases is poorly
understood; to our knowledge, only Pierce’s
disease of grapevines in Northern California has
been carefully studied in this context (Fuller
2012). The production of sweet orange in Brazil
is severely impacted by this pathogen, which
now infects up to half of plants in some regions,
over one-third of citrus plants in São Paulo State
are estimated to be infected with the pathogen.
In rare instances, such as oleander leaf scorch in
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southern California in the 1990s, most suscep-
tible hosts were eliminated from the landscape
due to X. fastidiosa infection. Control of X.
fastidiosa diseases is dependent on host plant
species, vector species, geographical location,
and management practices, among other factors.
We direct readers to other reviews that cover X.
fastidiosa diseases, their impact, epidemiology,
and management alternatives (Hopkins and
Purcell 2002; Redak et al. 2004).

8.1.4 Quarantine Importance

This bacterium is of worldwide quarantine
importance. Some countries where X. fastidiosa
is established have enacted policies to avoid the
introduction of new genotypes, while countries
in which it is considered to be absent tend to
prohibit the introduction of the species (i.e.,
Australia, New Zealand, and the European Union
have strict regulations aimed at reducing the
likelihood of X. fastidiosa introduction). It
should be mentioned that these countries also list
insect vectors of X. fastidiosa as quarantine
organisms. The United States Department of
Agriculture strictly regulates the introduction of
foreign isolates and considered the genotype
causing citrus variegated chlorosis (CVC), which
is currently limited to South America, a bioter-
rorism agent until 2012 (Federal Register 2012).

The European Union considers X. fastidiosa
an EPPO A1 pathogen, which are quarantine
pests absent from the region. Strict guidelines
exist for positive diagnostic and reporting of X.
fastidiosa in Europe (European and Mediterra-
nean Plant Protection Organization 2004).
European governments routinely survey for this
bacterium using ELISA and PCR. In addition to
regulations on pathogen introduction and field
surveys, some countries have been more proac-
tive, assuming that an eventual introduction will
occur. Australia and New Zealand scientists have
performed research in California, USA, to
determine the host range of X. fastidiosa and one
of its vectors using native plant species from
those countries (Rathé et al. 2012a; Sandanayaka

and Backus 2008). Such efforts could have a
significant impact on the eradication or man-
agement of X. fastidiosa introductions, as some
biological knowledge would be already available
to decision makers upon pathogen detection.
Lastly, analysis of the potential threat of an
introduction can provide important information
to assess risk and develop science-based policies
(e.g., Rathé et al. 2012b).

In addition to the above-mentioned risks, the
introduction of X. fastidiosa into regions where
the bacterium has already been detected increa-
ses chances of gene flow between endemic and
invasive genotypes. The availability of novel
loci and alleles can result in the emergence of
epidemic isolates that have the potential to
exploit host plants previously not susceptible to
disease as a result of X. fastidiosa infection.
Although not conclusively demonstrated, inde-
pendent studies have suggested that X. fastidiosa
diseases can emerge via gene exchange between
isolates (Almeida et al. 2008; Nunes et al. 2003;
Nunney et al. 2012). Therefore, increases in
genetic diversity, driven by the introduction of
foreign genotypes, carry risks that go beyond the
potential host range of the newly arrived isolate.

8.1.5 Taxonomy

Xylella fastidiosa is a gamma-proteobacterium
in the order Xanthomonadales, family Xantho-
monadaceae (Wells et al. 1987). This is the
single species in the genus Xylella, which is
monophyletic, and has Xanthomonas ssp. as a
sister clade (Fig. 8.1). X. fastidiosa is currently
subdivided into four subspecies, largely based
on DNA–DNA hybridization and multi-locus
sequence typing data (Scally et al. 2005; Schaad
et al. 2004). Although these groupings are phy-
logenetically robust, they can be further subdi-
vided into groups with well-supported genetic
and biological distinctions (i.e., different host
ranges) (e.g., Almeida and Purcell 2003b;
Almeida et al. 2008; Nunney et al. 2010, 2013).
The taxonomy of X. fastidiosa is discussed in
detail later within an evolutionary context.

8 Genomic Insights into Xylella fastidiosa Interactions 179



8.2 General Biology

The biology of X. fastidiosa is complex due to
its requirement to successfully colonize two very
distinct hosts, plants and insects. This bacterium
emerged from plant-colonizing Xanthomonas
ssp., and its divergence is hypothesized to be
driven by the novel utilization of insect vectors
for dispersal (Killiny et al. 2010). Therefore, a
discussion of the biology of X. fastidiosa must
consider its plant and vector colonization, in
addition to mechanisms necessary to switch
from one host to another. This section provides
an introduction to the general biology of plant
and insect colonization by X. fastidiosa; gen-
ome-derived insights are addressed later in this
chapter.

8.2.1 Colonization of Host Plants

Unlike many other bacterial plant pathogens, X.
fastidiosa has a large host range, both as a spe-
cies and for each individual subspecies. Hill and
Purcell (1995) compiled published data and

concluded that plants in twenty-nine families
were hosts of this bacterium. This bacterium is
capable of multiplying in almost all tested plant
species under greenhouse conditions when
mechanically inoculated (Purcell and Saunders
1999). It can also be recovered from a wide
range of plants in the field (Lopes et al. 2003),
although X. fastidiosa does not cause disease in
most of these species (Purcell and Saunders
1999). Thus, X. fastidiosa colonization of plants
does not necessarily equal disease development.
The list of host plants known to be susceptible to
this pathogen has grown during the last decade,
as has the even longer list of non-symptomatic
host plants.

The details of pathogenicity mechanisms are
yet to be fully understood, but disease appears to
be a consequence of bacterial multiplication and
movement within the xylem vessel network,
leading to clogging of water flow through the
plant (Chatterjee et al. 2008a; Newman et al.
2003). Although the bacterium is xylem limited,
populations are not homogenous in the entire
plant (Hopkins 1985). Bacterial accumulation at
specific tissues within the plant are also host
dependent; as an example, in Pierce’s disease-

Fig. 8.1 Evolutionary history and geographical distri-
bution of X. fastidiosa subspecies in the Americas.
a Relationship of X. fastidiosa to Xanthomonas species
(after Rodriguez et al. 2012), rooted by Stenotropho-
monas and Pseudoxanthomonas. The position of X.
albilineans is ambiguous (star; see text). X. fastidiosa
diversity (MLST) is shown in detail, with published

genome sequences identified with squares; the Taiwan-
ese pear isolate is not included due to limited sequence
data. Gene flow has been observed between subsp.
multiplex and others (arrows). b Approximate spatial
distribution of subspecies; it is assumed that the species
extends throughout Central and South America
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infected grapevines, X. fastidiosa is found at
higher populations in symptomatic leaf veins and
petioles (Baccari and Lindow 2011; Krivanek and
Walker 2005). A positive correlation between
symptom severity and pathogen populations
within the plant has also been shown (Krivanek
and Walker 2005). X. fastidiosa genomic analy-
ses revealed a number of genes that encode plant
cell wall-degrading enzymes; X. fastidiosa is
strictly xylem limited, and these enzymes are
predicted to solely function in pit membrane
degradation. Using a GFP-tagged X. fastidiosa
strain, symptom development was shown to be
highly correlated with the number of vessels
clogged (Newman et al. 2003). While structural
differences in xylem vessels of susceptible versus
nonsusceptible grape varieties did not correlate
with probability of disease development (Chat-
elet et al. 2011), pit membrane degradation was
more successful in susceptible versus resistant
grapevine varieties (Sun et al. 2011). In addition,
defensive responses of susceptible grapevines to
X. fastidiosa colonization may further exacerbate
restrictions on xylem fluid flow and symptom
development (Sun et al. 2013).

8.2.2 Colonization of Insect Vectors

Severin (1949) showed that X. fastidiosa is
persistently transmitted by adult sharpshooter
leafhoppers (Hemiptera, Cicadellidae), and Fre-
itag (1951) demonstrated lack of transovarial
transmission. Persistence of infection in adults
has been confirmed in other studies (Almeida
and Purcell 2003a; Hill and Purcell 1995b);
although transovarial transmission was not tes-
ted further, it is unlikely that vertical transmis-
sion of X. fastidiosa occurs. The lack of
transstadial transmission and absence of a
detectable latent period for acquisition or inoc-
ulation (Almeida and Purcell 2003a; Purcell and
Finlay 1979) are strong indicators that this
bacterium does not circulate within vectors. In
addition, microscopic studies on the colonization
of the foregut of vectors (Almeida and Purcell
2006; Brlansky et al. 1983; Purcell et al. 1979)

supported the results obtained from transmission
experiments.

After acquisition from source plants, X.
fastidiosa attaches to and multiplies in the
foregut of vectors; multiplication was first
shown by culturing (Hill and Purcell 1995b) and
more recently by quantitative PCR (Killiny and
Almeida 2009a), and inferred by microscopy at
different time points after acquisition from
plants (Almeida and Purcell 2006). The gener-
ation time of X. fastidiosa cells within vectors as
estimated by quantitative PCR was 7–8 h and
remained constant for up to 4 days (Killiny and
Almeida 2009a). We estimate that the foregut of
vectors may house *50,000 cells. Two regions
of the foregut have been implicated in X. fasti-
diosa transmission based on spatial colonization
patterns. Purcell et al. (1979) observed cells in
the cibarium, the distal region of the precibari-
um, and the anterior region of the esophagus;
Brlansky et al. (1983) confirmed that the preci-
barium was colonized by X. fastidiosa. How-
ever, those studies did not correlate bacterial
visualization with vector transmission to plants.
A more recent microscopy-based study showed
an association between bacterial colonization of
the precibarium and transmission to plants
(Almeida and Purcell 2006), suggesting that
colonization of the esophagus and cibarium was
not directly associated with inoculation events.
However, the specific site(s) in the foregut as
well as the vector probing behavior(s) associated
with inoculation is yet to be determined.

The precibarium and cibarium of leafhoppers
are highly turbulent environments, and cell
attachment is not a trivial process. Although
fluid flow dynamics in this system have not been
experimentally determined, xylem sap has been
estimated to flow through the precibarium at
average speeds of 8 cm/s (Purcell et al. 1979).
Turbulence is likely present as the muscle con-
nected to the cibarium’s diaphragm creates
enough tension to pump sap from plants into the
midgut by contracting and relaxing approxi-
mately every second during ingestion events
(Dugravot et al. 2008). Thus, it is possible that
very few colonization events of the precibarium
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occur given the number of cells or cell aggre-
gates that may be ingested by a vector through
feeding on sap from an infected xylem vessel.
While few colonization events have been sug-
gested based on microscopy data (Almeida and
Purcell 2006), quantitative PCR data indicate
that approximately one to five thousand cells can
be detected in sharpshooter heads after feeding
on infected plant material (Rashed et al. 2011).
Many of the ingested cells likely do not adhere
to the insect cuticle and pass through the
digestive tract, and therefore are considered to
not be involved in vector colonization and X.
fastidiosa transmission to plants. This discrep-
ancy highlights the fact that successful attach-
ment of X. fastidiosa to the foregut of vectors is
probably a rare event requiring high-affinity
ligand–receptor interactions.

8.2.3 Vector Transmission

Transmission experiments identified sharp-
shooter leafhoppers (Hemiptera, Cicadellidae,
subfamily Cicadellinae) and spittlebugs
(Hemiptera, Cercopoidea) as insect vectors of
this pathogen (Severin 1949, 1950). A third
group of xylem sap-sucking insects, cicadas
(Hemiptera, Cicadidae), has been reported as a
vector of X. fastidiosa (Paião et al. 2002; Krell
et al. 2007), although more work is necessary to
determine the contribution of this group to
overall epidemiology and transmission dynam-
ics. An important aspect associated with the
transmission of X. fastidiosa is the lack of path-
ogen genotype and vector species specificity
(Almeida et al. 2005). Frazier (1965) summa-
rized the current state of knowledge at the time
by concluding that all sharpshooter leafhoppers
should be considered vectors of the Pierce’s
disease etiological agent until proven otherwise.
The addition of various pathogen genotypes to
this statement occurred later, after the advent of
molecular tools that eventually allowed the split
of the species into subspecies, when various
studies showed that all tested vector species were
capable of transmitting various X. fastidiosa
genotypes (Almeida et al. 2005). The best

example was the demonstration that a North
American vector species transmitted a South
American isolate to plants (Damsteegt et al.
2006). Ultimately, more vector–pathogen com-
binations must be tested, but so far Frazier’s
50-year-old statement remains true.

Various factors affect X. fastidiosa vector
transmission efficiency. The length of time
insects are allowed to acquire or inoculate X.
fastidiosa into plants is proportional to overall
transmission efficiency, up to approximately four
days (Almeida and Purcell 2003a; Daugherty and
Almeida 2009; Purcell and Finlay 1979). The
most parsimonious interpretation of these results
is that the probability of insects probing into
xylem vessels with X. fastidiosa increases over
time (Almeida and Backus 2004; Backus et al.
2005). In fact, the overall population of X.
fastidiosa within host plant tissue has been the
only parameter consistently correlated with
transmission efficiency. Hill and Purcell (1997)
were the first to demonstrate such relationship,
which has been used to explain why specific
vector–pathogen–plant combinations result in
higher or lower transmission efficiency [e.g.,
Lopes et al. (2009)]. Furthermore, within-plant
differences in pathogen population also affect
transmission efficiency (Daugherty et al. 2010).
Thus, host plants harboring larger X. fastidiosa
populations generally result in higher transmis-
sion efficiency, and vice versa. Vector age and
sex do not affect overall transmission efficiency
(Krugner et al. 2012).

8.3 Genome Structure

As of August 2013, five finished X. fastidiosa
genome sequences have been published (Pub-
Med Genomes Database; http://www.ncbi.nlm.
nih.gov/genome/genomes/173), representing
three of the four described subspecies (subspe-
cies sandyi being the exception; Fig. 8.2) (Chen
et al. 2010; Simpson et al. 2000; van Sluys et al.
2003). These genomes range from 2.5 to 2.
7 megabase pairs (Mbp) and include a single
chromosome along with zero to two plasmids
(ranging from 1.3 to 51 kb). The nucleotide
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sequences are 51.8–52.6 % GC. Published
annotations indicate that these genomes each
contain from 2,066 to 2,294 protein-coding
sequences, 2 ribosomal RNA operons, 49–50
tRNA genes (43 different anti-codons), and 1
tmRNA gene (van Sluys et al. 2003). Draft
quality genomes are available for three other
isolates, each appearing to be very similar to one
of the finished genomes at the coarse scale
(Bhattacharyya et al. 2002; Schreiber et al. 2010;
Zhang et al. 2011), as are contigs from the
shotgun sequencing of a mixed sample of sub-
species multiplex and sandyi (Bhattacharyya
et al. 2002; Nunney et al. 2012). The diversity of
available sequences will increase rapidly in the
near future, as several projects are underway that
are sequencing tens of genomes from isolates
collected around the world.

8.3.1 Core Genome

The location of the origin of replication can be
confidently predicted from three different lines of
genomic evidence: the location of the dnaA gene,
a cluster of DnaA boxes, and inversion of the G/C
and A/T skews (Mackiewicz et al. 2004; Simpson
et al. 2000). The terminus can be identified by

similar methods: Both the predicted dif sequence
and oligonucleotide asymmetry analysis point to
the same region of each sequenced chromosome
(Yen et al. 2002; Kono et al. 2011). Based on the
predicted origin and terminus of replication, we
estimate that 59–60 % of genes are encoded on the
leading replication strands (Rocha 2008). Nota-
bly, the chromosome arms of strain 9a5c are
heavily imbalanced such that one replichore is
approximately half the length of the other; in
contrast, the origin and terminus of replication for
the other complete X. fastidiosa chromosomes are
approximately opposite from each other. Based on
studies in Escherichia coli, this degree of repli-
cation imbalance is expected to be a substantial
impediment to growth (Esnault et al. 2007).

We identified 1982 protein-encoding genes that
are shared among subspecies fastidiosa, multiplex,
and pauca (Fig. 8.2). This accounts for 71–86 %
of the largest X. fastidiosa genome, 9a5c,
depending on how conservative one is in predict-
ing genes (e.g., Simpson et al. 2000; van Sluys
et al. 2003). Only one study addressed this ques-
tion at the subspecies level (subsp. pauca); it
showed that the pan-genome of X. fastidiosa is
potentially large and that differences among iso-
lates were associated with genome island-like
fragments (da Silva et al. 2007). However, repre-
sentative genomes of different subspecies that
have been fully sequenced are largely syntenic
(Fig. 8.3). Several short sequence repeats (SSR)
have been identified in the chromosome (Coletta-
Filho et al. 2001). These loci tend to evolve
quickly, and several have been confirmed as hav-
ing variable number of tandem repeats (VNTR),
making them useful for high-resolution studies of
population structure (Coletta-Filho et al. 2011).

8.3.2 Mobile Elements

Several self-replicating genetic elements are
present among X. fastidiosa genomes, including
plasmids and prophages. These contribute to the
gene diversity of X. fastidiosa and provide
potential avenues for horizontal gene transfer
(HGT) both within and between species. Due to
the ability of HGT to confer new phenotypes on

Fig. 8.2 Venn diagram for the number of predicted
coding sequences that are shared and unique from
representative genomes of subspecies multiplex, fastidi-
osa, and pauca calculated with EDGAR (Blom et al.
2009), using a protein–protein BLAST e-value cutoff of
10-6 and 70 % amino acid identity
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bacteria and modify their ecological niche, there
is intense interest in exploring the contribution
of these elements to the distinct virulence traits
of different isolates, including the ability to
colonize novel host plants (Moreira et al. 2005;
Nunes et al. 2003).

Despite the abundance of putative prophages
embedded within the chromosome, the isolation
of active phage particles has been difficult, with
the first lysogen confirmed only in 2010 (Sum-
mer et al. 2010). The prevalence of prophages
and phage remnants within X. fastidiosa gen-
omes contrasts with the absence of identifiable
transposons, which are abundant in Xanthomo-
nas genomes (Monteiro-Vitorello et al. 2005).
Prophages are also candidates for inducing
rearrangements within the X. fastidiosa genome,
due to the activity of their integrase genes
(Moreira et al. 2005; Nunes et al. 2003).

Among subspecies, it is evident that X. fasti-
diosa’s flexible genome is primarily composed of
laterally transferred phage-like elements,
including prophages (Nunes et al. 2003; van
Sluys et al. 2003; Varani et al. 2008).

Interestingly, transcription studies have sug-
gested that this laterally transferred gene pool is
differentially regulated in X. fastidiosa in com-
parison with genes in the core genome, suggest-
ing that their regulation is yet to be tightly linked
to the rest of the genome (Nunes et al. 2003). The
finding that most obvious differences among X.
fastidiosa genomes are connected to phage-like
sequences has led several groups to propose that
the divergence of lineages leading to host speci-
ficity is mediated by laterally transferred ele-
ments (e.g., van Sluys et al. 2003; Nunes et al.
2003; Varani et al. 2008). Thus, host adaptation in
X. fastidiosa could be the result of one or few
changes with large fitness benefits, despite the
fact that overall pathogenicity mechanisms are
similar regardless of host plant. This model is
comparable to the effector–host resistance genes
evolutionary model for most bacterial pathogens
(Lindeberg et al. 2009; Ma et al. 2006). However,
a competing hypothesis proposes that quantita-
tive rather than qualitative differences are the
major drivers of host specificity (Killiny and
Almeida 2011).

Fig. 8.3 Synteny map of representative genomes from
each of the three sequenced subspecies, showing several
rearrangements on the X. fastidiosa 9a5c (subsp. pauca)

chromosome compared to X. fastidiosa M12 (subsp.
multiplex) and X. fastidiosa Temecula1 (subsp.
fastidiosa)
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The existence of plasmids in X. fastidiosa
cultures has been demonstrated in two manners:
Some plasmids have been purified directly from
X. fastidiosa cultures, while the existence of
others have been inferred based on circular
contigs generated during genome sequencing
projects. These extra-chromosomal DNA mole-
cules are commonly associated with bacteria,
encoding accessory modules conferring selec-
tive advantage in specific environments (e.g.,
resistance to antibiotics or heavy metals, or an
ability to degrade toxic organic compounds; Van
der Auwera et al. 2009). Conjugative plasmids
encode modules for DNA transfer, allowing for
their own propagation independent of the host
and potentially transferring chromosomal DNA.
Complete nucleotide sequences are currently
available for several plasmids of X. fastidiosa.
Below, a brief summary of plasmids associated
with X. fastidiosa is presented.

Known plasmids of X. fastidiosa represent a
broad range of diversity. A 51 kilobase pair (kb)
circular contig designated pXF51 was generated
from genome sequencing of X. fastidiosa sub-
species pauca strain 9a5c from citrus (Simpson
et al. 2000; van Sluys et al. 2003). A smaller 6 kb
plasmid (pXF5823) has been characterized from
another citrus-infecting strain (Qin and Hartung
2001). Four X. fastidiosa strains isolated from
mulberry in Southern California harbor closely
related 25 kb plasmids (pXFRIV11, pXFRIV16,
pXFRIV19, and pXFRIV25) that have been
assigned to incompatibility group P1 (IncP1)
(Stenger et al. 2010). A 38 kb plasmid
(pXFRIV5) has been characterized from a sub-
species multiplex strain (RIV5), isolated from
ornamental plum in Southern California (Rogers
and Stenger 2012; Chen et al. 2010). A nearly
identical plasmid (pXFAS01), varying from
pXFRIV5 at only six nucleotide positions, was
discovered as a circular contig during genome
sequencing of subspecies fastidiosa strain M23
(Chen et al. 2010) isolated from almond in Cali-
fornia. Multiple strains of X. fastidiosa contain a
small (1.3 kbp) plasmid that utilizes rolling circle
replication (Guilhabert et al. 2006; Pooler et al.
1997). All of the plasmids mentioned above have
been completely sequenced. Other, likely distinct,

plasmids are present in X. fastidiosa strains iso-
lated from a variety of hosts and locations but so
far have been characterized only for restriction
endonuclease patterns (Hendson et al. 2001).

Beyond inferences from homology, there is
limited information regarding function(s) of
genes encoded by X. fastidiosa plasmids. These
plasmids appear to lack modules that would
provide selective advantages to their hosts.
Interestingly, the only type IV secretion systems
in X. fastidiosa are found on conjugative plas-
mids, where they presumably facilitate DNA
transfer. Among the sequenced plasmids of X.
fastidiosa, only those of the 38 kb class
(pXFAS01 and pXFRIV5) encode what appear
to be a complete type IV secretion system: tra
and trb modules necessary for conjugative
transfer and mating pair formation, respectively.
Indeed, the occurrence of nearly identical 38 kb
plasmids in subspecies fastidiosa (pXFAS01)
and multiplex (pXFRIV5) may be due to recent
conjugative transfer among strains representing
different subspecies (Rogers and Stenger 2012).

Several genes of the 25 kb (Inc-P1) class of
plasmids from mulberry-infecting strains of X.
fastidiosa (Stenger et al. 2010) have been charac-
terized for function. Sequence comparisons indi-
cate that extensive regions (*75 %) the 25 kb
IncP-1 plasmids of X. fastidiosa are most closely
related to an IncP-1 plasmid (pVEIS01) from the
earthworm symbiont Verminephrobacter eiseniae
(Pinel et al. 2008). IncP-1 plasmids initiate DNA
replication through a plasmid-encoded protein
(TrfA), which binds to iterative elements of the
vegetative origin of replication (oriV) (Mei et al.
1995). Phylogenetic analysis revealed that the
TrfA homologues of X. fastidiosa and V. eiseniae
plasmids represent a newly discovered and diver-
gent lineage of IncP-1 plasmids (Stenger and Lee
2011). Replication modules (trfA and oriV),
derived from IncP-1 plasmids of X. fastidiosa or V.
eiseniae, placed into a standard E. coli cloning
vector allowed plasmid replication in X. fastidiosa
(Lee et al. 2010). Furthermore, hybrid Inc-P1
replication modules (e.g., heterologous combina-
tions of trfA and oriV from X. fastidiosa and V.
eiseniae) conferred the ability to replicate in X.
fastidiosa (Stenger and Lee 2011).
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Plasmids bearing IncP-1 replication modules
were stable in X. fastidiosa only when cultured
under antibiotic selection. Growth of X. fastidi-
osa transformants in the absence of antibiotic
selection resulted in extinction of plasmids
bearing trfA and oriV. However, addition of the
pemI/pemK toxin–antitoxin(TA) system homo-
logue encoded by pXFRIV11 conferred stable
inheritance of plasmids bearing the X. fastidiosa
IncP-1 replication module in the absence of
antibiotic selection (Lee et al. 2010). Functional
analysis of the X. fastidiosa pemI/pemK TA
system indicated that PemK toxin is an endori-
bonuclease and that PemI is the cognate anti-
toxin that blocks PemK ribonuclease activity via
direct and reversible binding (Lee et al. 2012).
These results, and the effects of unbound PemK
toxin on cell growth, indicate that the X. fasti-
diosa pemI/pemK TA system is a classic plasmid

addiction system (stable toxin, labile antitoxin)
in which daughter cells not containing plasmid
are killed by residual toxin. The construct
pXF20-PEMIK (Fig. 8.4) bearing the X. fasti-
diosa Inc-P1 replication module and pemI/pemK
TA system represents a stable shuttle vector able
to replicate in both E. coli and X. fastidiosa.

Of what benefit are plasmids to X. fastidiosa
fitness as a plant pathogen? At present, the answer
to this question is not known. Currently, no
pathogenicity or virulence factors of X. fastidiosa
are known to be plasmid-encoded. In some cases
(e.g., the 1.3 kb rolling circle replicon), plasmids
simply may be acting as selfish DNA. In another
case (e.g., the 38 kb plasmids), encoding a func-
tional type IV secretion system may allow for (or
has facilitated) acquisition of new traits, poten-
tially including pathogenicity islands or other
genetic modules of benefit to X. fastidiosa.

Fig. 8.4 Map of the X. fastidiosa shuttle vector pXF20-
PEMIK. Colored arcs denote regions derived from E. coli
plasmid pCR2.1 or X. fastidiosa plasmid pXFRIV11.

MCS1 and MCS2 denote locations of unique endonucle-
ase restriction sites serving as multiple cloning sites
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8.3.3 Comparative Sequence Analysis

Like other xanthomonads, X. fastidiosa has a
circular chromosome and a variety of plasmids,
none of which are present among all isolates. A
notable difference between Xanthomonas and
Xylella genomes is size; X. fastidiosa
shares * 74 % of its genome with Xanthomo-
nas strains (Moreira et al. 2004), but X. fastidi-
osa genomes range from 2.5 to 2.7 megabase
pairs (Mb), the smallest Xanthomonas genome
(X. albilineans) consists of 3.7 Mb and other
genomes range from 4.5 to 5.5 Mb. Unlike X.
fastidiosa, Xanthomonas ssp. genomes are
highly plastic and there is very high diversity
within the genus.

X. fastidiosa appears to be derived from a
form of Xanthomonas (Fig. 8.1); the relationship
between X. fastidiosa, Xanthomonas albilineans,
and the remainder of Xanthomonas species is
unclear, but the most comprehensive published
analysis identifies X. albilineans as an outgroup
with low confidence (Rodriguez et al. 2012). Our
own analysis supports this relationship, but Xyl-
ella has also been inferred to be the sister clade to
Xanthomonas albilineans (Pieretti et al. 2009).
The family Xanthomonadaceae is very diverse,
but there is no indication that plant association is
common outside of Xanthomonas and Xylella.
The family (and order) itself has a complicated
evolutionary history; while it is nominally within
the gamma-proteobacteria, its relationship to that
group is not straightforward. Phylogenies gen-
erally depict the lineage as splitting from the rest
of the gamma-proteobacteria, and a gene-by-
gene analysis has revealed that many genes are
more similar to genes of the alpha or beta pro-
teobacteria, implying that much of the genome
was acquired from these other lineages and the
placement within gamma-proteobacteria may not
be reliable (Comas et al. 2007).

Like X. fastidiosa, X. albilineans is considered
to have a reduced form of the Xanthomonas
genome. However, gene loss occurred sub-
sequent to their divergence from each other,
indicating that the lineage leading to X. fastidiosa

likely underwent the loss of 2 Mb of genome
content independent of any known lineage
(Pieretti et al. 2009). This reduction in genome
size is consistent with the stereotypical genome
degradation process that has been described for
assorted host-dependent bacteria (Moran and
Plague 2004). The genome erosion syndrome is
also revealed in the absence of detectable selec-
tion on codon usage and the slow growth rate of
X. fastidiosa (Sharp et al. 2005; Rocha 2004),
relative to Xanthomonas species. Two explana-
tions are available for this evolutionary pattern.
The ecological explanation posits that bacteria
growing in a stable, nutrient-limited environment
do not benefit from a diverse gene repertoire or
from the ability to rapidly produce proteins
(Vieira-Silva and Rocha 2010). Alternatively,
the genetic explanation appeals to a reduction in
selective efficacy due to reduction in effective
population size that results from frequent popu-
lation bottlenecks associated with transmission
between hosts (Sharp et al. 2010). Combined
with the deletion-biased mutation processes that
are typical of bacterial genomes, this results in a
reduction in genome size as genes that provide
little fitness advantage are lost.

Only a small number of genes distinguish X.
fastidiosa from Xanthomonas species. Due to
evolutionary association of such genes with the
defining ecological traits of X. fastidiosa (par-
ticularly insect transmission), they are candi-
dates for participation in these functions. The
pear leaf scorch pathogen from Taiwan appears
to represent a lineage of X. fastidiosa that
branched from the American lineages prior to
their diversification. If it is confirmed to exhibit
the same basic ecological and physiological
traits of X. fastidiosa, then its genome sequence
will help us to narrow in on the genomic changes
responsible for the evolution of those traits.

Although four subspecies are commonly
recognized within X. fastidiosa, there are reports
of variants that may belong to two other sub-
species, though these have yet to be well
described (Su et al. 2012; Randall et al. 2009).
Although various approaches have been used to
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study X. fastidiosa genetic diversity, multi-locus
sequence typing (MLST) has provided the most
valuable insights into the evolutionary history of
this pathogen (Yuan et al. 2010). MLST is based
on the sequencing of seven housekeeping genes
showing neutral variation and are distributed
throughout the chromosome of X. fastidiosa
such that they are unlinked during recombina-
tion. This approach has been used to character-
ize the genetic diversity of X. fastidiosa
subspecies, providing insights into the history of
pathogen dispersal and genetic recombination
between subspecies, as described below.

Subspecies fastidiosa and sandyi in the Uni-
ted States are composed of isolates with very
little diversity when typed using MLST (Yuan
et al. 2010), but subsp. fastidiosa isolates from
Costa Rica colonizing various plant species have
more allelic diversity than those causing disease
in grapevines in the United States (Nunney et al.
2010). These results suggest that Pierce’s dis-
ease in the United States was introduced from
Central America. The genetic structure of subsp.
multiplex is somewhat distinct in that there are
multiple clusters of isolates, with indications of
host-range differences among clusters (Nunney
et al. 2013; Scally et al. 2005; Almeida and
Purcell 2003b). Lastly, subsp. pauca is limited to
South America; while most studied isolates
colonize either citrus or coffee sympatrically,
there is no overlap in host range and the groups
are phylogenetically distinct (Almeida et al.
2008). Interestingly, isolates recovered from
plum in Brazil fall within subsp. multiplex,
which is otherwise limited to North America, or
fall between subsp. multiplex and pauca (Nunes
et al. 2003), suggesting it was likely introduced
from North America via contaminated plant
material.

Horizontal gene transfer between subspecies
is a recurring theme in X. fastidiosa evolution, as
shown by both MLST and whole-genome data,
along with distribution of plasmids as described
above. Both the coffee and citrus isolates of
subspecies pauca appear to have acquired alleles

from subspecies multiplex (Nunney et al. 2012).
Likewise, subspecies multiplex has participated
in recombination with subspecies fastidiosa
(Nunney et al. 2010; Kung et al. 2013). This
process of allele conversion has even gone as far
as to produce new lineages with roughly equal
contributions from subsp. multiplex and fastidi-
osa, as found in the strains isolated from mul-
berry (Nunney et al. 2014). Overall MLST has
proven to be a robust tool for reconstructing the
relationship between X. fastidiosa isolates
despite gene flow between subspecies and has
therefore become the paradigm for X. fastidiosa
taxonomy (Fig. 8.1).

In contrast to effector-mediated host/microbe
interactions shown for Xanthomonas ssp. and
most other bacterial plant pathogens, host spec-
ificity in X. fastidiosa violates the dominant
paradigm of host–pathogen specificity among
bacterial plant pathogens, as this bacterium does
not have effector-encoding genes or a type III
secretion system (Simpson et al. 2000). X.
fastidiosa is further distinguished from Xantho-
monas ssp. In that genome comparisons do not
reveal gene content differences that could be
responsible for the observed host specificity (van
Sluys et al. 2003).

All Xanthomonas have six secretion systems
(type I–VI) to export proteins. Within individual
Xanthomonas ssp., pathovars show specific host
associations, largely driven by secreted effectors
(White et al., 2009), of which each strain secretes
a unique blend of 20–40 directly into the host
cytoplasm. While the exact function of many
effectors in host cells is just beginning to be
understood, many interfere or suppress induced
plant defenses. X. albilineans is the only
sequenced Xanthomonas ssp. without an Hrp-
T3SS, but contains an SP1-T3SS. Mutations at the
T3SS locus eliminate virulence among Xantho-
monas isolates; therefore, the absence of a T3SS
in X. fastidiosa indicates that its pathogenicity
mechanisms are distinct and not yet fully descri-
bed compared to most other bacterial pathogens
(Simpson et al. 2000; Chatterjee et al. 2008a).
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8.4 Applications from Genomic
Data

8.4.1 Genetic Tractability

Determination of the complete genome sequence
of X. fastidiosa (Simpson et al. 2000) raised
questions about the putative function of several
genes in plant pathogenicity and insect trans-
mission, among other topics. Genetic analysis of
these genes typically requires the ability to
transform bacteria with appropriate plasmids
carrying complementary wild-type genes. The
first description of a system for genetic analysis
was the transformation of a construct carrying
ORF1 of X. fastidiosa along with its origin of
replication, originally present in the sequence of
one of its plasmids (Qin and Hartung 2001).
Several studies described different systems used
to transform X. fastidiosa (e.g., Silva Neto et al.
2002) or extracted from broad-host-range plas-
mids (Guilhabert and Kirkpatrick 2003). How-
ever, many of these early constructs were not
stable once introduced in X. fastidiosa chromo-
some without antibiotic selection, and genetic
analysis of knockouts within plants or insects
was impossible. Development of tools allowing
the stable transformation of X. fastidiosa by
homologous recombination through the utiliza-
tion of plasmids carrying its own chromosomal
replication origin (oriC) circumvented this lim-
itation (Monteiro et al. 2001; Newman et al.
2003, 2004). More recently, the pAX1 plasmid
series carrying a colE1-like (pMB1) replicon
associated with four different antibiotic selection
markers allowed the recovery of double recom-
binants (Matsumoto et al. 2009). The pXF20-
PEMIK plasmid with an addiction system,
described above, may be successful in allowing
for complementation of mutants, which has been
a major limiting factor in X. fastidiosa research.
To our knowledge, only Chatterjee et al. (2010)
performed studies with complemented knock-
outs in both plants and insects using the broad-
host-range plasmid pBRR-5 (Kovach et al.
1995), which was previously used by Reddy
et al. (2007).

Xylella fastidiosa is naturally competent and
able to transform and recombine linear and cir-
cular DNA during its growth phase (Kung and
Almeida 2011). Transformation and recombi-
nation efficiencies increase with increments in
the length of homologous flanking regions of
inserts, up to 1 kb in size. In addition, efficiency
reduces as the size of the non-homologous insert
increases, with recombination not detected once
the region was 6 kb in length (Kung et al. 2013).
Competency, as in other bacteria, appears to be
mediated by a type IV pilus-like apparatus, with
associated com genes that transport DNA frag-
ments through the cell membrane. The ease of
transformation with this protocol, in addition to
its high efficiency, should facilitate the genetic
tractability of X. fastidiosa.

8.4.2 Genomics Opens New Research
Venues

While there has been much less study of the
virulence mechanisms utilized by X. fastidiosa
compared to its closest relatives in the genus
Xanthomonas, the availability of genome
sequences has enabled several putative virulence
factors to be investigated. Both the lack of an
apparent type III secretion system, commonly
used in other plant pathogens to suppress plant
host defense responses, and the fact that this
pathogen probably seldom encounters living
plant cells while colonizing the xylem vessels
suggests that X. fastidiosa differs in the factors
that contribute to its virulence compared to other
plant pathogens. Most attention has been direc-
ted toward the study of the role of other secre-
tion systems in its virulence, and it appears that
X. fastidiosa is capable of type I secretion.
Analysis of the genome of X. fastidiosa reveals
the presence of at least 23 systems comprising
46 proteins that belong to the ABC (ATP-bind-
ing cassette) superfamily of proteins (Meidanis
et al. 2002). Type I secretion systems are often
used in tolerance of toxic compounds and
encode efflux pumps for small molecules as well
as enabling the secretion of extracellular
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proteins such as hemolysins. A central compo-
nent of many bacterial type I secretion systems
is a protein similar to TolC that spans the inner
and outer membranes of gram-negative species.
Importantly, a tolC knockout mutant of X.
fastidiosa exhibited nearly complete loss of
virulence to grape (Reddy et al. 2007). Perhaps
more importantly, no viable cells of the tolC
mutant could be recovered after inoculation into
grape. This latter observation suggests strongly
that an efflux pump in which TolC participated
was required for survival in plants after inocu-
lation, perhaps by enabling export of toxic
compounds found in the xylem of the plant.
Support for this conjecture was provided by the
observation that the tolC mutant was more sen-
sitive to toxic phytochemicals such as berberine,
certain detergents, as well as the variety of
compounds found in crude plant homogenates
than the wild-type strain (Reddy et al. 2007).
While such efflux systems can also export toxins
and proteins that might elicit a host plant
response, no studies have appeared to suggest
that X. fastidiosa uses such a process to interact
with living plant cells. Clearly, more work is
needed to understand to which extent X. fasti-
diosa interacts with living plant tissues. The fact
that tyloses that invade the xylem vessel are
induced in plants infected with this pathogen
(Hopkins and Purcell 2002) suggests that some
communication with living plant tissue does
occur. Furthermore, others have posited that
many of the water stress symptoms associated
with X. fastidiosa infection are not due solely to
plugging of xylem vessels by cells of the path-
ogen, but instead are a result of excessive self-
induced blockage of vessels by tyloses that are
induced by the presence of the pathogen (Fry
and Milholland 1990; Hopkins 1989; Hopkins
and Purcell 2002; Purcell and Hopkins 1996).

The type II secretion system appears to be
particularly important for the virulence of X.
fastidiosa in the absence of at type III secretion
system. The type II secretory system is primarily
involved in the export of extracellular enzymes,
frequently for the hydrolysis of various plant
structural features. The type II secretion system,
encoded by a collection of genes commonly

known as Xps (Xanthomonas protein secretion),
has been widely studied in other Xanthomonas
species. Not only does X. fastidiosa harbor a
complete set of Xps homologues, but it also
contains genes capable of encoding several dif-
ferent extracellular enzymes such as several b-
1,4 endoglucanases, xylanases, xylosidases, and
a polygalacturonase (Simpson et al. 2000; van
Sluys et al. 2003). Only the role of the polyga-
lacturonase, encoded by pglA on the virulence of
X. fastidiosa, has been addressed experimen-
tally. Importantly, a pglA mutant exhibited
greatly reduced ability to colonize grape and
therefore incited very little symptom develop-
ment (Roper et al. 2007). While the mutant
could be re-isolated from near the point of
inoculation, it was severely restricted in its long-
distance movement along the grape xylem ves-
sels (Roper et al. 2007). It seems likely that its
greatly reduced motility is attributable to its
inability to degrade pit membranes that serve to
restrict both lateral and longitudinal movement
of the pathogen between xylem vessels. As both
the growth and movement of the pglA mutant
was suppressed compared to the parental strain,
it seems possible that pectin may serve not only
as a barrier to intercellular movement, but might
also be a nutrient source for X. fastidiosa
although pectin does not appear to affect bacte-
rial growth in vitro (Killiny and Almeida
2009b). In fact, the differential polysaccharide
composition of pit membranes has been sug-
gested to account for the relative differences in
susceptibility of different grape varieties to
invasion by X. fastidiosa, with homogalacturans
and xyloglucans playing an important role in the
susceptibility of various varieties to infection
(Sun et al. 2011). Further evidence for the role of
pectin as a constituent of a physical barrier for
intercellular movement of X. fastidiosa is pro-
vided by the observation that grape expressing a
polygalacturonase-inhibiting protein from pear
exhibited higher resistance to symptom devel-
opment after inoculation with this pathogen than
the parental line (Agüero et al. 2005). It is also
important to note that rpfF mutants of X. fasti-
diosa that do not produce diffusible signaling
factor (DSF) express pglA and genes encoding
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certain other extracellular enzymes at a higher
level than that of the wild-type strain (Chatterjee
et al. 2008b; Wang et al. 2012). Given that rpfF
mutants are hyper-virulent to grape (Newman,
et al. 2004), it is reasonable to assume that the
elevated expression of these cell wall-degrading
enzymes in this mutant background could have
contributed to at least some of the enhanced
virulence that they exhibit.

Active motility appears to be an important
factor contributing to the virulence of X. fasti-
diosa. While X. fastidiosa is a non-flagellating
bacterium, it harbors several genes that encode
proteins involved in production and function of
type IV pili (Simpson et al. 2000; van Sluys
et al. 2003). These long, polar located pili have
been shown to be involved in twitching motility
in X. fastidiosa (Meng et al. 2005). Intriguingly,
such twitching motility was demonstrated to
enable the movement of X. fastidiosa not only
along abiotic surfaces, but also along xylem
vessels. Importantly, X. fastidiosa exhibits the
ability to actively move against the flow of
xylem fluids in vessels by twitching motility
(Meng et al. 2005). The apparently high effi-
ciency with which cells of X. fastidiosa move
through the orifices of pits (Newman et al.
2004), which are apparently enlarged due to the
action of extracellular enzymes secreted by this
pathogen (Perez-Donoso et al. 2010), may be
due at least in part to its ability to move along
surfaces by retraction of the type IV pili. X.
fastidiosa also produces relatively short type I
pili, encoded by fimA, that apparently act to
restrict motility (De La Fuente et al. 2007). fimA
mutants exhibited a higher rate of twitching
motility than that of the wild-type strain, sug-
gesting that it may serve as an ‘‘anchor,’’ being
involved in attachment but serving to repress
motility (De La Fuente et al. 2007). Perhaps not
surprisingly, the expression of the genes for type
IV pili and that of fimA tend to be oppositely
regulated by the accumulation of DSF signal
molecule (Chatterjee et al. 2008b; Wang et al.
2012). It therefore would seem prudent for X.
fastidiosa to balance the abundance of these two
pilus types depending on those stages of its
colonization to which they might primarily

contribute. That is, the initial attachment of X.
fastidiosa to surfaces such as insect vectors may
be facilitated by fimA (Killiny and Almeida
2009b), but its presence would tend to suppress
active movement by twitching within the plant
after inoculation. Curiously, a tonB homologue
was found to be required for twitching motility
and appropriate biofilm formation and virulence
of X. fastidiosa, phenotypes unexpected from its
role in transport of non-permeable molecules
across the outer membrane and other bacteria
(Cursino et al. 2009). Further evidence of the
need for complex regulation of type IV pili
function in X. fastidiosa is the observation that a
chemosensory system is operative. An operon
named Pil-Chp containing genes homologous to
those found in chemotaxis systems of other
bacteria were found to be required for proper
pilus function but not biogenesis in X. fastidiosa
(Cursino et al. 2011). Such regulatory mutants
were also deficient in colonization of plants,
suggesting that complex regulation of pilus
function may also occur in plants (Cursino et al.
2011). While such regulators are apparently
required for motility, it remains unclear whether
X. fastidiosa exhibits chemotactic movement
toward or away from particular compounds. It is
intriguing to consider that the host range or
virulence of X. fastidiosa might be modulated by
the differential presence of plant compounds that
might anticipate in regulation of type IV pilus
function.

The role of extracellular polysaccharide
(EPS) production in the behaviors of X. fastidi-
osa is not completely understood. EPS produc-
tion is an important virulence factor in many
Xanthomonas species. X. fastidiosa contains
homologues of many but not all of the so-called
gum genes necessary for EPS production in
Xanthomonas species (Simpson et al. 2000; van
Sluys et al. 2003). It therefore has been sug-
gested that X. fastidiosa makes an EPS molecule
similar to that of xanthan gum made by Xan-
thomonas campestris, but one which is lacking
terminal mannosyl residues (Silva et al. 2001).
Antibodies that could recognize the EPS pro-
duced by X. fastidiosa were recently used to
illustrate its production both in culture and in
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planta (Roper et al. 2007). Generation of gum
mutants (Killiny et al. 2013) recently helped to
better characterize the role of EPS in X. fasti-
diosa virulence. In addition to their reduced
capacity to form biofilms in culture, gum
mutants, once mechanically introduced in plants,
were avirulent and did not result in the devel-
opment of any symptoms in grapevines (Killiny
et al. 2013). These traits were also associated
with an apparent lack of plant colonization and
an altered motility compared to that of the wild-
type cells. In addition, EPS was also shown
having an important role in vector transmission,
probably due to its implication in biofilm for-
mation, essential step for a successful insect
colonization.

Xylella fastidiosa appears to have a surpris-
ingly large number of adhesin and hemaggluti-
nin-encoding genes compared to other bacteria
(Simpson et al. 2000; van Sluys et al. 2003), and
such adhesins appear to play a central role in its
complex lifestyle. Initial results of studies of
virulence factors in X. fastidiosa involving the
screening of random insertional mutants revealed
a surprising role for adhesins. Specifically, hxfA
and hxfB mutants that no longer expressed these
two related hemagglutinin-like proteins exhib-
ited a hyper-virulent phenotype in grape (Guil-
habert and Kirkpatrick 2005). Furthermore, these
mutants exhibited reduced cell–cell aggregation
and moved further in grape xylem vessels in the
wild-type strain after inoculation (Guilhabert and
Kirkpatrick 2005). Because such proteins would
be expected to facilitate both cell–cell aggrega-
tion as well as cell surface attachment, it would
be expected that their presence would tend to
reduce the virulence of X. fastidiosa by impeding
its movement along xylem vessels. Further evi-
dence for the negative effects of a fimbrial
adhesins on the virulence of X. fastidiosa has
come from studies of various mutants altered in
DSF-mediated cell–cell signaling. For example,
rpfF mutants, which are blocked in the accu-
mulation of DSF, express a variety of adhesins
such as HxfA, HxfB, FimA, and XadA at a much
lower level than that of the wild-type strain
(Chatterjee et al. 2008b; Wang et al. 2012). The
hyper-virulence of the rpfF mutant could be

conferred by the lower level of these adhesins,
accounting for the ability of such mutant cells to
move more extensively within plants (Chatterjee
et al. 2008c). Further support for the role of
adhesins as anti-virulence factors comes from
studies of rpfC mutants which accumulate
excessive amounts of DSF and cgsA mutants of
X. fastidiosa which are predicted to have rela-
tively low concentrations of the intracellular
signaling molecule cyclic di-GMP (Chatterjee
et al. 2008b, 2010). In both mutant backgrounds,
the expression of various fimbrial and afimbrial
adhesins is higher than in a wild-type strain,
accounting for their relatively low ability of these
mutants to move throughout plants and therefore
to cause disease symptoms (Chatterjee et al.
2010). In addition to the hemagglutinin-like
proteins and other fimbrial and afimbrial adhe-
sins that have been noted to affect the adhesive-
ness and cell–cell aggregation capabilities of X.
fastidiosa, LPS also may play a similar role.
Disruption of PD0914, which encodes a Wzy
polymerase involved in biosynthesis of a high
molecular weight O-antigen in the LPS of X.
fastidiosa, led to measurable differences in the
structure of biofilms formed by such a mutant as
well as reducing its virulence (Clifford et al.
2013). It is also fascinating to find that several
afimbrial adhesins produced by X. fastidiosa can
be found in the extracellular milieu of this
pathogen. For example, the adhesin XadA1 was
found associated not only with the surface of X.
fastidiosa cells, but was also often found in
intercellular spaces of bacterial aggregates
(Caserta et al. 2010). In contrast, the related
molecule XadA2 was found associated only with
intact cells (Caserta et al. 2010). Curiously, a
portion of the population of the adhesins HxfA
and HxfB produced by X. fastidiosa in culture
were found in culture supernatants, presumably
associated with membranous vesicles (Voegel
et al. 2010). The role of such extracellular forms
of these adhesins is unknown, as is the identity of
any factors that may control the apparent release
of these molecules from the producing cell.

It is probably quite significant that several
different regulatory systems have been found to
coordinate expression of various fimbrial and
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afimbrial adhesins in X. fastidiosa. Given that
adhesins almost certainly play a strong but
contextual role in the biology of X. fastidiosa,
their proper temporal and spatial expression
would be essential for this pathogen to maintain
optimal fitness in its plant and insect niches. The
response regulator XhpT, composed of a recei-
ver domain and a histidine phosphotransferase
output domain, was found to control surface
attachment, cell–cell aggregation, and EPS pro-
duction as well as virulence of X. fastidiosa
(Voegel et al. 2013). While any signal that this
response regulator might perceive remains
unknown, it is intriguing to consider that it
might be involved in habitat-specific expression
of those genes such as hxfA, hxfB, and tonB
which, as discussed above, play central roles in
the behavior of X. fastidiosa in different settings.
The global regulator GacA was also found to
positively regulate several virulence factors in X.
fastidiosa including the adhesins XadA and Hsf
(Shi et al. 2009). GacA has been found to control
a variety of physiological processes as well as
pathogenicity factors in many other gram-nega-
tive bacteria (Heeb and Haas 2001). As such, it
is thought to play an important coordinating role
in context-dependent expression of virulence
factors. The suppression of adhesins in X. fasti-
diosa provides further evidence that the proper
temporal and spatial expression of these mole-
cules is important in the context-dependent
behavior of this pathogen.

8.4.2.1 Vector Colonization
The chemical composition of the external layer
of an insect’s exoskeleton (the epicuticle) is not
well understood for several insect groups; and to
our knowledge, there is no information on its
composition for X. fastidiosa insect vectors. The
epicuticle of insects is composed of several
layers: the inner and outer epicuticle covered by
a wax layer; and in some insects an additional
cement layer also exists above this wax layer.
The thickest layer, the inner epicuticle, is
0.5–2 lm thick (Chapman 1998). The cement
layer is a thin layer composed of mucopolysac-
charides associated with lipids. The wax layer is

largely composed of lipids with embedded pro-
teins, and serves as a waterproofing element for
the cuticle. In addition, proteinaceous molecules
would also be present in the cuticle, along with
other potential molecules. Although the chemi-
cal composition of the cuticular surface of
arthropods is generally not well understood,
interactions between bacteria and the exoskel-
etons have been successfully studied in other
systems using chitin as a proxy, as this system
mimics bacterial behavior on the surface of
actual hosts (Tarsi and Pruzzo 1999).

The first step in determining the nature of X.
fastidiosa-vector interactions was to learn whe-
ther X. fastidiosa surface proteins were involved
in cell adhesion to vectors. Killiny and Almeida
(2009a) demonstrated that X. fastidosa cells bind
to carbohydrates, and that treating intact cells
with proteases reduced adhesion to compounds
such as chitin. Thus, surface proteins were
involved in cell adhesion to carbohydrates;
however, X. fastidiosa had variable affinity to
different molecules. For example, competition
assays showed that N-acetylglucosamine (Glc-
NAc, the monomer of chitin) acted as a strong
competitor in binding assays where vector
foregut extracts were used as a substrate,
reducing cell adhesion. On the other hand,
mannose and galactose did not affect binding. In
addition, to look for specific X. fastidiosa pro-
teins involved in adhesion, several mutants were
tested in vitro for binding to foregut extracts
(Killiny and Almeida 2009a). Only hemagglu-
tinin and cell–cell signaling mutants were
affected in adhesion. Altogether, these bio-
chemical and other biological assays indicated
that initial cell adhesion to vectors is mediated
by carbohydrate–lectin interactions and that
specific X. fastidiosa surface proteins can be
identified in vitro as potential candidates for
more comprehensive studies.

Since it was first cultured in the laboratory,
attempts to deliver X. fastidiosa cells to vectors
from growth media have been unsuccessful
(Davis et al. 1978), until it was discovered that
plant structural polysaccharides result in phe-
notypic changes in X. fastidiosa, inducing its
transmissibility by leafhoppers (Killiny and
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Almeida 2009b). Plant polysaccharides induce
phenotypic changes leading to higher degrees of
adhesiveness and, consequently, attachment to
vectors after acquisition from plants (Killiny and
Almeida 2009b). The pattern of gene expression
of X. fastidiosa exposed to pectin-supplemented
media is also similar to that of X. fastidiosa cells
occurring at high cell density (Newman et al.
2004; Chatterjee et al. 2008b).

The gene expression profile is also modified
when media is supplemented with chitin, the
main component of the insect foregut surface
(Killiny et al. 2010). Adhesins involved in X.
fastidiosa initial adhesion to insect cells are
upregulated, and biofilm formation is also
enhanced on chitinous surfaces. In addition, a
functional chitinase (ChiA; Killiny et al. 2010)
was recently discovered, as part of the machin-
ery used by X. fastidiosa to degrade and assim-
ilate chitin as its sole carbon source. Molecular
mechanisms involved in chitin utilization are not
completely understood. Until now, no known
chitin-binding domains have been found in that
enzyme, and the implication of other X. fastidi-
osa chitin-binding proteins are likely to be
involved in the process (Labroussaa and
Almeida, unpublished).

8.4.2.2 Host Switching and Cell–Cell
Signaling

One intriguing aspect of X. fastidiosa’s biology
unique among xanthomonads is that it is
restricted to colonizing two very different, yet
highly specialized environments—plants and
insect vectors. Water conducting xylem vessels
of plants and the foregut of vectors are extremely
different environments. Cells of X. fastidiosa are
attached to surfaces in the insect foregut and
experience very rapid fluid flow (esti-
mated [ 5 cm/s, Purcell et al. 1979) caused by a
powerful pumping system used by insects to suck
sap under negative tension; turbulence is created
in the mouthparts once every second when leaf-
hoppers pull sap from plants and push it into the
gut (Dugravot et al. 2008; Purcell and Finlay
1979). Sap flow conditions are not nearly as
extreme in xylem vessels, where flow was

calculated to achieve ca. 1 9 10-2 to
1 9 10-4 cm/s inside grapes growing in the field
(Andersen and Brodbeck 1989; Greenspan et al.
1996). The dramatic differences in the flow speed
of different environments (100 to 10,000 times
faster inside insect foregut compared to xylem in
plants) will have an impact on bacterial cell
attachment to surfaces and to each other, since
they need to overcome the external shear force
stress. In plants, X. fastidiosa multiplies within
individual vessels and moves actively to adjacent
vessels in the xylem network by producing
enzymes that degrade pit membranes separating
individual xylem vessels (Perez-Donoso et al.
2010). In plant xylem vessels, X. fastidiosa also
has a larger surface area to colonize compared to
the foregut of leafhoppers (Newman et al. 2003).

In addition to responding to host or environ-
ment specific cues, many bacteria also utilize
highly specific quorum-sensing signals that
induce gene expression above a certain con-
centration threshold. By using density-depen-
dent signaling, populations of bacteria can
quickly coordinate the expression of metaboli-
cally costly traits in response to environmental
cues that would be ineffective if expressed by
low populations of cells. The role of cell–cell
signaling toward host colonization is often not
well documented (Bassler and Losick 2006) but
is implicated in expression of colonization and
virulence traits for an increasing number of plant
and animal pathogenic bacteria (Ham 2013;
Ryan and Dow 2008).

Like many other bacteria, X. fastidiosa has a
regulatory system that responds to signal mole-
cules produced by individual cells in a popula-
tion; these diffusible molecules accumulate in
the environment and trigger population-wide
phenotypic changes, likely associated with glo-
bal changes in gene expression when the signal
threshold is reached (Wang et al. 2012). Many
traits implicated in insect and host plant colo-
nization are also under control of the regulation
of pathogenicity factor (rpf) operon. In Xantho-
monas ssp. and X. fastidiosa, rpf controls syn-
thesis and detection of DSF, a medium-chain
fatty acid that functions as a signaling molecule
(Colnaghi Simionato et al. 2007; Dow et al.
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2003). The rpf cluster in Xanthomonas ssp.
contains 12 genes, 9 of which are conserved in
X. fastidiosa. In both genera, rpfF produces
DSF, which diffuses freely through cell mem-
branes and is sensed by a two-component
transmembrane receptor RpfC and RpfG (Barber
et al. 1997; Newman et al. 2004), but many of
the genes in this operon remain functionally
uncharacterized.

The Xanthomonas campestris pv. campestris
DSF molecule was described as cis-11-methyl-
2-dodecanoic acid (Barber et al. 1997; Wang
et al. 2004); while X. fastidiosa can respond to
Xanthomonas ssp. DSF, the weaker response
(Newman et al. 2004) suggested that X. fastidi-
osa synthesizes and responds to a distinct DSF
molecule. Recently, the structure of an X. fasti-
diosa DSF was identified as 2(Z)-tetradecanoic
acid and was shown to control DSF-dependent
traits in X. fastidiosa, including biofilm forma-
tion and attachment to surfaces (Beaulieu et al.
2013).

Experiments with DSF deficient and blind
mutants have shown that DSF signals are
important in regulating X. fastidiosa phenotypes
in plant and insect hosts. Disruption of DSF
production (in an rpfF knockout mutant) results
in hyper-virulence within plants, possibly due to
up-regulation of plant colonization-related genes
and down-regulation of adhesins (Newman et al.
2004; Wang et al. 2012) that decrease rates of
both self-aggregation and attachment to xylem
vessels. However, the rpfF mutant is not capable
of colonizing the precibarium of vectors and is
very poorly transmitted to plants. It appears that
the induction of a vector-transmissible state
occurs due to up-regulation of genes under
control of the rpf system.

In contrast, DSF-blind rpfC mutants over-
produce hxfA and hxfB. This ‘stickier’ pheno-
type is less virulent than wild type in planta due
to reduced movement through and colonization
of xylem. While rpfC is not impaired in attach-
ment to vector foreguts, transmission is reduced
due to increased adhesin expression and lower
rates of cell detachment (Chatterjee et al.
2008b). In X. campestris, DSF regulates the
production of an enzyme that controls cell

dispersal from a biofilm (Dow et al. 2003). The
inability of rpfC to detach from the biofilm in
the insect foregut implicates DSF signaling as an
important but uncharacterized regulator of
expression controlling cell detachment from
biofilm bound cells in the insect foregut. Con-
sequently, afimbrial adhesins are over-expres-
sed, while genes associated with plant host
colonization are down-regulated (see Chatterjee
et al. 2008a for discussion). A complex picture
of X. fastidiosa gene regulation in relation to
vector transmission is emerging based on this
research.

Although adhesion is essential for retention in
insects, it limits colonization of plants compared
to the rpfF mutant, highlighting the distinct
requirements for life in such different hosts
(Newman et al. 2004; Guilhabert and Kirkpa-
trick 2005; Chatterjee et al. 2008c). Thus, X.
fastidiosa’s conflicting life history is framed by
the contrasting requirement to move within
plants to increase its population size and thus its
chances of being acquired by insects, but at the
same time, it must increase its adhesiveness so it
can attach to insects, which consequently redu-
ces within-plant movement.

Recent characterization of rpfB in both the
rice blight pathogen Xanthomonas oryzae pv.
oryzae (Xoo) (He et al. 2010) and X. fastidiosa
(Almeida et al. 2012) have demonstrated that
both species produce at least three distinct DSF
signals, that they accumulate at different cell
densities, and that rpfB has a role in DSF pro-
cessing (Almeida et al. 2012). In X. fastidiosa
and Xoo, an rpfB mutant only produced one of
these signals, indicating a regulatory role in DSF
processing for RpfB (Almeida et al. 2012). rpfB
is spatially separated from the rpf operon in the
X. fastidiosa genome compared to Xanthomonas
ssp., suggesting a more complex role for rpfB in
X. fastidiosa, which is vector transmitted com-
pared to Xanthomonas ssp., which are not. The
production of multiple DSF signals in wild-type
cells and the ability of rpfB mutants, which
produce only one of these signals, to adhere to
but not colonize insect suggests the intriguing
but unexplored possibility that host cues influ-
ence the production of different ratios of DSF to
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modulate complex host colonization behaviors
in alternating plant and insect hosts (Almeida
et al. 2012).

8.5 Disease Management
Strategies

The availability of a collection of approaches to
control X. fastidiosa diseases is highly desirable,
as integration of various strategies will likely be
necessary to sustainably control this pathogen.
Unfortunately, disease spread in these systems is
controlled primarily through the extensive use of
pesticides, which often have negative short- and
long-term consequences to integrated disease
and pest management. In addition, this approach
has obvious negative impacts on the environ-
ment and communities that rely on agricultural
activities. Alternative, efficient, pathogen-spe-
cific, environmentally friendly, and safe
approaches to control these diseases would lead
to long-term sustainability of crop systems.
Strategies to control X. fastidiosa currently in
development, based on genomics-derived
knowledge and the production of transgenic
plants, focus on either the pathogen (e.g.,
Chatterjee et al. 2008c; Dandekar et al. 2012) or
the vector (such as RNAi to impact insect
development, not discussed here; Rosa et al.
2012), or on both partners and their interactions
during insect transmission (Killiny et al. 2012).
We limit our discussion to these approaches,
although it should be mentioned that genomic
data has provided great insights into the biology,
ecology, evolution, and taxonomy of X. fastidi-
osa, much of which has been useful to devise
other disease management strategies and for
detection and quarantine purposes.

First, the DSF signaling system of X. fasti-
diosa has been used as the basis to develop a
confusion strategy, where presence of DSF in
the environment (i.e., xylem stream) at all times
should limit bacterial movement and plant col-
onization. Chatterjee et al. (2008c) showed that
the rpfC mutant strain is indeed limited within

plant movement and multiplication, suggesting
that the presence of DSF functions as a sup-
pressor of population growth. If constitutively
expressed in transgenic plants, DSF molecules
should lead to adherent X. fastidiosa populations
with limited movement within plants and, as a
result, the expression of disease symptoms
should be reduced.

Another strategy concerns the utilization of
cecropin A or B as antibacterial peptides for
limiting the growth of X. fastidiosa (Ishida et al.
2004). Recently, the introduction of a construct
carrying such a peptide into transgenic grape-
vines, allowing its specific expression into the
xylem of plants, was efficient protecting grapes
against the development of Pierce’s disease
(Dandekar et al. 2012). Other concepts leading to
the constitutive expression of exogenous proteins
in transgenic plants include the expression of
polygalacturonase-inhibiting proteins (PGIPs)
that inhibit X. fastidiosa polygalacturonase
(pglA) responsible for the systemic movement of
X. fastidiosa in plants (Agüero et al. 2005).
Strategies may also emerge from research on the
identification of xylem compounds produced
during plant exposure to low temperatures
(Wilhelm et al. 2011; Meyer and Kirkpatrick
2011). Grapevines with X. fastidiosa and
expressing symptoms of Pierce’s disease are
cured of infections when subject to cold winters
(Purcell 1977, 1980), via a yet to be determined
mechanism.

Lastly, a strategy following the hypothesis
that blocking interactions between both partners
occurring during initial adhesion could lead to
the impossibility for the bacteria to successfully
colonize its vectors is also being pursued (Kill-
iny et al. 2012). X. fastidiosa proteins identified
as able to bind to insect receptors will be used as
transmission-blocking molecules. Once expres-
sed in grapevines, those molecules will compete
for insect receptors with X. fastidiosa preventing
the attachment of the bacteria on insect cells,
essential step for its transmission and conse-
quently, disrupting bacteria transmission from
plant to plant.
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8.6 Conclusion

The availability of X. fastidiosa genome sequen-
ces have allowed research on this fastidious
organism to move significantly faster than in the
past. In addition to improving diagnostic tools and
promoting research on the functional role of
genes, which has led to the incipient technologies
briefly discussed here, it has provided insights
into its evolution that would not have been pos-
sible otherwise. Because advances in technology
will continue to make sequence data available at a
larger scale with diminishing costs, we foresee
that it will become an integral part of X. fastidiosa
research. The complete integration of this tool
with others now routinely used in plant pathology
is yet to be realized, but efforts to use genome
sequences have already generated exciting find-
ings and will continue to do so.
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9Comparative Genomics
of the Liberibacteral Plant Pathogens

Hong Lin and Edwin L. Civerolo

9.1 Introduction

9.1.1 Liberibacteral Species

‘Candidatus Liberibacter’ species are bacteria
that are associated with apparently healthy and
diseased plants and vectored by several psyllid
species. Liberibacters are Gram-negative,
phloem-inhabiting bacteria which are members
of the Rhizobiaceae a-Proteobacteria (Jagoueix
et al. 1997). Most of the plant- and disease-
associated Liberibacters are designated ‘Can-
didatus’ species because they have not yet been
successfully cultured in vitro. Thus, Koch’s
postulates have not been fulfilled sensu stricto
for any of the plant disease-associated Liberib-
acters. Currently, the taxonomy of ‘Ca. Libe-
ribacter’ species is based on sequence analyses
of the 16S rRNA gene, the intergenic 16S/23S
rDNA spacer region, and ribosomal genes of the
b operon (Bastianel et al. 2005; Garnier et al.
1991, 1996; Jagoueix et al. 1997; Magomere
et al. 2009; Villechanoux et al. 1993).

Plant disease-associated Liberibacters include
‘Ca. Liberibacter asiaticus’ (Bové 2006), ‘Ca.
Liberibacter africanus’ (Alfaro-Fernández et al.
2012a, b; Bové 2006; Garnier et al. 2000b), ‘Ca.

Liberibacter americanus’ (Bové 2006; Texeira
et al. 2005a), and ‘Ca. Liberibacter solanacea-
rum’ (syn. ‘Ca. Liberibacter psyllaurous’)
(Hansen et al. 2008; Liefting et al. 2008b; Lin
et al. 2009; Wen et al. 2009).

In addition to citrus, ‘Ca. Liberibacter asi-
aticus’ also occurs in several non-citrus ruta-
ceous plants, including Murraya paniculata/
exotica, Bergera (syn. Murraya) koenigii,
Clausena lansium, Atalantia (Severinia) buxifo-
lia, Toddalia lanceolat, and Limonia acidissma
(da Graça et al. 2009). ‘Ca. Liberibacter solan-
acearum’ is an apparent endophyte in other
solanaceous weeds, such as silverleaf nightshade
(Solanum elaegnifolium), wolfberry (Lycium
barbarum), and black nightshade (S. ptychant-
hum) (Wen et al. 2009).

‘Ca. Liberibacter europaeus’ occurs in heal-
thy-appearing pear trees in Italy (Raddadi et al.
2011). Liberibacter crescens was isolated from
mountain papaya without any disease or disease-
like symptoms (Leonard et al. 2012).

The Liberibacters detected in, or isolated
from, plants are transmitted or associated with
psyllids, including Bactericera cockerelli, ten
species of the genus Cacopsylla (C. affinis,
C. ambigua, C. breviantennata, C. crataegi,
C. melanonerva, C. nigrita, C. peregrina,
C pyri, C. pyricola, and C. pyrisuga), Diaphorina
citri, and Trioza erytreae. Plant-associated
Liberibacters are part of the complex microbiota
and may be naturally occurring endosymbionts in
psyllids (Fagen et al. 2012; Hansen et al. 2008).
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9.1.2 Diseases Associated with ‘Ca.
Liberibacter’ Species

9.1.2.1 Citrus Huanglongbing
(Greening)

Huanglongbing (HLB), also known as greening,
is a destructive disease of citrus worldwide that
severely reduces productivity, resulting in cata-
strophic economic losses (Bové 2006; Gottwald
2010; Gottwald et al. 2007). Generally, most
commercial citrus species, cultivars, and hybrids
are susceptible to HLB. However, some current
cultivars and hybrid seedlings exhibit tolerance
(Stover et al. 2013). HLB-affected trees begin to
decline within a few years of infection, produce
reduced yields of poor-quality fruit, and may die
or become otherwise unproductive. There are
three forms of HLB, namely the Asian form,
African form, and American form (Bové 2006;
da Graça 1991; Gottwald 2010; Gottwald et al.
2007). The Asian form is the most extensive and
severe form of HLB. ‘Ca. Liberibacter asiaticus’
is associated with the Asian form that is heat
tolerant and can develop at temperatures above
about 30 �C. ‘Ca. Liberibacter africanus’ is
associated with the African form that is sup-
pressed at elevated temperatures above about
30 �C. The American form of HLB is similar to
the Asian form with respect to symptom
expression and disease severity. However, the
American form of HLB, with which ‘Ca. Libe-
ribacter americanus’ is associated, is heat intol-
erant, similar to that of the African form (Bové
2006; Coletta-Filho et al. 2004; Gottwald 2010;
Lopes et al. 2009; Shokrollah et al. 2010). ‘Ca.
Liberibacter asiaticus’ and ‘Ca. Liberibacter
americanus’ are transmitted by the citrus psyllid
D. citri in Asia and the Americas (Bové 2006),
while ‘Ca. Liberibacter africanus’ is transmitted
by psyllid T. erytreae only found in South
Africa. Although psyllids collected from Calo-
dendrum capense carry high levels of ‘Ca. Li-
beribacter africanus subspecies capensis,’ there
is no information regarding insect transmission
of ‘Ca. Liberibacter africanus subsp. capensis’
(Gerhard Pietersen ‘‘personal communication’’).

HLB-associated Liberibacters can also be
transmitted by grafting. There are no commer-
cially effective, economically feasible HLB
control measures. HLB management is currently
based on preventive and phytosanitary practices,
including removal of HLB-affected trees to
reduce availability of inoculum, citrus psyllid
vector control via application of insecticides and
area-wide psyllid management programs, pro-
tection of budwood or propagating material
source trees, production and protection of nurs-
ery trees free from HLB-associated Liberibact-
ers, and quarantines to prevent dissemination of
HLB-associated Liberibacters.

9.1.2.2 Cape Chestnut Leaf Mottle
In South Africa, leaf mottle symptoms of orna-
mental rutaceous trees, Cape chestnut (Calo-
dendrum capense), were associated with a
Liberibacter genetically close to ‘Ca. Liberib-
acter africanus’ (Garnier et al. 2000a, b). This
Liberibacter was not detected in HLB-affected
citrus trees in South Africa, was phylogeneti-
cally and serologically more closely related to
‘Ca. Liberibacter africanus’ than to ‘Ca. Libe-
ribacter asiaticus,’ and was genotypically dis-
tinguishable from the HLB-associated ‘Ca.
Liberibacter africanus.’ Accordingly, it was
designated as ‘Ca. africanus subsp. capensis’
(Garnier et al. 2000a, b).

9.1.2.3 Potato Zebra Chip and Diseases
of Other Solanaceous Crops

Zebra chip (ZC) disease (or zebra chip complex)
is an economically important disease (or disease
complex) of fresh table and processed potatoes.
ZC was first reported in commercial potato
production fields in Mexico in 1994 and first
identified in 2000 in commercial potato pro-
duction fields in the United States in Texas
(Gudmestad and Secor 2007; Lin and Gudmes-
tad 2013; Munyaneza et al. 2007; Secor et al.
2009; Wen et al. 2009). Since that time, ZC
disease has occurred in most potato production
regions in the southern plains, northern plains,
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and Pacific Northwest states in the United States
(Rondon et al. 2012), in Belize, in Guatemala
and Honduras in Central America (EPPO 2009),
and in Oceania New Zealand (Liefting et al.
2009b). ZC reduces the marketability of pota-
toes due to distinct internal brown discoloration
or necrotic flecking of the medullary rays in raw
tubers and intensely dark, striped blackish dis-
coloration of chips processed from ZC-affected
tubers (Crosslin et al. 2010; Gudmestad and
Secor 2007; Munyaneza et al. 2007; Secor et al.
2009). Aboveground symptoms include redden-
ing of leaves, leaf scorching, swollen nodes,
axillary bud development, and plant death
(Gudmestad and Secor 2007; Wen et al. 2009).
ZC disease is associated with ‘Ca. Liberibacter
solanacearum’ (Liefting et al. 2008a, b) that is
transmitted by the potato–tomato psyllid B.
cockerelli. Subsequently, ‘Ca. Liberibacter so-
lanacearum’ was detected in other symptomatic
solanaceous crops, including tamarillo (Solanum
betaceum), cape gooseberry (Physalis peruvi-
ana), and greenhouse-grown tomato (Solanum
lycopersicum) and pepper (Capsicum annuum)
plants in New Zealand (Liefting et al. 2008a,
2009a), and in greenhouse-grown tomatoes in
Arizona (Brown et al. 2010) and in Jocotitlan,
Mexico (Ling et al. 2011).

An a-proteobacterium with 99.95 % similar-
ity in the 16S rRNA gene sequence to ‘Ca. Li-
beribacter solanacearum’ was associated with
psyllid yellows disease of tomato in California
and was named ‘Ca. Liberibacter psyllaurous’
(Hansen et al. 2008). Accordingly, ‘Ca. Libe-
ribacter solanacearum’ and ‘Ca. Liberibacter
psyllaurous’ are currently considered to be syn-
onymous (Lin and Gudmestad 2013; Secor et al.
2009; Wen et al. 2009). ‘Ca. Liberibacter so-
lanacearum’ is the preferred designation of this
bacterium since this name and a description of
this bacterium were published in the Interna-
tional Journal of Systematic and Evolutionary
Microbiology, following the rules of the Inter-
national Code of Nomenclature of Bacteria,
1990 Revision (Lapage et al. 1992). In addition,
a reference isolate from a tomato plant in New
Zealand was designated (NZ082226), and DNA

and freeze-dried plant material of this isolate are
available for reference (Liefting et al. 2009a).

9.1.2.4 Pysllid Yellows Disorders
of Carrot and Celery

‘Ca. Liberibacter solanacearum’ haplotypes C,
D, and E (see below) have been detected in
several European countries in carrot and celery
in plants with ‘psyllid yellows’ or ‘psyllid yel-
lows-like’ symptoms (Alfaro-Fernández et al.
2012a, b; EPPO 2012; Munyaneza et al. 2010a,
b, 2011; Teresani et al. 2014). In Finland, Nor-
way, and Sweden, ‘Ca. Liberibacter solanacea-
rum’ is also associated with carrots and the
psyllid vector T. apicalis (Munyaneza et al.
2010a, b, 2011). ‘Ca. Liberibacter solanacea-
rum’ is associated with celery and the psyllid
vector B. trigonica in Spain and the Canary
Islands (Alfaro-Fernández et al. 2012a, b;
EPPO 2012; Teresani et al. 2014).

9.1.3 ‘Candidatus Liberibacter
europaeus’

Raddadi et al. (2011) described a novel Libe-
ribacter species, ‘Ca. Liberibacter europaeus’
associated with, and transmitted by, the pear
psyllid, Cacopsylla pyri, in Italy. Subsequently,
‘Ca. Liberibacter europaeus’ was found in C.
affinis, C. ambigua, C. breviantennata, C. crat-
aegi, C. melanonerva, C. nigrita, C. peregrina,
C. pyricola, and C. pyrisuga in northwestern
Italy and in C. pyri and C. pyricola in Hungary
(Camerota et al. 2012). C. pyri is widely pre-
valent in different areas in the Piedmont and
Valle d’Aosta regions in Italy. No specific dis-
ease symptoms were associated with the pres-
ence of ‘Ca. Liberibacter europaeus’ in pears in
Italy. However, ‘Ca. Liberibacter europaeus’
was transmitted by C. pyri to healthy pear plants
in experimental transmission tests. In addition,
‘Ca. Liberibacter europaeus’ was also detected
in several C. pyri host plants, including apple,
blackthorn, hawthorne, and pear, in northwest-
ern Italy (Camerota et al. 2012). Most recently,
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‘Ca. Liberibacter europaeus’ was associated
with broom psyllid (Arytainilla spartiophila)-
infested Scotch broom (Cytisus scoparius), an
invasive leguminous exotic shrub, with symp-
toms that included stunted shoot growth, short-
ened internodes, and leaf dwarfing and leaf tip
necrosis in the South Island of New Zealand
where the broom psyllid is common (Thompson
et al. 2013). This novel Liberibacter apparently
is an endophyte rather than a pathogen in pear in
Italy (Camerota et al. 2012; Raddadi et al. 2011).

9.1.3.1 Liberibacter crescens
Isolation and in vitro culture of a bacterium
associated with mountain papaya (babaco;
mountain pawpaw; Vasconcellea x heilbornii;
Carica stiplata x C. pubescens hybrid; also
known as C. pubescens and C. candamarcensis)
and designated Liberibacter crescens (strain BT-
1) were recently reported (Leonard et al. 2012).
This bacterium is apparently non-pathogenic as
it has not been associated with any disease or
disease symptoms. Based on comparison of the
complete genome sequences of ‘Ca. Liberibacter
asiaticus’ and L. crescens, these species are
75.5 % similar (Leonard et al. 2012). However,
the prophage regions in these genomes are not
similar.

9.2 Evolution and Speciation
of ‘Ca. Liberibacter Species’

9.2.1 Discovery and Identification
of Liberibacter

HLB has been present in Asian countries for
more than a century and has now been reported
to occur in many citrus-growing regions around
the world. The origins of Liberibacters associ-
ated with HLB are not fully understood. The
prevailing assumption is that HLB originated in
Southeast Asian countries, most likely in China
or India or in nearby regions (Bové 2006; Zhao
1981). Historically, various names were given
based on the characteristics of HLB. Reinking

reported it as a ‘yellow shoot disease’ of citrus in
southern China in 1919 (Reinking 1919). In
India, the disease was referred to as ‘dieback’
based on its characteristic symptom and was
believed to be a physiological disorder rather
than a disease (Capoor 1963). Likewise, the
name ‘Likubin’ was used in Taiwan (Chen et al.
1971) and was also known as ‘mottle leaf’ in
Philippines and ‘vein phloem degeneration’ in
Indonesia (Tirtawidjaja et al. 1965). In South
Africa, the disease was characterized based on
fruit symptoms and was given the name
‘greening’ based on the abnormal green coloring
of the fruit. In the first description of ‘greening’
in 1937, the disease was attributed to mineral
toxicity (Van der Merwe and Andersen 1937). It
was not until 1965 when the infectious nature of
‘greening’ was demonstrated by transmission of
the causal agent(s) by phloem-feeding insects, T.
erytreae, and by grafting from symptomatic
plant materials (McClean and Oberholzer 1965a,
b). In spite of its perplexity, it is now clear that
HLB is a disease associated with bacteria that
are transmitted in nature by the Asian citrus
psyllid (D. citri) found in most citrus-growing
regions worldwide or by T. erytreae only found
in South Africa (Bové 2006).

Dr. Kung Hsiang Lin, a Chinese plant
pathologist, in the 1940s carried out a series of
classic transmission experiments in southern
China. It was his research that clarified HLB is
associated with a graft-transmissible, infectious
agent(s) and not due to nutritional deficiency or
to other abiotic stresses (Bové 2006; Lin 1956)
and correctly characterized the symptom as
‘huanglongbing’ (literally meaning ‘yellow
shoot disease’ in a local dialect in southern
China) as early as the 1950s (Bové 2006). As
recognition for his contributions, huanglongbing
or ‘HLB’ was proposed as the name for this
disease at the 13th Conference of the Interna-
tional Organization of Citrus Virologists (IOCV)
in 1995 in Fuzhou, China. While the nature of
disease was determined, the causal agent was not
identified largely because of the fastidious nature
of the pathogen and inability to isolate and grow
it on artificial cultural media. Using transmission
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electron microscopy (TEM), Garnier and Bové
(1977), Garnier et al. (1984) provided the first
visual evidence of putative bacterial cells with
Gram-negative cell walls present in sieve cells of
leaf midribs with yellow mottle, a typical
symptom of leaves from HLB-affected trees. The
TEM evidence clarified two properties of the
HLB-associated bacteria—the exclusive location
of HLB bacterium in sieve tube cells—and the
bacterial cells are surrounded by a triple-layered
cell envelope consisting of an outer cell wall,
peptidoglycan layer, and inner cytoplasmic
membrane distinguishing it from wall-less bac-
teria (i.e., mycoplasmas) which are associated
with ‘yellows’-type diseases that often resemble
HLB symptoms (Bové 2006; Garnier et al. 1984;
Shokrollah et al. 2010). Information derived
from these TEM studies agreed with character-
istics of HLB observed in Asia and Africa.
However, TEM techniques could not distinguish
morphological and genetic differences between
the HLB-associated bacteria from Asia and
Africa (Bové 2006).

9.2.2 Phylogenetic Relationships
Among Liberibacter Species

Due to the fastidious nature of plant disease-
associated Liberibacters, standard microbiologi-
cal methods cannot be applied at that time for
determining the biological characteristics of
these bacteria and their roles in plant disease
development. Thus, details of the etiology of the
disease are lacking. The taxonomic position of
HLB-associated bacteria could not be determined
until DNA technology became available. Using
universal PCR primer pairs, f-D1, and r-P1 for
prokaryotes (Weisburg et al. 1991), researchers
were able to amplify *1,500 bp of the 16S
ribosomal gene DNA sequences in HLB-affected
samples (Jagoueix et al. 1994). Comparison of
these DNA sequences with those in the GenBank
database indicated that the Asian and African
HLB-associated bacteria belonged to the class of
a-Proteobacteria. DNA sequence divergence data
in the 16S rRNA genes are widely used for
defining bacterial species (Cohan 2002). Bacteria

with [3 % divergence in 16S rRNA gene
sequences are nearly always members of different
species. Therefore, a cutoff of 3 % divergence
was recommended as a criterion for demarcating
species (Stackebrandt and Goebel 1994). This is
particularly useful for classification of uncultur-
able bacterial taxa, such as ‘Candidatus Libe-
ribacter,’ for which phenotypic and ecological
characteristics are generally not available (Lin
et al. 2009). Thus, sequence analyses determined
that the 16S rRNA gene sequences of Asian and
Africa HLB-associated Liberibacter had 87.5 %
identity with the members of a-2 subgroup.
However, both have about *3 % dissimilarity in
the 16S rRNA gene region. Therefore, they were
defined as two species and named ‘Ca. Liberib-
acter asiaticus’ and ‘Ca. Liberibacter africanus,’
respectively, based on their presumptive origins
(Jagoueix et al. 1997).

In March 2004, HLB was reported in sweet
orange trees near the city of Araraquara, in São
Paulo State (SPS), Brazil (Coletta-Filho et al.
2004), and was the first occurrence of HLB in
the Americas. Leaf symptoms of the disease
resembled classic blotchy mottle symptoms
described previously (Bové 2006). ‘Ca. Libe-
ribacter asiaticus’ was soon confirmed by PCR
in mottled leaf samples. However, many blotchy
mottle leaves (*80 %) repeatedly tested nega-
tive by PCR designed for ‘Ca. Liberibacter asi-
aticus’ and ‘Ca. Liberibacter africanus.’ These
results led to the discovery of a new type of
HLB-associated bacterium in SPS (Texeira et al.
2005a). Indeed, sequencing analysis of the new
SPS HLB-associated bacterium indicated that it
shared only 96 % similarity with the 16S rRNA
gene sequences of ‘Ca. Liberibacter asiaticus’
and ‘Ca. Liberibacter africanus,’ but shared 66.0
and 79.5 % sequence homology with 16S–23S
intergenic ribosomal region, respectively. Thus,
the designation ‘Ca. Liberibacter americanus’
was given to this new Liberibacter species,
reflecting its occurrence in the American conti-
nent (Teixeira et al. 2005b). So far, ‘Ca. Libe-
ribacter americanus’ is only found in Brazil.

In 2008, researchers at the Plant Health and
Environment Laboratory, MAF Biosecurity New
Zealand, reported that a new Liberibacter
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species, based on comparative 16S rRNA gene
sequence analyses, was associated with potato
ZC (Liefting et al. 2008a, 2009b). Along with
transmission electron microscopy evidence (De
Boer et al. 2007; Liefting et al. 2009a; Secor and
Rivera-Varas 2004) confirmed the presence of
phloem-inhabiting bacterial-like organisms in
diseased plants, but not in healthy plants.
Sequence analysis of the 16S rRNA gene PCR
amplicon indicated that it shared a high degree of
similarity with, but distinct from, the Liberib-
acteral species associated with citrus HLB. Thus,
it was given the name ‘Ca L. solanacearum’
(Liefting et al. 2009b). This was the first time that
Liberibacter bacteria were found in bacteria were
found in solanaceous hosts. Subsequently, ‘Ca L.
solanacearum’ was detected in other solanaceous
crops (Liefting et al. 2008b; Wen et al. 2009).

In August, 2008, a research group at Uni-
versity of California, Riverside, also reported a
new citrus ‘huanglongbing species’ bacterium
named ‘Ca Liberibacter psyllaurous’ responsible
for a tomato yellowing disease and that was
associated with bacteria transmitted by the
tomato/potato psyllid, B. cockerelli (Hansen
et al. 2008). Since the sequences of ‘Ca Libe-
ribacter solanacearum’ and ‘Ca Liberibacter
psyllaurous’ share [99 % sequence similarity in
the 16S rRNA gene, it is likely that these two
bacterial names are synonymous.

Shortly after the report of ‘Ca Liberibacter so-
lanacearum’ in New Zealand, a new strain of ‘Ca
Liberibacter solanacearum’ associated with carrot
(Daucus carota), a non-solanaceous crop, and
vectored by carrot psyllid (T. apicalis) was iden-
tified in Finland, Canary Islands, and mainland
Spain (Munyaneza et al. 2010a, 2011; Alfaro-
Fernández et al. 2012a; Teresani et al. 2014).

A non-pathogenic Liberibacter species, named
‘Ca. Liberibacter europaeus,’ was isolated from
pear in Italy and is naturally vectored by pear
psyllid Cacopsylla pyri in Italy (Raddadi et al.
2011). More recently, another new Liberibacter
species named ‘Liberibacter crescens’ (strain
BT-1) was reported (Raddadi et al. 2011). This
Liberibacter species was isolated from mountain
papaya and appears to be non-pathogenic.

Phylogenetic analyses based on the sequences
of the 16S rRNA genes of Liberibacter species,
along with the members of Rhizobiaceae and
other a-Proteobacteria, show that ‘Ca. Liberib-
acter’ species belong to the a-Proteobacteria
group, and their closest relatives are members of
the group of bacteria known as the a-Proteo-
bacteria subgroup 2 (Jagoueix et al. 1994). All
six ‘Ca. Liberibacter’ species and one subspe-
cies are clustered into a monophyletic group
(Fig. 9.1). Among them, ‘Liberibacter crescens’
is closely positioned proximally to the basal
node, followed by ‘Ca. L. europaeus,’ ‘Ca. L.
americanus,’ and ‘Ca. L. solanacearum,’ indi-
cating early divergence of ‘L. crescens.’ This
result agrees with the orthologous gene-based
phylogenetic analysis that the lineage of Libe-
ribacters is an early-branching member of the
Rhizobiaceae (Doddapaneni et al. 2008; Duan
et al. 2009). It appears that the genome of ‘Ca.
Liberibacter asiaticus’ has evolved rapidly
(Duan et al. 2009). Such rapid genome evolution
is typical of host-restricted symbionts or patho-
gens (Moran et al. 2008). Presumably, the
adaptation of Liberibacters to crops is a rela-
tively recent occurrence. Consequently, since
there has not been sufficient coevolutionary time
between the crop cultivation and the pathogen,
this may explain the lack of disease-resistant
hosts in both citrus and citrus relatives and in
solanaceous crops.

9.2.3 Evolutionary Potential
and Genetic Diversity

The genetic variation and evolutionary potential
of bacteria have stimulated researchers to
investigate the origins and evolutionary pro-
cesses that have driven the emergence of highly
adapted and specialized mechanisms for plant
pathogens. These studies will provide an in-
depth insight into the genetic and epidemiolog-
ical factors that have contributed to various
disease outbreaks. Based on current research
findings, it is expected that ‘Ca. Liberibacter’
species have undergone rapid evolutionary
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divergence, speciation, and adaptation to a wider
range of hosts since the divergence from their
ancestors. Genetic diversity of Liberibacters is
perhaps much larger than previously expected.
Beattie et al. (2011) proposed that all three citrus
HLB-associated Liberibacter species could be
derived from a single origin and evolved into
three forms after the separation of Gondwana.
However, this is not supported by the situation
for ‘Ca. Liberibacter americanus’ as citrus hosts
are not native to the Americas (Beattie et al.
2011). An alternative assumption could be that
Liberibacters are of insect or animal origin.

It was not until recently (*500 years ago or
earlier) that Liberibacters adapted to new hosts
and environments. Discovery of new species of
‘Ca. L. solanacearum,’ ‘Ca. L. europaeus,’ and
‘Liberibacter crescens’ associated with plants
outside the Rutaceae sparked research interest in

searching for Liberibacter origins and evolu-
tionary relationships of these bacteria with other
Liberibacter species. Current evidence supports
the hypothesis that Liberibacter bacteria may
have the capacity to adapt rapidly to new hosts
(Lin and Gudmestad 2013). Allopatric speciation
or geographical speciation is a process that
occurs when organisms of the same species
become isolated due to geographical changes.
The separated populations then independently
undergo evolutionary selection and genotypic
and/or phenotypic divergence imposed by
selective pressures. Using 16S rRNA gene
nucleotide sequences as molecular clocks,
Eveillard et al. (2008) predicted that the ‘speci-
ation’ of ‘Ca. Liberibacter asiaticus’ and ‘Ca.
Liberibacter africanus’ occurred some 150 mil-
lion years ago, while speciation of ‘Ca. Libe-
ribacter americanus’ might have started some

Fig. 9.1 Neighbor-joining phylogenetic tree constructed using 16S rDNA sequences. Bootstrap values are indicated
at the nodes
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300 million years ago. Doddapaneni et al. (2008)
estimated that speciation of the Liberibacters
may have occurred 110–120 million years ago,
prior to the breakup of Gondwana.

To determine the genetic diversity of Libe-
ribacter, various molecular markers have been
developed. Glynn et al. (2012) developed mul-
tilocus sequence typing markers (MLST) for Lso.
This marker system is based on 7–10 house-
keeping gene loci located throughout the genome
of the organism of interest (Ibarz Pavón and
Maiden 2009). Sequence variations due to
insertion/deletion (INDEL) or SNPs within these
loci can be used to determine genetic relation-
ships in different geographical sources. Using a
panel of MLST markers, two sequence types
(ST-1 and ST-2) were identified, representing
two major lineages in US ‘Ca. Liberibacter
solanacearum’ populations (Glynn et al. 2012). A
multilocus simple sequence repeat (SSR) marker
system (also known as variable-number tandem
repeat or microsatellite) was also developed for
the genetic analysis of ‘Ca. Liberibacter solana-
cearum’ and ‘Ca. Liberibacter asiaticus’ popu-
lations (Islam et al. 2012; Katoh et al. 2011; Lin
et al. 2012). In contrast to conserved gene-based
marker systems, this marker system possesses
high discriminating power for differentiating
isolates within populations that have evolved
over a relative short timescale. SSR markers
have been used for the genetic analyses of ‘Ca.
Liberibacter asiaticus’ from regional and global
populations (Chen et al. 2010; Islam et al. 2012;
Katoh et al. 2011). Genetic characterization of
‘Ca. Liberibacter asiaticus’ populations from
various geographical and epidemiological sour-
ces can facilitate the identification of introduced
patterns and predict possible relationships and
distribution of HLB-associated Liberibacter in
different epidemiological situations. In Florida,
HLB was first discovered in the United States in
Miami-Dade County in August 2005. Since then,
HLB has been reported in most citrus-producing
counties in Florida (Gottwald 2010). The rapid,
widespread distribution of this disease and the
level of genetic diversity of ‘Ca. Liberibacter
asiaticus’ among citrus-growing counties in
Florida suggested that multiple introductions of

HLB-associated ‘Ca. Liberibacter asiaticus’
likely occurred since 2005. The exact routes of
the dissemination of HLB-associated Liberib-
acters are not known. However, SSR genetic
analysis indicated that there are at least more
than two ‘Ca. Liberibacter asiaticus’ genetic
lineages in Florida, indicating that such genetic
diversity in Florida populations likely resulted in
multiple introduction events (Islam et al. 2012).
The characterization of strains by nucleotide-
based molecular markers has provided useful
tools for insights into genetic diversity and evo-
lutionary potential among Liberibacters in agri-
cultural populations. This information, in
combination with the advances in understanding
the spatial and temporal dynamics of the epide-
miology of disease and disease tracking, will
facilitate the development of effective integrated
pest and disease management systems.

9.3 Genome Features

9.3.1 Sequencing Strategy

The emergence of high-throughput next-genera-
tion sequencing technologies has enabled
researchers to obtain a comprehensive view of
the metagenome of complex microbial commu-
nities (Hongoh and Toyoda 2011). Development
of a method to sequence genomes of unculturable
bacteria provides new strategies to gain insights
into the metabolic and physiological capabilities
and potential biological functions of bacteria
including pathogenic bacteria. Traditional
microbiological approaches rely on in vitro cul-
turing and analysis of pure-cultured microbial
strains from environmental samples. This
approach is largely limited to only a small frac-
tion of culturable microbes, as it is estimated that
more than 99 % of microorganisms on the earth
are yet unculturable (Hongoh and Toyoda 2011).
Because the majority of bacteria and archaea
remain unculturable, the diversity of complex
bacterial communities is inevitably underesti-
mated using standard in vitro cultivation methods
(Vartoukian et al. 2010). The metagenomic
strategy, a culture-independent cloning
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approach, provides unprecedented opportunities
for researchers to capture information of micro-
bial communities, including culturable and un-
culturable species. However, the mixture of
numerous genomic fragments of unidentifiable
genera and species impedes further functional
identification of individual species. This limita-
tion is overcome by combining the next-genera-
tion sequencing approach with amplification of
whole-genome sequences obtained from only a
few bacterial cells or even a single bacterial cell
(Rodrigue et al. 2009; Spits et al. 2006; Zhang
et al. 2006). These new sequencing strategies,
combined with increasing bioinformatic compu-
tational capability, have advanced the field of
metagenomics to provide glimpses into the
biology and ecology of uncultured prokaryotes.

9.3.2 DNA Enrichment

Since disease-associated ‘Ca. Liberibacter’ spe-
cies are usually present in very low titers and
unevenly distributed in their plant hosts,
attempts to obtain the complete Liberibacter
genome directly using HLB-affected plant tissue
have generally failed. Alternatively, ‘Ca. Libe-
ribacter asiaticus’ genomic DNA has been
obtained from Asian citrus psyllid vectors. Li
et al. (2008) reported that while most psyllids
collected from HLB-affected citrus trees carry
low titers of ‘Ca. Liberibacter asiaticus,’ some
adult psyllids can carry up to 1010 ‘Ca. Libe-
ribacter asiaticus’ cells per head. With the
development of a multiple displacement ampli-
fication method (MDA) (Paez et al. 2004),
researchers were able to amplify genomic DNA
from a single high-titer Liberibacter-infected
psyllid to obtain a sufficient quantity of DNA for
whole-genome sequencing (Duan et al. 2009).
Using this technique, the sequence of the whole
‘Ca. Liberibacter asiaticus’ strain psy66 genome
was obtained. Similarly, the ‘Ca. Liberibacter
solanacearum’ strain ZC-1 genome sequence
was also obtained via a metagenomic approach.
In this case, the target bacterium was enriched
from ‘Ca. Liberibacter solanacearum’-affected
potato psyllids using immune capture (Lin et al.

2011). This approach resulted in the enrichment
of ‘Ca. Liberibacter solanacearum’ bacterial
cells from the homogenized Lso-infected potato
psyllid tissues prior to DNA extraction and
MDA. About 1,000-fold increase in ‘Ca. Libe-
ribacter solanacearum’ genomic DNA was
obtained compared with unenriched psyllid
DNA based on quantitative PCR estimation.
Sequences of both Liberibacter genomes were
successfully obtained using 454 pyrosequencing
technologies. De novo assembly resulted in
sequence contigs that covered more than 98 %
of the target genomes. For example, for ‘Ca.
Liberibacter asiaticus’ (NCBI GenBank acces-
sion # CP001677), 38 contigs were identified,
covering 1.2 Mbp. These ‘Ca. Liberibacter asi-
aticus’ contigs were assembled from
91,875 reads, providing about 16-fold coverage
for the ‘Ca. Liberibacter asiaticus’ genome. For
the ‘Ca. Liberibacter solanacearum’ genome
(NCBI GenBank accession # CP002371),
27 contigs ranging from 1,000 to 279,292 bp
were identified with sequences homologous to
‘Ca. Liberibacter asiaticus’ genomic DNA
sequences and were subsequently confirmed by
PCR. Together, these ‘Ca. Liberibacter solana-
cearum’ DNA sequences represent at least 30-
fold coverage for the ‘Ca. Liberibacter solana-
cearum’ genome (Lin et al. 2011).

9.3.2.1 Genome Size and Structure
The sequences of the ‘Ca. L. asiaticus’ and ‘Ca.
L. solanacearum’ genomes using metagenomic
approaches have been published (Duan et al.
2009; Lin et al. 2011). Both genomes are
assembled in a circular chromosome, composed
of 1,226,704 and 1,258,278 bp, respectively. No
plasmids were detected in either of these Libe-
ribacter genomes. Genome analyses identified
1,136 putative proteins (CDS) in the ‘Ca. Libe-
ribacter asiaticus’ genome and 1,192 putative
proteins in the Lso genome. Among them,
362 in ‘Ca. Liberibacter asiaticus’ and 405 in
‘Ca. Liberibacter solanacearum’, were desig-
nated as hypothetical proteins with unknown
functions representing 31.8 and 31.9 % in each
genome, respectively (Table 9.1). Interestingly,
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both ‘Ca. Liberibacter asiaticus’ and ‘Ca.
Liberibacter solanacearum’ genomes have a GC
content of 35.2 and 36.5 %, considerably lower
than the *60 % GC content observed for most
bacterial species in the Rhizobiaceae (Capela
et al. 2001; Okubo et al. 2013; Wood et al.
2001). Both genomes contain three copies of
complete rRNA operons (16S, 23S, and 5S) and
44 genes encoding for tRNAs in ‘Ca. Liberib-
acter asiaticus’ and 45 genes encoding for
tRNAs in ‘Ca. Liberibacter solanacearum.’ A
two-way comparative analysis of the ‘Ca. Li-
beribacter solanacearum’ and ‘Ca. Liberibacter
asiaticus’ genomes revealed that both genomes
share 828 protein-coding sequences, while
236 coding proteins were unique in ‘Ca. Libe-
ribacter asiaticus’ and 186 coding proteins
unique in ‘Ca. Liberibacter solanacearum.’

Comparative genomic analysis exploits gen-
ome structure and putative function in ‘Ca. Li-
beribacter asiaticus’ and ‘Ca. Liberibacter
solanacearum’ and reveals similarities and dif-
ferences in the RNA, protein biosynthesis, and
regulatory regions of different species to under-
stand how evolutionary selection has operated
upon these elements. Those elements responsi-
ble for similarities among species reflect stabi-
lizing selection, while those responsible for
differences are considered to be the result of
divergent selection. Whole-genome alignment
shows that Liberibacters have undergone gen-
ome evolutionary processes. Recombination

events cause frequent genome rearrangements.
Horizontal gene transfer introduces new
sequences into bacterial chromosomes, and
deletions remove segments of the genome.
Consequently, each genome is a mosaic of
conserved sequences shared with a subset of
other genomes. Figure 9.2 depicts the alignment
of genome rearrangements in ‘Ca. Liberibacter
asiaticus’ and ‘Ca. Liberibacter solanacearum.’

9.3.2.2 Prophage, Genome
Rearrangements, and Repetitive
Sequences

Prophages are viral sequences integrated in bac-
terial genomes and contribute to interstrain
genetic variability. Virulence-associated genes of
many phytopathogenic bacteria are prophage-
encoded (de Mello Varani et al. 2008; Srividhya
et al. 2007). Computational analyses identified
prophage sequences in both ‘Ca. Liberibacter
asiaticus’ and ‘Ca. Liberibacter solanacearum’
genomes. Alignment of both of these Liberib-
acter genomes indicates that several recombina-
tion events have occurred since the divergence of
these two species (Lin and Gudmestad 2013). In
addition to the prophage genome sequences,
there are a number of prophage-like elements and
phage remnants distributed throughout the ‘Ca.
Liberibacter asiaticus’ and ‘Ca. Liberibacter so-
lanacearum’ genomes presumably derived from
multiple ancestral bacteriophage integration
events (Lin et al. 2011). Genome rearrangement
is a widespread process in prokaryotes (Eisen
et al. 2000; Suyama and Bork 2001). Such
structural variations have profound impacts on
bacterial phenotype, yet little is known about
how natural selection acts on genome arrange-
ment (Darling et al. 2008). Two homologous
segments of prophage sequences were identified
in the ‘Ca. Liberibacter solanacearum’ genome
(Lin et al. 2011) as well as in the Chinese ‘Ca.
Liberibacter asiaticus’ strain GX-1 (NCBI Gen-
Bank accession # CP004005). Both genomes
possess integrated prophage sequences, which is
in agreement with the report of SC1 and SC2
phage sequences in the genome of ‘Ca. Liberib-
acter asiaticus’ strain UF506 (Zhang et al. 2011).

Table 9.1 General genome features of ‘Candidatus
Liberibacter solanacearum’ and ‘Candidatus. Liberib-
acter asiaticus’

Genome
features

‘Ca. Liberibacter
solanacearum’

‘Ca.
Liberibacter
asiaticus’

Size (bp) 1,258,278 1,227,204

GC % 35.2 36.5

Protein-
coding genes

1,192 1,136

Hypothetical
proteins

405 362

rRNA
operons

3 3

tRNA genes 45 44

Pseudogenes 35 32
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Comparative genome analyses showed that
the overall distribution of predicted genes based
on functional categories for the Chinese ‘Ca.
Liberibacter asiaticus’ strain GX-1 was nearly
identical to that of previously sequenced Florida
strain Psy66 ‘Ca. Liberibacter asiaticus.’ How-
ever, a tandem alignment of two prophage seg-
ments was found in the genome of ‘Ca.
Liberibacter asiaticus’ strain GX-1. The average
GC content in this prophage region is *40 %,
significantly different from that for the core
bacterial genome. The prophage sequence of
strain GX-1 has 96–99 % similarity to that of
‘Ca. Liberibacter asiaticus’ strain UF506
(Fig. 9.3). In the genome of ‘Ca. Liberibacter

asiaticus’ strain UF506, two circular phage
genomes (SC1 and SC2) were identified in ‘Ca.
Liberibacter asiaticus’-infected periwinkle
(Catharanthus roseus) and dodder (Cuscuta
campestris) (Zhang et al. 2011). When sequen-
ces were obtained from psyllid hosts, however,
both sequences were integrated in tandem in the
UF506 genome (Zhang et al. 2011). It is not
clear whether a lack of a circular phage genome
is because the genome sequences were derived
from infected psyllids or due to other factors.
Alignment of the prophage sequences of UF506
and the GX-1 strain shows shared synteny with
some rearrangements (Fig. 9.3), indicating the
divergence between American and Asian strains.

Fig. 9.2 Whole-genome alignment between ‘Candida-
tus Liberibacter solanacearum’ (Lso) (top) and ‘Candid-
atus Liberibacter asiaticus’ (Las) (bottom) using
MAUVE (http://gel.ahabs.wisc.edu/mauve/). Locally
collinear blocks (LCBs), regions without rearrangement
of homologous backbone sequences, are presented as
contiguously colored regions for Lso and Las genomes.

LCBs below a genome’s centerline are in the reverse
complement orientation relative to the reference genome
(Lso). Lines between genomes trace each orthologous
LCB through each genome. Comparative genome align-
ment shows considerable genome rearrangements
between Lso and Las genomes

Fig. 9.3 Comparison of the prophage sequences of
‘Candidatus Liberibacter asiaticus’ in Chinese strain
GX-1 and the SC1 region in a Florida strain. Artemis
Comparison Tool (ACT) comparison (http://www.sanger.
ac.uk/Software/ACT) of amino acid matches between the

complete six-frame translations (computed using
TBLASTX) of prophage regions. Syntenic conservations
of prophage sequences are shown in red bars spanning
between the genomes represent individual TBLASTX
matches

9 Comparative Genomics of the Liberibacteral Plant Pathogens 213

http://gel.ahabs.wisc.edu/mauve/
http://www.sanger.ac.uk/Software/ACT
http://www.sanger.ac.uk/Software/ACT


Prophage integration seems to play a key factor
in rearrangements in Liberibacter genomes.

Repetitive DNA sequences are ubiquitous in
bacterial genomes (van Belkum 1999). Various
classes of simple sequence repeat (SSR) motifs
have been identified in non-coding and coding
regions. Comparative sequence analyses of four
Liberibacter genomes (i.e., ‘Ca. Liberibacter
asiaticus,’ ‘Ca. Liberibacter africanus,’ ‘Ca. Li-
beribacter americanus,’ and ‘Ca. Liberibacter
solanacearum’) revealed that tri-nucleotide
repeat motifs are the most abundant in Liberib-
acter genomes followed by di-, tetra-, and penta-
nucleotide repeat motifs (Fig. 9.4). A majority of
these motifs is located in hypothetical protein
regions, non-coding, or upstream/downstream of
coding regions. Those repeat motifs with five or
more repeat units are usually useful for the
development of multilocus SSR (or microsatellite
or VNTR) molecular markers for strain geno-
typing and identification and population genetic
analysis (Islam et al. 2012; Katoh et al. 2011; Lin
et al. 2012). SSR DNA markers associated with
hypervariable sequence regions can provide

sufficient discriminating power for differentiating
closely related isolates (Islam et al. 2012). Zhou
et al. (2011) identified tandem repetitive DNA
sequences in hyvI and hyvII genes in prophage
regions. This type of tandem repeat contains
longer repeat motifs (123 base pairs) than SSR
repeat motifs. Due to the compact nature of Li-
beribacter genomes, some SSR loci reside in or
near coding regions and, therefore, may have
been subjected to selection. Sequence variation in
these loci could be associated with the biological,
physiological, and biochemical properties of
HLB-associated Liberibacters.

9.4 Comparative Genomics
and Virulence Genes

9.4.1 Common and Unique Core
Genes in Liberibacter Genomes

Comparative pathogen genome analysis identi-
fies both common and divergent pathogenic
strategies and reveals the evolutionary lineages

Fig. 9.4 Numbers of simple sequence repeat (SSR)
motifs identified in ‘Candidatus Liberibacter asiaticus’
(Las), ‘Candidatus Liberibacter africanus’ (Laf), ‘Can-
didatus Liberibacter americanus’ (Lam), and ‘Candidatus

Liberibacter solanacearum’ (Lso) genomes. SSR motifs
include 2–9 nucleotide (NT) repeats with perfect, imper-
fect, and compound repeats
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of pathogens. Shared virulence strategies can be
retained in different bacterial genomes through
vertical inheritance from common ancestors due
to selective advantage or as a result of the
exposure to common host-defensive selection
forces (Gardiner et al. 2012). Recently, two
additional Liberibacter genomes, ‘Ca. Liberib-
acter africanus’ genome (strain PTSAPSY,
NCBI accession # CP004021) and ‘Ca. Libe-
ribacter americanus’ genome (strain PW_SP,
NCBI accession # AOFG00000000), have been
completed (Lin and Gudmestad 2013). Using the
available genome data, a four-way comparison
of proteins encoding in pathogenic Liberibacter
genomes, ‘Ca. Liberibacter asiaticus,’ ‘Ca. Li-
beribacter americanus,’ ‘Ca. Liberibacter afric-
anus,’ and ‘Ca. Liberibacter solanacearum,’ was
made (Fig. 9.5). A total of 785 proteins were
shared between all four Liberibacter species.
Except for hypothetical proteins, most of these
proteins were involved in core metabolic path-
ways. Additionally, 169 unique genes were
found in ‘Ca. Liberibacter asiaticus,’ 197 in ‘Ca.
Liberibacter solanacearum,’ 113 in ‘Ca. Libe-
ribacter africanus,’ and 75 in ‘Ca. Liberibacter
americanus.’ There are only four common pro-
teins shared between the three citrus-associated
Liberibacters (‘Ca. Liberibacter asiaticus,’ ‘Ca.

Liberibacter americanus,’ and ‘Ca. Liberibacter
africanus’). In contrast, 45 proteins were shared
among ‘Ca. Liberibacter asiaticus,’ ‘Ca. Libe-
ribacter africanus,’ and ‘Ca. Liberibacter solan-
acearum,’ 28 proteins were shared among ‘Ca.
Liberibacter asiaticus,’ ‘Ca. Liberibacter amer-
icanus,’ and ‘Ca. Liberibacter solanacearum,’
and 13 proteins were shared among ‘Ca. Libe-
ribacter americanus,’ ‘Ca. Liberibacter afric-
anus,’ and ‘Ca. Liberibacter solanacearum.’
Thus, ‘Ca. Liberibacter americanus’ has the
fewest proteins in common among these four
Liberibacters (Fig. 9.5). ‘Ca. Liberibacter so-
lanacearum,’ which is associated with potato
zebra chip disease, is genetically closer to, and
shares more common genes with, citrus HLB-
associated ‘Ca. Liberibacter asiaticus’ and ‘Ca.
Liberibacter africanus’ than with ‘Ca. Liberib-
acter americanus.’ These relationships are con-
gruent with phylogenetic analysis based on
orthologous coding genes and on 16S rRNA
gene sequences.

9.4.2 Virulence Genes
and Pathogenicity Determinants

The annotation of Liberibacter genomes has
given insight into the genomic inventory that
enables prediction of putative biochemical
information regarding these bacteria. While the
precise substrate specificity for those significant
pathways cannot be determined without func-
tional confirmation, genomic information in
general offers a good overview of the biochem-
ical, metabolic capabilities and potential patho-
genicity of these pathogens. This is particularly
important for unculturable bacteria whereby
conventional characterizations by standard bac-
teriological approaches are often limited or not
possible.

Many Gram-negative plant pathogenic bacte-
ria possess a type III secretion system (TTSS) to
inject effector proteins directly into host cells
(Alfano and Collmer 2004). TTSSs are encoded
by hypersensitive response and pathogenicity
genes, which cause disease in susceptible plants,
but elicit the hypersensitive response in resistant

Fig. 9.5 Summary of the four-way analysis of the
annotated genes among four. ‘Candidatus Liberibacter
species’: ‘Candidatus Liberibacter asiaticus’ (Las), ‘Can-
didatus Liberibacter africanus’ (Laf), ‘Candidatus Libe-
ribacter americanus’ (Lam), and ‘Candidatus Liberibacter
solanacearum’(Lso). There are 785 genes that are con-
served and shared in all four Liberibacter species; the
remaining genes show different degrees of overlap
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plants (Büttner and He 2009). Unexpectedly, no
TTSS was identified in either ‘Ca. Liberibacter
asiaticus’ or ‘Ca. Liberibacter solanacearum’
genome. Interestingly, the absence of a TTSS
system was observed in some insect-mediated,
bacteria-associated diseases such as citrus varie-
gated chlorosis (CVC) and grape Pierce’s disease
(PD), caused by xylem-limited Xylella fastidiosa
(Simpson et al. 2000; Van Sluys et al. 2003).
Since the route of entry for these pathogens into
the host phloem or xylem cells is via injection by
the insect vectors, a secretion apparatus may not
be necessary to initially establish infection and
colonization in hosts (Lin and Gudmestad 2013).

While a TTSS is absent in Liberibacter gen-
omes, Liberibacters might encode other unchar-
acterized effectors in their genomes. Flagellum-
encoding gene clusters have been identified in
both ‘Ca. Liberibacter asiaticus’ and ‘Ca. Libe-
ribacter solanacearum’ (Duan et al. 2013; Lin and
Gudmestad 2013). A high degree of sequence
similarity between some conserved TTSS pro-
teins and flagellar paralogs has suggested that
TTSS and flagella evolved from a common
ancestor (Aizawa 2001). However, phylogenetic
relationships based on 16S rRNA and protein
sequences between TTSS and flagella have led to
the identification of several major lateral transfer
events involving clusters of TTSS genes (Gophna
et al. 2003; Nguyen et al. 2000). It is, therefore,
hypothesized that horizontal gene transfer is a
major force driving the evolution of species that
harbor TTSSs (Aizawa 2001; Blocker et al. 2003;
Gophna et al. 2003). Many bacterial species are
motile by means of flagella. Motility is an
important virulence factor in pathogenic species.
Several lines of evidence indicate that the activity
of the flagellum may have an impact on virulence
gene regulation (Ottemann and Miller 1997).
Recent studies have shown that flagella are
involved in multiple roles including adhesion,
biofilm formation, virulence factor secretion, and
modulation of the immune system of eukaryotic
cells besides motility and chemotaxis (Duan et al.
2013). Deakin (2000) demonstrated that the fla-
gellum export apparatus was capable of trans-
porting other proteins into the extracellular
milieu. One of these exported proteins was

identified as a virulence-associated phospholi-
pase. Vascular disease pathogens require motility
in order to establish systemic infection and spread
beyond the initially infected tissue. Although
‘Ca. Liberibacter asiaticus’ and ‘Ca. Liberibacter
solanacearum’ have significantly reduced gen-
ome sizes, both retain the entire flagellum-
encoding gene clusters, resembling those found in
other members of the Rhizobiaceae (Duan et al.
2009; Lin et al. 2011). Using a heterologous
expression system, Zou et al. (2012) demon-
strated that flagellin genes encoded by ‘Ca. Li-
beribacter asiaticus’ Psy62 could be involved in
the filament production. It has been shown that
the fla gene possesses a conserved N-terminal
part with a 22-amino acid sequence (flg22) which
shares an 86 % amino acid sequence identity with
‘Ca. Liberibacter solanacearum’ strain ZC-1. The
flg22 protein is known to activate plant’s defense
mechanisms. A transient expression assay dem-
onstrated that FlaLas induced cell death and cal-
lose deposition in tobacco leaves (Zou et al.
2012). Therefore, it has been suggested that fla-
gellin may trigger host defense response and act
as a pathogen-associated molecular pattern
(PAMP). Although flagellar genes were identified
in ‘Ca. Liberibacter asiaticus’ and ‘Ca. Liberib-
acter solanacearum’ genomes, flagellar structures
have not been observed microscopically in either
Liberibacter species.

Obligate intracellular prokaryotes depend on
constantly exchanging chemical compounds
with their hosts. An ATP-binding cassette
(ABC) transporter is believed to be associated
with virulence in some Gram-negative bacteria.
The activity of ABC transporters results in the
imbalance of host metabolites (Li et al. 2012).
Genome annotation indicates that a greater
proportion of genes in Liberibacters involve a
transporter than in other Rhizobiaceae bacterial
genomes. Duan et al. (2009) identified 40 ATP-
binding cassette (ABC) transporters in the ‘Ca.
Liberibacter asiaticus’ (strain Psy62) genome.
More recently, 15 more transporter genes were
predicted using in-depth sequence and structure
analysis (Li et al. 2012). The large number of
transport proteins allows Liberibacter bacteria to
acquire metabolites and nutrients from their
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hosts, resulting in a metabolic imbalance in their
host. For example, virulence genes associated
with ZnuABC were found in Liberibacter gen-
omes. This zinc transport system is composed of
a cluster of three genes (ZnuABC) that encode a
prokaryotic-type ABC family protein complex
(Gabbianelli et al. 2011; Vahling-Armstrong
et al. 2012).

It is postulated that the putative zinc transport
system is a high-affinity cation carrier that
shuttles zinc ions across the inner membrane
(Ammendola et al. 2007). Both ‘Ca. Liberib-
acter asiaticus’ and ‘Ca. Liberibacter solana-
cearum’ genomes harbor zinc transport systems.
The yellowing symptoms in Liberibacter-asso-
ciated HLB and ZC diseases in citrus and potato,
respectively, are presumably attributed to the
presence of this putative high-affinity zinc car-
rier. A recent study in ‘Ca. Liberibacter asiati-
cus’ suggested that disruption of this system by
making more zinc available to the plant may
decrease the virulence of the bacterium and help
mitigate HLB symptom severity (Vahling-
Armstrong et al. 2012).

All bacterial ATP/ADP translocases charac-
terized thus far have been found in few obligate
intracellular bacteria including Rickettsia prow-
azekii, Chlamydia psittaci, and Lawsonia intra-
cellularis (Hatch et al. 1982; Schmitz-Esser
et al. 2008). Sequence annotation identified an
ATP/ADP translocase in the NttA family for the
‘Ca. Liberibacter asiaticus’ and ‘Ca. Liberib-
acter solanacearum’ genomes. Functional anal-
ysis confirmed that this transport protein was
able to import ATP directly from the cytosol of
eukaryotic host cells into the bacterial cells.
Unexpectedly, orthologs are absent from all
other Rhizobiaceae bacteria. Given the reduced
size of the ‘Ca. Liberibacter asiaticus’ genome
(1.2 Mb), it appears that this transport protein
was obtained through horizontal gene transfer
early in the evolution, or prior to the speciation,
of ‘Ca. Liberibacter.’ Though the biochemical
function of the translocase was confirmed via
heterologous expression in Escherichia coli
(Vahling et al. 2010), its role in pathogenicity
has yet to be determined. The capability of
acquiring ATP from the host could play an

important role in thriving as energy parasites in
obligate intracellular bacteria with reduced
genomes. Further study is needed to evaluate the
significance of this feature.

Sequence analysis also indicated that the ‘Ca.
Liberibacter asiaticus’ genome encoded a NahG-
like salicylate hydroxylase. Interestingly, the
orthologous gene was also identified in the ‘Ca.
Liberibacter solanacearum’ genome (Lin et al.
2011). It has become clear that salicylic acid
(SA) accumulation is essential to a number of
processes related to disease resistance (Broder-
sen et al. 2005). The plant defense response to
microbial infection, known as systemic acquired
resistance (SAR), results in broad-spectrum
disease resistance. SA has been implicated as a
component of the signaling pathway that leads to
basal defense, the hypersensitive response, and
SAR. Transgenic tobacco and tomato plants that
express the bacterial gene encoding salicylate
hydroxylase have been shown to accumulate
very little SA and to be defective in their ability
to induce SAR (Block et al. 2005; Friedrich
et al. 1995). Similar results were observed in
transgenic NahG Arabidopsis plants (van Wees
and Glazebrook 2003). This defect, caused by
the breakdown of SA to catechol as a result of
nahG gene enzymatic activity (Bartsch et al.
2006; Yalpani et al. 1991), not only makes the
plants unable to induce SAR, but also leads to
increased susceptibility to viral, fungal, and
bacterial pathogens. Thus, functional confirma-
tion and suppression of nahG genes in ‘Ca. Li-
beribacter asiaticus’ and ‘Ca. Liberibacter
solanacearum’ could enhance host SAR to Li-
beribacter-associated diseases.

9.4.3 Bacterium–Host Interactions

Plant defense systems constitute a complex
signal transduction network and metabolic
pathways in response to diverse pathogens.
These responses are mediated by signal trans-
duction intermediaries including SA and jas-
monic acid and other phytohormones, leading to
metabolic reprogramming (Ham and Bent 2002).
Phytopathogenic bacteria attack plant hosts
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using various virulence strategies and employ a
suite of pathogenic factors to cause diseases. In
response to pathogen invasion, host plants have
evolved various defense mechanisms as protec-
tion from pathogen attack, including inducible
and constitutive defense responses. A key to
enhancing host resistance to Liberibacter-asso-
ciated diseases is to identify the virulence
strategies employed by Liberibacters and
understand how these bacteria modify or sup-
press their hosts’ pathogen defense mechanisms.
Furthermore, it is critical to induce host defense
responses in early infection because host defense
responses that occur at a relatively late stage of
infection would be ineffective in suppressing
disease development.

All commercially grown citrus cultivars are
susceptible to HLB. However, disease severity
and symptom expression characteristics vary
among different species and cultivars of HLB-
affected plants. For example, lemon (Citrus li-
mon) and pummelo (C. maxima syn. C. grandis)
seem to be more tolerant than sweet orange
cultivars (Bové 2006; Fan et al. 2010). Similarly,
some potato cultivars and germplasm selections
appear to have more tolerance to ZC disease than
‘Atlantic,’ a highly susceptible potato cultivar
(Miller et al. 2011). Apparently, the degree of
tolerance varies depending on experimental
conditions, including the time of year, plant age,
nutritional status, and variable virulence of ‘Ca.
Liberibacter solanacearum’ strains used for
screening experiments. Since no genetically
resistant crops have been found against Liberib-
acter-associated diseases, research efforts have
been focused on understanding the molecular
basis of host responses to HLB and ZC diseases.

Transcriptomic studies using microarray
technology have been conducted to elucidate the
effect of ‘Ca. Liberibacter asiaticus’ infection on
the total mRNA expression profiles in tissues of
sweet orange (C. sinensis) plants (Albrecht and
Bowman 2008; Kim et al. 2009). These studies
concluded that genes commonly involved in the
defense responses to bacterial infection were
incapable of induction at an early stage of infec-
tion and, thus, were not able to suppress disease
development. Meanwhile, a large number of

genes possibly associated with pathogen defense
in HLB tolerance citrus (US-897, a hybrid of
trifoliate orange) were expressed at much higher
levels but were independent of infection. It
appears that HLB causes alteration or imbalance
of host metabolism including the accumulation of
starch in HLB-affected leaves coupled with the
decrease in photosynthesis activity (Albrecht and
Bowman 2008, 2012; Kim et al. 2009). To exploit
the molecular mechanisms involved in the
response of citrus plants to ‘Ca. Liberibacter
asiaticus’ infection at a cellular level, a proteomic
study of global gene expression was performed
using grapefruit (C. paradisi) and lemon (C. li-
mon) plants (Nwugo et al. 2013a, b). These
studies identified several proteins including Cu/
Zn superoxide dismutase, chitinases, lectin-rela-
ted proteins, miraculin-like proteins, peroxire-
doxins, and a CAP 160 protein that were up-
regulated in ‘Ca. Liberibacter asiaticus’-infected
but presymptomatic grapefruit plants.

The use of molecular markers that respond
specifically to ‘Ca. Liberibacter asiaticus’
infection at an asymptomatic stage could be
developed as host-based molecular diagnostic
methods for the early detection of ‘Ca. Liberib-
acter asiaticus’-infected plants. The increase in
starch accumulation in leaves is concomitant
with an increase in expression of starch synthase
in HLB-diseased lemon plants. Interestingly, up-
regulation of starch synthase was coordinated
with the accumulation of potassium even in early
stages of infection in asymptomatic grapefruit
plants (Nwugo et al. 2013b). Potassium is
required for the activation of starch synthase.
However, it is not clear whether an increase in
the accumulation of starch is also partly due to a
slowdown of the starch’s breakdown metabolic
pathways since photosynthetic activity is
decreased as a result of HLB development
(Nwugo et al. 2013a, b). Disease symptoms are
often associated with the altered nutritional sta-
tus of plants, and nutrient–disease interactions
are well documented in plant pathosystems
(Huber and Haneklaus 2007). The reduction in
root nutrient uptake or a blocked vascular sys-
tem, such as that implicated in HLB disease
development, can induce a systemic or localized

218 H. Lin and E. L. Civerolo



nutrient sufficiency or deficiency. Physiological
symptoms of HLB resemble those of Zn defi-
ciency (Cevallos-Cevallos et al. 2011), and the
productive life of HLB-affected plants has been
shown to be compensated by fertilizer applica-
tion (Huber and Haneklaus 2007; Shokrollah
et al. 2011). Most macro- and micronutrients (Ca,
Mg, Fe, Mn, Zn, and Cu) except K are decreased
during HLB development (Nwugo et al. 2013a,
b). However, an accumulation of zinc was
observed in lemon plants, which is in contrast to
observations in grapefruit and other previously
studied citrus plants (Cevallos-Cevallos et al.
2011). More recently, a microRNA, miR399,
was identified in sweet orange and was reported
to be specifically induced by ‘Ca. Liberibacter
asiaticus’ infection (Zhao et al. 2013). The up-
regulation of miR399 is induced by phosphorus
deficiency which in turn enhances P acquisition.
The study showed that the miR399-mediated
regulatory mechanism for phosphorus homeo-
stasis is conserved in citrus (Zhao et al. 2013).
While additional P or other macro- and micro-
nutrient applications can mitigate the effects of
‘Ca. Liberibacter asiaticus’ infection and tem-
porarily improve tree growth and fruit yield,
these measures cannot stop HLB development
once the tree is infected. Nutrient homeostasis
forms part of a delicately balanced interdepen-
dent system with plant gene regulation; however,
there is limited information on the relationships
between the nutritional status and protein
expression profiles of citrus plants during HLB
development (Nwugo et al. 2013a, b).

Potato plants have a shorter host regeneration
time than that of citrus plants and visibly
respond much faster to ‘Ca. Liberibacter solan-
acearum’ infection compared with the time for
visual citrus response to ‘Ca. Liberibacter asi-
aticus’ infection (Alvarado et al. 2012). Thus,
potato ZC disease could serve as a model system
for understanding the mechanisms in Liberib-
acter-associated diseases. An increase in total
protein production has been observed in ZC-
diseased potatoes (Alvarado et al. 2012). ‘Ca.
Liberibacter solanacearum’ infection results in
reprogramming cellular metabolism in ZC-dis-
eased potato plants. For example, increase in

starch and elevated accumulation of patatin
proteins, abundantly present in healthy tubers,
were present in stems of ZC-affected potato
plants (Alvarado et al. 2012). In addition, ZC-
affected plants contained more phenolics than
the healthy plants as well as higher levels of
polyphenol oxidase (Alvarado et al. 2012; Na-
varre et al. 2009; Wallis et al. 2012).

More recently, a study of transcriptional and
translational profiles of host responses to ‘Ca.
Liberibacter solanacearum’ infection revealed
differential expression patterns between above-
ground (AG) and belowground (BG) parts of
potato plants (Nwugo and Lin 2012). Studies
showed that in spite of a marked down-regula-
tion of photosynthesis-related genes/proteins, a
consistent ‘Ca. Liberibacter solanacearum’-
mediated up-regulation of pathogen response-
related genes/proteins was observed in AG and
BG tissues. However, while proteinase inhibi-
tors, patatin, and polyphenol oxidase were
down-regulated in BG tissues, there was evi-
dence of alternative splicing in a proteinase
inhibitor II precursor gene in AG tissues upon
‘Ca. Liberibacter solanacearum’ infection,
which generally agrees with the results reported
earlier. Furthermore, several antioxidative pro-
teins, including superoxide dismutase, were
down-regulated in AG tissues but not in BG
tissues, which might play a role in potato sus-
ceptibility to ZC (Nwugo, unpublished data).
These studies shed light on biochemical mech-
anisms involved in potato-‘Ca. Liberibacter so-
lanacearum’ interactions and suggest the
reprogramming of AG tissues to behave like BG
tissues during ZC development.

9.5 Evolutionof Pathogenic
Bacteria—Gene Acquisition
and Gene Loss

9.5.1 Obligate Intracellular
Liberibacter Bacteria

Plant and insect hosts provide luxurious nutrient
and physical protection niches for intracellular
bacteria. In order to survive and multiply
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successfully in such habitats, intracellular bac-
teria must be able to enter the hosts, multiply
inside the host cells, move within the host, and
eventually reinvade a new host. Throughout
these processes, the bacterium must avoid being
recognized and killed by the innate host immune
system (Moulder 1985). Obligate intracellular
bacteria survive and multiply strictly in their
hosts in contrast to free-living or facultative
intracellular parasites that can be cultured
in vitro. The molecular mechanisms associated
with these different lifestyles of plant- and
insect-associated microbes are not clear. It is
believed that the fastidious nature of obligate
host-associated bacteria is largely due to the lack
of genes encoding essential metabolic pathways
and reliance on compounds available in the
intracellular environment. Unculturable Libe-
ribacters exemplify such obligate intracellular
bacteria in plants. Despite numerous attempts
made to culture these disease-associated Libe-
ribacters on artificial growth media, it has not
yet been possible to maintain their growth
in vitro (Davis et al. 2008).

Bacterial genomes differ greatly in their sizes
and gene repertoires. Genome size and gene
number in bacteria often reflect their lifestyles.
Obligate intracellular bacteria generally have
smaller genome sizes and fewer genes than their
closely related free-living bacteria. As more
complete bacterial genome sequences become
available, comparative genomic analysis
becomes an essential approach to identify
orthologous genes that have been inherited from
their ancestors and non-orthologous genes
acquired through horizontal gene transfer. Such
comparative analyses are usually conducted by
comparing uncharacterized bacterial genomes
with those of well-characterized organisms. For
example, genomic information from A. tum-
efaciens and S. meliloti facilitates identification
and annotation of phylogenetically related and
orthologous genes in ‘Ca. Liberibacter’ species.
Most phloem-limited bacteria have resisted
in vitro cultivation, even though they multiply
actively in their insect vectors or in phloem sap
within the sieve tubes (Bové and Garnier 2003).
This implies that the phloem sap in plants or

microbial communities in insect guts may pro-
vide indispensable nutrients or growth factors
for multiplication that have not yet been identi-
fied for incorporation into artificial culture
media. Like obligate intracellular bacteria, the
phloem-restricted Liberibacter bacteria have
relatively small genomes of *1.2 Mbp. Like-
wise, the reduction in genome size through gene
loss is associated with the evolutionary adaption
to a lifestyle as an obligate intracellular patho-
gen that largely depends on intermediate
metabolites acquired from its hosts (Lin and
Gudmestad 2013).

9.5.2 Reduced Genome Size

The size and gene content of Liberibacter gen-
omes are greatly reduced compared with other
bacterial species in the Rhizobiaceae which are
reflective of adaptation of these bacteria to an
intracellular lifestyle in their insect and plant
hosts (Hartung et al. 2011; Lin and Gudmestad
2013). Comparative orthologous genes in the
‘Ca. Liberibacter asiaticus’ and ‘Ca. Liberib-
acter solanacearum’ and phylogenetically rela-
ted A. tumefaciens and S. meliloti genomes are
presented in Table 9.2. In addition, these are
compared with the smallest genomes of free-
living bacteria, namely Mycoplasma genitalium
(Fraser et al. 1995), and the strictly endosym-
biont, Carsonella ruddii, a bacteriocyte-associ-
ated c-Proteobacterial symbiont present in most
species of phloem sap-feeding insects, such as
psyllids (Nakabachi et al. 2006).

Interestingly, genes encoding for sulfur
metabolism are completely absent in both ‘Ca.
Liberibacter asiaticus’ and ‘Ca. Liberibacter so-
lanacearum’ genomes. Sulfur is a ubiquitous
element and present as inorganic and organic
forms in cells. Oxidation of sulfur can generate
ATP. In some archaea, sulfur is the sole energy
source. Despite the reduced size of Liberibacter
genomes, the genes necessary for replication,
transcription, and ribosomal protein synthesis are
maintained. For example, both ‘Ca. Liberibacter
asiaticus’ and ‘Ca, L. solanacearum’ genomes
have 74 genes (9 %) and 72 genes (8.7 %)
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involved in nucleotide metabolism, respectively.
In contrast, 4.9 and 5.0 % of the genes are
involved in the same categories in A. tumefaciens
and S. meliloti genomes. Likewise, in both Libe-
ribacter genomes, 15.9 % of the genes are asso-
ciated with translation processes, while 6.0 and
4.9 % of the genes are associated with translation
in A. tumefaciens and S. meliloti, respectively. On
the other hand, significant gene content reduction
was found in categories involved in carbohydrate
and amino acid metabolism. For instance, about
102 genes (12.4 %) were identified to function in
carbohydrate metabolism, of which 14, 19, and
9 genes are identified with the function in gly-
colysis, citrate and pentose phosphate pathways in
both Liberibacter genomes. There are 408 genes
(16.3 %) in A. tumefaciens and 486 genes
(16.7 %) in S. meliloti that participate in carbo-
hydrate metabolism, respectively. Analysis of
amino acid metabolism revealed only 59 genes
(7.2 %) in ‘Ca. L. solanacearum’ and 69 genes
(8.4 %) in ‘Ca. Liberibacter asiaticus’ are iden-
tified as compared to 358 genes (14.5 %) in A.
tumefaciens and 452 genes (15.5 %) in S. melil-
oti. Genes involved in valine, leucine, and iso-
leucine biosynthesis, and genes required for
histidine, phosphonate, and phosphinate metab-
olism, are missing in both Liberibacter genomes.
However, in ‘Ca. Liberibacter solanacearum,’ no
gene was found for cysteine and methionine
metabolism pathways (Lin et al. 2011). It is
believed that unicellular organisms do not nor-
mally take up proteins from the outside environ-
ment. Despite genome size reduction, genes
associated with pathways in anabolism to con-
struct essentially living macromolecules are
indispensable for forming macromolecules
essential for life. Bacteria retained the genes for
nucleic acid replication and protein synthesis and
also enzymes for metabolic pathways to form
basic building blocks, such as amino acids, and
sugar, that are available in the immediate envi-
ronment (i.e., the plant or insect host). In fact, a
large number of genes (12 %) encoding trans-
porter proteins were identified in Liberibacter
genomes (Duan et al. 2009; Lin et al. 2011),
suggesting the direct acquisition of nutrients and
intermediate metabolites from a metabolically

static phloem environment, compensate for
missing metabolic pathways caused by a massive
genome reduction. Indeed, extensive genome
reduction also has been noted for obligate intra-
cellular bacteria and endosymbionts that have
developed intimate relationships with their
eukaryotic hosts (McCutcheon and Moran 2010;
Moya et al. 2008; Thao et al. 2000). Among them
is the extreme case of C. ruddii, a strictly endo-
symbiont that has the smallest prokaryote genome
known to date. Its genome consists of a circular
chromosome of 159,662 bp and has a high coding
density (97 %) with many overlapping genes and
reduced gene length. The number of predicted
genes is 182, the lowest on record thus far in the
NCBI genome databases. Analysis shows that
genes involved in lipid and amino acid metabo-
lism are completely absent (Table 9.2).

Reduction in genome size is also correlated
with decreased GC content (Hartung et al. 2011;
Nakabachi et al. 2006). The relationship
between GC content and genome size based on
the characterization of the genomes of more than
300 bacteria in the a-, b-, and c-Proteobacterial
groups ranged from 16.5 % of GC content for C.
ruddii to 71.4 % of GC content of Sorangium
cellulosum (with genome size 13,033,779 base
pairs) (Schneiker et al. 2007) (Figure 9.6). A
positive correlation between bacterial genome
size and GC content was observed with
R2 = 0.376. While the basis for this correlation
is not clear, a plausible explanation is that the
synthesis of GTP and CTP is energetically more
costly than that of ATP and TTP (Rocha and
Danchin 2002). Under resource-limiting condi-
tions, it could be a favorable or selective
advantage for microbial genomes to drift toward
AT richness. Additionally, mutations from
guanine–cytosine (GC) to adenosine–thymine
(AT) are more common than mutations from AT
to GC (Hershberg and Petrov 2010; Lind and
Andersson 2008) largely due to the deamination
of cytosine to form uracil, which is then repli-
cated as thymidine (Glass et al. 2006). Conse-
quently, genomes develop a bias toward less
GC-rich chromosomes through the course of
evolution. The extensive reduction in many
bacterial genomes has inspired researchers to
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Table 9.2 Summary of comparative gene contents Candidatus Liberibacter solanacearum’ (Lso), ‘Candidatus Li-
beribacter asiaticus’ (Las), Carsonella ruddii (C. rud), Mycoplasma genitalium (M. gen), Agrobacterium tumefaciens
(A. tum), and Sinorhizobium meliloti (S. mel) sorted by functional category

Metabolism Lso Las C. rud M. gen A. tum S. mel

Carbohydrate metabolism 102 102 8 58 403 486

Glycolysis /gluconeogenesis 14 14 15 34 47

Citrate cycle (TCA cycle) 19 19 2 4 24 24

Pentose phosphate pathway 9 9 8 28 30

Pentose and glucuronate interconversions 2 2 1 2 26 30

Fructose and mannose metabolism 2 3 5 17 26

Galactose metabolism 4 4 3 18 28

Ascorbate and aldarate metabolism 1 14 16

Starch and sucrose metabolism 3 3 3 27 40

Amino sugar and nucleotide sugar metabolism 9 9 4 32 41

Pyruvate metabolism 14 14 2 8 43 50

Glyoxylate and dicarboxylate metabolism 7 7 2 1 52 46

Propanoate metabolism 6 6 3 30 40

Butanoate metabolism 7 7 1 2 35 40

C5-branched dibasic acid metabolism 2 2 9 9

Inositol phosphate metabolism 3 3 1 14 19

Energy metabolism 61 63 8 16 140 213

Oxidative phosphorylation 33 34 8 9 52 79

Methane metabolism 7 8 7 27 33

Nitrogen metabolism 21 21 50 89

Sulfur metabolism 11 12

Lipid metabolism 28 28 0 12 121 147

Fatty acid biosynthesis 14 14 28 24

Fatty acid metabolism 25 40

Synthesis and degradation of ketone bodies 1 7 5

Secondary bile acid biosynthesis 1 21

Glycerolipid metabolism 3 3 4 17 29

Glycerophospholipid metabolism 9 8 8 21 1

Sphingolipid metabolism 3 3

Arachidonic acid metabolism 2 3

Linoleic acid metabolism 3 8

Alpha-linolenic acid metabolism 1 1

Biosynthesis of unsaturated fatty acids 2 2 13 12

Nucleotide metabolism 74 72 12 45 133 147

Purine metabolism 40 39 5 21 78 93

Pyrimidine metabolism 34 33 7 24 55 54

Amino acid metabolism 59 69 39 7 358 452

Alanine, aspartate, and glutamate metabolism 14 14 4 33 36

Glycine, serine, and threonine metabolism 12 13 5 3 53 63

Cysteine and methionine metabolism 7 4 2 20 25

Valine, leucine, and isoleucine degradation 3 3 1 1 32 40

Valine, leucine, and isoleucine biosynthesis 8 17 20
(continued)
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Table 9.2 (continued)

Metabolism Lso Las C. rud M. gen A. tum S. mel

Lysine biosynthesis 11 12 9 22 21

Lysine degradation 2 3 19 21

Arginine and proline metabolism 12 12 3 1 51 63

Histidine metabolism 25 37

Tyrosine metabolism 1 1 21 45

Phenylalanine metabolism 1 1 22 29

Tryptophan metabolism 1 1 19 23

Phenylalanine, tyrosine, and tryptophan biosynthesis 2 2 5 24 29

Metabolism of other amino acids 19 19 5 6 72 92

beta-alanine metabolism 16 23

Taurine and hypotaurine metabolism 1 1 2 3 6

Phosphonate and phosphinate metabolism 3 4 6

Selenocompound metabolism 3 3 3 10 11

Cyanoamino acid metabolism 1 1 1 1 6 6

D-Glutamine and D-glutamate metabolism 4 4 4 4

D-Arginine and D-ornithine metabolism 2 1

D-Alanine metabolism 2 2 5 5

Glutathione metabolism 8 8 1 1 22 30

Glycan biosynthesis and metabolism 21 21 1 2 31 37

Lipopolysaccharide biosynthesis 8 8 9 9

Peptidoglycan biosynthesis 13 13 20 20

Other glycan degradation 2 8

Metabolism of cofactors and vitamins 68 60 1 2 160 171

Thiamine metabolism 3 9 12

Riboflavin metabolism 5 5 1 8 9

Vitamin B6 metabolism 5 5 1 7 6

Nicotinate and nicotinamide metabolism 5 5 4 16 20

Pantothenate and CoA biosynthesis 5 5 4 2 20 23

Biotin metabolism 11 11 22 16

Lipoic acid metabolism 2 2 1 2 2

Folate biosynthesis 7 4 1 13 15

One carbon pool by folate 9 9 2 6 16 17

Porphyrin and chlorophyll metabolism 11 10 1 1 38 40

Ubiquinone and other terpenoid-quinone biosynthesis 5 4 9 11

Metabolism of terpenoids and polyketides 20 20 1 1 58 62

Terpenoid backbone biosynthesis 9 9 1 13 15

Carotenoid biosynthesis 1 1 1 1

Limonene and pinene degradation 16 18

Geraniol degradation 11 7

Biosynthesis of ansamycins 1 1 1 1 3 3

Tetracycline biosynthesis 4 4 6 6

Polyketide sugar unit biosynthesis 4 4 6 7

Non-ribosomal peptide structures 0 1

Biosynthesis of vancomycin group antibiotics 1 1 2 4
(continued)
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Table 9.2 (continued)

Metabolism Lso Las C. rud M. gen A. tum S. mel

Biosynthesis of other secondary metabolites 10 10 0 0 24 30

Streptomycin biosynthesis 8 8 2 0

Butirosin and neomycin biosynthesis 1 1 2 2

Novobiocin biosynthesis 1 1 14 19

Butirosin and neomycin biosynthesis 1 1

Novobiocin biosynthesis 5 8

Xenobiotics biodegradation and metabolism 7 7 0 0 122 216

Benzoate degradation 23 30

Aminobenzoate degradation 11 20

Fluorobenzoate degradation 1 4

Chloroalkane and chloroalkene degradation 22 44

Chlorocyclohexane and chlorobenzene degradation 9 14

Toluene degradation 4 4 9 15

Xylene degradation 3 7

Nitrotoluene degradation 2 1

Ethylbenzene degradation 3 8

Styrene degradation 0 6

Atrazine degradation 3 7

Caprolactam degradation 7 8

Bisphenol degradation 7 14

Dioxin degradation 1 1 3 8

Naphthalene degradation 1 1 11 19

Polycyclic aromatic hydrocarbon degradation 1 1 8 11

Genetic information processing

Transcription 4 4 3 4 4 4

RNA polymerase 4 4 3 4 4 4

Translation 131 131 81 77 148 143

Ribosome 62 62 37 52 67 65

Aminoacyl-tRNA biosynthesis 69 69 44 25 81 78

Folding, sorting and degradation 22 22 3 15 38 42

Protein export 11 12 9 15 16

Sulfur relay system 2 2 1 1 9 9

RNA degradation 9 8 2 5 14 17

Replication and repair 65 58 9 44 91 99

DNA replication 14 12 4 13 16 17

Base excision repair 9 8 5 16 18

Nucleotide excision repair 7 7 6 11 12

Mismatch repair 16 14 2 9 21 23

Homologous recombination 19 17 3 11 21 22

Non-homologous end joining 6 7

RNA family 44 53 29 2 66 59

Non-coding RNAs 44 53 29 2 66 59

Environmental information processing

Membrane transport 38 38 0 28 335 286
(continued)
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search for ‘a minimal gene set for a cellular life.’
The concept of a minimal gene set refers to the
smallest group of genes that would be, in prin-
ciple, sufficient to sustain a functioning life form
in the presence of a full complement of essential
nutrients and in the absence of environmental
stress (Hutchison et al. 1999; Koonin 2000). In
spite of vast differences in bacterial genome
sizes, a minimal gene set needed for a free-living
organism should meet the following criteria: (1)
ability to maintain metabolic homeostasis
(essential housekeeping functions) and (2) mul-
tiplication relying on its own metabolic

machineries (Gil et al. 2004). M. genitalium has
the smallest genome of free-living prokaryote
with 521 predicted genes (470 protein-encoding
genes) in one circular chromosome (Fraser et al.
1995). Its small genome size and cultivable
nature made M. genitalum the organism of
choice in research on minimal genome. Using
global transposon knockout mutagenesis,
researchers determined the minimal gene set to
range from 206 to 387 (Gil et al. 2004; Glass
et al. 2006). Unexpectedly, the essential gene
set also includes not yet annotated and hypo-
thetical proteins.

Table 9.2 (continued)

Metabolism Lso Las C. rud M. gen A. tum S. mel

ABC transporters 28 28 17 282 228

Phosphotransferase system (PTS) 1 3 3 3

Bacterial secretion system 9 10 8 50 55

Signal transduction 16 15 0 2 100 131

Two-component system 16 15 2 100 131

Cellular processes

Cell motility 33 32 0 0 71 95

Bacterial chemotaxis 7 6 40 58

Flagellar assembly 26 26 31 37

Data were obtained from Kyoto Encyclopedia of Genes and Genomes (KEGG http://www.genome.jp/kegg/)

Fig. 9.6 Correlation
between GC content and
genome size of 325
complete bacterial
genomes
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Understanding of the principles of minimal
gene sets for cell functions and deciphering the
roles of essential, but functionally uncharacter-
ized hypothetical proteins in prokaryote gen-
omes, will advance knowledge of fundamental
cellular biology. Information derived from this
research will also facilitate development or
improvement of in vitro culture media for Li-
beribacter bacteria.

9.6 Conclusion

Liberibacters comprise a recently recognized
group of Gram-negative bacteria in the class a-
Proteobacteria associated with a diverse and
complex range of associations with plants and
psyllid insects. The currently recognized species
are associated with asymptomatic cultivated and
non-cultivated plants, plant diseases, and psyllid
insects. These include four species (‘Ca. Libe-
ribacter asiaticus,’ ‘Ca. Liberibacter africanus,’
‘Ca. Liberibacter americanus,’ and ‘Ca. Libe-
ribacter solanacearum (syn. psyllaurous)’) that
are associated with diseases of cultivated agri-
cultural crops (citrus huanglongbing or green-
ing; potato zebra chip; yellows-like disorders of
carrots, celery, tomato, and disorders of other
solanaceous hosts) around the world; one sub-
species (‘Ca. Liberibacter africanus subspecies
capensis’) associated with a disease of Cape
chestnut in South Africa); and two species iso-
lated from asymptomatic pear in Italy (‘Ca. Li-
beribacter europaeus’) and papaya (L. crescens)
in Puerto Rico. In plants, these Liberibacters are
restricted to the phloem. These Liberibacters are
associated with, and may also be endosymbionts
in, a number of psyllids (including Arytainilla
spartiophila, Bacticera cockerelli, B. trigonica,
Diaphorini citri, T. erytreae, T. apicalis, and
several Cacopsylla species). In addition, some
psyllids, such as B. cockerelli, D. citri, T. ery-
treae, and C. pyri, have also been shown to
transmit ‘Ca. Liberibacter solanacearum,’ ‘Ca.
Liberibacter asiaticus and Ca. Liberibacter

americanus,’ ‘Ca. Liberibacter africanus,’ and
‘Ca. Liberibacter europaeus,’ respectively.

L. crescens is the only Liberibacter species
that has been cultured in vitro so far. Accord-
ingly, information regarding the biology,
ecology, epidemiology, and intraspecific rela-
tionships between plant- and insect-associated
Liberibacter species is not fully understood.
However, significant insights into the evolution,
genetic diversity, and phylogenetic relationships
have been gained through comparative analyses
of multiple Liberibacter genomes. In addition,
genomic analyses of plant disease-associated
Liberibacters have led to the identification of
potential or putative pathogenicity and virulence
factors, as well as biomarkers associated with
Liberibacter–host plant interactions. The avail-
ability of specific biomarkers associated with
Liberibacter–host plant interactions will aid in
the development of improved, reliable diagnos-
tic protocols for early (i.e., presymptomatic),
rapid Liberibacter detection as part of disease
management strategies. Knowledge of specific
Liberibacter genes and their products associated
with pathogenicity and virulence, as well as
interactions with psyllid vectors, should lead to
the identification of potential targets for miti-
gating Liberibacter acquisition and transmission
by psyllids, host plant infection, and disease
development. Finally, genomics-based research
will facilitate improved understanding of the
complex and diverse mechanisms of Liberib-
acter–plant interactions involving different spe-
cies with the same hosts (e.g., HLB-associated
‘Ca. Liberibacter asiaticus,’ ‘Ca. Liberibacter
africanus,’ and ‘Ca. Liberibacter americanus’ in
citrus), the same species in different hosts (e.g.,
zebra chip disease-associated ‘Ca. Liberibacter
solanacearum’ in solanaceous and other hosts),
the same species in asymptomatic and symp-
tomatic associations with plants (e.g., ‘Ca. eu-
ropaeus’ in pear and Scotch broom), and those
that do not apparently result in disease (e.g.,
‘Ca. Liberibacter europaeus’ in pear and L.
crescens in papaya).
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10Phytoplasma Genomes: Evolution
Through Mutually Complementary
Mechanisms, Gene Loss and Horizontal
Acquisition

Yan Zhao, Robert E. Davis, Wei Wei, Jonathan Shao,
and Rasa Jomantiene

10.1 Introduction

Plants are affected by a large number of diseases
that are collectively referred to as ‘yellows dis-
eases.’ For decades, the causal agents of plant
yellows diseases were mistakenly presumed to
be viruses. In 1967, plant pathologists were
startled by the news that yellows-diseased plants
were infected by microbes resembling myco-
plasmas, cell wall-less bacteria already known in
humans and animals (Doi et al. 1967; Ishiie et al.
1967). Following this discovery, scientists
around the world reexamined many plant dis-
eases of unsolved cause, giving rise to the
finding of mycoplasma-like organisms (MLOs,
now known as phytoplasmas) in numerous and
diverse diseased plants. It is rather remarkable
that, within a few years following the discovery
of phytoplasmas, several other new types of
plant pathogens, including spiroplasmas and
viroids, were also discovered (Davis et al. 1972;
Davis and Worley 1973; Diener 1971).

Phytoplasmas are cell wall-less bacteria that
inhabit sieve cells in the phloem tissue of infec-
ted plants and are transmitted from plant-to-plant
by phloem-feeding insect vectors, principally
leafhoppers. Together with mycoplasmas, spi-
roplasmas, and acholeplasmas, phytoplasmas are
classified in class Mollicutes. Having descended
from a Gram-positive, low G+C walled bacte-
rium (Gundersen et al. 1994; Zhao et al. 2005),
and more recently from an Acholeplasma-like
ancestor (Wei et al. 2008a), the phytoplasma
clade underwent substantial evolutionary gen-
ome shrinkage (Marcone et al. 1999; Oshima
et al. 2004). Yet, phytoplasma genomes contain
numerous repeated sequences that appear in
genomic islands. These islands, first termed
sequence-variable mosaics (SVMs) (Jomantiene
and Davis 2006), were formed by recurrent and
targeted attacks by mobile genetic elements
found to be ancient phages (Wei et al. 2008a).
Apparently, the evolutionary shrinkage of phy-
toplasmal genomes was partially countered by
horizontal acquisition of repeated mobile genetic
elements. While the loss of genes encoding
diverse biosynthetic pathways must have led to
increased host dependence, new capabilities
were acquired that enabled and enhanced phy-
toplasma–host interactions. Thus, two mutually
complementary, genome-sculpting mechanisms
acting in concert played key roles in phytoplasma
evolution.

To date, the genomes of four phytoplasmas
have been completely sequenced. The four
phytoplasmas are responsible for diseases that
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seriously impact affected host plant species.
‘Candidatus Phytoplasma australiense’ is the
cause of Australian grapevine yellows (Davis
et al. 1997); this phytoplasma is also the
apparent cause of Phormium yellow leaf,
strawberry lethal yellows, Cordyline sudden
decline, pumpkin yellow leaf curl, and diseases
of potato and other plants (Liefting et al. 2011;
Tran-Nguyen et al. 2008). ‘Ca. Phytoplasma
asteris’, including strains OY-M and AY-WB,
has a very wide plant host range (Bai et al. 2006;
Lee et al. 2004; Oshima et al. 2004). ‘Ca. Phy-
toplasma mali’ is the cause of apple proliferation
disease, one of the most economically important
diseases of fruit trees in Europe (Kube et al.
2008; Carraro et al. 2004).

Three of the four completely sequenced
phytoplasmas have circular chromosomes, and
the fourth has a linear chromosome. Significant
differences in gene content, gene arrangement,
and genome size are observed among the four
genomes. Despite such differences, the presence
of SVMs (Jomantiene and Davis 2006) is com-
mon to all four genomes. Recent studies have
indicated that formation of these phage-derived
SVMs was among key factors that launched
evolutionary emergence of the phytoplasma
clade (Wei et al. 2008a). Based on this theory,
while mobile genetic elements are widely
acknowledged as major drivers of bacterial
evolution, perhaps nowhere is this role more
apparent than in the genomes of phytoplasmas.

10.2 Evolving Concepts
in Classification and Taxonomy
Driven by Genome-Based
Information

10.2.1 Gene-Based Classification

Due to difficulties in establishing phytoplasma
cultures in cell-free medium and the consequent
inaccessibly of measurable phenotypic charac-
ters, diverse phytoplasmas are presently classified
into groups based on the genetic information
coded in their 16S rRNA genes. Two major

classification schemes have been developed. One
is based on phylogenetic analysis of 16S rRNA
gene sequences (Seemüller et al. 1998), and the
other is based on RFLP analysis of PCR-amplified
16S rRNA gene fragments by a defined set of 17
restriction enzymes (Lee et al. 1993, 1998, 2000).
Since the RFLP analysis exploits an adequate
subset of sequence characters (restriction enzyme
recognition sites) present in the 16S rRNA genes,
phytoplasma groups delineated under this scheme
are generally consistent with the phylogeny of the
respective 16S rRNA gene sequences. Advanta-
geously, the RFLP analysis-based scheme also
distinguishes subtle pattern differences, making it
possible to differentiate distinct subgroups within
a phytoplasma group. Following inception of the
scheme, 19 groups and more than 40 subgroups
were delineated through conventional RFLP
analysis (Lee et al. 2006; Al-Saady et al. 2008).
Over the past six years, a significant expansion of
the scheme has been achieved through the use of
computer-simulated or virtual RFLP analysis
(Wei et al. 2007b, 2008b); as a result, 32 groups
(Zhao et al. 2009a; Lee et al. 2011; Nejat et al.
2013) and over 120 subgroups have been delin-
eated as of this writing. This virtual RFLP anal-
ysis approach also facilitated discovery of new
phytoplasmas and unveiled extensive genetic
diversity among phytoplasma strains present in
the same host species and/or same geographic
location (Wei et al. 2007a, c; Cai et al. 2008;
Quaglino et al. 2009; Jomantiene et al. 2011;
Bagadia et al. 2013). To streamline virtual RFLP
analysis, a suite of computer programs have been
developed and integrated into a web-based
interactive research tool named iPhyClassifier
(Zhao et al. 2009b; URL).

10.2.2 Gene- and Genome-Facilitated
Taxonomy

Bacterial species are presently circumscribed
through the use of a consensus polyphasic
approach that involves morphological, physio-
logical, chemotaxonomic, serologic, and geno-
typic characterizations (Stackebrandt 2007).
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Unfortunately, many of the phenotypic characters
contributing to bacterial species delineation
remain inaccessible for phytoplasmas. To resolve
this encumbrance on phytoplasma taxonomy, the
International Committee of Systematic Bacteri-
ology Subcommittee for the Taxonomy of Mol-
licutes, the International Research Program for
Comparative Mycoplasmology (IRPCM) turned
to guidelines that had been proposed earlier for
recording properties of uncultured organisms
(Murray and Schleifer 1994; Murray and Stacke-
brandt 1995) and proposed to erect a provisional
genus-level taxon ‘Candidatus Phytoplasma’ to
accommodate phytoplasmas (IRPCM 2004).
Taxa affiliated with this genus are characterized
by the presence of a signature sequence in their
16S rRNA genes (50-CAAGAYBATKAT
GTKTAGCYGGDCT-30). The IRPCM estab-
lished guidelines for naming new taxa within the
genus: A novel ‘Ca. Phytoplasma’ species
description should refer to a single, unique 16S
rRNA gene sequence that shares less than 97.5 %
sequence similarity with that of any previously
described ‘Ca. Phytoplasma’ species, unless the
phytoplasma under consideration clearly repre-
sents an ecologically separated population. The
16S rRNA gene of a novel ‘Ca. Phytoplasma’
species should possess at least one unique
sequence region in addition to the above-defined
genus-level signature sequence (IRPCM 2004).

According to the IRPCM (2004) guidelines,
the phytoplasma strain whose 16S rRNA gene is
used to describe a ‘Ca. Phytoplasma’ species is
called the ‘reference strain’; strains whose 16S
rRNA genes have even minimal difference from
the corresponding reference strain are referred as
‘related strains.’ This strict rule of reserving the
name of a given ‘Ca. Phytoplasma’ species to
only its reference strain apparently conflicts with
the general understanding that a bacterial species
consists of a population of cells with similar
characteristics. To better define a ‘Ca. Phytopl-
asma’ species, Davis et al. (2013) proposed that a
‘Candidatus Phytoplasma’ species should be
attributed to ‘phytoplasma strains whose 16S
rRNA gene sequences contain the oligonucleotide
sequences of unique regions that are designated in

the formally published description of the species.’
In other words, all strains that possess the same
species-specific signature sequences in their 16S
rRNA genes belong to the same ‘Ca. Phytoplas-
ma’ species. Quaglino et al. (2013) further sug-
gested that, in addition to species-specific
signature sequences, combinations of distin-
guishing sequence blocks (DSBs) in 16S rRNA
genes can also be used to identify strains
belonging to a given ‘Ca. Phytoplasma’ species.
Further, it has been proposed that, wherever
possible, signature sequences of other genetic loci
from the reference strain of a ‘Ca. Phytoplasma’
species should be incorporated in emended
descriptions and as part of future descriptions of
‘Ca. Phytoplasma’ species (Davis et al. 2013).
Such new ideas embrace the concept that a ‘Ca.
Phytoplasma’ species constitutes a well-defined
set of genotypically similar phytoplasma strains,
rather than a single strain.

10.2.3 Toward Erection of a New
Family,Phytoplasmataceae

Thus far, 36 ‘Ca. Phytoplasma’ species have
been formally described, and an additional 13
potentially new species have been suggested
(Davis et al. 2013; Nejat et al. 2013; Quaglino
et al. 2013; Win et al. 2013). Based on the
similarity of 16S rRNA gene sequences, some
phytoplasmas are more distantly related to each
other than they are to Acholeplasma palmae,
member of a separate genus, raising a question
as to what taxonomic rank should be assigned to
the taxon phytoplasma (Zhao et al. 2010). The
topology of phylogenetic tree constructed from
16S rRNA gene sequences divides the phytopl-
asma clade into three distinct subclades
(Fig. 10.1). Furthermore, DNA physical signa-
tures such as dinucleotide relative abundance
(DRA) are notably different among the three
phylogenetic subclades (Zhao et al. unpub-
lished). Such results encourage us to propose
ranking each of the three phytoplasma subclades
at genus level and increasing the ‘Candidatus
Phytoplasma’ clade to a family-level taxon.
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10.3 Genetic Co-linearity Between
and Within Species

10.3.1 Global Synteny

After their evolutionary divergence from an
Acholeplasma-like ancestor and emergence as a
discrete clade, phytoplasmas have evolved to give
rise to widely divergent lineages. Assuming that

phytoplasmas have a monophyletic origin, the
pace of phytoplasma evolution may be inferred
from the degrees of genetic co-linearity (synteny)
and the levels of genomic rearrangements
between pairs of extant phytoplasmas. Currently,
only limited phytoplasma genome sequence data
are available for such analyses at the whole gen-
ome level. The four phytoplasma strains whose
genomes are completely sequenced belong to
three distinct species: ‘Ca. Phytoplasma asteris,’
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Fig. 10.1 Phylogenetic tree inferred from analysis of
16S rRNA gene sequences. Minimum evolution analysis
was conducted using the close-neighbor-interchange
(CNI) algorithm implemented in the Molecular Evolu-
tionary Genetics Analysis program (MEGA5, Tamura
et al. 2011). The initial tree for the CNI search was
obtained by the neighbor-joining method. The reliability
of the analysis was subjected to a bootstrap test with
1,000 replicates. The taxa used in the phylogenetic tree

reconstruction are reference strains of 36 formally
described ‘Candidatus Phytoplasma’ species, five inci-
dentally cited ‘Ca. Phytoplasma’ species (marked with an
asterisk ‘*’), and eight suggested potentially new ‘Ca.
Phytoplasma’ species (marked with two asterisks ‘**’).
Acholeplasma palmae served as an out-group during the
phylogenetic tree reconstruction. The scale bar represents
the number of nucleotide substitutions per site
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‘Ca. Phytoplasma australiense,’ and ‘Ca. Phy-
toplasma mali.’ To assess conservation of gene
order among the strains, a pairwise comparison of
gene arrangement was performed using a
sequence alignment program implemented in
MolliGen 3 (http://cbib1.cbib.u-bordeaux2.fr/
molligen/, Barré et al. 2004). The results
revealed that global synteny barely exists between
any pair of phytoplasma strains belonging to two
different species, a finding that indicates signifi-
cant evolutionary divergence between the spe-
cies. The lack of global synteny between strains
representing ‘Ca. Phytoplasma asteris’ and ‘Ca.
Phytoplasma australiense’ is surprising, as both
species belong to the same subclade (Fig. 10.1).
On the other hand, the genomes of OYM and
AYWB, both ‘Ca. Phytoplasma asteris’-related
strains, exhibit extensive synteny (Bai et al.
2006), and the non-syntenic regions consist
mainly of prophage sequences (Wei et al. 2008a).

10.3.2 Microsynteny

Despite extensive genomic rearrangements, the
conserved nature, functionality, and evolution-
ary importance of various coordinately regulated

genes are reflected in microsyntenies observed
across ‘Candidatus Phytoplasma’ species.
Examples include genomic segments encoding
ribosomal proteins (Fig. 10.2, left panel), the
operon encoding key enzymes involved in gly-
colysis (acoA, acoB, aceF, and lpd) (Fig. 10.2,
middle panel), and the operon encoding subunits
of ABC-type spermidine/putrescine transport
system (potA, potB, potC, and potD) (Fig. 10.2,
right panel). High-level conservation of synteny
within a super operon encoding key components
of translational apparatus (S10-spc-alpha clus-
ter) was also found in genomes of phytoplasmas
affiliated with ‘Ca. Phytoplasma pruni,’ ‘Ca.
Phytoplasma solani,’ ‘Ca. Phytoplasma vitis’ (an
incidental citation, not formally described ‘Ca.
Phytoplasma’ species), and ‘Ca. Phytoplasma
trifolii’ (Durante et al. 2012; Saccardo et al.
2012; ongoing phytoplasma genome project at
the Molecular Plant Pathology Laboratory,
ARS-USDA). Nevertheless, even in the case of
such conserved arrangements of genes, minor
subclade-specific differences in gene order are
present. Such gene-order differences provide
molecular markers for distinguishing varied
phytoplasma species/groups/lineages (Fig. 10.2,
left panel).

Fig. 10.2 Microsynteny of conserved gene blocks
among different phytoplasmas. Multi-genome alignment
and identification of locally collinear gene blocks were
carried out using MAUVE aligner (Darling et al. 2004).

The genome of ‘Ca. Phytoplsma asteris’-related strain
OYM was used as a reference genome. Identically
colored blocks represent a collinear set of matching
regions. One connecting line is drawn per collinear block
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10.4 Distinctive Genome
Architecture

10.4.1 Sequence-Variable Mosaics

Despite their unusually small sizes, each of the
four completely sequenced phytoplasma gen-
omes (Oshima et al. 2004; Bai et al. 2006; Kube
et al. 2008; Tran-Nguyen et al. 2008) contains
large amounts of repeated DNA sequences.
Dozens of multiple-copy genes with uncharac-
terized functions are clustered repetitively in
non-randomly distributed segments (Jomantiene
and Davis 2006). Targeted genome sequencing
of multiple strains representing four distinct
groups revealed the same phenomenon (Davis
et al. 2007, Jomantiene et al. 2007). Such gen-
ome organization is unique to phytoplasmas, and
this distinct genome architecture is termed
sequence-variable mosaics (SVMs) (Jomantiene
and Davis 2006; Jomantiene et al. 2007). It was
suggested that the SVMs were assembled
through multiple events of targeted mobile ele-
ment attack, duplication, recombination, and
rearrangement and that differences in genome
size between related phytoplasmas could be lar-
gely explained by differences in size and number
of SVMs in the chromosomes (Jomantiene and
Davis 2006). Terms such as putative mobile units
(PMUs) (Bai et al. 2006) and mobile unit genes
(MUGs) (Arashida et al. 2008a) were also pro-
posed for the mobile elements comprising these
repetitive gene clusters (SVMs).

10.4.2 Phage-Derived Genomic Islands

Extensive computational analyses revealed that
the mobile elements comprising SVMs were
cryptic prophages or prophage remnants (Wei
et al. 2008a), as the chromosomal locations of
these phage-derived sequences coincided with
those of SVMs. Three types of hypothetical
prophage genomes were deduced from the
highly mosaic prophage genome remnants; each
type of presumed ancestral phage possessing
three functional modules: a regulation and DNA

packaging module, a morphogenesis and cell
lysis module, and a replication and recombina-
tion module (Wei et al. 2008a). These phage-
derived sequences possess distinct physical
properties such as a mol% G+C content lower
than that of the host phytoplasma genes (there-
fore, forming low G+C isochors), and a DRA
value drastically different from that of their
respective host DNA (thus a remarkable DRA
distance or DRAD). The physical properties and
the clustered distributions of the phage-derived
sequences suggest that the prophage-derived
SVMs are genomic islands in phytoplasma
genomes. In fact, the DRAD values of phytopl-
asmal prophage islands (Wei et al. 2008a) are
much higher than those of bacterial pathoge-
nicity islands identified in other pathogens
(Karlin 2001; Hsiao et al. 2003). New research
data have implicated prophage island genes in
phytoplasma virulence and pathogen–host
interactions (see Sect. 10.8 of this chapter).

While the prophage-derived genomic islands
occupy 31.0 and 22.7 % of the circular chromo-
somes of OYM and AYWB, respectively, the
SVM architecture and prophage islands in the
genomes of ‘Ca. Phytoplasma australiense’
(PAus) and ‘Ca. Phytoplasma mali’ (PMali) were
not previously delineated. Results from an anal-
ysis for this writing revealed that, of the 840
annotated protein-encoding genes (CDSs) in the
PAus genome, 374 are clustered, multiple-copy
genes of prophage origin. The prophage-derived
sequences account for 36.84 % of the PAus
genome, with the largest prophage island span-
ning 77.5 Kbp. PMali has a linear chromosome
that bears many fewer genes than the genomes of
the other three completely sequenced phytoplas-
mas (Kube et al. 2008). Results from our analysis
indicated that the PMali genome also contains
multiple copies of genes that are homologous to
prophage sequences that are present in the OYM,
AYWB, and PAus genomes. Such genes include
those annotated as hflB, gepA, fliA, yqaJ, and tmk.
Without exception, these genes are clustered in
discrete regions rather than being randomly dis-
tributed across the chromosome, a characteristic
of phytoplasmal SVMs (Fig. 10.3).
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10.4.3 Hypothesis on the Emergence
of the Phytoplasma Clade

Since no SVM-like structures could be identified
in genomes of ancestral relatives including low
G+C walled bacteria in the Bacillus/Clostridium
group and in genomes of cell wall-less bacteria
Acholeplasma spp., we hypothesized that
ancient phage attacks leading to SVM formation
occurred at or shortly after divergence of phy-
toplasmas from acholeplasmas, triggering evo-
lution of the phytoplasma clade (Fig. 10.4;

Jomantiene and Davis 2006; Jomantiene et al.
2007; Wei et al. 2008a).

10.4.4 Hyper-variable Regions
and Foreign Genes Introduced
by Phages

Within SVM segments of phytoplasma gen-
omes, there are hyper-variable regions (HVRs),
each of which is flanked by a conserved ATP-
dependent Zn protease gene and a conserved

Fig. 10.3 Distribution of phage-derived sequences in
the four phytoplasma genomes. The circular (OYM,
AYWB, and PAus) and linear (PMali) chromosomes are
represented by thin lines. Regions of prophage integra-
tion are shown by thick lines and regions of sequence-

variable mosaic (SVM) in the OYM genome are shown
by boxes. Positions of prophage integration sites in the
OYM and AYWB chromosomes are from Wei et al.
(2008a). Positions of OYM SVMs are from Jomantiene
and Davis (2006)
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palindromic DNA sequence (Jomantiene et al.
2007). Such HVR structure bears some similar-
ities with the integron/mobile gene cassette
system found in other bacteria (Recchia and Hall
1997). With phytoplasmal prophage-derived
genomic islandsbeing brought to light, and based
on the phage-derived nature of the sequences
surrounding the HVRs, we hypothesized that
HVRs may represent regions of mobile gene
cassettes inside a larger mobile genetic element,
phage (Wei et al. 2008a). Phages are known to
have the ability to carry genes, termed morons,
to their host bacterial genomes. Morons are not
essential for the phage life cycle but may alter
the phenotype or fitness of the lysogen (Brüssow
et al. 2004; Cumby et al. 2012). In some path-
ogenic bacteria, morons introduced by phages
are proven or suspected virulence factors
(Cenens et al. 2013). At least 23 and 17 morons
were identified in the prophage loci of the OYM
and AYWB genomes, respectively, and most of
them appeared to be strain specific (Wei et al.
2008a). One moron in an OYM prophage was
found to be a group II intron that contained a
reverse-transcriptase gene. The recognition of a
group II intron as a moron draws increased
attention to prophages as platforms for acquisi-
tion of foreign genes and to their role in phy-
toplasma evolution and strain diversity. Group II

introns were also found in prophages integrated
in the PAus chromosome (Tran-Nguyen et al.
2008; this study).

Interestingly, a significant number of morons
are targeted for insertion into specific sites in the
HVRs, possibly by mechanisms similar to those
of integron/mobile gene cassette systems
(Jomantiene et al. 2007). One example of morons
targeted into HVRs is a phospholipase (PL) gene,
first identified in the genome of ‘Ca. Phytoplas-
ma asteris’-related strain Malaysian periwinkle
yellows phytoplasma (GenBank no. EF200534).
This gene encodes a protein possessing a trans-
membrane region at its N-terminus. By contrast,
a putative PL protein in the western X-disease
phytoplasma (GenBank no. AF533231) lacks a
transmembrane region and is encoded by a gene
located outside of HVRs and SVMs. Similarly, a
PL encoded by the A. laidlawii genome (Gen-
Bank no. NC_010163), which is devoid of
SVMs, also lacks a transmembrane region. These
observations lead us to suggest that a phytopl-
asma genome may contain a vertically inherited
PL gene and/or a horizontally acquired PL gene.
Interestingly, the genome of PMali (GenBank no.
NC_011047) contains both a gene (located in a
region of decayed SVM) encoding a membrane-
targeted PL and a gene (located outside of SVM
regions) encoding a non-membrane targeted,
presumably vertically inherited PL.

10.5 Genes Unique to Phytoplasmas

Besides the presence of a large amount of repeti-
tive prophage sequences, morons, and transduced
genes, phytoplasma genomes contain additional
genes that are absent in all other mollicutes.
Apparently, along with massive gene loss and
decay, gene acquisition and duplication events
occurred during, as well as following, the emer-
gence of the phytoplasma clade. In this section, we
examine genes that are unique to phytoplasmas,
with the optimistic expectation that such analysis
will eventually provide an answer to the question
of what makes a phytoplasma a phytoplasma.

Spiroplasma

Phytoplasma
Mycoplasma
Ureaplasma
Entomoplasma
M lMesoplasma

Acholeplasma

Change in 
codon usage Formation of SVMscodon usage

Loss of cell wall

Formation of SVMs
through phage predation

Gram-Positive Walled Bacteria

Fig. 10.4 Diagrammatic tree of cell wall-less bacteria.
The formation of sequence-variable mosaics following
phage predation is depicted as the key evolutionary event
at the root of emergence of the phytoplasma clade. The
tree was drawn by Katherine T. Davis
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In this communication, we describe genes
that are present in the genomes of at least two
phytoplasmas but are absent in the genomes of
all other sequenced mollicutes (including
mycoplasmas, mesoplasmas, spiroplasmas,
ureaplasmas, and acholeplasmas) as ‘phytoplas-
ma-unique.’ In order to identify genes unique to
phytoplasmas, we conducted differential analy-
ses using both bidirectional best hit (BDBH,
with an E-value threshold 10-4) and best blast
hits (BBH, with an E-value threshold 10-8)
approaches. An online database dedicated to the
mollicute genomes, MolliGen 3.0 (http://cbib1.
cbib.u-bordeaux2.fr/molligen3b/TOOLBOX/
DQ/select.php, Barré et al. 2004), was used to
formulate and execute differential queries.

10.5.1 Phytoplasma-Unique Genes
Within SVMs

Using the OYM genome as a reference, we
identified 260 phytoplasma-unique protein-cod-
ing genes, of which 187 were prophage-derived
genes clustered mainly in four SVM regions.
Similarly, in the AYWB genome, we found 261
phytoplasma-unique genes, of which 191 were
prophage-derived genes located in SVM regions.
Likewise, in the PAus genome, among the 232
phytoplasma-unique genes identified in the
present study, 180 were multiple-copy genes
sharing significant homology with previously
identified OYM and AYWB phytoplasmal pro-
phage remnant sequences. Fewer phytoplasma-
unique genes (63) were identified from the PMali
genome; yet, 28 shared significant sequence
similarities with previously identified phytopl-
asmal prophage genes or had been annotated by
others (Kube et al. 2008) as encoding phage-
related or phage-associated proteins. Such find-
ings echo our hypothesis, put forward previously,
that targeted integration of prophage sequences
and subsequent formation of SVMs characterize
the phytoplasma genomes and distinguish phy-
toplasmas from all other mollicutes including
their closest relatives (Jomantiene and Davis
2006; Jomantiene et al. 2007; Wei et al. 2008a).

10.5.2 Phytoplasma-Unique Genes
Outside of SVMs

In each of the four completely sequenced phy-
toplasma genomes, 35–73 phytoplasma-unique
genes reside outside of the prophage islands/
SVM regions. While many of these phytoplas-
ma-unique, non-phage genes encode hypotheti-
cal proteins of unknown functions, a set of about
20 genes can be functionally annotated. It is
worth noting that a majority of these genes is
common to all four phytoplasmas, regardless of
genome size and phylogenetic position of a
given phytoplasma (Table 10.1). Significantly,
nearly half of these 20 genes encode components
of diverse transporters (Fig. 10.5). Since phy-
toplasmas have limited metabolic capacities,
they must be sustained by steady import of
nutrients and timely efflux of toxins, in a con-
stant exchange of metabolites with host cells. In
addition, cross-membrane transportation may be
also required for maintaining intracellular elec-
trode and redox potentials and for mediating
secretion of potential virulence factors. The
observed abundance of phytoplasma-unique
transport systems draws into sharp focus the
intimate relationship between phytoplasma and
host cell. Improved understanding of the func-
tions of these transporters and their substrate
specificities could aid efforts to identify molec-
ular targets for devising practical measures to
curb phytoplasma growth and mitigate damage
from phytoplasmal diseases of plants.

10.5.2.1 ABC-Type Mn/Zn Transport
System

Zinc and manganese are essential nutrients for
bacteria since they play important catalytic and
structural roles in a variety of enzymes and me-
tallo-regulatory proteins (Moore and Helmann
2005). Manganese is crucial in detoxification of
superoxide free radicals (Abreu and Cabelli
2010). Zinc is found in at least 100 enzymes
that cover all enzyme classes (Trumbo et al.
2001). In Staphylococcal bacteria, zinc is
involved in biofilm formation by facilitating
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Table 10.1 A subset of phytoplasma-unique genes outside of phage-derived genomic islands/sequence-variable
mosaic (SVM) regionsa

Strain CDS Begin End Strand Gene Product

OYM PAM005 5,467 6,222 – pgpB Membrane-associated phospholipid
phosphatase

OYM PAM092 115,631 116,776 + znuA ABC-type Mn/Zn transport system,
periplasmic Mn/Zn-binding protein

OYM PAM097 123,489 124,316 + nlpA ABC-type uncharacterized transport
system, periplasmic component

OYM PAM122 144,248 144,949 + amp Antigenic membrane protein

OYM PAM133 159,694 160,737 + nlpA ABC-type uncharacterized transport
system, periplasmic component

OYM PAM188 225,774 226,019 – Zn-dependent carboxypeptidase

OYM PAM191 231,479 233,050 – oppA ABC-type dipeptide/oligopeptide
transport system, periplasmic component

OYM PAM254 290,447 290,857 + secE Preprotein translocase subunit SecE

OYM PAM280c 322,195 323,790 – norM Na+-driven multidrug efflux pump

OYM PAM282d 325,982 327,466 + norM Na+-driven multidrug efflux pump

OYM PAM286 332,415 333,560 + citS Malate/citrate symporter

OYM PAM306 350,438 351,805 + ksgA Dimethyladenosine transferase

OYM PAM429 476,118 476,294 + malK ABC-type sugar transport systems,
ATPase components

OYM PAM476 540,857 541,366 – mutT MutT/Nudix family protein

OYM PAM494b 566,709 566,987 – artM ABC-type amino acid transport system,
permease component

OYM PAM495 567,076 568,083 – artI ABC-type amino acid transport system,
periplasmic component

OYM PAM580 657,662 658,177 – folK 7,8-Dihydro-6-hydroxymethylpterin-
pyrophosphokinase

OYM PAM581 658,387 659,268 – folP Dihydropteroate synthase

OYM PAM594 677,731 679,407 + asnB Asparagine synthase

OYM PAM612 698,172 699,170 – psd Phosphatidylserine decarboxylase

OYM PAM613 699,183 69,9917 – pssA Phosphatidylserine synthase

OYM PAM667 765,736 766,866 + clpX ATP-dependent protease Clp, ATPase
subunit

OYM PAM720 818,800 819,915 – citS Malate/citrate symporter

OYM PAM721 820,334 821,506 – sfcA Malic enzyme

OYM PAM734e 836,678 838,177 - norM Na+-driven multidrug efflux pump (see
foot note of the Table)

AYWB AYWB_051 58,057 59,229 + sfcA NAD-dependent malic enzyme

AYWB AYWB_052 59,226 60,761 + citS Malate-sodium symport

AYWB AYWB_120 141,714 142,448 + pssA CDP-diacylglycerol-serine O-
phosphatidyltransferase

AYWB AYWB_121 142,461 143,462 + psd Phosphatidylserine decarboxylase

AYWB AYWB_302 316,503 317,012 + mutT MutT/Nudix family phosphohydrolase

AYWB AYWB_415 427,223 428,575 – Dimethyladenosine transferase

AYWB AYWB_435 444,283 445,650 – citS Citrate-sodium symport

AYWB AYWB_439d 450,303 451,811 – norM Na+-driven multidrug efflux pump
(continued)
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Table 10.1 (continued)

Strain CDS Begin End Strand Gene Product

AYWB AYWB_441c 453,835 455,430 + norM Na+-driven multidrug efflux pump

AYWB AYWB_467 486,386 486,940 – secE protein translocase subunit SecE

AYWB AYWB_529 541,595 543,136 + dppA ABC-type dipeptide-binding protein,
solute-binding protein

AYWB AYWB_599 623,951 624,445 – Immune-dominant membrane protein
precursor

AYWB AYWB_609 633,238 633,399 – IscU protein (NifU homolog involved in
Fe-S cluster formation)

AYWB AYWB_610 633,608 633,772 – Uncharacterized ABC-type transport
system, periplasmic component

AYWB AYWB_611 633,789 634,196 – Uncharacterized ABC-type transport
system, periplasmic component

AYWB AYWB_621b 645,598 646,692 – mntB ABC-type Mn/Zn transport system,
membrane protein

AYWB AYWB_624 648,572 649,714 – znuA ABC-type Mn/Zn transport system,
periplasmic Mn/Zn-binding protein

AYWB AYWB_651e 681,922 683,382 – norM Na+-driven multidrug efflux pump (see
foot note of the Table)

PAus PA0110e 118,738 120,204 + norM Na+-driven multidrug efflux pump (see
foot note of the Table)

PAus PA0139 164,912 165,760 – cbiQ ABC-type cobalt transport system,
permease protein

PAus PA0165c 197,185 198,630 + norM Na+-driven multidrug efflux pump

PAus PA0171d 205,945 207,435 – norM Na+-driven multidrug efflux pump

PAus PA0221 260,515 261,975 + gtfA Sucrose phosphorylase
(Glucosyltransferase-A)

PAus PA0454 455,152 455,985 + nlpA ABC-type uncharacterized transport
system, periplasmic component

PAus PA0455 456,017 456,907 + ABC-type metal ion transport system,
periplasmic component

PAus PA0456 457,305 457,604 + iscU NifU homolog involved in Fe-S cluster
formation

PAus PA0481 476,283 477,404 + znuA ABC-type Zn/Mn transport system
periplasmic component

PAus PA0483b 478,522 479,427 + znuB ABC-type Zn/Mn transport system,
permease component

PAus PA0484b 479,443 480,531 + znuB ABC-type Zn/Mn transport system,
permease component

PAus PA0626 621,568 622,233 + pssA Phosphatidylserine synthase

PAus PA0627 622,233 623,105 + psd Phosphatidylserine decarboxylase

PAus PA0633c 629,135 630,658 + norM Na+-driven multidrug efflux pump

PAus PA0671 672,042 672,452 – secE Protein translocase subunit SecE

PAus PA0755 768,393 769,952 + ABC-type peptide/nickel transport system
substrate-binding protein

PAus PA0756 770,273 771,865 + ABC-type peptide/nickel transport system
substrate-binding protein

PAus PA0768 785,343 786,809 – citS Putative malate/citrate symporter

PAus PA0769 786,806 787,978 – sfcA Malate dehydrogenase
(continued)
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adhesive contacts between cells (Conrady et al.
2013). In Legionella pneumophila, one of the
effector proteins, PlcC/CegC1, is a member of
the zinc metallophospholipase C family (Aurass
et al. 2013). While many walled bacteria use an
ABC transporter for high-affinity uptake of zinc
and manganese (Hantke 2005), genomes of cell
wall-less bacteria studied thus far, including that

of Spiroplasma kunkelii, a phloem-inhabiting
bacterium that is closely related to phytoplasmas,
do not appear to encode an ABC-type
Mn/Zn transport (Zhao et al. 2004). Phytoplas-
mas are the only cell wall-less bacteria known to
have genes encoding ABC-type Mn/Zn transport
systems. The demand for zinc in phytoplasma
cells must be high, as the genomes of all

Table 10.1 (continued)

Strain CDS Begin End Strand Gene Product

PAus PA0776 796,496 7,97053 + mutT Nudix hydrolase

PMali ATP_00003b 2,412 3,506 – znuB ABC-type Mn/Zn transport system,
permease component

Pmali ATP_00006 538,9 6,462 – znuA ABC-type Mn/Zn transport system,
periplasmic Mn/Zn-binding protein

PMali ATP_00019 253,81 2,6754 – mleP Malate/Na+ symporter

PMali ATP_00047 601,76 60,919 + pssA CDP-diacylglycerol-serine-
phosphatidyltransferase

PMali ATP_00048 609,32 618,07 + psd Phosphatidylserine decarboxylase

PMali ATP_00068 817,17 83,342 – dppA ABC-type dipeptide-binding protein,
solute-binding protein

PMali ATP_00085 107,015 107,788 + pgpB Probable membrane-associated
phospholipid phosphatase

PMali ATP_00104 139,660 141,141 – mleP Malate/Na+ symporter

PMali ATP_00107c 143,168 144,679 – norM Na+-driven multidrug efflux pump

PMali ATP_00108 144,746 145,216 – mutT MutT/Nudix family protein

PMali ATP_00151 192,248 193,657 – mleP Malate/Na+ symporter

PMali ATP_00192 248,530 249,600 – ABC-type methionine transport system,
periplasmic component

PMali ATP_00279 358,370 359,794 + Probable dimethyladenosine transferase

PMali ATP_00384 460,267 460,659 + secE Protein translocase subunit SecE

PMali ATP_00450 535,373 536,545 + sfcA NADP-dependent malic enzyme

PMali ATP_00479 575,190 576,563 + mleP Malate/Na+ symporter

PMali ATP_00492 595,482 596,555 + znuA ABC-type Mn/Zn transport system,
periplasmic Mn/Zn-binding protein

PMali ATP_00495b 598,438 599,532 + znuB ABC-type Mn/Zn transport system,
permease component

a Gene names and their products are mainly based on previously published genome annotations (Oshima et al. 2004;
Bai et al. 2006; Tran-Nguyen et al. 2008; Kube et al. 2008)
b Permease components of some phytoplasma-unique ABC transporters exhibit weak sequence homology with those
of certain uncharacterized transporters in other mollicutes. Since the E-values are beyond the cutoff value adopted in
our analysis, these components are still considered as phytoplasma-unique. Importantly, the periplasmic or substrate-
binding domains of all ABC transporters listed are exclusively phytoplasma-unique
c, d, and e Genes encoding three subtypes of NorM paralogs are identified from the four completely sequenced
phytoplasma genomes. The first subtype (denoted with c) is phytoplasma-unique; the second subtype (denoted with d)
bears weak sequence similarity with Acholeplasma NorMs but the E-values are higher than the cutoff value adopted in
our differential analysis; therefore, the second subtype is also considered as phytoplasma-unique; the third type
(denoted with e) shares moderate sequence similarity with Acholeplasma NorMs. The third subtype of phytoplasmal
NorMs is not considered as phytoplasma-unique in this chapter, and the inclusion of the third subtype norM genes in
this table is for comparative analysis
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sequenced phytoplasmas possess numerous
copies of genes encoding several different classes
of Zn protease-like proteins; perhaps signifi-
cantly, a majority of those Zn protease genes
reside in SVM/phage-derived genomic islands.

10.5.2.2 ABC-Type Amino Acid
and Dipeptide/Oligopeptide
Transport Systems

The four completely sequenced phytoplasma
genomes lack many genes encoding enzymes

responsible for metabolism of amino acids,
especially cysteine, methionine, histidine,
lysine, arginine, proline, and tyrosine. Presence
of phytoplasma-unique ABC-type amino acid
and dipeptide/oligopeptide transport systems
may reflect a necessity for amino acid importa-
tion from host cells. Imported dipeptides and
oligopeptides may be digested into individual
amino acids by peptidases, as several peptidase
genes are present in phytoplasmas. The genome
of PMali also encodes a distinct ABC-type
D-methionine transport system whose
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Fig. 10.5 Phytoplasmal transporters. The upper panel
shows transporters encoded by genomes of phytoplasmas
but not other cell wall-less bacteria studied thus far. The
lower panel shows transporters encoded by genomes of
other branches of cell wall-less bacteria in addition to
phytoplasmas. Transmembrane components of some
phytoplasma-unique ABC transporters illustrated in the
upper panel exhibit weak sequence homology with the
permease component of certain uncharacterized ABC
transporters in mollicutes other than phytoplasmas. These

components are still considered as phytoplasma-unique
since the E-values are higher than the cutoff value
adopted in our differential analysis. Importantly, the
sequences of the periplasmic or substrate-binding
domains of all ABC transporters shown in the upper
panel are exclusively phytoplasma-unique. Three types
of Na+-driven multidrug efflux pump paralogs have been
identified in phytoplasmas. Refer Table 10.1 for phy-
toplasma-unique Na+-driven multidrug efflux pumps
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periplasmic substrate-binding subunit is phy-
toplasma-unique (ATP_00192).

10.5.2.3 Malate/Citrate Symporter
(Citrate-Sodium Symport,
Malate-Sodium Symporter)

Phytoplasmas have limited capacity for carbo-
hydrate metabolism and energy production.
Presence of a malate/citrate symporter gene in
all studied phytoplasma genomes indicates that
malate is imported and possibly utilized as an
alternative carbon source for energy generation.
Since malate is abundant in phytoplasma plant
host cells (Ziegler 1975), and since the genes
encoding most of the enzymes required for
converting malate to acetate and generation of
ATP are present in phytoplasma genomes (Kube
et al. 2012), it is quite possible that phytoplas-
mas use this alternative carbon source.

10.5.2.4 Na+-Driven Multidrug Efflux
Pump

Besides having limited biosynthetic capacity,
phytoplasmas also have limited catabolic capac-
ity. Conceivably, instead of degrading toxic
chemicals and other cellular wastes metaboli-
cally, phytoplasmas may rely on membrane
transport systems to discharge such harmful
substances. The genomes of all four sequenced
phytoplasma strains encode an ABC-type multi-
drug/protein/lipid transport system. In addition,
all four genomes, except for PMali, have multiple
genes encoding NorM-type Na+-driven multi-
drug efflux pumps. In the present study, genes
encoding three subtypes of Na+-driven multidrug
efflux pump paralogs were identified in the
OYM, AYWB, and PAus genomes. The first
subtype is phytoplasma-unique (PAM280,
AYWB_441, PA0165, and PA0633). The second
subtype bears weak sequence similarity with
Acholeplasma multidrug efflux pumps, but the
E-values are higher than the cutoff value adopted
in our differential analysis; therefore, they
are also considered as phytoplasma-unique

(PAM282, AYWB_439, and PA0171). The third
subtype shares moderate sequence similarity
with Acholeplasma multidrug efflux pumps
(PAM734, AYWB_651, and PA0110). We
hypothesize that genes of the three subtypes of
phytoplasmal Na+-driven multidrug efflux pumps
had a common ancestor that was also shared by
genes of Acholeplasma multidrug efflux pumps.
In the course of phytoplasma evolution, follow-
ing gene duplication events, phytoplasmal norM
paralogs apparently have evolved to maximize
phytoplasmas’ adaptation to their complex niche,
enhancing host switching between plant and
insect, and have gradually become phytoplasma-
unique. Alternatively, the genes encoding phy-
toplasma-unique Na+-driven multidrug efflux
pumps may have been acquired horizontally,
facilitating phytoplasmas’ transkingdom para-
sitic lifestyle. PMali, which has a much smaller
genome, possesses only one copy of the norM
gene (ATP_00107), and its nucleotide sequence
shares highest similarity with the PAus phytopl-
asma-unique paralog PA0633.

10.5.2.5 Translocon Subunit
Composition and Interaction
with Ribosomal Proteins

In many bacteria, a majority of secreted as well as
membrane-associated proteins are translocated
through a heterotrimeric protein-conducting
channel that is formed by preprotein translocase
subunits SecY, SecE, and SecG. The SecYEG
complex, often referred to as the translocon, is
evolutionarily conserved across prokaryotes and
even across all three domains of life (Rapoport
2007). It has been noted that the phytoplasmas
lack the gene encoding SecG (Kube et al. 2012).
Phytoplasma genomes also lack genes encoding
SecB. SecB is a molecular chaperon that main-
tains preproteins in an unfolded state after trans-
lation and targets these preproteins to the
membrane for secretion (Muller 1999). The lack
of SecB implies that the Sec system in phytopl-
asmas accomplishes preprotein translocation in a
co-translational mode, in which the translocation
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system is in direct contact with the exit tunnel of
the ribosome when a nascent polypeptide chain
emerges from the ribosome, as indicated in other
bacteria (Ménétret et al. 2007).

In the present study, we found that the SecE-
encoding genes from phytoplasmas are distinctly
divergent from those of all other mollicutes. It
would be interesting to learn whether the loss of
the secG and secB genes and the evolution of the
phytoplasma-unique secE gene are co-related
events and to learn how those changes affect the
assembly and conformation, thus function, of the
phytoplasmal translocon. In Escherichia coli,
when the SecYEG translocation complex is
docked with the ribosome, SecE plays a role in
contacting ribosomal proteins (Yahr and Wick-
ner 2000). The ribosomal protein composition of
the phytoplasmal translation machinery is quite
unique among mollicutes. We found that phy-
toplasma genomes encode ribosomal protein
L33a, whose amino acid sequences are signifi-
cantly different from those of their counterparts
in other mollicutes; on the other hand, OYM and
AYWB phytoplasmas lack ribosomal protein
L21, and PMali and PAus have a ribosomal
protein L21 that is very divergent from those of
other mollicutes. Do these alterations in ribo-
somal protein composition/amino acid sequence
affect the ribosome’s three-dimensional struc-
ture and, in turn, its ability to interface with the
translocon, thus requiring corresponding struc-
tural changes in the phytoplasma secE gene, and
SecE amino acid sequence?

10.5.2.6 Antigenic, Membrane-
embedded Proteins

The genes that are unique to phytoplasmas also
include those that encode immunodominant or
antigenic membrane proteins (IMPs and AMPs).
It has been reported that, in diverse phytoplas-
mas, IMP/AMP genes are highly expressed, and
therefore, the antigenic membrane proteins are
abundant at the surface of the phytoplasma cells
(Morton et al. 2003; Kakizawa et al. 2004,
Arashida et al. 2008b). The amp and imp genes

from different phytoplasma lineages share lim-
ited sequence similarity (Barbara et al. 2002;
Morton et al. 2003). Nevertheless, our analysis
revealed that their gene products, AMPs and
IMPs, are generally rich in positively charged
amino acids and therefore have an isoelectric
point (pI) greater than 8.0. At physiological pH,
such membrane proteins would tend to present,
at the cell surface, positively charged sites or
pockets that are critical for ligand binding, sig-
nal perception, and other biochemical functions
during pathogen–host interactions. AMPs and
IMPs also hold promise as useful targets for
strain- and cluster-specific serological detection
and identification of diverse phytoplasmas
and for devising novel immunoaffinity proce-
dures aimed at purification of phytoplasmas for
genomic and proteomic studies.

The other phytoplasma-unique genes encode
enzymes involved in metabolic pathways of
carbohydrate, lipid, and energy metabolisms.

10.5.2.7 Sucrose Phosphorylase
or Glucosyltransferase-A

Phytoplasma genomes contain no genes encod-
ing enzymes for the citrate (TCA) cycle or
oxidative phosphorylation. Based on metabolic
pathway genes present in phytoplasma genomes,
it has been suggested that anaerobic hydrolysis
of glucose to lactic acid, i.e., glycolysis, may be
the main energy-yielding process in phytoplas-
ma cells (Oshima et al. 2004). In other bacterial
cells, the entry point of glycolysis is glucose-6-
phosphate imported through the phosphoenol-
pyruvate-dependent sugar phosphotransferase
system (PTS). As phytoplasmas lack the PTS for
sugar phosphate uptake and lack a hexokinase
for glucose phosphorylation, presence of a gtfA
gene in OYM and PAus raises the possibility
that some phytoplasmas may obtain sugar
phosphate for glycolysis through the catalytic
activity of GtfA, which allows formation of a-D-
glucose-1-phosphate from sucrose and phos-
phate (Fig. 10.6) (Kube et al. 2012).
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10.5.2.8 NAD-Dependent Malic Enzyme
or Malate Dehydrogenase (SfcA)

By catalyzing oxidative decarboxylation, malate
dehydrogenase converts malate to pyruvate, and
the latter may be further oxidized to produce
acetyl CoA, an energy-charged molecule that
can be used in diverse biochemical reactions as
both a source of metabolic energy and an
intermediate. As mentioned above, phytoplas-
mas have limited energy-yielding capacity; an

alternative carbon source and energy-yielding
pathway would certainly provide advantages for
survival and growth.

10.5.2.9 Dimethyladenosine Transferase
Three of the four sequenced phytoplasma chro-
mosomes each harbor multiple genes that have
been annotated by others as dimethyladenosine
transferase genes. In the present study, a
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Fig. 10.6 Diagrammatic representation of the Embden–
Meyerhof–Parnas pathway (glycolysis) in phytoplasmas,
showing a hypothesized ABC sugar transporter and roles
of energy investment and energy harvest enzymes. The
existence of an as yet unknown enzyme for conversion of
glucose-1-phosphate to glucose-6-phosphate is proposed.

Genes encoding enzymes involved in the energy invest-
ment portion of the pathway (pgi, pfkA, fba, and tipA) are
present in the genomes of all four completely sequenced
phytoplasmas. Genes encoding enzymes in the energy
harvest portion of the pathway (gapA, pgk, pgm, eno, and
pykF) are missing in the genome of PMali
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comparison of the multiple ksgA gene sequences
revealed that these genes belong to two mutually
distinct groups. One group is represented
by ORFs PAM731, AYWB_648, PA0272,
and ATP00226. Genes in this group share sig-
nificant sequence identity with dimethyladeno-
sine transferase genes that are present in the
genomes of other mollicutes including M. geni-
talium and Acholeplasma spp. In other bacteria
as well as in ribosome-containing eukaryotic
organelles, Dimethyladenosine Transferase
(KsgA) methylates two adjacent adenosines in
the loop of a conserved hairpin near the 30-end
of 16S rRNA, playing a critical role in biogen-
esis of ribosomal 30S subunits (O’Farrell and
Rife 2012). The second group of the annotated
phytoplasmal ksgA genes is represented by
PAM306, AYWB_415, and ATP_00279. The
genes in this group appear to be phytoplasma-
unique among mollicutes. A conserved domain
search revealed that an S-adenosylmethionine-
dependent methyltransferase (AdoMet-MTase)
domain is present near the C-terminus of the
amino acid sequence deduced from each of these
genes; this observation may explain why these
genes were previously annotated as encoding
dimethyladenosine transferase, which is a
member of the AdoMet-MTase family. AdoMet-
MTases use S-adenosyl-L-methionine as a sub-
strate, producing S-adenosyl-L-homocysteine
and, at the same time, transferring a methyl
group to a variety of biomolecules including
nucleotides, amino acids, and lipids. S-adenosyl-
L-homocysteine can be broken down to adeno-
sine and L-homocysteine, and the latter can
subsequently be either remethylated to methio-
nine or converted to cysteine (Clarke and Ban-
field 2001). Therefore, in addition to methyl
group transfer, AdoMet-MTases also can play a
role in the conversion of methionine to cysteine.
Although our analysis of the gene sequence
failed to indicate what specific methyl group
transfer reaction(s) the putative phytoplasmal
AdoMet-MTases may catalyze, it would be
worthwhile to investigate possible involvement
of these enzymes in conversion of methionine to

cysteine, since phytoplasmas lack the enzymes
for cysteine biosynthesis, and the conversion
could serve as a source of needed cysteine.

10.5.2.10 Nudix Family Protein
Nudix family proteins (MutT) are diverse
hydrolases with a Nudix motif, GXXXXXEXX
XXXXXREUXEEXGU, where U is isoleucine,
leucine, or valine, and X is any amino acid
(McLennan 2006). Nudix proteins hydrolyze
potentially hazardous materials, eliminate
excess metabolites, and modulate the accumu-
lation of intermediates in biochemical pathways;
they are therefore considered as versatile cellular
housecleaning enzymes (Bessman et al. 1996).
Conceivably, presence of such a housekeeper in
the phytoplasma cell is indispensable, because
phytoplasmas lack many metabolic enzymes that
are capable of pathway-specific degradation of
diverse, potentially deleterious, surplus metab-
olites. The genome of A. laidlawii also possesses
a gene that encodes a Nudix family protein, but
the amino acid sequence of that protein is quite
different from those found in phytoplasmas.

10.5.2.11 Phospholipid Phosphatase
Genes encoding putative membrane-associated
phospholipid phosphatases are present in the
genomes of OYM (PAM005) and PMali
(ATP_00085); both genes were previously
annotated as pgpB (Oshima et al. 2004; Kube
et al. 2008). The amino acid sequences deduced
from these phytoplasma genes each possess a
PAP2-like domain. PAP2 is a super-family of
histidine phosphatases that includes type 2
phosphatidic acid phosphatase, phosphatidyl-
glycerophosphatase B, glucose-6-phosphatase,
and bacterial acid phosphatases (PFAM01569).
Results from a Conserved Domain Database
(CDD) search indicated that the two putative
phytoplasmal phospholipid phosphatases may
belong to the Aur1-like subfamily (cd03386)
within the PAP2 super-family (This study).
The yeast inositol phosphorylceramide (IPC)

10 Phytoplasma Genomes: Evolution Through Mutually Complementary Mechanisms 251



synthase (Aur1p) is the type member of the
Aur1-like subfamily; Aur1p is required for the
addition of inositol phosphate to ceramide, an
essential step in sphingolipid biosynthesis
(Nagiec et al. 1997). Recently, a functional
ortholog of Aur1p was found in Toxoplasma
gondii and was reportedly responsible for de
novo synthesis of sphingolipids in this intracel-
lular apicomplexan parasite (Pratt et al. 2013).
Since IPC is a component of eukaryotic cell
membranes, IPC synthase genes are mostly
found in yeast, plants, and protozoa including
insect vector-borne pathogenic protozoa in the
order of Kinetoplastida (Mina et al. 2009). It
remains to be determined whether the putative
membrane-associated phytoplasmal phospho-
lipid phosphatase genes are functional orthologs
of Aur1p or are, as the original authors anno-
tated (Oshima et al. 2004; Kube et al. 2008),
orthologs of PgpB. Nevertheless, the fact that all
other mollicutes examined lack nucleotide
sequences homologous to the two noted phy-
toplasma genes raises the possibility that some
phytoplasmas acquired these phospholipid
phosphatase genes horizontally during evolu-
tionary adaptation in a lineage-specific manner.
Could they have been horizontally acquired
from an insect-dwelling eukaryote?

10.5.2.12 Phosphatidylserine
Decarboxylase
and Phosphatidylserine
Synthase

As reviewed by Kube et al. (2012), a common
set of genes encoding enzymes for biosynthesis
of essential phospholipids are present in all four
completely sequenced phytoplasma genomes.
These enzymes include PlsX, GpsA, PlsY, PlsC,
and CdsA. The presence of such a gene set
indicates that phytoplasmas may be able to
synthesize CDP-diacylglycerol from acyl phos-
phate and dihydroxyacetone phosphate. Phy-
toplasmas also have genes encoding CDP-
diacylglycerol-glycerol-3-phosphatidyltransfer-
ase (PgsA), enabling the formation of L-1-
phosphatidyl-glycerol. In addition, phytoplas-
mas have genes encoding phosphatidylserine

decarboxylase (Psd) and phosphatidylserine
synthase (PssA), leading to biosynthesis of L-1-
phosphatidylserine (PS) and L-1-phosphatidyl-
ethanolamine (PE), respectively. Notably,
among mollicutes, phytoplasmas are the only
group of organisms whose genomes encode Psd
and PssA. In each of the four sequenced phy-
toplasma chromosomes, psd and pssA genes are
clustered together in a single operon (PAM612,
PAM613; AYWB_120, AYWB_121; PA0626,
PA0627; ATP_00047, ATP_00048) and are
flanked by a gene (pyrG) encoding CTP syn-
thase (PAM611, AYWB_122, PA0628, and
ATP_00049). CTP is required for the immediate
upstream reaction that leads to formation of
CDP-diacylglycerol, the very substrate that
feeds into the PssA reaction. Such a gene
arrangement indicates the conserved nature, and
therefore functional importance, of the gene
cluster in phytoplasmas. Besides membrane
biogenesis, phospholipid biosynthetic pathways
play important roles in the virulence of diverse
pathogens including fungi (Chen et al. 2010) and
bacteria (Conde-Alvarez et al. 2006; Bukata
et al. 2008). Since phosphatidylcholine is a
typical eukaryotic phospholipid and is absent
from most prokaryotes, its presence in the
intracellular Brucella may constitute host mim-
icry (Conde-Alvarez et al. 2006). These obser-
vations raise the intriguing possibility that the
unusually comprehensive phospholipid biosyn-
thesis pathway in phytoplasmas plays a role in
phytoplasma pathogenesis and bring to mind
that OYM and PMali possibly possess an unu-
sual Aur1-like phospholipid phosphatase that is
similar to eukaryotic inositol phosphorylcera-
mide synthase.

10.6 Lineage-Specific Acquisition
and Loss of Metabolic Genes
in the Four Completely
Sequenced Genomes

It seems reasonable to envision that, during their
evolutionary lineage radiation, phytoplasma
species experienced differing patterns of lineage-
specific genome evolution in their adaptations to
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diverse plant and insect hosts. Evolving phy-
toplasma lineages likely were exposed to differ-
ing sources of potentially horizontally acquired
genes, and availabilities of essential nutrients
required by the evolving microbes may also have
differed with their hosts. These presumptions
could explain both lineage-specific acquisition
and lineage-specific loss of metabolic, as well as
other, genes.

10.6.1 Folate Biosynthesis and One-
Carbon Transfer

Among the four completely sequenced phy-
toplasma genomes, only the genome of OYM
encodes a set of four intact enzymes (FolK,
FolP, FolC, and FolA) required for synthesis of
tetrahydrofolate from 6-hydroxymethyl-7,8-di-
hydropterin and 4-aminobenzoate (Fig. 10.7).
The gene encoding FolK is missing in the

genomes of PAus and PMali, and the genes
encoding FolP and FolC are absent in the
sequenced genomes other than that of strain
OYM. Even before multiple whole genome
sequence data became available for compari-
sons, our previous work revealed that genes
encoding FolP and FolK were under ongoing
lineage-specific decay, and we predicted that
lineage-related loss of recognizable folP and
folK homologs in phytoplasma genomes would
eventually occur (Davis et al. 2003, 2005). The
completely sequenced phytoplasma genomes
now provide further evidence that phytoplasmas
are experiencing an ongoing evolutionary pro-
cess of losing the ability to synthesize folate and
consequently must rely on their hosts for folate
repletion.

In view of this observation, the consistent
presence of genes encoding apparently intact
FolA proteins must be explained. The available
genome data suggest that the folA gene is
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Fig. 10.7 Folate biosynthesis and one-carbon pool by
folate pathways in phytoplasmas. Genes encoding
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going lineage-specific decay in the genomes of some

phytoplasmas. Genes encoding enzymes shown in black
are present and intact in the genomes of all four
completely sequenced phytoplasmas
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universally present in all phytoplasma strains
studied thus far. To envision its role in phytopl-
asmas, we note that folate is a precursor of tet-
rahydrofolate and that the latter is an important
carrier of one-carbon groups vital for metabolism
of purines and pyrimidines (therefore of nucleic
acids) as well as amino acids (particularly serine,
glutamic acid, histidine, and methionine).
Through NADPH reduction of folate or dihy-
drofolate, FolA could conceivably transform
imported folate and dihydrofolate, respectively,
to tetrahydrofolate, the acceptor of one-carbon
groups. Tetrahydrofolate could then accept a
methyl group from the breakdown of glycine
through the catalytic activity of glycine hydrox-
ymethyltransferase (GlyA) and accept a methyl
group from the conversion of dTMP to dUMP
through the catalytic activity of thymidylate
synthase (ThyA). In turn, the methylated tetra-
hydrofolate can serve as one-carbon donor, par-
ticipating in nucleotide and amino acid
metabolisms (Fig. 10.7). The genes that encode
GlyA and ThyA are present and intact in all four
sequenced phytoplasma genomes. Therefore, we
hypothesize that, rather than playing a role in
folate biosynthesis, FolA is dedicated to one-
carbon transfer in phytoplasmas. As in the case
of phytoplasmas, the genomes of Ureaplasma
parvum, Mycoplasma crocodyli, M. gallisepti-
cum, and Mycoplasma synoviae also lack the
folate biosynthesis genes folK, folC, or folP, but
each of these mycoplasmas possesses a folA
gene; thus, FolA may perform the same function
in some human- and animal-infecting myco-
plasmas as we propose in phytoplasmas.

10.6.2 Glycolysis

Glycolysis consists of two main phases: The first
phase is the energy investment phase that con-
verts glucose to fructose-1,6-bisphosphate and
then to two 3-carbon units (glyceraldehyde-3-
phosphate); the second phase is the energy har-
vest phase that converts glyceraldehyde-3-
phosphate to pyruvate (Fig. 10.6). The first
phase consumes two moles of ATP for each mol

of glucose, and the second phase gains four mols
of ATP and two mols of NADH from each initial
mol of glucose. While the genomes of OYM,
AYWB, and PAus possess the genes responsible
for both phases of glycolysis, PMali lacks five
genes encoding the enzymes required for the
second phase, i.e., glyceraldehyde-3-phosphate
dehydrogenase (GapA), phosphoglycerate
kinase (Pgk), phosphoglycerate mutase (GpmI),
enolase (Eno), and pyruvate kinase (pykF). The
absence of these genes implies that PMali is
unable to use glycolysis for ATP production
(Kube et al. 2008).

10.6.3 Pentose Phosphate Pathway

OYM, AWYB, and PAus genomes lack genes
encoding enzymes of the Entner–Doudoroff
pathway (or pentose phosphate pathway), except
for those genes that are shared with glycolysis
(pgi, pfkA, and fba). However, the PMali gen-
ome possesses, in addition to pgi, pfkA, and fba,
one of the key pentose phosphate pathway genes
(eda) encoding 2-dehydro-3-deoxyphosphog-
luconatealdolase/4-hydroxy-2-oxoglutarate
aldolase (Eda). Eda could possibly serve two
functions, i.e., to catalyze the conversion
of 4-hydroxy-2-oxoglutarate to pyruvate and
glyoxylate and to catalyze the conversion of
6-phospho-2-dehydro-3-deoxy-D-gluconate to
pyruvate and glyceraldehyde-3-phosphate (Kube
et al. 2012). While both functions could produce
pyruvate independent of glycolysis, it seems
doubtful that such conversions would play a
significant role in an alternative energy-yielding
process in PMali. On the other hand, Eda may
play a role in the phytoplasma’s amino acid
metabolism, since absence of eda impacts argi-
nine and proline metabolism. A recent study
revealed that, in Vibrio cholera, Eda activity
may contribute to pathogenicity: Selective acti-
vation of Entner–Doudoroff pathway genes
including eda leads to concurrent increase in
transcripts of prime virulence genes (ctxA and
tcpA) and their regulator (toxT) (Patra et al.
2012).
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10.6.4 Pyrimidine Metabolism

Cytidine/uridine kinase (Udk): Udk participates
in pyrimidine metabolism and phosphorylates
both uridine and cytidine, using ATP, GTP, or
dGTP as phosphate donor. The gene encoding
Udk is present in the genomes of OYM and
AYWB but is missing in PAus and PMali. As in
the case of other mollicutes (Bizarro and Schuck
2007), phytoplasmas lack a gene set essential for
de novo synthesis of pyrimidine bases. As out-
lined by Kube et al. (2012), phytoplasmas may
use imported uridine and cytidine as the entry
point for the synthesis of UTP/dTTP and CTP/
dCTP, respectively, building blocks for DNA
and RNA. Since Udk is required for converting
uridine to UMP, and cytidine to CMP, the lack
of Udk in PAus and PMali indicates that PAus
and PMali may have to import UMP and CMP
from host cells. While CMP may also be avail-
able as a by-product from phospholipid metab-
olism (Kube et al. 2012), the limited source
seems unlikely to be sufficient to support the
needs of DNA and RNA biosynthesis.

10.6.5 Amino Acid Metabolism

Phytoplasmas lack most of the genes encoding
enzymes required for amino acid biosynthesis
and metabolism, while a few of the genes are
present in a lineage-specific manner.

Asparagine synthase (AsnB): AsnB catalyzes
the ATP-dependent conversion of aspartic acid
to asparagine, using either glutamine or ammo-
nia as the nitrogen source. Among the four
completely sequenced phytoplasma genomes,
only OYM has a full-length asnB gene
(PAM594). In AYWB, the asnB gene
(AYWB_130) has decayed substantially, and
only a partial C-terminal AsnB domain remains
recognizable. PAus and PMali lack the gene
entirely. It is worth noting that mycoplasmas
also lack the asnB gene and, consequently, need
to import both aspartic acid and asparagine

among other amino acids from their environ-
ment or host cells (Razin et al. 1998). Presence
of a full-length asnB gene in the genome of
OYM indicates that this phytoplasma may be
able to synthesize asparagine from aspartic acid
and an available nitrogen source.

S-adenosylmethionine synthetase (MetK) and
C-5 cytosine-specific DNA methylase (C5
Mtase): While MetK catalyzes the formation of
S-adenosylmethionine (AdoMet) from methio-
nine and ATP, C5 Mtase methylates the C-5
carbon of cytosines in DNA, using AdoMet as
the methyl donor. Although both enzymes are
considered key components of cysteine and
methionine metabolism, they impact multiple
metabolic pathways. The product of the MetK
reaction, AdoMet, is the primary alkylating agent
in various organisms (Lu and Markham 2002).
With a myriad of AdoMet-dependent methyl-
transferases, the methyl group of AdoMet can be
transferred to a multitude of biological targets in
the cell (Klimasauskas and Weinhold 2007).
DNA methylation mediated by C5 Mtase is one
of the key epigenetic mechanisms controlling
gene expression, as DNA methylation can switch
off genes. Among the four sequenced phytopl-
asma genomes, the metK gene is present only in
the genome of PMali and the gene encoding C5
Mtase is present only in the genome of PAus.

Acetylornithine deacetylase (ArgE): ArgE is
a zinc-dependent hydrolase that catalyzes the
deacylation of N2-acetyl-L-ornithine, yielding
ornithine and acetate. In E. coli, ornithine is an
obligatory intermediate in the arginine biosyn-
thetic pathway and a branch point in the syn-
thesis of polyamines (Javid-Majd and Blanchard
2000). The argE gene is present in OYM and
AYWB, but absent in PAus and PMali. It is
doubtful that argE actually participates in argi-
nine biosynthesis in OYM and AYWB, since
none of the three genes (argF/I, argG, and
argH), encoding enzymes necessary for the
downstream conversion of ornithine to arginine
(Caldara et al. 2008), is present in any of the
four phytoplasma genomes.
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10.6.6 Protein Turnover

Leucyl aminopeptidase (PepA): The gene
encoding a putative leucyl aminopeptidase is
present in the genomes of PAus and PMali, but
absent in the genomes of OYM and AYWB. By
preferentially catalyzing the hydrolysis of leu-
cine residues at the N-terminus of substrate
proteins, leucyl aminopeptidases play an impor-
tant role in protein turnover and cellular stress
responses in diverse organisms (Boulila-Zogh-
lami et al. 2011; Cappiello et al. 2004). It has
long been recognized that peptidase activities of
various pathogens are correlated with their vir-
ulence; peptidases thus are potential molecular
targets for therapeutic drugs (Pinna et al. 1991;
Carroll et al. 2012). It would be interesting to
learn what functional role PepA may have in
PAus and PMali, and whether the gene or gene
product can be targeted for mitigating grapevine
yellows and apple proliferation diseases.

10.6.7 Sugar Metabolism

Sucrose phosphorylase (glucosyltransferase-A,
GtfA): As discussed in a previous section
(10.5.2), sucrose phosphorylase converts sucrose
to D-fructose and a-D-glucose-1-phosphate and
thus may provide a means for some phytoplas-
mas to obtain sugar phosphate. The gtfA gene is
present in OYM and PAus, but absent in AYWB
and PMali.

10.6.8 Glycerolipid
and Glycerophospholipid
Metabolism

1,2-Diacylglycerol 3-glucosyltransferase
(RfaG): RfaG is a cell surface membrane-asso-
ciated enzyme that participates in glycerolipid
synthesis. In Bacillus subtilis, RfaG is able to
successively transfer up to four glucose residues
to 1,2-diacylglycerol (1,2-DAG, Jorasch et al.
1998). In A. laidlawii, RfaG catalyzes the syn-
thesis of the major non-bilayer-prone lipid

alpha-monoglucosyl DAG from 1,2-DAG (Li
et al. 2003). Since RfaG plays a major role in
determining the core structure of lipopolysac-
charides and therefore cell surface properties, it
would not be surprising if RfaG plays an
important role in phytoplasma–host interactions.
The rfaG gene is present in OYM and PMali, but
not in the AYWB and PAus genomes.

Dimethyladenosine transferase (KsgA):
Genes encoding phytoplasma-unique KsgA
proteins are present in the genomes of OYM,
AYWB, and PMali, but absent in the PAus
genome. The possible role of this gene in methyl
group transfer as well as in methionine/cysteine
interconversion was discussed in a previous
section (10.5.2) of this chapter.

10.6.9 Other Lineage-Specific Genes

A gene encoding riboflavin kinase (RibF) is
present in PAus and is absent from the other
three sequenced phytoplasma genomes. As in
other prokaryotes, the protein encoded by the
PAus ribF gene has two functional domains, an
N-terminus FMN adenylyltransferase domain
and a C-terminus riboflavin kinase domain. The
riboflavin kinase domain catalyzes the phos-
phorylation of riboflavin, giving rise to FM; and
the FMN adenylyltransferase domain catalyzes
the adenylylation of FMN, generating FAD
(Frago et al. 2008). FMN is a strong oxidizing
agent; it can take part in both one- and two-
electron transfers, while itself being reduced to
FMNH and FMNH2, respectively. Similarly,
FAD can exist in two different redox states, FAD
and FADH2, as a result of accepting or donating
electrons. Both FMN and FAD are important
cofactors in numerous redox reactions. As phy-
toplasmas lack a canonical NH3/glutamine-
dependent NAD synthetase and other enzymes
required for NAD+ biosynthesis (see
Sect. 10.7.5), we wonder whether the presence
of the bi-functional riboflavin kinase gene in the
PAus genome may provide alternative electron
carriers for at least some of the redox reactions
in ‘Ca. Phytoplasma australiense.’
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A gene encoding pyridoxal kinase (PdxK), an
enzyme involved in pyridoxal phosphate syn-
thesis, is present in the OYM genome, but not in
the other three completely sequenced genomes.
Commonly known as vitamin B6, the product of
the pyridoxal kinase reaction, pyridoxal 50-
phosphate, is a cofactor for various enzymes
involved in transamination, decarboxylation,
deamination, and racemization reactions of
amino acids. Since phytoplasmas lack most of
the genes encoding enzymes responsible for
amino acid biosynthesis and metabolism, the
demand for pyridoxal cofactor might be low;
consequently, the pyridoxal kinase gene may
have become dispensable in phytoplasmas. If it
is true, gradual decay and eventual loss of the
pdxK gene in OYM may occur as predicated for
other lineage-specific gene loss in phytoplasmas
(Davis et al. 2005).

A gene annotated as encoding putative endo-
1,4-beta-glucanase (YsdC or FrvX) is present in
the genomes of OYM and AYWB, but absent in
the genomes of PAus and PMali. Endo-1,4-beta-
glucanase, also termed cellulase, catalyzes en-
dohydrolysis of 1-4-b-D-glucosidic linkages in
cellulose, lichenin, and cereal b-D-glucans,
yielding oligosaccharides. In many plant patho-
genic fungi and bacteria, endo-1,4-beta-glucan-
ase is a secreted protein that acts on host
components and contributes to virulence of the
respective pathogens (Pérez-Donoso et al. 2010;
Van Vu et al. 2012). It is worth noting that,
unlike the above-mentioned fungal and bacterial
endo-1,4-beta-glucanases, the putative OYM
and AYWB endo-1,4-beta-glucanases do not
have an N-terminal signal peptide nor a trans-
membrane domain, indicating that the enzymes
are most likely to stay in the cytosol of phy-
toplasmal cells. Such an intracellular location of
the phytoplasmal endo-1,4-beta-glucanases casts
doubt on their direct involvement in pathogen–
host interactions. Based on the structural motifs
in their amino acid sequences, the putative OYM
and AYWB endo-1,4-beta-glucanases are
members of the M42 family of glucanase/pep-
tidase; therefore, they could also have peptidase
activities. Functional analyses will be required
to determine the actual catalytic activities

and biological functions of the phytoplasmal
glucanases.

Cobalt, a transition metal, is an essential
nutrient for bacteria; it plays crucial roles in
cobalt-dependent enzymes such as methionine
aminopeptidase and certain metallo-beta-lacta-
mases (Kobayashi and Shimizu 1999). Since in
natural environments, soluble cobalt exists only
in trace amounts, the synthesis of metalloen-
zymes requires high-affinity uptake of the metal
ions. Structural and functional genomic analyses
have revealed that there exist different groups of
ABC-type cobalt transporters (Rodionov et al.
2006). While all four completely sequenced
phytoplasma genomes harbor genes encoding an
ABC-type cobalt transport system (including a
permease subunit and an ATP-binding subunit),
the PAus and AYWB genomes encode an
additional permease component (PA0139 and
AYWB_015, respectively) that is absent in the
OYM and PMali genomes and is unmatched by
permease components of all other mollicutes
studied thus far. The genome of Spiroplasma
kunkelii, another phloem-inhabiting cell wall-
less bacterium, also possesses genes encoding an
ABC-type cobalt transporter system (Zhao et al.
2004). Interestingly, neither the S. kunkelii nor
the phytoplasmal cobalt transporters contain an
extracytoplasmic solute-binding protein.

10.7 Missing Genes Essential
to a Minimal Genome
of a Free-Living Bacterium

Over more than four decades, numerous efforts
have been devoted to isolation of phytoplasmas
in axenic culture. Several papers have claimed
success, but attempts at independent confirma-
tion have not substantiated the claims, and in
some cases, the data provided were unconvincing
and/or critical information was withheld (Cont-
aldo et al. 2012; Ghosh et al. 1971; Hampton
et al. 1969; Lin et al. 1970; Lombardo and Pig-
nattelli 1970). Without doubt, cultivation of
phytoplasmas in cell-free medium remains a for-
midable challenge. The availability of complete
genome sequence data from four phytoplasma
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strains promises new insights and raises renewed
hope that it will become possible to formulate
phytoplasma culture media through a genomics-
guided approach. We envision that the fastidious
growth requirements of phytoplasmas demand
not only proper nutrient composition but also a
well-defined physical environment, including a
favorably poised redox potential, and congenial
pH and osmotic pressure conditions. We believe
that the conditions required for phytoplasma
survival/viability and growth/multiplication are
governed by metabolic capability, cross-mem-
brane trafficking activity, and other biochemical
capacities, all of which may be inferred from
information accessible in the phytoplasma gen-
ome sequence data.

To decipher such information, we formulated
and executed queries to identify essential genes
that are missing in phytoplasmas compared with
those present in M. genitalium, a model wall-less
bacterium thought to have the minimum gene
complement among known cellular organism
(Fraser et al. 1995). M. genitalium is culturable
in vitro. Our differential analysis identified 100
protein-encoding genes that are present in M.
genitalium, but are absent in phytoplasmas. Since
previous global transposon mutagenesis studies
demonstrated that, of the total 482 protein-
encoding genes in the in M. genitalium genome,
100 were non-essential (Glass et al. 2006), we
eliminated 37 non-essential genes from the
phytoplasma ‘missing gene’ list that were iden-
tified from our initial differential analysis. The
resulting 63 genes are considered as essential
genes that are missing in phytoplasma genomes
(Table 10.2) and, therefore, may be implicated in
phytoplasmas’ losing capabilities that would
otherwise make possible their axenic cultivation.

10.7.1 Carbohydrate Intake
and Metabolism, and Energy
Generation

Phytoplasma genome data revealed that phy-
toplasmas do not possess any genes encoding
enzymes involved in aerobic metabolism of

carbohydrates, indicating that glycolysis is the
main route for sugar metabolism and energy
generation. Phytoplasmas lack genes encoding
subunits of the F1F0-ATP synthase complex
(atpA, atpB, atpC, atpD,atpE, atpF, atpG, and
atpH) (Oshima et al. 2004). In other bacteria, the
F1F0-ATP synthase complex catalyzes ATP
synthesis from ADP and phosphate driven by a
cross-membrane proton gradient. The F1F0-ATP
synthase complex can also hydrolyze ATP and
generate a proton electrochemical gradient in the
opposite direction for locomotion, nutrient
uptake, and other functions. Prior to the com-
pletion of the first phytoplasma genome
sequencing, the F1F0-ATP synthase complex had
been found in the genomes of all previously
sequenced bacteria, including mollicutes; there-
fore, it was believed indispensable to cellular
life. Lack, in phytoplasmas, of the genes
encoding components of ATP synthase complex
implied that alternative ATP synthesis and
energy-coupling mechanisms must exist in
phytoplasmas (Oshima et al. 2004). In addition,
our analysis revealed that the gene (nox)
encoding NADH oxidase (NADH dehydroge-
nase), which transfers electrons along a chain of
acceptors and releases energy for ATP formation
is also absent in phytoplasmas.

Furthermore, genes encoding components of
PTS, the phosphoenolpyruvate-dependent sugar
phosphotransferase system (PtsG, PtsH, and PtsI)
are absent in the genomes of all four phytoplas-
mas. PTS is a distinct sugar uptake system
essential to free-living bacteria. It utilizes energy
stored in phosphoenolpyruvate (PEP), powering
cross-membrane transport of glucose, mannose,
fructose, cellobiose, and other sugar molecules.
The lack of PTS in phytoplasmas indicates the
presence of other, as yet unidentified, transmem-
brane system(s) responsible for transport of sugars
into the metabolizing phytoplasma cells. Given
that genes encoding ABC-type sugar transporter
systems, for example malEGFK and ugpBEAC,
are present in all four sequenced phytoplasmas
(Kube et al. 2012), conceivably, some sugars
could be imported through ABC-type sugar
transporters. In addition, sugars could possibly be
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transported into phytoplasma cells through cation
symporter(s) or by other membrane channels in
the form of complexes with other classes of
compounds. Deciphering possible substrate
specificities of the presumed phytoplasmal sugar
transporters from their respective gene sequences
would be an important step toward determining
proper type and form of sugar(s) to be included in
prospective culture media.

Selection of appropriate carbon source(s) is
particularly crucial, since phytoplasmas also
lack genes encoding various enzymes required
for the pentose phosphate pathway (deoxyri-
bose-phosphate aldolase and ribose-5-phosphate
isomerase), for pentose and glucuronate inter-
conversions (UTP–glucose-1-phosphate uridyl-
yltransferase), for galactose metabolism (UDP-
glucose 4-epimerase), for fructose and mannose
metabolism (phosphomannomutase), and for
pyruvate metabolism (phosphotransacetylase).
Lack of these genes further indicates that phy-
toplasmas have a relatively limited resource for
energy generation.

Since all four completely sequenced phy-
toplasma genomes contain genes that encode a
malate-sodium symporter, malate could be an
alternative carbon source for phytoplasmas. The
genes that encode enzymes necessary for con-
verting malate to pyruvate (phosphate acetyl-
transferase), and then pyruvate to acetyl CoA
(pyruvate dehydrogenase multienzyme com-
plex), are present in phytoplasmas. However, a
gene encoding phosphotransacetylase, the
enzyme that catalyzes the conversion of acetyl
CoA to acetyl-phosphate, is absent in all known
phytoplasmas (Table 10.2). Unless their gen-
omes encode an alternative enzyme (for example
phosphotransacetylase, as suggested by Kube
et al. 2012), phytoplasmas may not be capable of
utilizing the energy carried in acetyl CoA to
produce ATP.

10.7.2 Nucleotide Metabolism

Among genes essential in the smallest known
free-living bacterium M. genitalium and close

relatives Acholeplasma spp., but absent in the
completely sequenced phytoplasma genomes,
are those encoding seven key enzymes involved
in the metabolism of nucleotides (adenine
phosphoribosyltransferase, hypoxanthine-guan-
ine phosphoribosyltransferase, ribose-phosphate
pyrophosphokinase, uracil phosphoribosyltrans-
ferase, purine-nucleoside phosphorylase, thiore-
doxin reductase, and ribonucleotide reductase
stimulatory protein). The lack of genes encoding
these enzymes negatively impacts pathways of
both de novo and salvage biosynthesis of purine
and pyrimidine nucleotides. Apparently, phy-
toplasmas must import certain nucleotides
among other nutrients and preformed metabolic
substrates, an observation encouraging inclusion
of various nucleotides in media formulated for
attempts at axenic culture of phytoplasmas.

10.7.3 Lipid Metabolism and Cell
Membrane Genesis

As noted previously, each of the four completely
sequenced phytoplasma genomes possesses a
gene annotated as encoding CDP-diglyceride
synthetase or phosphatidate cytidylyltransferase
(CdsA) (PAM169, AYWB_550, PA0515, and
ATP_00236) (Kube et al. 2012). CdsA is crucial
to lipid biosynthesis: by catalyzing the activation
of phosphatidic acid, CdsA reaction yields CDP-
diglyceride, the phosphatidyl moiety donor for
biosynthesis of various phospholipids (Sparrow
and Raetz 1985). It is interesting to note that, in
the present study, a CDD search using the amino
acid sequences of the four presumed phytoplas-
mal CdsA as queries revealed that the phytopl-
asmal CdsA proteins contain only a partial CdsA
domain at the C-terminus. Furthermore, none of
the four presumed phytoplasmal CdsA proteins
bears significant sequence homology to the
CdsA protein of M. genitalium (MG437).
Therefore, with the search criteria adopted in the
current study, our differential analysis indicated
that phytoplasmas ‘lack’ a cdsA gene that is
essential to a free-living bacterium. Thus far,
whether or not phytoplasmas have a functional
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Table 10.2 Genes essential to the minimal gene complement of a free-living bacterium, Mycoplasma genitalium, but
absent in the genomes of phytoplasmasa

CDS Begin End Strand Gene Product

MG013 14,396 15,316 – folD Methylenetetrahydrofolate dehydrogenase/
cyclohydrolase (FolD)

MG028 30,547 31,152 + Conserved hypothetical protein

MG030 31,704 32,324 – upp Uracil phosphoribosyltransferase (UPP)

MG038 44,751 46,277 – glpK Glycerol kinase (GlpK)

MG041 49,377 49,643 + ptsH Phosphocarrier protein HPr (PtsH), a component of the
PTS

MG049 58,117 59,079 + deoD Purine-nucleoside phosphorylase (DeoD)

MG050 59,083 59,754 + Deoxyribose-phosphate aldolase

MG053 61,407 63,059 + manB Phosphomannomutase (ManB)

MG057 65,713 66,249 – Conserved hypothetical protein

MG058 66,228 67,121 – prs Ribose-phosphate pyrophosphokinase (PRS)

MG069 88,228 90,954 + ptsG PTS system, glucose-specific IIABC component (PtsG)

MG086 112,718 113,866 + lgt Prolipoprotein diacylglyceryl transferase (LGT)

MG099 125,852 127,285 + gatA Aspartyl/glutamyl-tRNA amidotransferase subunit A

MG100 127,278 128,711 + gatB Aspartyl/glutamyl-tRNA amidotransferase subunit B

MG102 129,347 130,294 + trxB NADPH-dependent thioredoxin reductase (TrxB)

MG106 134,146 134,826 – def Polypeptide deformylase (DEF)

MG118 143,935 144,957 + galE UDP-glucose 4-epimerase (GalE)

MG120 146,673 148,235 + Conserved hypothetical protein

MG128 155,443 156,222 + ppnK Inorganic polyphosphate/ATP-NAD kinase (conserved
hypothetical protein)

MG135 160,071 160,913 – Conserved hypothetical protein (putative transmembrane
protein)

MG221 266,626 267,090 + Conserved hypothetical protein (MraZ cell division
protein)

MG224 269,249 270,358 + ftsZ Cell division protein (FtsZ)

MG230 276,166 27,627 + nrdI Ribonucleotide reductase stimulatory protein, NADPH-
dependent FMN reductase)

MG241 286,884 288,746 + Conserved hypothetical protein (with multiple
transmemberance domians)

MG242 288,752 290,644 + Conserved hypothetical protein (with multiple
transmemberance domians)

MG259 309,008 310,378 + Conserved hypothetical protein

MG265 321,576 322,412 – Conserved hypothetical protein

MG267 324,810 325,157 – Conserved hypothetical protein (with multiple
transmemberance domians)

MG276 334,855 335,397 – Adenine phosphoribosyltransferase

MG299 368,732 369,694 – pta Phosphotransacetylase (PTA)

MG306 376,793 377,974 – Conserved hypothetical protein

MG319 398,297 398,833 – Conserved hypothetical protein (Multi-pass membrane
protein)

MG322 403,722 405,398 – Cation transporter, putative

MG323 405,455 406,138 + Conserved hypothetical protein

MG332 415,610 416,329 – Conserved hypothetical protein

MG342 438,730 439,236 – Conserved hypothetical protein
(continued)
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cdsA gene remains an open question. If they do
not, phytoplasmas will need to import from host
cells activated phosphatidic acid, i.e., CDP-
diglyceride, for phospholipid biosynthesis.

Phytoplasmas also lack a gene encoding
glycerol kinase (GlpK) that provides glycerol-3-
phosphate for phospholipid synthesis. Without
GlpK, phytoplasma cells will need either to
draw glycerol-3-phoshphate from glycolysis or
to import it from host cells.

Also missing in phytoplasma genomes is the
gene encoding prolipoprotein diacylglyceryl
transferase (LGT). LGTs are integral membrane
proteins that catalyze transfer of the n-acyl
diglyceride group onto proteins that then
become anchored in the phytoplasma membrane.
In diverse bacteria, LGT is required for mem-
brane genesis, for membrane transport activity,
and for normal growth (Pailler et al. 2012;
Chimalapati et al. 2012). Lack of LGT in

Table 10.2 (continued)

CDS Begin End Strand Gene Product

MG347 444,413 445,045 + Conserved hypothetical protein

MG356 453,911 454,753 – Conserved hypothetical protein

MG364 461,015 461,689 + Conserved hypothetical protein

MG365 461,682 462,617 + fmt Methionyl-tRNA formyltransferase (FMT)

MG374 472,067 472,891 – Conserved hypothetical protein

MG383 481,329 482,075 – NH(3)-dependent NAD + synthetase, putative

MG384.1 483,369 483,818 – Conserved hypothetical protein

MG389 491,147 491,530 – Conserved hypothetical protein (with single
transmembrane domain)

MG396 500,261 500,719 – Ribose-5-phosphate isomerase, putative

MG398 502,422 502,823 – atpC ATP synthase F1, subunit epsilon (AtpC)

MG399 502,828 504,258 – atpD ATP synthase F1, subunit beta (AtpD)

MG400 504,260 505,099 – atpG ATP synthase F1, subunit gamma (AtpG)

MG401 505,099 506,655 – atpA ATP synthase F1, subunit alpha (AtpA)

MG402 506,671 507,201 – atpH ATP synthase F1, subunit delta (AtpH)

MG403 507,194 507,820 – atpF ATP synthase subunit B (AtpF)

MG404 507,823 508,131 – atpE ATP synthase subunit C (AtpE)

MG405 508,134 509,012 – atpB ATP synthase subunit A (AtpB)

MG408 510,903 511,376 + pmsR Peptide methionine sulfoxide reductase (PmsR)

MG427 533,270 533,695 + Conserved hypothetical protein (Predicted redox protein)

MG429 534,318 536,036 – ptsI Phosphoenolpyruvate-protein phosphotransferase (PtsI)

MG432 538,350 539,546 – Conserved hypothetical protein

MG437 541,860 542,984 + cdsA Putative phosphatidate cytidylyltransferase, CDP-
diglyceride synthetase)

MG448 552,445 552,897 – msrB Conserved hypothetical protein

MG453 556,435 557,313 + gtaB UTP–glucose-1-phosphate uridylyltransferase (GtaB)

MG456 558,937 559,941 – Conserved hypothetical protein (with multiple
transmembrane domains)

MG458 562,780 563,307 – hpt Hypoxanthine-guanine phosphoribosyltransferase (Hpt)

MG464 568,397 569,554 – Conserved hypothetical protein (Multi-pass membrane
protein)

a Gene names and their products are based on previously published genome annotations (Fraser et al. 1995)
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phytoplasma genomes will conceivably impact
membrane genesis and homeostasis of phytopl-
asma cells.

10.7.4 One-Carbon Transfer Reactions

As noted above, one-carbon transfer reactions
are important for nucleotide and amino acid
metabolism, and therefore DNA synthesis, cell
division, growth, and survival. In light of the
universal presence of folA, glyA, and thyA genes
and the absence or lineage-specific loss of other
folate biosynthesis genes in phytoplasma gen-
omes, we hypothesized that folate is likely to be
imported into phytoplasma cells (Davis et al.
2003, 2005) and fed into one-carbon pools
(Sect. 10.6.1 of this chapter), providing one-
carbon units for nucleotide and amino acid
metabolism. It appears that, compared with
M. genitalium and Acholeplasma spp., phytopl-
asmas lack a full set of enzymes involved in one-
carbon transfer reactions. Among the missing
genes are those encoding methylenetetrahydrof-
olate dehydrogenase/methylenetetrahydrofolate
cyclohydrolase (FolD) and methionyl-tRNA
formyltransferase (Fmt). FolD is a bifunctional
enzyme that catalyzes sequentially (and revers-
ibly) the oxidation of N5,N10-methylenetetrahy-
drofolate to N5,N10-methenyltetrahydrofolate
and the hydrolysis of N5,N10-methenyltetrahy-
drofolate to N10-formyltetrahydrofolate (Shen
et al. 1999; Eadsforth et al. 2012). These two
functions permit N5,N10-methylenetetrahydrofo-
late to supply one-carbon units for the synthesis
of carbons 2 and 8 of purines and the formyl
group of N-formylmethionyl-tRNA(f). Lack of
FolD would significantly limit the utilization of
N5,N10-methylene-tetrahydrofolate, other than in
synthesis of thymidylate and methionine. Fmt
catalyzes the reversible addition of a formyl
group to the free amino group of the aminoacyl
moiety of methionyl-tRNA(fMet). Therefore, the
absence of Fmt also would be expected to impact
the formation of N10-formyltetrahydrofolate, as
well as impacting modification of methionyl-
tRNA and in consequence affecting efficiency of

protein synthesis, among other functions, if not
compensated in some other way. These obser-
vations lead us to suggest that phytoplasmas
likely need to import N10-formyltetrahydrofolate
from host cells and that this metabolite probably
should be a component of culture media if axenic
culture is attempted.

10.7.5 Phytoplasma Genomes
and Redox Homeostasis

Most interestingly, among the genes missing
from phytoplasma genomes are those encoding
NH3/glutamine-dependent NAD+ synthetase
(NADS), inorganic polyphosphate /ATP-NAD
kinase (PPNK), and thioredoxin reductase
(TrxB). These enzymes are essential for bio-
synthesis of nicotinamide adenine dinucleotide
and nicotinamide adenine dinucleotide phos-
phate, and for redox regulation.

Nicotinamide adenine dinucleotide is a coen-
zyme that is found in all living cells heretofore
studied for this feature. The coenzyme exists in
two forms: the oxidized form NAD+ and the
reduced form NADH. NAD+ can accept electrons
from other molecules and become reduced; on the
other hand, NADH can donate electrons to other
molecules and become oxidized. Transferring
electrons from one metabolite to another, the
coenzyme participates in numerous metabolic
redox reactions (Belenky et al. 2007; Pollak et al.
2007). Additionally, some NAD+ is converted
into the coenzyme nicotinamide adenine dinu-
cleotide phosphate (NADP+); the electron-trans-
fer function of this latter coenzyme is similar to
that of NAD+. The ratios NAD+/NADH and
NADP+/NADPH are vital factors in maintaining
cellular redox homeostasis in diverse organisms,
and the apparent absence of genes encoding
enzymes required for their synthesis has serious
implications.

NAD synthetase, catalyzing a two-step reac-
tion that transforms deamido-NAD into NAD, is
an essential enzyme involved in both the de
novo biosynthesis and salvage of NAD+ (Bi
et al. 2011; Magni et al. 2009). Phytoplasma
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genomes lack a gene encoding a canonical NH3/
glutamine-dependent NAD synthetase such as is
present in all known bacteria with walls and in
cell wall-less bacteria including mycoplasmas
and spiroplasmas. Instead, each of the four
completely sequenced phytoplasma genomes
contains an ORF that has been annotated by
others as NAD synthetase, because the C-ter-
minus portion of the amino acid sequence
deduced from the ORFs shared weak homology
with that of canonical NH3/glutamine-dependent
NAD synthetase. Whether such annotated phy-
toplasmal NAD+ synthetase gene actually
encodes a bona fide NAD synthetase remains
unknown, but if it does, phytoplasmas may
nevertheless need to import deamido-NAD,
substrate of the presumed NAD synthetase, since
other enzymes required for NAD+ biosynthesis,
such as nicotinate nucleotide adenylyltransferase
(NadD) and nicotinate phosphoribosyltransfer-
ase protein (PncB), are also absent in phytopl-
asma genomes.

In both E. coli and B. subtilis, ATP-NAD
kinase is an allosteric enzyme (Garavaglia et al.
2003). The enzyme catalyzes the phosphoryla-
tion of NAD to NADP, using ATP and other
nucleoside triphosphates as well as inorganic
polyphosphate as source of phosphorus. ATP-
NAD kinase activity appears tightly coupled to
NADPH/NADP+ and NADH/NAD+ ratios in the
cells and therefore plays an important role in
the regulation of NADP turnover and the size of
the NADP pool (Kawai and Murata 2008). Since
phytoplasmas lack ATP-NAD kinase, in addi-
tion to affecting the overall redox homeostasis,
all redox reactions that require NADPH or
NADP+ as the cofactor could be impacted by the
lack of this kinase.

Thioredoxin is a ubiquitous redox protein
supposedly present in all eukaryotic and pro-
karyotic cells (Buchanan et al. 2012). It also
exists in two forms: the oxidized form (Trx-S2)
and the reduced form [Trx(SH)2]. Trx-S2 con-
tains a disulfide bridge that can be reduced by
NADPH with thioredoxin reductase; Trx(SH)2
is a powerful hydrogen/electron donor that
reduces the disulfide in various substrate pro-
teins. In addition to its function in nucleotide

metabolism and DNA synthesis, thioredoxin
plays an important role in redox signaling, cell
defense against oxidative stress, and mainte-
nance of redox homeostasis (Meyer et al. 2009;
Hanschmann et al. 2013). Each of the four
completely sequenced phytoplasmas has a gene
encoding thioredoxin (trxA); however, none of
the phytoplasmas has a gene encoding thiore-
doxin reductase. Since both thioredoxin reduc-
tase and NADPH are required to maintain the
reducing potential of thioredoxin, the lack of
both a thioredoxin reductase gene and an ATP-
NAD kinase gene (and therefore NADPH) in the
genomes of phytoplasmas raises a question as to
how oxidized thioredoxin is being reduced in
phytoplasma cells, and ultimately, how redox
homeostasis is achieved in phytoplasma cells.
This question is particularly intriguing, because
phytoplasma genomes also lack genes encoding
glutaredoxin and glutathione reductase. Con-
ceivably, oxidized thioredoxin molecules in
phytoplasma cells would have to be exported to
host cells, where they become reduced by host
thioredoxin reductase and NADPH; the
‘recharged’ thioredoxin molecules would then
be shuttled back into phytoplasma cells. As yet
undetermined, specific ABC-type transporters or
redox-sensitive channels of large conductance
may provide phytoplasma cells with such a
conduit for exchange of oxidized and reduced
thioredoxins. These hypotheses suggest that a
condition required for in vitro culture of phy-
toplasmas would be one that will allow extra-
cellular reduction of phytoplasmal thioredoxin.

10.8 Potential Virulence Factors

Plants infected by phytoplasmas often exhibit
symptoms such as general stunting, excessive
shoot proliferation, witches’ broom growth, rapid
senescence, and abnormal floral development
(Davis and Lee 1982, Lee et al. 2000). Such
growth and developmental abnormalities are
suggestive of profound perturbations in plant
hormone balance. Phytoplasmal infection also
causes impaired amino acid and carbohydrate
translocation, and inhibited photosynthesis
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(Lepka et al. 1999; Bertamini et al. 2002a, b;
Curković-Perica et al. 2007). Studies have
revealed that phytoplasma infection suppresses
auxin signaling and biosynthesis (Hoshi et al.
2009). A recent study also revealed that potato
purple top phytoplasma infection disrupts gib-
berellin homeostasis in host plants, possibly
caused by desensitizing GA biosynthesis negative
feedback regulation (Ding et al. 2013). Studies
also showed that alterations in expression patterns
of floral organ identity genes are associated with
phytoplasma-induced floral deformations (Pra-
cros et al. 2006; Himeno et al. 2011; Su et al. 2011;
Cettul and Firrao 2011). Since mutually distinct
phytoplasmas often induce similar symptoms in
their host plants, distinctly different phytoplasmas
may trigger indistinguishable host responses, a
phenomenon consistent with the hypothesis of
‘a common ancestral origin of phytoplasma
pathogenicity genes and a limited repertoire of
plant responses to phytoplasma pathogen signals’
(Davis and Sinclair 1998).

As with other bacterial pathogens, to cause
disease in plants, a phytoplasma must produce an
array of effector molecules or virulence factors to
evade host immune response, establish itself
within the host, and enhance its potential to
survival by altering the physiology of the host.
Among bacterial effector molecules are surface-
localized proteins that mediate bacterial attach-
ment, and secreted small proteins that are trans-
located into host cells. Several research groups
have devoted efforts to identification of phy-
toplasma genes encoding cell surface proteins
and secreted proteins, and to functional charac-
terization of such proteins, as noted below.

10.8.1 Tengu

Through transgenic technology, an OYM phy-
toplasma secretory protein was found to be able to
move from phloem to other plant tissues and to
induce phenotypes resembling disease symptoms
(Hoshi et al. 2009). Termed as Tengu, this small
OYM secretory protein has a molecular weight of

4.5 kDa and is encoded by a gene located outside
of the SVM regions. When expressed in Arabid-
opsis thaliana plants via Agrobacterium-mediated
transformation, Tengu induced witches’ broom
and dwarf phenotypes on transgenic lines.
Immunohistochemical assays revealed that, in
OYM phytoplasma-infected plant, while phy-
toplasma cells were restricted within the phloem
sieve elements, Tengu was able to move to
parenchyma cells and undifferentiated meristem
cells. Tengu was also detected in the tip region of
the stem and the branching region of axillary
buds, as well as in the apical meristem. The
expression level of the OYM phytoplasma tengu
gene was higher in the plant host than in the insect
host (Hoshi et al. 2009).

10.8.2 SAP11

A secreted protein of AYWB phytoplasma was
reported to modulate plant developmental pro-
cesses and induce morphological alterations in
phenotypes of host plants (Bai et al. 2009).
Designated as SAP11, this protein contains an
eukaryotic bipartite nuclear localization signal
and accumulates in nuclei of host cells (Bai et al.
2009). In the AYWB chromosome, the gene
encoding SAP11 lies within a potential mobile
unit (PMU)-like region (Bai et al. 2009), one of
the chromosomal SVM regions with clustered
prophage-derived sequences (Wei et al. 2008a).
SAP11 interacts and destabilizes class II CIN-
CINNATS (CIN)-related TCP transcription fac-
tors, leading to down-regulation of the host
lipoxygenase 2 (LOX2) gene and reduced jas-
monic acid production, therefore impairing plant
defense responses (Sugio et al. 2011). Trans-
genic expression of SAP11 in A. thaliana
induced a bushy phenotype with severely crin-
kled leaves. Insect vectors (Macrosteles quadr-
iline) allowed to feed upon SAP11 transgenic A.
thaliana lines tended to produce more progeny
(Sugio et al. 2011), indicating that SAP11 may
be beneficial to the vector and, conceivably,
transmission of the phytoplasma, in addition to
weakening the host plant defense system.

264 Y. Zhao et al.



10.8.3 SAP54

Among secreted proteins encoded by the AYWB
phytoplasma chromosome, one induced severe
alteration in flower morphology (Maclean et al.
2011). This AYWB protein, designated as
SAP54, is also encoded by a gene located in one
of the SVM regions. Transgenic Arabidopsis
lines expressing the SAP54 gene exhibited leaf-
like sepals and virescent petals, and the number
of stamens was increased. Due to loss of floral
meristem determinacy, in place of carpel, new
flowers were produced in the central flower
whorl. Such a phenotype suggests that SAP54
might have multiple molecular targets in the
plant host (Maclean et al. 2011).

10.8.4 OY-AMP

An abundant, cell-surface-localized membrane
protein, termed antigenic membrane protein
(AMP), from the OYM phytoplasma was found
to be a key player in phytoplasma–insect host
interactions (Suzuki et al. 2006). AMP forms a
complex in vitro with three insect proteins:
actin, myosin heavy chain, and myosin light
chain. The observation that AMP-microfilament
complexes exist in all OYphytoplasma-trans-
mitting leafhopper species, but not in the OY
phytoplasma non-transmitting leafhoppers,
prompted a hypothesis that the AMP-microfila-
ment complex is correlated with the phytoplas-
ma-transmitting capability of leafhoppers
(Suzuki et al. 2006). It seems reasonable to
hypothesize that the attachment of OY-AMP to
host microfilament aids invasion of the host
insect by the phytoplasma, and to speculate that
the OY-Amp may constitute a novel class of
bacterial effector protein.

10.8.5 Phospholipase

The HVR of a SVM in the chromosome of
Malaysian periwinkle yellows (MPY) phytopl-
asma harbors a gene encoding a membrane-

targeted, putatively secreted phospholipase (PL).
Presence of the PL-encoding gene in the SVM’s
HVR is consistent with the hypothesis that the
gene was acquired by MPY through horizontal
transfer (Jomantiene et al. 2007). Both OYM
and AYWB phytoplasmas, which are closely
related to MPY phytoplasma, lack a putative PL-
encoding sequence, reinforcing the hypothesis of
horizontal acquisition of the MPY PL gene.
Phospholipases are lipolytic enzymes that act
upon phospholipids, one of the major constitu-
ents of eukaryotic cell membranes and that can
be responsible for significant damage to host
membranes in bacterial infections (Banerji et al.
2008; Istivan and Coloe 2006; Sitkiewitcz et al.
2006). Recently, work was initiated to test the
hypothesis that the MPY PL protein is an active
enzyme; following heterologous expression of
the MPY PL gene in bacterial and yeast hosts,
in vitro functional analyses demonstrated the
expressed protein’s lipolytic activity (Gedvilaite
et al. 2014). Since some phytoplasmal disease
symptoms could possibly be accounted for, at
least in part, by damage and/or degradation of
host cell membranes, it is possible that the MPY
phytoplasma PL acts as a pathogenicity factor in
the plant, and/or insect, host.

10.9 Concluding Remarks

Much has been learned from analyses of avail-
able phytoplasma genome sequence data, but
these advances have opened only a small win-
dow on the genomic diversity likely to be found
among extant phytoplasmas. Lineage-specific
adaptation to a vastly broad range of plant host–
insect vector ecosystem niches worldwide
undoubtedly gave rise to many more phytopl-
asma species than currently known. To date, the
genomes of only four phytoplasmas, classified in
just three major groups, have been completely
sequenced, whereas 32 groups and 36 ‘Candid-
atus Phytoplasma’ species have already been
delineated. While gene loss and horizontal
acquisition constitute the major driving forces
behind the evolution of phytoplasma genomes,
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rapid changes in vertically inherited genes also
play an important role in radiation of phytopl-
asma lineages. The rapidly evolving nature of
vertically inherited phytoplasmal genes is evi-
dent and deserves attention in future studies.
These genome-based observations are predictive
of significant divergent evolution among
phytoplasmas.

Yet, a common genomic thread unites all
phytoplasmas. Evidence now indicates that,
through the formation of phage-based genomic
islands, SVMs, the phytoplasma progenitor
acquired new capabilities. Repeated and targeted
chromosomal integration of phage genomes, and
further gene acquisition through targeted inser-
tion of mobile gene cassette-like elements,
shaped the phytoplasma genome. Fusion of
progenitor genome with phage genome(s) thus
provided platforms for horizontal gene transfers
enabling transkingdom parasitism and pathoge-
nicity. Remnants of these events remain in all
studied phytoplasma genomes. While analysis of
the four completely sequenced phytoplasma
genomes reveals footprints of other events that
also contributed to genome evolution and the
radiation of species, it is apparent that evolu-
tionary emergence of the phytoplasma clade is in
large part attributable to a singularly critical
event, genome fusion of progenitor and phage.

Note added in proof:
While this chapter was in press, the following

paper appeared: Andersen et al. 2013. BMC
Genomics 14, 529. doi:10.1186/1471-2164-
14-529. The information in that paper does not
alter the conclusions expressed in this chapter.
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