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SUMMARY

Plant diseases caused by bacterial pathogens place major con-

straints on crop production and cause significant annual losses

on a global scale. The attainment of consistent effective manage-

ment of these diseases can be extremely difficult, and manage-

ment potential is often affected by grower reliance on highly

disease-susceptible cultivars because of consumer preferences,

and by environmental conditions favouring pathogen develop-

ment. New and emerging bacterial disease problems (e.g. zebra

chip of potato) and established problems in new geographical

regions (e.g. bacterial canker of kiwifruit in New Zealand) grab

the headlines, but the list of bacterial disease problems with few

effective management options is long.

The ever-increasing global human population requires the contin-

ued stable production of a safe food supply with greater yields

because of the shrinking areas of arable land. One major facet in

the maintenance of the sustainability of crop production systems

with predictable yields involves the identification and deploy-

ment of sustainable disease management solutions for bacterial

diseases. In addition, the identification of novel management

tactics has also come to the fore because of the increasing evolu-

tion of resistance to existing bactericides. A number of central

research foci, involving basic research to identify critical patho-

gen targets for control, novel methodologies and methods of

delivery, are emerging that will provide a strong basis for bacte-

rial disease management into the future.

� Near-term solutions are desperately needed. Are there replace-
ment materials for existing bactericides that can provide effec-
tive disease management under field conditions?

� Experience should inform the future. With prior knowledge of bac-
tericide resistance issues evolving in pathogens, how will this affect
the deployment of newer compounds and biological controls?

� Knowledge is critical. A comprehensive understanding of bac-
terial pathosystems is required to not only identify optimal tar-
gets in the pathogens, but also optimal seasonal timings for
deployment.

� Host resistance to effectors must be exploited, carefully and cor-
rectly. Are there other candidate genes that could be targeted
in transgenic approaches? How can new technologies (CRISPR,
TALEN, etc.) be most effectively used to add sustainable disease
resistance to existing commercially desirable plant cultivars?

� We need an insider’s perspective on the management of sys-
temic pathogens. In addition to host resistance or reduced
sensitivity, are there other methods that can be used to target
these pathogen groups?

� Biological systems are variable. Can biological control strat-
egies be improved for bacterial disease management and be
made more predictable in function?

The answers to the research foci outlined above are not all available,

as will become apparent in this article, but we are heading in the

right direction. In this article, we summarize the contributions from

past experiences in bacterial disease management, and also describe

how advances in bacterial genetics, genomics and host–pathogen

interactions are informing novel strategies in virulence inhibition and

in host resistance. We also outline potential innovations that could

be exploited as the pressures to maximize a safe and productive

food supply continue to become more numerous and more complex.

Keywords: bactericide resistance, biological control, CRISPR/

Cas9 genome editing, nanoparticles, TAL effectors, virulence

inhibitors.

INTRODUCTION

Many general characteristics of plant bacterial diseases (examples

shown in Fig. 1) favour disease incidence, pathogen dissemination

and pathogen survival, and confound management strategies in*Correspondence: Email: sundin@msu.edu
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agricultural ecosystems. Examples of these include: (i) the growth

rate of bacterial pathogens under optimal environmental condi-

tions can quickly result in population sizes that favour both

increased levels of infection and the potential for rapid spread to

new infection sites, driving disease epidemics (Fig. 1A – fire

blight, Erwinia amylovora); (ii) epiphytic growth on symptomless

leaf surfaces can result in the attainment of sufficient population

size for disease occurrence (Fig. 1B – bacterial brown spot, Pseu-

domonas syringae pv. syringae); (iii) some bacterial pathogens are

soil-borne and, with the absence of effective fumigants, reduc-

tions in bacterial populations in soil are extremely difficult to

achieve (Fig. 1C – bacterial wilt, Ralstonia solanacearum); (iv)

many bacterial pathogens predominantly colonize internal loca-

tions within plants that are inaccessible to most spray-applied

chemical and biological controls that target plant surfaces (Fig. 1D

– Huanglongbing (HLB), ‘Candidatus Liberibacter spp.’); (v) popu-

lations of insect vectors, especially of destructive xylem- and

phloem-dwelling pathogens, are as difficult to manage as the

diseases (Fig. 1D); (vi) pathogen survival and growth on crop

debris and on alternative hosts defeat strategies of inoculum

reduction (Fig. 1E – Goss’s wilt, Clavibacter michiganensis ssp.

nebraskensis); and (vii) asymptomatic survival of pathogen cells

on planting material for extended periods of time can result in dis-

ease dissemination to new geographical locations (Fig. 1F – bacte-

rial blight of cassava, Xanthomonas axonopodis pv. manihotis).

Management strategies for plant bacterial diseases require a

thorough knowledge of the pathosystem in order to identify the

most appropriate timing for the targeting of pathogen populations

and to determine when the critical host tissues are vulnerable to

infection. An integrated management approach, including the use

of plant host resistance or the growth of less susceptible cultivars,

intervention with chemical and/or biological controls, and cultural

practices aimed at inoculum reduction, typically represents the

best overall strategy for effective and sustainable disease man-

agement. However, integrated approaches depend on the avail-

ability of suitable host plant cultivars, efficacious chemical and

Fig. 1 Symptoms of selected plant

bacterial diseases illustrating a

range of problems affecting the

potential for successful disease

management. (A) Fire blight of

apple caused by Erwinia

amylovora. (B) Bacterial brown

spot of bean caused by

Pseudomonas syringae pv.

syringae. (C) Bacterial wilt of

geranium caused by Ralstonia

solanacearum. (D) Huanglongbing

of citrus caused by ‘Candidatus

Liberibacter spp.’. (E) Goss’s wilt

(aerial view) of sweet corn caused

by Clavibacter michiganensis ssp.

nebraskensis (arrows point to

representative areas of diseased

plants within the field). (F) (a, b)

Bacterial blight of cassava caused

by Xanthomonas axonopodis pv.

manihotis. Photograph credits:

(A, B) George Sundin; (C) Ana

Maria Bocsanczy (University of

Florida); (D) Nian Wang (University

of Florida); (E) Megan Botti-Marino

and Martin Chilvers (Michigan

State University); (F) Cesar Medina

and Adriana Bernal (Universidad de

Los Andes).
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biological controls, and cultural practices that are physically

achievable and economically suitable, such that growers will

deploy them.

In recent years, genomic advances have facilitated a rapid

increase in our understanding of bacterial pathogen–host interac-

tions and have led to the invention of novel techniques to incorpo-

rate resistance into horticulturally desirable plant cultivars.

However, the timeline from promise to practice of genomics to

effective drugs and disease control outcomes has proven to be

long and tortuous in clinical microbiology (Brown and Wright,

2016; Silver, 2011). Moreover with much more limited resources

available to plant agricultural research, we can expect similar

results. It is important to realize, however, that these pathways

differ, because of our ability to manipulate host plant populations,

which could significantly tilt the scale in favour of plant disease

management.

Thus, the management of bacterial plant diseases remains a

formidable ‘grand challenge’ for plant pathologists. In this article,

we first assess some of the history of bacterial plant disease man-

agement, asking the question: ‘what can we learn from past expe-

rience and how can this fuel the development of future innovative

and integrated approaches for disease management?’ From there,

we continue into the current plant bacteriology arena to discuss

novel anti-virulence approaches and the potential for the targeted

genetic manipulation of host plants.

MANAGEMENT OF BACTERIAL DISEASES WITH
COPPER AND ANTIBIOTICS AND THE
EVOLUTION OF RESISTANCE

The potential for the chemical management of individual bacterial

diseases has been largely driven by factors such as the availability

of effective modes of action, the opportunity to access the patho-

gen on plant surfaces, the susceptibility of the pathogen to the

specific chemical, the economic value of the crop threatened and

the market potential of the use of the chemical from an industrial

perspective. Compared with fungicides, for example, relatively

few chemicals targeting plant bacterial diseases have been mar-

keted. Probably the most important reason for this is that the best

antibacterial compounds available are antibiotics, and almost all

antibiotics historically have been developed for use in clinical

medicine and not for plant agriculture.

Initial forays into the chemical management of bacterial dis-

eases focused on a ‘kitchen sink’ approach, involving the testing

of a wide range of available compounds against a wide range of

diseases (e.g. Zaumeyer, 1958). From these types of study, copper

compounds (introduced in the 1880s) and the antibiotic strepto-

mycin (1950s) proved to be the most efficacious, and have been

the most commonly used bactericide spray treatments for bacterial

disease management on plants, mainly targeting Pseudomonas

spp., Xanthomonas spp. and E. amylovora (McManus et al.,

2002). Although, in general, these bactericides have been rela-

tively successful disease management tools, the use of both cop-

per and streptomycin has been impacted by the evolution of

resistance in populations of plant pathogens (Cooksey, 1990;

McManus et al., 2002).

The extensive use of copper and antibiotic sprays over multiple

years and/or the use of high numbers of applications within indi-

vidual seasons is correlated with the selection of resistance in

pathogen populations. In addition, in the majority of cases, resist-

ance has evolved as a result of the acquisition of genes encoding

resistance determinants, thus also implicating non-target micro-

biota in the horizontal transmission of resistance determinants

within agricultural ecosystems. We now know that horizontal gene

transfer, a mechanism for the acquisition of resistance determi-

nants by bacteria even from phylogenetically distinct species, has

driven the antibiotic resistance crisis currently affecting the human

population (Perry and Wright, 2013; Smillie et al., 2011). The link-

age of disparate ecosystems on a global scale is also apparent

when we consider the breadth of geographical locations and bac-

terial species harbouring identical antibiotic resistance determi-

nants (Blair et al., 2015; Forsberg et al., 2012; Sundin and Bender,

1996). The inclusion of plant pathogens and other populations of

plant-associated bacteria in this globally connected ecosystem also

became apparent when the genetic determinants of resistance to

copper and streptomycin were revealed (discussed below).

Copper resistance is encoded by a copper-inducible operon

(copABCD) in P. syringae pv. tomato (Mellano and Cooksey, 1988)

and by related variants in other P. syringae pathovars (Gutierrez-

Barranquero et al., 2013), Xanthomonas campestris pv. juglandis

(Lee et al., 1994) and in the citrus pathogens Xanthomonas citri

ssp. citri and Xanthomonas alfalfae ssp. citrumelonis (Behlau et al.,

2011). Horizontal gene transfer has been implicated in the transfer

of copper resistance genes, usually via the conjugation of copper

resistance plasmids; evidence of genetic exchange at a global level

exists in Xanthomonas spp. (Behlau et al., 2013). In E. amylovora,

the first instances of streptomycin resistance were conferred by a

chromosomal mutation altering the ribosomal protein target of the

antibiotic (Moller et al., 1981). More recent analyses of streptomy-

cin resistance in E. amylovora, P. syringae and X. campestris pv.

vesicatoria have shown that resistance is conferred by the strAB

genes, which encode aminoglycoside phosphotransferase enzymes

that modify streptomycin to a non-toxic form. Of significance, in all

reported cases among these different pathogen genera isolated on

several continents, the strAB genes are located on the transposon

Tn5393 and related variants that differ only in the presence of the

insertion sequences IS1133 or IS6100, which provide promoters for

the expression of strAB (Chiou and Jones, 1993; F€orster et al.,

2015; Sundin and Bender, 1995). Streptomycin, discovered in 1944,

represents one of the longest and most widely utilized antibiotics in

human history (administered to control diseases of humans,
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animals and plants, and also used in animals for growth promo-

tion). The world-wide distribution of strAB genes in an ever-

growing number of bacterial genera from disparate habitats illus-

trates the tremendous capacity and breadth of horizontal gene

transfer in bacterial populations as a mechanism to disseminate

ecologically useful traits (Sundin and Bender, 1996).

A few additional antibiotics have been used as alternatives to

streptomycin either because of resistance or in some pathosys-

tems in which streptomycin is not effective. Oxytetracycline has

been used on pome fruit trees to control fire blight (E. amylovora)

in the USA and Mexico, on peach and nectarine targeting bacterial

spot (Xanthomonas arboricola pv. pruni) in the USA, and on vege-

table crops targeting Pseudomonas spp. and Xanthomonas spp. in

Latin American countries (McManus et al., 2002). Gentamicin has

been used in Latin American countries to control fire blight and

various vegetable diseases, and oxilinic acid has been used in

Israel to control fire blight (Shtienberg et al., 2001). In these cases,

gentamicin-resistant bacteria were recovered from lettuce in Costa

Rica, and oxolinic acid resistance in E. amylovora was detected in

Israel 1–3 years after its introduction (Kleitman et al., 2005;

Rodriguez et al., 2006). More recently, kasugamycin has been reg-

istered for use in the USA to target fire blight, especially in

orchards containing streptomycin-resistant E. amylovora (McGhee

and Sundin, 2011), was used in European Union countries for

more than three decades until antibiotic use was banned in 2007,

and has been used in Japan as a seed treatment for bacterial dis-

eases. Kasugamycin does not have any applications outside of

these plant agricultural uses and does not appear to be as broad

spectrum as streptomycin. However, the use of antibiotics has

generally been discouraged or is not allowed in some regions of

the world because of the potential impact of antibiotic use on the

transfer of antibiotic resistance into clinical pathogens. In addition,

experience with horizontal gene transfer and the acquisition of

streptomycin resistance genes by plant pathogens in many ecosys-

tems suggests that antibiotic resistance evolution is an eventuality

with any new antibiotic deployed. Thus, the main reality of using

antibiotics for crop diseases is that any strategy that selects for

resistance in the target pathogen is not sustainable.

ALTERNATIVES TO COPPER BACTERICIDES AND

ANTIBIOTICS FOR BACTERIAL DISEASE

MANAGEMENT: COMMERCIALLY AVAILABLE

AND NEAR-TERM OPTIONS

The realization that the use of copper and/or antibiotics for bacte-

rial disease management is less than ideal or is not allowed for

regulatory reasons has driven discovery and research efforts into

alternative strategies. In this section, we briefly focus on biological

control, the use of antibacterial peptides and the use of inducers

of systemic acquired resistance (SAR).

Biological control

Biological control can be broadly defined as the use of beneficial

microbes or their byproducts or byproducts/extracts from plants or

animals in the suppression of plant disease. Strategies to manipu-

late populations of biological control agents (BCAs) in field situa-

tions are typically either inundative, in which the BCA is

introduced in a sufficient quantity to suppress disease, even with-

out reproduction, or augmentative, in which the BCA is introduced

in sufficient quantity to generate a stable, replicating population

suitable for disease suppression (Johnson, 2010). In some situa-

tions, molecules secreted from antagonistic microbes, typically

antimicrobials, are used instead of the microbes themselves. The

topic of biological control and the scientific bases of biological

control have been reviewed extensively, and it is not our intention

to re-summarize this field. Rather, we wish to highlight ongoing

efforts in biocontrol and shed light on innovations that could influ-

ence future management efforts.

The best chances for success with biological control at a com-

mercial level appear to be in systems in which there is a short win-

dow of time in which management is needed. For example, the

most notable example of success of biological control for bacterial

diseases has been the use of Agrobacterium radiobacter strain K84

in the protection of exposed surfaces of woody plant cuttings from

crown gall caused by Agrobacterium tumefaciens (Kerr, 2016).

Another system in which biological control has achieved some suc-

cess is in the management of the blossom blight phase of fire

blight during the relatively short apple or pear bloom window

(Johnson and Stockwell, 1998), although management outcomes

have shown major differences on a regional basis, probably caused

by differences in environmental conditions (Sundin et al., 2009).

Unfortunately, for many bacterial diseases and for leaf- and

fruit-spotting pathogens and soil-borne pathogens in particular,

the window of infection is much longer, significantly reducing the

chances for consistent success with biological controls. In these

situations, difficulties arise because of the need to sustain suffi-

cient populations of antagonists to protect host tissues at the spe-

cific sites at which pathogens colonize. In these situations, some

success has been achieved with the use of hrp (hypersensitive

response and pathogenicity) mutants as competing antagonists

(Hert et al., 2009; Moss et al., 2007), although the lack of com-

mercial development of such strains is a conspicuous sign of likely

‘deal-breaking’ limitations inherent in the utilization of this strat-

egy. Indeed, biosafety concerns, in particular with the classifica-

tion of some biocontrol bacteria (e.g. Burkholderia spp., Pantoea

agglomerans) as opportunistic human pathogens, has also more

recently limited deployment, and signifies a need for the discovery

of novel biocontrol strains categorized as GRAS/QPS (generally

regarded as safe/qualified presumption of safety).

The use of bacteriophage for bacterial disease management is

another biological control method that has been the subject of
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research activity at varying times over the past four decades

(Jones et al., 2007). Bacteriophages are abundant in most if not

all ecosystems on Earth, and phage capable of lysing plant-

pathogenic bacterial species can be readily isolated from host

plant tissue or soil. Inundative application strategies are typically

used for disease management, and the two main limiting factors

affecting bacteriophage efficacy are stability in the environment

and spontaneous resistance mutations in target bacterial patho-

gens. Interest in bacteriophage for disease control is undergoing a

resurgence, particularly in clinical medicine, as antibiotic resist-

ance becomes more problematic. Likewise for plant bacterial dis-

eases, there is interest in using phage, but significantly more field

research and the optimization of formulations and spray timings

are necessary to facilitate the development of successful

applications.

Ultimately, a thorough understanding of the ecology of poten-

tial antagonists, interactions with plants, positive and negative

interactions with the plant microbiome and interactions with

pathogens is needed for improved and sustainable deployment in

commercial systems. Functional genomic analyses appear to rep-

resent a solid route to obtaining knowledge on current gold-

standard biocontrol agents (Massart et al., 2015), but this work

needs to be coupled with significant, dedicated field efforts, such

that the behaviour of these organisms can be assessed under a

wide range of environmental and plant host combinations.

Antimicrobial peptides

Small antimicrobial peptides (AMPs; typically 50 amino acid resi-

dues or smaller) are synthesized by bacteria, fungi and oomycetes,

functioning in inter-microbial competition, and by animals and

plants, as part of the innate immunity system in response to

microbial challenge. Most of these peptides are cationic and can

either insert into and disrupt cell membranes or can be taken up

by cells and inhibit nucleic acid or protein synthesis (Brogden,

2005). Investigations of the potential for peptides in the manage-

ment of bacterial plant diseases have been ongoing for more than

a decade with strategies mainly involving the inundative applica-

tion of AMPs to plant surfaces, the use of native fungal or bacte-

rial antagonists that express and secrete AMPs as a BCA, the

expression of an animal defensin, such as cecropin, in a transgenic

plant or the use of a modified synthetic analogue of an animal or

plant defensin in a transgenic situation (Montesinos, 2007).

The deployment of an AMP via spray application onto crop

plants may be a more desirable method than the use of transgenic

plants, especially in specialty food crops, because the source of

some of the more efficacious AMPs includes insects and amphib-

ians. However, one critical limiting step to this process is the cost

of AMP production. The use of plants as ‘biofactories’ for AMP

synthesis (Nadal et al., 2012; Parachin et al., 2012) may represent

an economically suitable mode of production, ultimately facilitating

the use of AMPs for bacterial disease management. Nevertheless,

although the AMP field is productive and mature, unfortunately,

for plant disease management, the promise of AMPs remains a

work in progress, and is still dominated by screening efforts

searching for new candidates (Breen et al., 2015).

SAR, induced systemic resistance (ISR) and related

strategies

The induction of SAR (Durrant and Dong, 2004) in plants through

the application of a chemical inducer, such as the commercially

available product acibenzolar-S-methyl (ASM), represents one of

the greater successes in the transfer of basic research findings to

disease management applications. This strategy of pre-

conditioning of plants to pathogen challenge through the foliar

application of ASM has been successfully applied in a number of

pathosystems, including bacterial canker of tomato, bacterial wilt

of tomato and fire blight (Maxson-Stein et al., 2002; Pradhanang

et al., 2005; Sen et al., 2015). Soil drenches with ASM and other

SAR inducers have also been found to be effective in the control

of citrus canker on young grapefruit trees (Graham and Myers,

2011). In addition, SAR inducers continue to be evaluated as can-

didates for the management of emerging significant disease

issues, such as Huanglongbing in Florida (Li et al., 2016).

Although ASM is not typically sufficiently effective as a stand-

alone material, the incorporation of ASM into an integrated pro-

gramme can result in the achievement of the desired control lev-

els, whilst reducing the applications of other materials, such as

copper or antibiotics (Roberts et al., 2008).

The use of ISR involves the priming of plant defence through

the actions of certain plant growth-promoting rhizosphere bacteria

and fungi, including Bacillus spp., Pseudomonas spp., Trichoderma

spp., etc., and is conferred through plant hormone-mediated sig-

nalling (Pieterse et al., 2014). ISR has proven to be an effective

strategy in the management of a variety of bacterial pathogens,

including P. syringae, Xanthomonas oryzae pv. oryzae and R. sola-

nacearum (Kloepper et al., 2004). Other strategies used to

increase plant defences against bacterial pathogens, such as R.

solanacearum, include the application of inorganic elements, such

as silicon. Silicon has been hypothesized to induce enhanced

structural barriers against pathogens and has also been shown to

induce resistance through hormone-controlled signalling path-

ways, similar to ISR (Ghareeb et al., 2011).

PLANT HOST RESISTANCE AND DURABLE
MANAGEMENT OF BACTERIAL DISEASE

Breeding for disease resistance has been a desirable method for

bacterial disease management for many years, even up to 100

years ago. During the past two decades, much effort has been

made to obtain an understanding of the key determinants of

plant-pathogenic bacteria–host interactions. The increasing
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amount of genomic and transcriptomic data from both plants and

pathogens, together with the continuous improvements in high-

throughput sequencing technologies, have resulted in a more

complete understanding of the defence mechanisms deployed by

plants and how bacterial pathogens subvert such immune

responses in order to cause disease. In general, the plant immune

response to biotic stresses depends on the deployment of defence

mechanisms based on pathogen recognition within a two-layered

response (Jones and Dangl, 2006). The first line of defence is initi-

ated by contact with highly conserved pathogen elicitor molecules,

named pathogen- or microbe-associated molecular patterns

(PAMPs or MAMPs). Such molecules, including bacterial flagellin,

EF-Tu elongation factor and lipopolysaccharides, are recognized

with high affinity by membrane-bound receptor proteins, named

pattern recognition receptors (PRRs; Dodds and Rathjen, 2010).

This recognition triggers a general defence response, termed

pattern-triggered immunity (PTI; Dodds and Rathjen, 2010), which

is generally sufficiently strong to restrict non-adapted pathogens.

Pathogens evolutionarily adapted to their host are able to over-

come PTI by translocating effector proteins that suppress PTI sig-

nalling into the plant cytoplasm via the type III secretion system

(T3SS). In some cases, a more robust line of defence is then trig-

gered after the recognition of these pathogen effectors by more

specialized receptors encoded by resistance (R) proteins, which

recognize either the effector protein per se or the molecular modi-

fication of a decoy target in the host, inducing effector-triggered

immunity (ETI; Dodds and Rathjen, 2010; van der Hoorn and

Kamoun, 2008; Macho and Zipfel, 2015).

The deployment of specific R genes into agronomically impor-

tant crop plants has generated positive momentum for disease

management in a wide variety of bacterial disease pathosystems.

However, in many cases, the resistance is not durable, as muta-

tional modification of effector targets results in the evolution of

new pathogen races that can overcome the resistance. Although

most known examples of durable resistance are quantitative

(polygenic), this type of resistance is typically too difficult to trans-

fer by breeding. Thus, the pyramiding of groups of R genes into

new cultivars has been a very common breeding strategy, and

success in durability is predominantly dependent on combinations

containing R genes that have been known to be highly effective

over long periods of years, such as the Xa3, Xa4 and Xa21 genes

in the rice–bacterial blight (X. oryzae pv. oryzae) system (Leach

et al., 2001).

Improvement of these breeding strategies will require more

intensive studies of the mechanisms of action of R genes and of

the importance of effector targets to bacterial pathogenesis and

the ability of these targets to tolerate mutations. One promising

area for genetic manipulation has come through the analysis of

transcription activator-like effector (TALE) proteins, secreted by

Xanthomonas spp. and R. solanacearum. These TALEs are

imported to the plant nucleus, bind to specific promoter DNA frag-

ments, named effector-binding elements (EBEs), in a nucleotide-

specific manner (Boch et al., 2009) and, with the assistance of

transcription helper proteins, activate the transcription of the

downstream genes required for disease development, termed sus-

ceptibility (S) genes (Boch et al., 2014). Some plants have evolved

mechanisms to avoid the activation of S genes by modifying the

EBE promoter sequences, synthesizing variants of the transcription

helper proteins or by encoding R (executor) genes in the place of

S genes, which restrict disease progression by ETI induction (Boch

et al., 2014; Doyle et al., 2013). The development of a comprehen-

sive understanding of the expression and function of executor R

genes has definitive promise in the construction of new crop vari-

eties with durable resistance (Zhang et al., 2015).

Potential examples of the modification of TALE–host interac-

tions resulting in resistance include the editing of EBEs to create

‘blind’ promoters upstream of susceptibility genes and the intro-

duction of synthetic EBEs into the promoter regions of executor

genes, creating ‘promoter traps’ that confer resistance to effectors

from multiple pathogens (Schornack et al., 2013). As reported by

Hummel et al. (2012), six additional EBEs have been introduced in

tandem in the promoter region of Xa27, an executor gene in rice

that confers resistance to X. oryzae pv. oryzae secreting the effec-

tor protein AvrXa27. This genetically engineered promoter confers

broad-spectrum resistance against bacterial blight and bacterial

leaf streak in rice as it contains three EBEs that correspond to

three additional effectors from X. oryzae pv. oryzae and three

effectors from X. oryzae pv. oryzicola (Hummel et al., 2012). More

recently, Zeng et al. (2015) have reported the genetic engineering

of the promoter region of Xa10, a TALE-dependent R gene that

provides narrow-spectrum resistance to only a few strains of X.

oryzae pv. oryzae. The introduction of five EBEs to the Xa10 pro-

moter, corresponding to the TAL effectors PthXo1, PthXo6,

PthXo7, AvrXa10 and AvrXa27, has been reported to confer

broad-spectrum resistance to 29 X. oryzae pv. oryzae strains from

different geographical origins (Zeng et al., 2015). Although consid-

erations of transformation stability, gene regulation mechanisms

and potential pleiotropic effects need to be taken into account,

TALE-assisted engineering of resistance is a promising strategy for

the development of durable broad-spectrum resistance to disease

caused by Xanthomonas spp. and R. solanacearum.

INNOVATION AND FUTURE PROSPECTS IN
BACTERIAL DISEASE MANAGEMENT

In the preceding sections, we have described the management of

bacterial plant diseases from a historical perspective. From this

discussion, it is clear that management has relied on two main

intervention strategies, namely the application of chemical or bio-

logical materials to plant surfaces targeting pathogen populations

or the utilization of some form of host resistance targeting
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pathogens at the host interface. As we search for innovative

future methods of disease management, the attempts may

become more specific and strategic, for example through the tar-

geting of pathogen virulence or the fine-tuning of the genetic

manipulation of host plants. Thus, as discussed below, the genet-

ics/genomics age has the potential to fuel novel management

strategies that are hypothesized to be environmentally benign and

potentially less prone to resistance evolution.

Targeting the T3SS

The T3SS is a needle-like apparatus that enables pathogens to

translocate effector proteins directly from the bacterial cytoplasm

into the host cell cytoplasm. These secreted effectors inhibit the

host immune response and play critical roles during bacterial

infection (Stavrinides et al., 2008). As the T3SS is required for

pathogenesis in many Gram-negative bacterial pathogens, this

system represents an obvious target for the inhibition of pathoge-

nesis in the design of novel disease management strategies. Two

plant phenolic compounds, o-coumaric acid (OCA) and t-cinnamic

acid (TCA), have been identified as inducers of the T3SS genes in

Dickeya dadantii (Yang et al., 2008). OCA and TCA are the biosyn-

thetic precursors of the plant defence hormone salicylic acid (SA)

and have also been reported to play a role in plant defence

(Montesano et al., 2005; Vidal et al., 1997). This finding suggests

that plant phenolic compounds could be good resources for the

identification of potential T3SS inhibitors. A collection of phenolic

compounds was screened for the ability to inhibit the expression

of hrpA, which encodes the structural component of the T3SS pilus

in D. dadantii. This approach enabled the identification of a new

phenolic compound, p-coumaric acid (PCA), as a T3SS inhibitor (Li

et al., 2009). PCA is an intermediate in the phenylpropanoid bio-

synthesis pathway. Phenylpropanoids belong to a group of sec-

ondary metabolites produced by plants and function as defence

molecules in response to microbial attack (Dixon and Paiva, 1995;

Feys and Parker, 2000).

The identification of PCA as a potential inhibitor of T3SS was

further employed to improve the inhibition efficiency through com-

pound modification; subsequent screening of a library of PCA

derivatives resulted in the identification of one compound

(trans24-hydroxycinnamohydroxamic acid), exhibiting an eight-

fold higher inhibitory potency towards T3SS structural and regula-

tory genes relative to PCA (Li et al., 2015). Other studies have

also indicated that several plant phenolic compounds are able to

modulate T3SS gene expression in E. amylovora and in the multi-

host pathogen Pseudomonas aeruginosa (Khokhani et al., 2013;

Yamazaki et al., 2012), similar to salicylidene acylhydrazide family

compounds, which not only exhibit an inhibitory role over T3SS-

related genes, but also suppress amylovoran exopolysaccharide

production in E. amylovora (Yang et al., 2014).

In addition, many of the above-mentioned PCA derivatives

showed little effect on bacterial growth in vitro, suggesting that

these compounds do not have as high a selective pressure for

resistance development as traditional bactericides. We conducted

field assays with the phenolic T3SS inhibitors trans24-phenylcin-

namic acid and trans23-fluorocinnamohydroxamic acid in 2014

and 2015, investigating their efficacy against fire blight caused by

E. amylovora on apple trees. Our results indicated that these two

compounds, applied individually to trees at a concentration of

5 mM, reduced blossom blight in the orchard with an efficacy simi-

lar to kasugamycin (C.-H. Yang and G. W. Sundin, unpublished

data).

Targeting bacterial biofilms

Biofilm formation provides bacteria with effective protection from

environmental stresses, antimicrobial drugs and host defence

mechanisms, and is a critical virulence factor of many plant-

pathogenic bacteria (Danhorn and Fuqua, 2007; Hall-Stoodley

et al., 2004; Koczan et al., 2009; Rodrigues et al., 2008). Thus, the

development of inhibitors of biofilm formation to control bacterial

infection has become an attractive research area. Biofilm develop-

ment typically contains three main stages, including surface

attachment, biofilm maturation and biofilm dispersal (Kostakioti

et al., 2013). Currently, most of the developed anti-biofilm inhibi-

tors, such as D-amino acids and indole derivatives, have been

applied to prevent early biofilm formation, resulting in reduced

disease symptoms caused by animal and plant pathogens, and

increased bacterial susceptibility to conventional antibiotics and

copper (examples include Brackman et al., 2011; Kolodkin-Gal

et al., 2010; Li and Wang, 2014; Sarojini et al., 2010; Worthington

et al., 2012). Bis-(30,50)-cyclic dimeric guanosine monophosphate

(c-di-GMP) is a bacterial secondary messenger that participates in

the regulation of multiple cellular behaviours and virulence in

many bacterial species (Romling et al., 2013; Yuan et al., 2015).

Recent studies have demonstrated that a decrease in intracellular

c-di-GMP levels can trigger biofilm dispersal, which has been pro-

posed as a promising strategy for biofilm eradication (Chua et al.,

2015).

One compound showing excellent promise is 2-

aminoimidazole (2AI), which inhibits biofilm formation by the bac-

terial spot pathogen Xanthomonas euvesicatoria in vitro. When

applied in mixtures with copper hydroxide, 2AI suppressed bacte-

rial spot infection in field experiments on tomato more effectively

than either material alone (Worthington et al., 2012). Two other

compounds, 3-indoylacetonitrile and D-leucine, inhibit biofilm for-

mation by the citrus canker pathogen X. citri ssp. citri. When

applied alone or in combination with copper sulfate, these com-

pounds reduced bacterial populations and disease severity on cit-

rus leaves in glasshouse assays (Li and Wang, 2014). In addition,

the compound N-acetylcysteine reduces adhesion and inhibits
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biofilm formation in the xylem-dwelling pathogen Xylella fastid-

iosa. Although N-acetylcysteine uptake into the xylem of citrus

plants via fertigation or other methods did not reach the minimal

inhibitory concentration of 6 mg/mL, this compound reduced

symptom expression and bacterial populations in glasshouse tests

(Muranaka et al., 2013). The development of effective biofilm

inhibitors could represent a critical breakthrough, especially in the

management of foliar pathogens, as biofilm formation can con-

found the efficacy of bactericides (Redondo et al., 2015). Thus,

inhibitors need not be developed as stand-alone products, and

potentially could be better used as mixing partners to enhance the

efficacy of existing bactericides.

Targeting quorum sensing

Quorum sensing (QS) is a cell-to-cell communication process

involved in the regulation of various traits in response to cell den-

sity via extracellular signalling molecules, such as acyl homoserine

lactones (AHLs) or diffusible signal factors (DSFs) (von Bodman

et al., 2003; Rutherford and Bassler, 2012). QS regulates critical

traits involved in host–pathogen and pathogen–vector interac-

tions in at least nine plant pathogen genera (Helman and Chernin,

2015). Because QS relies on bacterial perception of an external

signalling molecule, this process represents an excellent potential

target for manipulation, either through signal degradation or over-

production of the signalling molecule. For example, AHL-

degrading enzymes have been reported in many bacteria, and this

strategy has been used in disease management efforts, either as a

biological control strategy via inundative application of AHL-

degrading organisms or through the expression of AHL-degrading

enzymes in transgenic plants (e.g. Dong et al., 2001; Molina

et al., 2003). In other situations, the synthesis of AHL molecules in

transgenic plants has been used to thwart pathogen attack, as the

stimulation of QS-controlled traits at inappropriate timings can

cause malfunctions in the orchestration of pathogenesis through a

process that has been termed ‘pathogen confusion’ (Lindow et al.,

2014). The observation that some plants also respond to QS mole-

cules and that others produce quorum-quenching enzymes indi-

cates that the host can also influence this bacterial population

process (Bauer and Mathesius, 2004; Dudler and Eberl, 2006),

and suggests that there is still much to learn prior to the sustain-

able use of anti-QS strategies in plant disease management.

Nanoparticles

Nanoparticles (NPs) are particles with at least one dimension

within the 1–100-nm range. Particles within this size range have

unique physical and chemical properties, including large surface

to mass ratio, high reactivity and unique interactions with biologi-

cal systems (Zhang et al., 2008). Some of the above properties

make them excellent antimicrobials, and some properties make

them ideal carriers/delivery systems for other antimicrobials. The

evaluation of NPs for plant disease management to date has

mainly focused on oomycete and fungal diseases (reviewed in Ser-

vin et al., 2015), but promising results have also been obtained

for bacterial diseases (discussed below).

The antimicrobial activities of most NPs result from three

major aspects: photocatalysis, physical damage to the bacterial

cell envelope and the release of toxic metal ions. NPs with photo-

catalysis activity are mostly metal oxides, such as CuO, TiO2, ZnO

and Fe3O4 (Li et al., 2012), and metals, such as Ag (Choi and Hu,

2008). During photocatalysis, reactive oxygen species (ROS) are

generated in the form of hydrogen peroxide, hydroxyl radicals and

peroxide (Manke et al., 2013). These ROS are toxic to bacteria, as

they can damage cellular constituents, such as DNA, lipids and

proteins, resulting in bactericidal and bacteriostatic effects (Storz

and Imlay, 1999). In plant disease management, an NP formula-

tion of titanium dioxide (TiO2) induced photocatalysis, resulting in

antimicrobial effects against the bacterial spot pathogen Xantho-

monas perforans (Paret et al., 2013). Interestingly, doping the

TiO2 NPs with Ag and Zn significantly increased the photocatalytic

activity against X. perforans. Treatment of X. perforans-infected

tomato plants with TiO2/Zn NPs at approximately 500–800 ppm

significantly reduced bacterial spot severity compared with

untreated and copper controls (Paret et al., 2013). ZnO and Ag

NPs also exhibited promising antimicrobial activity against E. amy-

lovora with minimum inhibitory concentrations of 83.3 and 108.3

ppm, respectively (Q. Zeng, unpublished information).

Some NPs can exert antimicrobial activity through the release

of ions, such as Ag1, Zn21 and Cu21, which are toxic to bacteria.

For example, the release of Ag1 greatly contributed to the antimi-

crobial activity of Ag NPs (Lok et al., 2007). Some modifications

and improvements can also enhance the antimicrobial activities of

NPs: for example, the association of NPs with a support material

has recently shown promising antimicrobial effects. Bare NPs tend

to form agglomerations that weaken the antimicrobial activity

(Ocsoy et al., 2013). Grapheme oxide (GO) has been used as sup-

port material to grow Ag NPs, significantly reducing agglomera-

tion and enhancing the antimicrobial activity against the bacterial

spot pathogen X. perforans (Ocsoy et al., 2013). In a glasshouse

assay, control of bacterial spot on infected tomato transplants

treated with 100 ppm of the Ag@dsDNA@GO NPs occurred at a

similar level as conventional copper treatment.

In addition to antimicrobial activities, NPs have also been sug-

gested to be efficient delivery systems for many other antimicro-

bial compounds. Multiple NP delivery systems, such as hydrogel,

dentrimers, liposomes, carbon nanotubes, micelles, and micro-

and nanoemulsions, have been studied for the delivery of various

active ingredients (De et al., 2014). Among them, nanoemulsions

have shown promising delivery of an agriculturally important her-

bicide (Lim et al., 2012), and a nanoemulsion formulation was

able to enhance the permeability of the antibiotic ampicillin
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through the citrus cuticle into the phloem via a foliar spray tar-

geted against Huanglongbing disease (Yang et al., 2015). As the

plant cuticle (wax, cutin and pectin) acts as the major barrier pre-

venting antimicrobial compounds from penetrating into plant tis-

sues, and as many plant-pathogenic bacteria infect the phloem

and xylem tissues, the development of antimicrobial delivery tech-

nology which penetrates through the cuticle may have wide appli-

cations in the control of bacterial plant diseases.

In summary, NPs possess many desirable traits that may make

them excellent antimicrobials for the management of bacterial

plant diseases in the future. The application of antimicrobial NPs

in agriculture could significantly enlarge our selection of antimi-

crobials. In addition, most NPs display antimicrobial activities

through different mechanisms, which could possibly reduce the

risk of resistance development. The application of NPs as delivery

systems for pesticides also opens up new opportunities to

enhance the efficacy of currently available antimicrobials targeting

pathogens inside plants. However, limitations, such as cost, mate-

rial preparation, particle agglomeration and efficient active ingre-

dient delivery, still need to be resolved. Moreover, the

environmental fate of NPs needs to be determined before large-

scale application, and the potential for persistence of NPs in food

products must be determined because of toxicity effects (for

example, see Gaillet and Rouanet, 2015; Nel et al., 2006).

INNOVATIONS IN DELIVERY AND OTHER
OPPORTUNITIES FOR DISEASE MANAGEMENT

Since the early 1950s, the conventional delivery of bactericides

and other pesticides in plant agriculture has been via air blast

sprayers. This technology is fairly inefficient, in that up to

40%–70% of sprayed materials can be lost via drift (Steiner,

1969). In addition, these chemicals target surface bacterial popula-

tions, with only very limited potential effects on systemic bacterial

pathogens. Opportunities for improvements in disease manage-

ment will require more thinking ‘outside the box’ to develop new

methods of delivery or new strategies to combat pathogens. For

example, endotherapy approaches with fruit trees conferred reduc-

tions in the incidence of fire blight disease over longer time peri-

ods than conventional sprays (Acimovic et al., 2015), and may

prove to be an effective disease management strategy for systemic

bacterial diseases. Likewise, a thermal therapy treatment for Huan-

glongbing disease, involving the continuous exposure of infected

citrus seedlings to temperatures of 40–428C for 7–10 days, signifi-

cantly reduced the detectable titre of ‘Candidatus Liberibacter asi-

aticus’ (Hoffmann et al., 2013). The large-scale implementation of

approaches such as these at the farm level with mature trees

appears to be impractical and is currently not feasible; however,

the systems are effective at a research scale and represent possible

new practices that could benefit from interdisciplinary research

input from agricultural engineers and others to improve the

practicality and chances of future success. Perhaps new manage-

ment methods for systemic bacterial pathogens could be devel-

oped following novel pathways similar to those described.

THE NEXT HAMMER: GENOME EDITING
METHODS FOR THE DEVELOPMENT OF
DURABLE RESISTANCE

The deciphering of the TALE code for specific DNA binding has

opened up new avenues for the design of new and more powerful

tools for genome modification. TALE nucleases (TALENs) are

TALE-binding domains, fused to the FokI nuclease cleavage

domain, which result in a very precise sequence-directed molecu-

lar tool to introduce double-strand breaks (dsbs) at specific

genomic locations (Christian et al., 2010; Miller et al., 2011). dsbs

induce native DNA repair mechanisms, such as non-homologous

end joining, an error-prone repair mechanism that introduces vari-

able length insertions or deletions at the breaking point, generally

resulting in frame shifts in the target gene, rendering it non-

functional. The second mechanism is homology-directed repair

that inserts homologous DNA templates at the targeted point,

allowing the precise insertion or deletion of nucleotides in a spe-

cific locus (Joung and Sander, 2013). This technology has proven

to be an efficient mechanism for genome editing, not only for

model plant organisms, such as Arabidopsis thaliana and tobacco,

but also for economically important crop plants, including

soybean, rice and corn (Cermak et al., 2011; Haun et al., 2014;

Li et al., 2012; Liang et al., 2014; Zhao et al., 2013). A successful

example of genome modification using TALEN to engineer bacte-

rial blight-resistant rice cultivars has been reported by Li et al.

(2012). In this study, TALEN technology was employed to target

the S gene Os11N3 (OsSWEET14), which encodes a member of

the SWEET sucrose efflux transporter family, and is activated by

X. oryzae pv. oryzae through at least four different TALE proteins

(AvrXa7, PthXo3, TalC and Tal5) to divert sugar transport and

favour pathogen nutrition and proliferation within the host (Streu-

bel et al., 2013). Sequence-specific TALEN editing of EBE in the

promoter region of OsSWEET14 rendered the promoter insensitive

to AvrXa7 and PthXo3, abrogating the activation of the S gene,

without compromising the normal function of the sucrose efflux

system in the plant (Li et al., 2012).

Another recently developed technology that has been widely

exploited for genome editing is the CRISPR/Cas9 system. Clustered

regularly interspaced short palindromic repeats (CRISPRs) are a

family of DNA repeats present in most Archaea and in about 40%

of bacterial species, which provide acquired immunity against for-

eign DNA from bacteriophages or plasmids (Horvath and Barran-

gou, 2010). These distinctive loci consist of repetitive palindromic

sequences (21–47 bp), separated by hypervariable spacer sequen-

ces that exhibit homology to exogenous viral and plasmid sequen-

ces, ranging between 21 and 72 bp. These arrays are often
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located adjacent to helper cas (CRISPR-associated) genes that

encode polymerases, nucleases and helicases. When spacer

sequences are transcribed, they generate small CRISPR-RNA

(crRNA) fragments that hybridize with a small non-coding trans-

activating crRNA (tracrRNA). This double-stranded RNA molecule

is used as a guide to target invading DNA sequences as a result of

complementarity, which directs the Cas protein complex to these

sequences for DNA degradation by double-strand cleavage (Hor-

vath and Barrangou, 2010). Three types (I, II and III) of CRISPR/

Cas system have been described. In type II systems, the RNA-

guided nuclease Cas9 is responsible for DNA cleavage as a result

of its nuclease domains. A fusion of both crRNA and tracrRNA in a

single small guide molecule (sgRNAs) of about 20 nucleotides has

been demonstrated to be functional for the introduction of

genome modifications with precise target specificity (Jinek et al.,

2012). As a result of their small size, multiple sgRNAs can be used

together with Cas9 for the simultaneous targeting of multiple loci.

This multiplex genome editing feature poses an advantage over

other genome editing technologies, including TALENs. Moreover, a

modification of the Cas9 endonuclease to induce nickase activity

rather than double-strand cleavage has been used to target spe-

cific regulatory elements of a gene of interest, repressing its tran-

scription in a mechanism referred to as CRISPR interference

(CRISPRi; Qi et al., 2013).

The CRISPR/Cas9 genome editing technology has been success-

fully employed for the genetic editing of single or multiple gene tar-

gets in several plants, such as A. thaliana, tobacco, rice and sweet

orange (Gao et al., 2015; Jia and Wang, 2014; Li et al., 2013; Shan

et al., 2014). Moreover, this new technology has been shown to be

efficacious for the generation of mutations in the TaMLO-A1 allele

of bread wheat, which encode a protein that represses plant

defence against powdery mildew. This modification conferred

resistance to the pathogen (Wang et al., 2014), demonstrating that

CRISPR/Cas editing can be successfully employed in the engineering

of durable resistance, even at different levels of ploidy.

CONCLUSIONS

During the past two decades, a burst in research focused on the

molecular biology and pathogenesis of plant-pathogenic bacteria,

and the determinant factors in host–pathogen interactions, has

opened the door to a new era in bacterial disease management,

from targeting virulence factors to molecular breeding for durable

broad-spectrum resistance. The continuously increasing amount of

data has resulted in a greater understanding of the function of

type III effector proteins and their targets in specific plant hosts

and has broadened the potential of what applications can be con-

sidered as new possibilities for the management of disease with

host resistance. Novel genome editing technologies, such as the

TALEN and CRISPR/Cas9 systems, provide plant breeders with

tools for the generation of new sources of resistance, not only for

bacterial diseases, but also at a much broader level, without intro-

ducing foreign DNA material into the host genome. Moreover, the

increased precision of these new methodologies and the possibility

of resistance stacking offer a very promising scenario for

multi-resistance development, with a reduced effort and time

framework compared with traditional breeding strategies. How-

ever, we are currently within an interim time period in bacterial

plant disease management. All of the new innovative strategies

described here are still in various stages of development. Thus,

growers will continue to rely on existing methods, including the

use of commercially available bactericides and biological controls

and plant cultivars bred for resistance.

One aspect of the novel management tools under develop-

ment, which, to our knowledge, has not been widely considered,

is that the deployment of these novel tools may not be via cur-

rently existing technologies. Are current spray technologies for

crops the best method to deliver disease management chemicals?

Other considerations include the way in which crops are grown,

i.e. does the use of crop monocultures represent the best strategy

to deploy novel cultivars developed with genome editing technol-

ogy and predicted to harbour durable resistance? In addition, will

the public accept food crops engineered for disease resistance

using genome editing technology? It is clear that the genetic and

genomic advancements in plant bacteriology research that are

predicted to protect food supplies and provide consistency in

increasing crop yields must also be accompanied by similar scale

advancements addressing engineering and sociological questions,

as these ancillary topics will be just as critical. Indeed, if advances

in genetics and genomics represent a second generation in terms

of bacterial disease management, the ‘implementation of innova-

tion’, including effective delivery of innovative management strat-

egies and successes in consumer acceptance of these strategies,

will probably represent a third generation of advances needed for

the realization of sustainable disease management.
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