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Abstract: Bacterial spot (BS), caused by four species of Xanthomonas: X. euvesicatoria, X. vesicatoria,
X. perforans and X. gardneri in tomato (Solanum lycopersicum L.) results in severe loss in yield and
quality by defoliation and the appearance of lesions on fruits, respectively. The combined industry
standard for BS control (foliar applications Actigard® rotated with copper plus mancozeb) does not
offer sufficient protection, especially when weather conditions favor disease spread. Development of
tomato cultivars with BS resistance is thus an important measure to minimize losses. Hypersensitive
and non-hypersensitive resistance has been identified in different wild accessions and cultivated
tomato relatives and has been transferred to cultivated tomato. However, complete resistance is yet
to be obtained. With the advent of next generation sequencing and precise genome editing tools,
the genetic regions that confer resistance to bacterial spot can be targeted and enriched through gene
pyramiding in a new commercial cultivar which may confer higher degree of horizontal resistance to
multiple strains of Xanthomonas causing bacterial spot in tomato.
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1. Introduction

Tomato (Solanum lycopersicum L.) is the second most important vegetable crop in the world.
Various abiotic and biotic factors affect tomato production and quality. Among the biotic factors,
diseases are the most challenging component leading to deterioration of plant health and decrease in
production. Among them, bacterial diseases play a major role in reducing yield, quality and ultimately
economic losses. Some of the major bacterial diseases in tomato are bacterial canker, bacterial speck,
bacterial spot, bacterial wilt, crown gall, and pith necrosis. Among them, bacterial spot (BS) is the most
problematic devastating disease in most of the tomato growing regions around the world. There are
four species of Xanthomonas reported to cause BS in tomato: X. euvesicatoria (strain T1), X. vesicatoria
(strain T2), X. perforans (strain T3–T5) and X. gardneri [1]. BS starts with development of small,
yellow-green lesions progressing into dark, water soaked, greasy lesions encircled by yellow halo on
all foliar parts of a tomato plant. This leads to defoliation and fruits with lesions ultimately causing
severe decrease in production. Losses more than 66% have been reported when the pathogen pressure
is high during the favorable environmental conditions [2]. Xanthomonas can survive inside and on
the seed surface for up to ten years making it very difficult to control the primary inoculum with
infested seeds [3]. It can also survive in the greenhouse structures, plant materials and debris for long
time making its control measures less efficient. Management of bacterial spot in field is challenging,
especially during warm and humid conditions, as biological, chemical and other components of
integrated pest management fail to offer effective control in restricting the losses below economic
threshold [4–7]. In the absence of complete resistance, preventive and post-infection control of BS
is heavily relied on chemicals containing copper in rotation with Actigard® (Syngenta, NC, USA).
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However, with the species of Xanthomonas evolving from susceptibility to developing resistance to
copper has led to the use of copper-based chemicals inefficacious [2,4,8].

Developing genetic resistance in tomato for BS seems to offer a relatively long-term and effective
solution. There are resistances available to various strains of Xanthomonas in various wild relatives,
plant introductions (PI) and relatives of tomato. Breeding efforts have been made in the past and
undergoing to transfer the resistance from these wild relatives and accessions into advanced elite lines
with varying level of success. In order to confer complete control, development of horizontal resistance
towards multiple species of Xanthomonas is imperative. There have been continuous efforts around
the globe to develop tomato that is resistant to different species of Xanthomonas causing BS. Although,
there has been a lot of progress made towards this direction, a commercial tomato variety exhibiting
complete resistance to BS is yet to be seen in the tomato industry. In this review, we discuss the various
breeding approaches undertaken to develop resistance to BS in tomato.

2. Non-Host Resistance

There are numerous microbes/pathogens in the environment to which plants are exposed to. Out
of numerous microbes present in the environment, relatively a few are capable of causing pathogenic
infection in plants. Most of the plants exhibit resistance to a broad range of pathogens known as
non-host resistance (NHR) [9,10]. Pathogen infection during NHR is restricted by a combination of
many mechanisms involved at different layers of defense in plants. During plant-bacterial interaction
at the surface level when a bacterium comes in contact with a host cell, it can be restricted by a
defense known as preformed defense system [9]. This includes restriction of bacteria by the presence
of structural components like trichomes, cuticular wax layer, antimicrobial compounds [11]. Some of
the physiological activities also help in pathogen restriction like stomatal closure. When bacterium is
able to invade the preformed defense system, a second line of defense kicks off in the plant system
to restrict the pathogen known as induced defense [12]. Induced defense involves numerous chain
activities to restrict the pathogen from being able to get established inside the plant system, multiply
and spread. This includes de novo synthesis of antimicrobial compounds, reinforcement of host cell wall
by callose, lignin and suberin deposition [11]. Production of secondary metabolites like phytoalexins,
glycoproteins, phenolic compounds and organosulfur compounds are known to be synthesized in
the host cell to arrest the bacterial infection. Induced defense also includes enhanced production of
reactive oxygen species (ROS) and downstream activation of various defense related genes are known
to be involved in NHR [13].

Plants have developed a unique ability to identify the pathogenic microbes, able to cause infection,
by recognizing conserved microbial molecules known as pathogen-associated molecular patterns
(PAMPs) or identify the non-pathogenic conserved elements known as microbe-associated molecular
patterns (MAMPs) [13,14]. These conserved molecules include flagellin proteins present in bacteria
that is used for bacterial mobility. PAMPs are identified by the inherent receptor molecules in the plant
cell known as pattern recognition receptors (PRRs) [15–17]. Identification of the PAMPs or MAMPs by
PRRs triggers myriad of induced defense responses known as PAMP triggered immunity (PTI) [13].
Conserved microbial elements are present in both pathogenic and non-pathogenic microbes and hence
PTI is also observed in both resistant and susceptible plants through PAMP recognition and plays
an important role during NHR [17]. PAMP recognition overlaps in both basal defense and NHR in
initiating the defense response by the host [14]. PAMP has been used to study the response of various
tomato lines of diverse genetic background in relation to BS resistance [18–20]. In this study, the lines
with higher resistance produced higher amount of ROS when a PAMP, Xcc22, was used [18].

Plants demonstrate resistance to most of the pathogens and do not produce compatible reaction
with them. But some of the pathogens are able to produce compatible reaction with the host. Although
there are resistance sources identified which is conferred by R genes, this type of resistance is frequently
overcome by pathogen evolvement [21]. New races have emerged in tomato for bacterial spot before
resistance for the existing race could be deployed in commercial cultivars. NHR has been around for
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long time and if transferred from non-host to host plants could confer broad spectrum, durable and
enhanced basal resistance [22]. Genes conferring NHR are indispensable for the plants and can be
more effective in recognizing and restricting the pathogen. Since, these genes for PAMPs like flagellin
are required for pathogen survival, mutations in these genes are not common and hence the resistance
developed for these genes can potentially last longer [10]. This might offer a sustainable approach for
tomato production in future if the complete control of the disease can be achieved.

Several studies have also focused towards identifying genes involved in cell death and effector
triggered immunity (ETI) regulators in NHR. Transferring the genes contributing NHR in tomato can
be used to increase resistance for BS. Enhancing NHR by genetic engineering or breeding is gaining
increased interest because of broad-spectrum resistance offered by NHR in comparison to R-gene
mediated resistance to particular race of a pathogen [10]. In non-host pathogen like bean, soybean,
cowpea, alfalfa and cotton, X. campestris pv. vesicatoria is not able to establish compatible reaction
hence develop hypersensitive response (HR) [23]. A PRR gene, elongation factor thermo unstable
receptor (EFR) from Arabidopsis when transferred to tomato reduced pathogen growth in the host [18].
Transfer of R gene, Bs2, from pepper to tomato has also shown increased resistance to bacterial spot in
tomato [24]. Avirulence gene, AvrBs2, is required by the pathogen, X. campestris for its fitness hence
it is difficult for the pathogen to survive with developing mutations in this gene [25]. So, transfer
of Bs2 is expected to confer broad spectrum resistance to bacterial spot caused by multiple races of
Xanthomonas in tomato and other solanaceous crops [24,25].

Based on previous studies of gene conferring NHR, the resistance has not been completely
controlled or silenced by the use of single gene [10]. Hence, the nature of NHR is expected to be
quantitative. Therefore, identification and transfer of many genes might be required to achieve
complete resistance to bacterial spot.

3. Host Resistance

Host resistance in tomato against BS is conferred by both qualitative and quantitative genes via
HR or non-HR reactions. Various sources of resistance to BS has been identified in wild accessions
and relatives of tomato. Transferring resistance from these sources has been ongoing since the disease
was diagnosed and varying level of success has been achieved. Although, the sources of BS resistance
are identified, and the efforts to introgress the resistance in cultivated tomato has been performed,
the quest for a hybrid with complete resistance is yet to be achieved owing to the complex host-plant
interaction, plant-pathogen evolution and complex resistance mechanism. Major breeding efforts
performed for developing BS resistance are discussed in this review.

3.1. Hypersensitive Resistance

In some instances, plant cells detect the pathogen at cell surface or in the cytoplasm due to the
presence of plant immune receptors encoded by major disease resistance genes known as R genes.
Effectors are the molecules present in race specific pathogen that are identified by the receptors
encoded by R genes in monogenic inheritance fashion. This is known as gene-for-gene model or
effector-triggered immunity (ETI) [13]. This type of immunity results in incompatible reaction and
HR restricting the pathogen by localized cell death. Numerous avirulence genes (Avr) are present in
Xanthomonas causing bacterial spot in tomato. These Avr genes produce effectors that are required
during pathogenesis. There are R genes identified in tomato that encode nucleotide-binding site leucine
rich repeats (NBS-LRR) which identify the effectors from pathogen and produce incompatible reactions
restricting the pathogen and causing localized cell death [26]. Although there are 355 NBS-LRR genes
identified in tomatoes, only few are known to act upon bacterial spot resistance [27].

3.1.1. Race T1

There are HR resistance identified for multiple races of Xanthomonas in tomato. S. lycopersicum
accession Hawaii7998 (HI7998) confers HR to race 1 [28]. Effector avrRxv in the T1 strain interacts
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with the resistant proteins to confer HR in HI 7998. The HR resistance is controlled by multiple
non-dominant and independent genetic genes [29]. Three genes Rx1, Rx2 and Rx3 were identified
from the backcross 1 (BC1) population derived from HI 7998 and L. pennellii (LA716) [30]. Genes Rx1
and Rx2 are located in the opposite arms of chromosome 1 and Rx3 in chromosome 5 of HI7998 [29].
Defense response from Rx1 is highest between 16–32 h post inoculation whereas the effect of Rx2 and
Rx3 is at peak during 24–32 h post infection. However, effect of Rx2 and Rx3 is epistatic and stronger in
comparison to Rx1 [30]. Polymorphic markers identified in the BC1 population inherited from LA716
were linked to susceptibility. In a separate study, a locus linked to bacterial spot susceptibility was
identified on chromosome 4 of HI7998 [31]. Additional polymorphic markers, mainly in Rx3 region,
were identified from a F2 population derived from a cross between HI7998 and an elite breeding
line Ohio (OH) 88119. However, the role of Rx1 in conferring resistance to bacterial spot in the field
condition was not identified in the population studied and no polymorphic markers were identified to
be linked with Rx2. The correlation between the HR and field resistance was relatively low between
0.31 and 0.37 in different populations [28,31]. A novel QTL in chromosome 1 was identified where
Rx-2 was previously identified [31]. However, the source for this QTL was not HI 7998 but Florida
(FL) 7600 or OH9242. In a study involving selected progenies generated from the crosses between
individuals: FL8233 and OHMR13 (fresh-market) and OH7536, OH8614, OH03-6439, and OH03-7463
(processing) derived from HI7998, HI7981, PI128216, or PI114490 resistance to T1 strain was identified
in chromosome 4 [32] where one segment conferring resistance was inherited from OH germplasm and
another from PI114490. This indicates the involvement of multiple genes in conferring the resistance in
the field. There have been estimations that three to five loci might be involved in field resistance [33].
In addition, the role of HR transitioning into disease resistance in field condition is not completely
understood. T1 strain has been replaced by the T3 strain of Xanthomonas in different tomato growing
regions with T3 appearing to suppress the growth of T1 [34]. With this trend, the importance of
developing T1 resistance is crucial for building durable horizontal resistance in tomato by pyramiding
the resistance genes into the germplasm.

3.1.2. Race T3

Race T3 appeared in various regions of the world before resistance to T1 had been transferred to
commercial cultivars [35]. HR resistance to race T3 has been identified in HI7981 through incompatible
interaction between host plant single gene, Xv3, and an effector gene avrXv3, in X. perforans [36,37].
Although HR is conferred by a single gene, the field resistance, however, is quantitatively controlled
by Xv3 and other modifier loci [37]. Another source of HR resistance to T3 was identified in
S. pimpinellifolium PI128216 [37]. HR response was also observed in some of the PI selections
that exhibited strong resistance to T3, however, HR and field resistance were not completely
correlated. An IBC population developed from the cross of PI128216 and OH88119 and non-parametric
single-marker analysis identified two locations on chromosome 11 and chromosome 6 [38]. Locus on
chromosome 11 was associated with completely conferring HR by itself however genomic regions
on chromosome 6 was not identified to be related to HR indicating the single dominant gene on
chromosome 11 conferring the resistance to T3. Chromosome 11 locus also increased field resistance to
T3 [38].

Other HR resistance against race T3 has been identified as RxLA1589 in S. pimpinellifolium accession
LA1589 and RXopJ4 in S. pennellii accession LA716 [39]. PI114490 do not confer HR however confers
high resistance in field. There are five QTLs identified conferring the resistance in field. Most of the
differentially expressed genes involved in T3 resistance in PI114490 are the genes in plant hormone
signal transduction, plant-pathogen interaction and phenylalanine metabolism [40].

3.1.3. Race T4

In the early 2000s, the HR responses conferred by the differential lines HI7981, PI128216 and PI
126932 for T3 was overcome by a new race T4 [41,42]. XopJ4 effector was recognized to be conserved



Agronomy 2019, 9, 26 5 of 11

in most of the field isolates in Florida which belonged to T4. This effector is recognized by a single
dominant gene, RxopJ4 (previously known as Xv4) and mapped on 20 cM segment of chromosome 3 [41]
in the wild accession S. penellii LA716. However, later study mapped RXopJ4 to the 190 kb region of
the long arm of chromosome 6 based on the introgressed lines of S. pennellii in S. lycopersicum [43].

Three lines FL8233 (PI128216 and HI7998 in its pedigree), FL8517 (PI114490, PI128216 and HI7998
in its pedigree) and FL8326 (PI126932 and HI7998 in its pedigree), developed at the University of
Florida showed moderate to high level of resistance to T4 but do not confer HR [44]. This indicates
that these lines may contain multiple genes controlling the resistance rather than traditional single R
gene [44]. It was reported that the resistance in these three lines are controlled by dominant effects
along with significant contribution of epistasis and additive effects [44]. Resistance to T4 has also been
identified in the population derived from S. pimpinellifolium L3707 in breeding lines 74L-1W (2008),
NC2CELBR, 081-12-1X-gsms, NC22L-1 (2008) and 52LB-1 in both field and greenhouse studies from
North Carolina State University tomato breeding program [45].

Despite the availability of resistance in the tomato accessions like LA716, transferring the
resistance to the elite lines is not trivial due to linkage drag. RXopJ4 introgressed lines showed
low fruit yield, small fruit size and autogenous leaf necrosis [43]. This may cause a disadvantage when
compared to the performance of elite tomato lines in the field.

3.1.4. Xanthomonas gardneri

Xanthomonas gardneri infects tomato to cause bacterial spot through avrHah1 effector that triggers
Bs3-dependent HR in pepper [46]. Resistance to X. gardneri is also known to be conferred by HR
in controlled conditions in tomato and multiple loci in field. S. pimpinellifolium LA2533, LA1936,
PI128216 conferred HR in greenhouse while showed resistance in the field without HR [47]. From
the segregating population studies developed using the resistant accessions (IBC of OH 88119 and PI
128216 and two F2s of selected IBCs and OH8245 cross, BC1 of LA2533 and OH2641), the resistance
conferred by LA2533 may be controlled by 2–4 loci, from PI 128216 conferred by 1-2 loci and that of
F2s may be conferred by 2–4 loci [47].

4. Non-Hypersensitive Resistance

Race 2

Non-hypersensitive resistance for bacterial spot has been reported in tomato relative
S. lycopersicum var. cerasiforme accession PI114490 [48]. PI114490 was also identified to be resistant to
races T1 and T3 [49]. However, the resistance is stronger for T1 and T2 compared to that of T3 [50].
In a segregating F2 population developed from PI114490 and FL7600, the resistance was observed to
be likely controlled by two-genes with additive nature, requiring all four alleles to confer maximum
resistance [50]. From the inbred backcross population of (PI114490 X FL7600) cross with OH9242,
identified seven markers linked to T2 resistance corresponding to five chromosomal regions in PI114490
of which two were linked with susceptibility to T2 and one with T2 resistance [31]. However, limited
phenotypic variation (<15%) was explained due to each QTLs owing to the incomplete coverage of
the genome (60%) by the markers or presence of other loci conferring the resistance by independent
smaller effects or interaction between them [31]. This might be the reason that complete resistance for
T2 has not been obtained yet in a new elite line.

5. Broad-Spectrum Resistance

Some host plants are able to confer non-race specific resistance to specific pathogens known as
broad-spectrum resistance (BSR). [50] reported that PI114490 conferred field resistance to multiple races
and is considered to offer BSR to BS in the field conditions. A QTL on chromosome 11 from PI114490
was identified to confer partial resistance (14.6%–63.8%) to multiple races T1–T4 [31]. However, this
locus was not able to restore the level of resistance in the population as compared to that conferred
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by PI114490 indicating the presence of other loci playing role in BSR. Another major QTL was also
identified in chromosome 1 of PI114490 conferring 3%–11% resistance to T2–T4 [44]. There were also
minor QTL reported conferring BSR to T1–T4 [44].

Using various race-specific and non-specific resistant lines HI7998, PI114490, PI128216 and OH
9242, there were three lines developed: FL8233, FL8517, and FL8326 which conferred BSR to multiple
races [51]. BSR in the population developed by using these three individuals indicated the presence of
recessive epistatic suppression gene inhibiting the susceptibility of these lines to multiple races [44].
However, the epistatic gene is yet to be identified.

One of the potential method to enhance BSR is to transfer the race specific resistance gene/loci for
multiple races from various sources into commercial line to enable its defense mechanism to counter
all existing races of pathogen infecting the host and alleviate its resistance. Gene pyramiding is a
popular method used in tomato breeding facilitated by marker assisted selection [52]. In order to
perform this, uniformly distributed polymorphic markers covering the whole genome is essential
along with gene/loci and their interaction information. The limitation of traditional breeding is the
requirement of long time to successfully introgress the resistance from wild relatives to the advanced
cultivated tomato. With the rapid evolving pathogen, linkage drag can slow down the progress and
cause severe economic loss. Fusarium wilt race 3 resistance has been identified to be linked with
increased susceptibility to BS due to linkage drag [49]. These type of linkage drags can hinder the
pyramiding of multiple disease resistances and may take longer. Therefore, transgenic approach can
expedite the development of elite lines with the resistance with minimized linkage drag. Transforming
the resistance could also lead to solving the loss of resistance in heterozygotes due to incomplete
dominance as observed for the Xv2 and Rx4 genes mapped in chromosome 11.

6. Genetic Engineering

6.1. Transgenic Approach

The transfer of a gene from one organism to another that do not naturally produce offspring when
crossed is known as transgenic approach. Usually, genes conferring disease resistance are transferred
from resistant to susceptible plant to enable the susceptible plant to stand against the disease. Bs2 gene
conferring resistance to different races of bacterial spot in pepper is known to possibly confer durable
resistance to BS if transferred into tomato. The Bs2 gene encodes motifs with nucleotide binding
site-leucine-rich repeat class of resistance genes. The presence of Bs2 in tomato was confirmed by the
co-expression of avrBs2 [24]. Transient expression of Bs2 gene in tomato lines conferred hypersensitive
response and suppressed the growth of X. campestris in an avrBs2-dependent manner and functioning
in a heterologous system. The fitness of X. campestris is regulated by avrBs2 and both virulence and
avirulence in X. campestris is controlled by Bs2 [25]. The EFR gene from Arabidopsis in combination
with Bs2 gene from pepper or separately had been transferred in tomato to control bacterial spot and
bacterial wilt in tomato. The expression of EFR and Bs2/EFR genes in tomato lines reduced the severity
of bacterial spot from 22 to 98% in the field compared to non-transgenic plants whereas marketable
yield increased by 43 to 170% in Bs2/EFR plants compared to control plants [53].

The resistance of plant against diseases can be enhanced by integration of the genes producing
antimicrobial peptides (AMPs) from other plant [54–57]. The AMPs help in building biological defenses
against pathogens. The examples of AMPs are cecropins, magainins, and sarcotoxin IA [57–59]. Giant
silk moth, Hyalophora cecropia produces a lytic peptide called Cecropins [59,60]. Gram-negative and
gram-positive bacterial growth is inhibited using cationic peptide cecropin B (CB). A construct named
pBI121-spCB was made by the fusion of CB gene to secretory signal peptide from the barley a-amylase
gene [60]. The construct was transformed into tomato plants which showed increased resistance to
bacterial spot that was confirmed by western blot analysis [60].

The transfer of non-expresser of PR genes (NPR1) from Arabidopsis to tomato helped to acquire
broad spectrum resistance against various diseases [61]. NPR1 is one among the genes for systemic
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acquired resistance (SAR). The tomato cultivar in which NPR1 was transferred was already resistant
to tomato mosaic virus and heat tolerant. The transgenic tomato showed various level of resistance
for various diseases with a moderate degree of resistance for bacterial spot. The level of resistance
was directly dependent on the amount of NPR1 protein accumulated by the transgenic lines where
a higher level of NPR1 proteins showed broader and higher level of resistance against diseases and
lower level of NPR1 protein showed low resistance against the diseases. Similarly, the NPR1 protein
was also directly affecting the inheritance of the disease resistance [61].

6.2. Genome Editing

Plant breeding technique, crossing resistant and susceptible cultivar to obtain F1 and backcrossing
with the resistant cultivar is the classical method to obtain resistance to bacterial spot in tomato.
However, it would take many years and is labor intensive to obtain the resistance. To overcome this
problem of traditional breeding approach, various genome editing tools like TALENs (Transcription
Activator Like Effector Nucleases) and ZFNs (Zinc Finger Nucleases) are being investigated.
These genome-editing techniques use programmable nucleases to make double-strand breaks in
the DNA at specific location that helps in genetic modifications in the gene or genome [62]. The DNA
breaks help in insertion or deletion through non-homologous end joining whereas double strand breaks
are repaired by homology directed repair using a homologous repair template [63,64]. However, high
cost and complexity for designing these nucleases make these tools among the techniques that were
not adapted widely for plant-based research. A new technology that substituted ZFN and TALENs
is CRISPR/Cas9 system for gene editing. Cas9 is a bacterial CRISPR-associated protein-9 nuclease
from Streptococcus pyogenes and CRISPR/Cas9 is a modified bacterial immune system for genome
editing [64]. The system consists of Cas9 nuclease and single guide RNA (sgRNA) that is specific
to nucleic acid sequence. The sgRNA target specificity depends on ribonucleotide-protein complex
formation so, it is quite easy to design target specific guide RNA necessary for Cas9 recognition [64].

The application of CRISPR/Cas9 system was successful for transient expression and recovery of
stable transgenic plants [64]. In tomato, SlDMR6-1 orthologue Solyc03g080190.2 helped in acquiring
broad spectrum diseases resistance through CRISPR/Cas9 mediated mutagenesis [65]. The use
of CRISPR/Cas9 helped in deleting few nucleotides in SlDMR6-1 gene leading to frameshift and
premature truncation of the protein. The progeny (T1 plants) after deletion was infected with X. gardneri
(Xg153) and X. perforans (Xp4b) where Sldmr6-1 mutants were resistant compared to wild types without
affecting the plant growth and development. The upregulation of downy mildew resistance (DMR6)
gene was observed during infection in Arabidopsis thaliana [66]. During the process of mutageneis in
DMR6 gene, increase in salicylic acid level was highly correlated with disease resistance in Arabidopsis
because of which the orthologue of same gene was used in tomato to get broad spectrum disease
resistance. DLO1 was also regulated with DMR6 and had synergic effects on plant disease resistance.
However, a lower level of resistance was shown by dlo1 mutants and even the growth of plants was
affected when double mutant (dmr6dlo1) was made. Thus, a single mutation on DMR6 gene producing
dmr6 mutants was an effective tool in Arabidopsis to have broad spectrum resistance [66]. Thus,
CRISPR/Cas9 would be an effective way to obtain broad spectrum resistance against various races of
bacterial spot pathogen.

7. Conclusions

Next generations of sequencing technologies have facilitated the availability for reference genomes
and sequencing and re-sequencing of advanced lines and wild accessions which are critical in
identifying the resistance genes. On the pathogen side, identification of effector sequences and
virulent components can be used to identify the genes conferring resistance to the pathogens. This can
be extremely helpful to expedite the process of identifying and introgressing resistance in tomato in
case when new race emerges or evolves from the existing one.
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Progress made so far in developing bacterial spot resistance in tomato has primarily relied on
traditional and marker assisted breeding with few instances of using genetic transformation. As the
availability of genome sequences of tomato becomes more feasible, development of precise markers
and approaches like genomic and genome-wide selections will be more effective and result in higher
gain. Use of precision technology like targeted genome editing can facilitate the progress made by
traditional and marker assisted breeding.

Author Contributions: K.B. conceptualized the idea and outlined the paper; S.S. drafted the manuscript. All
authors read, revised and consented to the final version of the manuscript.

Funding: This review article received no external funding.

Acknowledgments: Authors would like to thank the anonymous reviewers of the manuscript for reviewing the
manuscript and providing constructive comments and feedback.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Bouzar, H.; Minsavage, G.V.; Stall, R.E.; Schaad, N.W.; Jones, J.B.; Lacy, G.H. Bacterial spot-worldwide
distribution, importance and review. In I International Symposium on Tomato Diseases; ISHS: Orlando, FL, USA,
2004; Volume 695, pp. 27–34.

2. Pohronezny, K.; Stall, R.E.; Canteros, B.I.; Kegley, M.; Datnoff, L.E.; Subramanya, R. Sudden shift in the
prevalent race of Xanthomonas campestris pv. vesicatoria in pepper fields in southern Florida. Plant Dis. 1992,
76, 118–120. [CrossRef]

3. Sharon, E.; Okon, Y.; Bashan, Y.; Henis, Y. Detached leaf enrichment: A method for detecting small numbers
of Pseudomonas syringae pv. tomato and Xanthomonas campestris pv. vesicatoria in seed and symptomless leaves
of tomato and pepper. J. Appl. Bacteriol. 1982, 53, 371–377. [CrossRef]

4. Jones, J.B.; Jones, J.P. The effect of bactericides, tank mixing time and spray schedule on bacterial leaf spot of
tomato. Proc. Fla. State Hortic. Soc. 1985, 98, 244–247.

5. Jones, J.; Scott, J. Hypersensitive Response in Tomato to Xanthomonas campestris pv. vesicatoria. Plant Dis.
1986, 70, 337–339. [CrossRef]

6. Scott, J.W.; Jones, J.B. Sources of resistance to bacterial spot in tomato. HortScience 1986, 21, 304–306.
7. Louws, F.J.; Wilson, M.; Campbell, H.L.; Cuppels, D.A.; Jones, J.B.; Shoemaker, P.B.; Miller, S.A. Field control

of bacterial spot and bacterial speck of tomato using a plant activator. Plant Dis. 2001, 85, 481–488. [CrossRef]
8. Kousik, C.S.; Ritchie, D.F. Race shift in Xanthomonas campestris pv. vesicatoria within a season in field-grown

pepper. Phytopathology 1996, 86, 952–958. [CrossRef]
9. Heath, M.C. Nonhost resistance and nonspecific plant defenses. Curr. Opin. Plant Biol. 2000, 3, 315–319.

[CrossRef]
10. Mysore, K.S.; Ryu, C.M. Nonhost resistance: How much do we know? Trends Plant Sci. 2004, 9, 97–104.

[CrossRef]
11. Zipfel, C.; Kunze, G.; Chinchilla, D.; Caniard, A.; Jones, J.D.; Boller, T.; Felix, G. Perception of the bacterial

PAMP EF-Tu by the receptor EFR restricts Agrobacterium-mediated transformation. Cell 2006, 125, 749–760.
[CrossRef]

12. Tao, Y.; Xie, Z.; Chen, W.; Glazebrook, J.; Chang, H.S.; Han, B.; Katagiri, F. Quantitative nature of Arabidopsis
responses during compatible and incompatible interactions with the bacterial pathogen Pseudomonas syringae.
Plant Cell 2003, 15, 317–330. [CrossRef]

13. Jones, J.D.; Dangl, J.L. The plant immune system. Nature 2006, 444, 323. [CrossRef] [PubMed]
14. Zipfel, C.; Felix, G. Plants and animals: A different taste for microbes? Curr. Opin. Plant Biol. 2005, 8, 353–360.

[CrossRef] [PubMed]
15. Bent, A.F.; Mackey, D. Elicitors, effectors, and R genes: The new paradigm and a lifetime supply of questions.

Annu. Rev. Phytopathol. 2007, 45, 399–436. [CrossRef] [PubMed]
16. Dangl, J.L.; Horvath, D.M.; Staskawicz, B.J. Pivoting the plant immune system from dissection to deployment.

Science 2013, 341, 746–751. [CrossRef] [PubMed]
17. Zipfel, C. Pattern-recognition receptors in plant innate immunity. Curr. Opin. Immunol. 2008, 20, 10–16.

[CrossRef] [PubMed]

http://dx.doi.org/10.1094/PD-76-0118
http://dx.doi.org/10.1111/j.1365-2672.1982.tb01285.x
http://dx.doi.org/10.1094/PD-70-337
http://dx.doi.org/10.1094/PDIS.2001.85.5.481
http://dx.doi.org/10.1094/Phyto-86-952
http://dx.doi.org/10.1016/S1369-5266(00)00087-X
http://dx.doi.org/10.1016/j.tplants.2003.12.005
http://dx.doi.org/10.1016/j.cell.2006.03.037
http://dx.doi.org/10.1105/tpc.007591
http://dx.doi.org/10.1038/nature05286
http://www.ncbi.nlm.nih.gov/pubmed/17108957
http://dx.doi.org/10.1016/j.pbi.2005.05.004
http://www.ncbi.nlm.nih.gov/pubmed/15922649
http://dx.doi.org/10.1146/annurev.phyto.45.062806.094427
http://www.ncbi.nlm.nih.gov/pubmed/17506648
http://dx.doi.org/10.1126/science.1236011
http://www.ncbi.nlm.nih.gov/pubmed/23950531
http://dx.doi.org/10.1016/j.coi.2007.11.003
http://www.ncbi.nlm.nih.gov/pubmed/18206360


Agronomy 2019, 9, 26 9 of 11

18. Bhattarai, K.; Louws, F.J.; Williamson, J.D.; Panthee, D.R. Differential response of tomato genotypes
to Xanthomonas-specific pathogen-associated molecular patterns and correlation with bacterial spot
(Xanthomonas perforans) resistance. Hortic. Res. 2016, 3, 16035. [CrossRef]

19. Bhattarai, K. Screening for Bacterial Spot (Xanthomonas spp.) Resistance in Tomato (Solanum lycopersicum L.)
and Microbe Associated Molecular Patterns. Master’s Thesis, North Carolina State University, Raleigh, NC,
USA, 2014.

20. Bhattarai, K.; Louws, F.J.; Williamson, J.D.; Panthee, D.R. Diversity analysis of tomato genotypes based on
morphological traits with commercial breeding significance for fresh market production in eastern USA.
Aust. J. Crop Sci. 2016, 10, 1098. [CrossRef]

21. Niks, R.E.; Marcel, T.C. Nonhost and basal resistance: How to explain specificity? New Phytol. 2009,
182, 817–828. [CrossRef]

22. Zurbriggen, M.D.; Carrillo, N.; Tognetti, V.B.; Melzer, M.; Peisker, M.; Hause, B.; Hajirezaei, M.R.
Chloroplast-generated reactive oxygen species play a major role in localized cell death during the non-host
interaction between tobacco and Xanthomonas campestris pv. vesicatoria. Plant J. 2009, 60, 962–973. [CrossRef]

23. Lacombe, S.; Rougon-Cardoso, A.; Sherwood, E.; Peeters, N.; Dahlbeck, D.; Van Esse, H.P.; Jones, J.D.
Interfamily transfer of a plant pattern-recognition receptor confers broad-spectrum bacterial resistance.
Nat. Biotechnol. 2010, 28, 365. [CrossRef] [PubMed]

24. Tai, T.H.; Dahlbeck, D.; Clark, E.T.; Gajiwala, P.; Pasion, R.; Whalen, M.C.; Staskawicz, B.J. Expression of
the Bs2 pepper gene confers resistance to bacterial spot disease in tomato. Proc. Natl. Acad. Sci. USA 1999,
96, 14153–14158. [CrossRef] [PubMed]

25. Kearney, B.; Staskawicz, B.J. Widespread distribution and fitness contribution of Xanthomonas campestris
avirulence gene avrBs2. Nature 1990, 346, 385. [CrossRef] [PubMed]

26. Andolfo, G.; Jupe, F.; Witek, K.; Etherington, G.J.; Ercolano, M.R.; Jones, J.D. Defining the full tomato NB-LRR
resistance gene repertoire using genomic and cDNA RenSeq. BMC Plant Biol. 2014, 14, 120. [CrossRef]

27. Piquerez, S.J.; Harvey, S.E.; Beynon, J.L.; Ntoukakis, V. Improving crop disease resistance: Lessons from
research on Arabidopsis and tomato. Front. Plant Sci. 2014, 5, 671. [CrossRef]

28. Whalen, M.C.; Wang, J.F.; Carland, F.M.; Heiskell, M.E.; Dahlbeck, D.; Minsavage, G.V.; Staskawicz, B.J.
Avirulence gene avrRxv from Xanthomonas campestris pv. vesicatoria specifies resistance on tomato line Hawaii
7998. Mol. Plant-Microbe Interact. 1993, 6, 616–627. [CrossRef] [PubMed]

29. Wang, J.F.; Stall, R.E.; Vallejos, C.E. Genetic analysis of a complex hypersensitive reaction to bacterial spot in
tomato. Phytopathology 1994, 84, 126–132. [CrossRef]

30. Yu, Z.H.; Wang, J.F.; Stall, R.E.; Vallejos, C.E. Genomic localization of tomato genes that control a
hypersensitive reaction to Xanthomonas campestris pv. vesicatoria (Doidge) dye. Genetics 1995, 141, 675–682.

31. Scott, J.W.; Hutton, S.F.; Shekasteband, R.; Sim, S.C.; Francis, D.M. Identification of tomato bacterial spot
race T1, T2, T3, T4, and Xanthomonas gardneri resistance QTLs derived from PI 114490 populations selected
for race T4. In IV International Symposium on Tomato Diseases; ISHS: Orlando, FL, USA, 2013; Volume 1069,
pp. 53–58.

32. Yang, W.; Sacks, E.J.; Lewis Ivey, M.L.; Miller, S.A.; Francis, D.M. Resistance in Lycopersicon esculentum
intraspecific crosses to race T1 strains of Xanthomonas campestris pv. vesicatoria causing bacterial spot of
tomato. Phytopathology 2005, 95, 519–527. [CrossRef]

33. Sim, S.C.; Robbins, M.D.; Wijeratne, S.; Wang, H.; Yang, W.; Francis, D.M. Association analysis for bacterial
spot resistance in a directionally selected complex breeding population of tomato. Phytopathology 2015,
105, 1437–1445. [CrossRef]

34. Jones, J.B.; Stall, R.E.; Bouzar, H. Diversity among xanthomonads pathogenic on pepper and tomato.
Annu. Rev. Phytopathol. 1998, 36, 41–58. [CrossRef] [PubMed]

35. Jones, J.B.; Bouzar, H.; Somodi, G.C.; Stall, R.E.; Pernezny, K.; El-Morsy, G.; Scott, J.W. Evidence for the
preemptive nature of tomato race 3 of Xanthomonas campestris pv. vesicatoria in Florida. Phytopathology 1998,
88, 33–38. [CrossRef] [PubMed]

36. Scott, J.W.; Jones, J.B.; Somodi, G.C.; Stall, R.E. Screening tomato accessions for resistance to Xanthomonas
campestris pv. vesicatoria, race T3. HortScience 1995, 30, 579–581.

37. Scott, J.W.; Jones, J.B.; Somodi, G.C. Inheritance of resistance in tomato to race T3 of the bacterial spot
pathogen. J. Am. Soc. Hortic. Sci. 2001, 126, 436–441.

http://dx.doi.org/10.1038/hortres.2016.35
http://dx.doi.org/10.21475/ajcs.2016.10.08.p7391
http://dx.doi.org/10.1111/j.1469-8137.2009.02849.x
http://dx.doi.org/10.1111/j.1365-313X.2009.04010.x
http://dx.doi.org/10.1038/nbt.1613
http://www.ncbi.nlm.nih.gov/pubmed/20231819
http://dx.doi.org/10.1073/pnas.96.24.14153
http://www.ncbi.nlm.nih.gov/pubmed/10570214
http://dx.doi.org/10.1038/346385a0
http://www.ncbi.nlm.nih.gov/pubmed/2374611
http://dx.doi.org/10.1186/1471-2229-14-120
http://dx.doi.org/10.3389/fpls.2014.00671
http://dx.doi.org/10.1094/MPMI-6-616
http://www.ncbi.nlm.nih.gov/pubmed/8274773
http://dx.doi.org/10.1094/Phyto-84-126
http://dx.doi.org/10.1094/PHYTO-95-0519
http://dx.doi.org/10.1094/PHYTO-02-15-0051-R
http://dx.doi.org/10.1146/annurev.phyto.36.1.41
http://www.ncbi.nlm.nih.gov/pubmed/15012492
http://dx.doi.org/10.1094/PHYTO.1998.88.1.33
http://www.ncbi.nlm.nih.gov/pubmed/18944996


Agronomy 2019, 9, 26 10 of 11

38. Pei, C.; Wang, H.; Zhang, J.; Wang, Y.; Francis, D.M.; Yang, W. Fine mapping and analysis of a candidate gene
in tomato accession PI128216 conferring hypersensitive resistance to bacterial spot race T3. Theor. Appl. Genet.
2012, 124, 533–542. [CrossRef] [PubMed]

39. Sun, H.J.; Zhang, J.Y.; Wang, Y.Y.; Scott, J.W.; Francis, D.M.; Yang, W.C. QTL analysis of resistance to bacterial
spot race T3 in tomato. Acta Hortic. Sin. 2011, 38, 2297–2308.

40. Du, H.; Wang, Y.; Yang, J.; Yang, W. Comparative transcriptome analysis of resistant and susceptible tomato
lines in response to infection by Xanthomonas perforans race T3. Front. Plant Sci. 2015, 6, 1173. [CrossRef]

41. Astua-Monge, G.; Minsavage, G.V.; Stall, R.E.; Vallejos, C.E.; Davis, M.J.; Jones, J.B. Xv4-vrxv4: A new
gene-for-gene interaction identified between Xanthomonas campestris pv. vesicatoria race T3 and the wild
tomato relative Lycopersicon pennellii. Mol. Plant-Microbe Interact. 2000, 13, 1346–1355. [CrossRef]

42. Minsavage, G.V.; Balogh, B.; Stall, R.E.; Jones, J.B. New tomato races of Xanthomonas campestris pv. vesicatoria
associated with mutagenesis of tomato race 3 strains. Phytopathology 2003, 93, S62.

43. Sharlach, M.; Dahlbeck, D.; Liu, L.; Chiu, J.; Jiménez-Gómez, J.M.; Kimura, S.; Jones, J.B. Fine genetic
mapping of RXopJ4, a bacterial spot disease resistance locus from Solanum pennellii LA716. Theor. Appl. Genet.
2013, 126, 601–609. [CrossRef]

44. Hutton, S.F.; Scott, J.W.; Yang, W.; Sim, S.C.; Francis, D.M.; Jones, J.B. Identification of QTL associated with
resistance to bacterial spot race T4 in tomato. Theor. Appl. Genet. 2010, 121, 1275–1287. [CrossRef] [PubMed]

45. Bhattarai, K.; Louws, F.J.; Williamson, J.D.; Panthee, D.R. Resistance to Xanthomonas perforans race T4 causing
bacterial spot in tomato breeding lines. Plant Pathol. 2017, 66, 1103–1109. [CrossRef]

46. Schornack, S.; Minsavage, G.V.; Stall, R.E.; Jones, J.B.; Lahaye, T. Characterization of AvrHah1, a novel
AvrBs3-like effector from Xanthomonas gardneri with virulence and avirulence activity. New Phytol. 2008,
179, 546–556. [CrossRef] [PubMed]

47. Liabeuf, D.; Francis, D.M.; Sim, S.C. Screening cultivated and wild tomato germplasm for resistance to
Xanthomonas gardneri. Acta Hortic. 2015, 1069, 65–70. [CrossRef]

48. Scott, J.W.; Miller, S.A.; Stall, R.E.; Jones, J.B.; Somodi, G.C.; Barbosa, V.; Sahin, F. Resistance to race T2 of the
bacterial spot pathogen in tomato. HortScience 1997, 32, 724–727.

49. Li, J.; Chitwood, J.; Menda, N.; Mueller, L.; Hutton, S.F. Linkage between the I-3 gene for resistance to
Fusarium wilt race 3 and increased sensitivity to bacterial spot in tomato. Theor. Appl. Genet. 2018,
131, 145–155. [CrossRef] [PubMed]

50. Scott, J.W.; Francis, D.M.; Miller, S.A.; Somodi, G.C.; Jones, J.B. Tomato bacterial spot resistance derived
from PI 114490; inheritance of resistance to race T2 and relationship across three pathogen races. J. Am. Soc.
Hortic. Sci. 2003, 128, 698–703.

51. Scott, J.W.; Hutton, S.F.; Jones, J.B.; Francis, D.M.; Miller, S.A. Resistance to bacterial spot race T4 and
breeding for durable, broad-spectrum resistance to other races. Rpt Tomato Genet. Coop. 2006, 56, 33–36.

52. Bhattarai, K.; Sharma, S.; Panthee, D.R. Diversity among Modern Tomato Genotypes at Different Levels in
Fresh-Market Breeding. Int. J. Agron. 2018. [CrossRef]

53. Kunwar, M.S.; Iriarte, F.; Fan, M.Q.; da Silva, M.E.E.; Ritchie, M.L.; Nguyen, M.N.S.; Colee, M.J. Transgenic
expression of EFR and Bs2 genes for field management of bacterial wilt and bacterial spot of tomato.
Phytopathology 2018. [CrossRef]

54. Mitsuhara, I.; Matsufuru, H.; Ohshima, M.; Kaku, H.; Nakajima, Y.; Murai, N.; Ohashi, Y. Induced expression
of sarcotoxin IA enhanced host resistance against both bacterial and fungal pathogens in transgenic tobacco.
Mol. Plant-Microbe Interact. 2000, 13, 860–868. [CrossRef] [PubMed]

55. Oard, S.V.; Enright, F.M. Expression of the antimicrobial peptides in plants to control phytopathogenic
bacteria and fungi. Plant Cell Rep. 2006, 25, 561–572. [CrossRef] [PubMed]

56. Osusky, M.; Osuska, L.; Hancock, R.E.; Kay, W.W.; Misra, S. Transgenic potatoes expressing a novel cationic
peptide are resistant to late blight and pink rot. Transgen. Res. 2004, 13, 181–190. [CrossRef]

57. Ohshimax, M.; Mitsuhara, I.; Okamoto, M.; Sawano, S.; Nishiyama, K.; Kaku, F.; Ohashi, Y. Enhanced
resistance to bacterial diseases of transgenic tobacco plants overexpressing sarcotoxin IA, a bactericidal
peptide of insect. J. Biochem. 1999, 125, 431–435. [CrossRef]

58. Smith, F.D.; Gadoury, D.M.; Van Eck, J.M.; Blowers, A.; Sanford, J.C.; Van der Meij, J.; Eisenreich, R. Enhanced
resistance to powdery mildew in transgenic poinsettia conferred by antimicrobial peptides. Phytopathology
1998, 88, S83.

http://dx.doi.org/10.1007/s00122-011-1726-1
http://www.ncbi.nlm.nih.gov/pubmed/22038434
http://dx.doi.org/10.3389/fpls.2015.01173
http://dx.doi.org/10.1094/MPMI.2000.13.12.1346
http://dx.doi.org/10.1007/s00122-012-2004-6
http://dx.doi.org/10.1007/s00122-010-1387-5
http://www.ncbi.nlm.nih.gov/pubmed/20563547
http://dx.doi.org/10.1111/ppa.12656
http://dx.doi.org/10.1111/j.1469-8137.2008.02487.x
http://www.ncbi.nlm.nih.gov/pubmed/19086184
http://dx.doi.org/10.17660/ActaHortic.2015.1069.8
http://dx.doi.org/10.1007/s00122-017-2991-4
http://www.ncbi.nlm.nih.gov/pubmed/28986627
http://dx.doi.org/10.1155/2018/4170432
http://dx.doi.org/10.1094/PHYTO-12-17-0424-R
http://dx.doi.org/10.1094/MPMI.2000.13.8.860
http://www.ncbi.nlm.nih.gov/pubmed/10939257
http://dx.doi.org/10.1007/s00299-005-0102-5
http://www.ncbi.nlm.nih.gov/pubmed/16456649
http://dx.doi.org/10.1023/B:TRAG.0000026076.72779.60
http://dx.doi.org/10.1093/oxfordjournals.jbchem.a022304


Agronomy 2019, 9, 26 11 of 11

59. Hultmark, D.; Engström, Å.; Bennich, H.; Kapur, R.; Boman, H.G. Insect immunity: Isolation and structure of
cecropin D and four minor antibacterial components from Cecropia pupae. Eur. J. Biochem. 1982, 127, 207–217.
[CrossRef]

60. Jan, P.S.; Huang, H.Y.; Chen, H.M. Expression of a synthesized gene encoding cationic peptide cecropin B
in transgenic tomato plants protects against bacterial diseases. Appl. Environ. Microbiol. 2010, 76, 769–775.
[CrossRef] [PubMed]

61. Lin, W.C.; Lu, C.F.; Wu, J.W.; Cheng, M.L.; Lin, Y.M.; Yang, N.S.; Cheng, C.P. Transgenic tomato plants
expressing the Arabidopsis NPR1 gene display enhanced resistance to a spectrum of fungal and bacterial
diseases. Transgen. Res. 2004, 13, 567–581. [CrossRef]

62. Joung, J.K.; Sander, J.D. TALENs: A widely applicable technology for targeted genome editing. Nat. Rev.
Mol. Cell Biol. 2013, 14, 49. [CrossRef]

63. Liu, L.; Fan, X.D. CRISPR-Cas system: A powerful tool for genome engineering. Plant Mol. Biol. 2014,
85, 209–218. [CrossRef]

64. Li, J.F.; Norville, J.E.; Aach, J.; McCormack, M.; Zhang, D.; Bush, J.; Sheen, J. Multiplex and homologous
recombination-mediated genome editing in Arabidopsis and Nicotiana benthamiana using guide RNA and
Cas9. Nat. Biotechnol. 2013, 31, 688. [CrossRef] [PubMed]

65. De Toledo Thomazella, D.P.; Brail, Q.; Dahlbeck, D.; Staskawicz, B.J. CRISPR-Cas9 mediated mutagenesis of
a DMR6 ortholog in tomato confers broad-spectrum disease resistance. bioRxiv 2016, 064824. [CrossRef]

66. Zeilmaker, T.; Ludwig, N.R.; Elberse, J.; Seidl, M.F.; Berke, L.; Van Doorn, A.; Van den Ackerveken, G.
DOWNY MILDEW RESISTANT 6 and DMR 6-LIKE OXYGENASE 1 are partially redundant but distinct
suppressors of immunity in Arabidopsis. Plant J. 2015, 81, 210–222. [CrossRef] [PubMed]

© 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).

http://dx.doi.org/10.1111/j.1432-1033.1982.tb06857.x
http://dx.doi.org/10.1128/AEM.00698-09
http://www.ncbi.nlm.nih.gov/pubmed/19966019
http://dx.doi.org/10.1007/s11248-004-2375-9
http://dx.doi.org/10.1038/nrm3486
http://dx.doi.org/10.1007/s11103-014-0188-7
http://dx.doi.org/10.1038/nbt.2654
http://www.ncbi.nlm.nih.gov/pubmed/23929339
http://dx.doi.org/10.1101/064824
http://dx.doi.org/10.1111/tpj.12719
http://www.ncbi.nlm.nih.gov/pubmed/25376907
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Non-Host Resistance 
	Host Resistance 
	Hypersensitive Resistance 
	Race T1 
	Race T3 
	Race T4 
	Xanthomonas gardneri 


	Non-Hypersensitive Resistance 
	Broad-Spectrum Resistance 
	Genetic Engineering 
	Transgenic Approach 
	Genome Editing 

	Conclusions 
	References

