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Abstract Disease resistance is without argument the best
technological approach to control diseases in plants since
no management input is required by the grower once the
resistant variety has been planted. The biggest problems in
using disease resistance lie in the facts that effective
sources of resistance are not available for many important
diseases, especially those caused by necrotrophic patho-
gens; and that pathogen populations adapt to the utilisation
of novel sources of resistance, most notably for air-borne
biotrophic pathogens. Several biotechnological ap-
proaches have been developed to produce disease resistant
plants, the most recent known as NBT – New Breeding
Technologies. This review focuses on recent advances in
those technologies which adapt the knowledge obtained
using molecular genetic approaches for the study of plant-
microbe interactions to combat plant diseases.
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Introduction

Plant diseases can devastate crops despite the best
efforts of skilled farmers supported by the sustained

efforts of plant breeders and the global agrochemical
industry. Disease resistance is a major contributor to
managing specific diseases in many agricultural sys-
tems, but the success in utilisation of resistance is
under constant pressure from evolving and migrat-
ing pathogens. Whereas many sources of disease
resistance (viz race-specific resistance genes) are
available for many biotrophic and hemibiotrophic
pathogens, the same cannot be said for many
necrotrophic pathogens. Furthermore, it is very dif-
ficult and/or slow to breed some major crops, e.g.,
bananas, potatoes and perennials (mostly trees and
bushes), and, especially for the perennials, market
forces often favour specific varieties, such as Cav-
endish bananas and specific wine grape varieties
(Collinge et al. 2016).

Biotechnological approaches are proven for some
crop-d i sease combina t ions bu t a re la rge ly
underutilised. Thus there are still only three widely
publicised examples of crops used globally which
exhibit useful enhanced disease resistance. The first
two of these concern virus resistance: Papaya, Carica
papaya, exhibiting resistance to Papaya Ringspot Vi-
rus PRSV and Summer squash, Cucerbita pepo,
exhibiting resistance to three viruses, namely cucum-
ber mosaic virus (CMV), zucchini yellow mosaic
virus (ZYMV) and watermelon mosaic virus 2
(WMV 2) (see Fuchs and Gonsalves 2007)). The third
example concerns maize plants (Zea mays) designed
to confer insect resistance using the BT toxin Cry1Ab
from the bacteria Bacillus thuringiensis. These trans-
genic, insect resistant varieties nevertheless exhibit a
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degree of disease resistance against Fusarium spp.,
especially Fusarium verticillioides (Collinge et al.
2008; Munkvold et al. 1999; Magg et al. 2002). Other
transgenic crops have been developed and tested in
field trials. In some cases these are also approved for
release onto the market; examples include potatoes
for virus resistance (Bravo-Almonacid and Segretin
2016; Kaniewski and Thomas 2004; Ricroch and
Henard-Damave 2016).

I have previously reviewed the biology and tech-
nologies underlying many different approaches
which aim to provide disease resistance using trans-
genic plants and therefore refer to these for detail of
approaches and results (Chen et al. 2012; Collinge
2016; Collinge et al. 2008; Collinge et al. 2010;
Collinge et al. 2016). This review will focus on a
few recent successes in addition to the previous stud-
ies and in particular present biotechnological ap-
proaches aiming towards disease control which do
not result in transgenic plants in the traditional sense.

How can the host inhibit pathogen development?

Plants possess many physiological tools which can
inhibit microbial growth. As pathogenic microbes in-
clude both bacteria and eukaryotes fromdifferent king-
doms (e.g., Chromista, Protozoa and Opisthokonts –
which include both animals and fungi), the physiology
of the microbe varies enormously as does thus the
nature of an appropriate antimicrobial tool. Plants pro-
duce specialised metabolites which can inhibit the
growth of specific microbial taxa, but the microbes
adapted to a particular host species possess mecha-
nisms to disarm these antibiotic substances and/or sup-
press their production. Plants also produce antimicro-
bial proteins andenzymeswhichdamagemicrobial cell
walls. These defences can be constitutively produced
or can be induced following pathogen attack. Collec-
tively, these induced defences are now termed MAMP
(or PAMP)-triggered immunity. The next level of de-
fence includes the ability to undergo localised pro-
grammed cell death, the hypersensitive response,
which is effective in inhibiting those biotrophic patho-
gens which require a living host. The mechanisms
underlying this process, termed effector-triggered im-
munity,which are still not fully elucidated, are basedon
the ability of the host to recognise effectormolecules or
the result of their action on the host.

The study and elucidation of the processes de-
scribed above has led to many attempts to strength-
en these defences by adding or even removing
specific components of host defence using molecu-
lar genetic, i.e. transgenic, approaches. Few of them
have had any major effect on improving disease
control. Many examples have been reviewed previ-
ously (most recently in Collinge 2016). Other ap-
proaches have looked at the tools used by the
pathogen to infect successfully (Ahmed et al.
2016a). Of course it is not feasible to mutate a
pathogen itself to reduce its ability to infect; the
healthy pathogens would always outcompete the
mutants, so no strategy analogous to the use of
sterile male insects can be used: they compete for
mates but do not contribute to future generations. It
is, however, feasible to develop biological control
agents using this approach (Jensen et al. 2016). But
that is an entirely different story!

What is biotechnology?

In the context of plant disease resistance, biotechnology
can be considered to encompass transgenic plants
(GMO – genetically manipulated organisms) and BNew
Breeding Technologies^ – NBT, and in a broader sense,
biological control, which I do not address in this review.
The GMO technologies have been under considerable
negative pressure from certain NGOs worldwide and,
though certain solutions are in wide use outside Europe,
very few transgenic crops with an effect on plant dis-
eases are used in Europe as several countries simply do
not permit their use (Coca et al. 2016; Collinge 2016). In
legislative terms, the permission to utilise genetic engi-
neering in plant breeding has been implemented in
essentially two parallel tracks which are exemplified
by approaches taken in Europe and North America
(Zetterberg and Björnberg 2017). The former is
Bprocess based^, where the technology of genetic engi-
neering is subject to regulation. Thus, release of GMO
crops in the EU is subject to Directive 2001/18/EC
concerning release and Regulation 2003/1829
concerning use of the products in food and or fodder
before use in production. The latter approach (North
American) is based on the physiological or biochemical
characteristics of the organism and therefore is product
based or phenotype based, which means that the alter-
ations introduced into the crop are taken into account,
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and not the means by which the changes were achieved
(Camacho et al. 2014). In other words biotechnological
methods for plant breeding are assumed to be substan-
tially equivalent to their non-GM crops and therefore are
not subjectable to special legislation (Zetterberg and
Björnberg 2017). The legislation concerns the trait in-
troduced and whether that can cause harm (e.g., ecolog-
ical impact, poisonous). As European scientists are es-
sentially currently prevented from using GMO technol-
ogies and are keen to see their efforts in understanding
disease resistance translated into practise, various paths
are being taken to ensure that the knowledge gained
from molecular genetics approaches is being applied in
other ways, collectively known as BNew Breeding
Technologies^. However, the European legislation has
been in place since 1990 and could not foresee the
development of these new technologies, the products
of which can be indistinguishable from natural mutants.
Specifically, introduction of changes through the phys-
ical introduction of nucleotides sequences (oligonucle-
otides as DNA or RNA) whether through a transient
process or through stable introduction (GMO) is cov-
ered by the GMO legislation. There is a current process
to draw up a new legal framework to ensure that the new
knowledge and approaches can be used for the benefit of
European agriculture (Laaninen 2016).

Disease resistance by GMO

As reviewed previously (Chen et al. 2012; Collinge
et al. 2008; Collinge et al. 2010; Collinge et al. 2016),
several approaches have been, and are still being used to
develop transgenic disease resistance. Briefly, several
crops with specific diseases represent priority targets
for GMO approaches. As mentioned in the introduction,
these crops include bananas and potatoes since conven-
tional plant breeding is not feasible or too slow. How-
ever, there are many diseases, especially those caused by
necrotrophic fungi, for which no effective source of
resistance is known. An important example is the Fu-
sarium head blight complex of cereals which introduce
mycotoxins to grain. In potatoes (Solanum tuberosum),
the main issue is that new sources of resistance to the
most devastating pathogen, Phytophthora infestans, are
found in other species in the genus of Solanum and that
conventional breeding is very slow (Jo et al. 2016).

The challenge for the bananas (and plantains, Musa
spp) lies in the fact conventional plant breeding is not

possible in this sterile, triploid species: breeding is done
in tetraploid and diploid progenitors which are
hybridised and hybrids selected (Ghag and Ganapathi
2017; Ortiz and Swennen 2014). The vast majority of
bananas traded and consumed in the industrial world are
of one clonal variety, namely Cavendish and its variants.
The current focus internationally is on concerns over the
threat posed by Fusarium oxysporum f. sp. cubense
(Foc), the causal agent of Panama disease, since Cav-
endish bananas are susceptible to the new Foc Tropical
Race 4 (TR4) (Ordonez et al. 2015; Ploetz 2015). His-
tory is repeating itself: Focwas originally described as a
devastating disease of the Gros Michel cultivar, the
exported banana until its demise in the 1950s (Butler
2013). The industry replaced Gros Michel plants with
the Cavendish variety, which is resistant to the original
Foc strain, believed to be race 1. There are several other
important diseases affecting bananas which are arguably
most significant in areas where bananas and plantains
form an important part of the staple diet: Black Sigatoka
caused by the Ascomycete Pseudocercospora fijiensis
(formally known as Mycosphaerella fijiensis),
Xanthomonas wilt caused by Xanthomonas campestris
pv. musacearum, Moko disease caused by Ralstonia
solanacearum and blood bacterial wilt caused by
R. syzygii subsp. celebesensis (Blomme et al. 2017).
We reviewed this area extensively in our previous paper
(Collinge et al. 2016) and there is a new study reporting
field trials utilising both transgenic and cisgenic GMO
approaches (Dale et al. 2017). Briefly, several studies
have demonstrated HIGS (see below) conferring resis-
tance in transgenic banana to Foc. For the sake of
record, biological control, in the broad sense, may also
offer approaches for combating some of these diseases
(Blomme et al. 2017; Kumakech et al. 2017; Xue et al.
2015). Interestingly, mutants have been derived from
Cavendish bananas which exhibit promising resistance
to Foc TR4 (Molina et al. 2016).

Biotechnologies for plant breeding

Biotechnological approaches to crop improvement can,
in essence be divided into three categories, although
there are variants which fall into grey zones. These
categories are: (1) marker-assisted selection (MAS) in
plant breeding, (2) genetic engineering, and (3) genome
editing, also known as precision breeding (Sauer et al.
2016; Songstad et al. 2017;), which includes gene
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editing technologies, e.g., CRISPR-Cas9 (Belhaj et al.
2013), Oligonucleotide Directed Mutagenesis (ODM).
New Breeding Technologies (NBT) are defined as
methods which use knowledge and techniques of mo-
lecular genetics to introduce new phenotypes into crops
(Andersen et al. 2015). The term NBT has evolved as
new technologies have emerged: Bolder^ literature con-
sidered marker assisted selection as the main NBT tech-
nology (Brennan and Martin 2007). Subsequently zinc
finger and related targeted mutagenesis technologies
such as CRISPR-Cas9 have been invented and been
added to the list and the consensus now is to no longer
consider MAS as a NBT. Nevertheless, as the technol-
ogies are often based on molecular genetic methods and
knowledge, I am including a few examples here. I refer
to some recent views for details of the techniques and
other applications in plants (Sauer et al. 2016; Songstad
et al. 2017; Belhaj et al. 2013; Andersen et al. 2015).

Marker-assisted breeding

It is generally accepted that the process of plant breeding
can be upgraded by increasing the efficiency of breeding
technologies. Upgrades introduced include improved
data tracking and the use of molecular markers
(Langridge and Fleury 2011). The development of the
use of DNAmarkers (marker-assisted selection –MAS)
to assist conventional plant breeding programmes is
undoubtedly a major advance for the field since it en-
ables both more rapid and accurate process than breed-
ing without MAS. The results of crossing are the same
and natural: the difference lies in the ability to select for
progeny which have acquired the desired trait whilst
rejecting those progeny which have acquired undesir-
able traits. This is particularly useful in backcrossing
programmes where genetic uniformity can be selected
for. The use of markers in particular makes it feasible to
pyramid many forms of disease resistances, which can-
not be achieved easily by resistance phenotyping alone
since the same phenotypes have to be used to track the
introgression of different genes into the breeding lines.

A major barrier to achieving this in a Brational^ way
is a general lack of detailed knowledge of the genetic
and physiological basis of relevant traits. In other words,
the ability to map the genetic variation in plant genomes
in any detail and link genetic differences to specific
traits requires the ability to assign a trait to a specific
gene (Poland and Rife 2012). The major advance in
recent times thus lies in the ability to harness data

generated from comparative next-generation sequenc-
ing programmes within important crop species
(Deschamps et al. 2012; Salvi and Tuberosa 2015).
Once agronomically important genes have been identi-
fied, gene-specific markers can be developed to assist
introduction by crossing, or they can be introduced into
breeding lines by cisgenic or marker-assisted breeding,
or, perhaps in some cases by genome editing. Next-
generation sequencing has also motivated the imple-
mentation of genome wide selection (GWS) in major
crops, which, in contrast to MAS, can build up benefi-
cial alleles around loci that only confer minor effects to
disease resistance. Because of their inferior and/or indi-
rect effects on disease resistance, such loci are not
identified by classical QTL approaches. However, the
aggregation of perhaps thousands of minor-effect loci
may confer what is normally characterized as broad-host
or horizontal disease resistance.

Genetic engineering

Genetic engineering is usually defined as a molecu-
lar process that introduces a gene or gene construct
to a recipient organism usually at a random position
by a process which could not occur spontaneously.
The resulting strain is then termed a GMO (geneti-
cally modified organism). Although the origin of the
gene is of no importance, in terms of the legal
regulation of the process, technology is classified
in two forms depending on whether the introduced
gene originates from a different species – in which
case they are transgenic – or from the same species
– when the term cisgenic is applied (Holme et al.
2013). Many argue that cisgenesis should be consid-
ered a NBT and exempt from GMO law since,
hypothetically, the product can be developed by
natural crossing. This is particular pertinent for
crops like potato where introgression of a resistance
gene can take decades (Jo et al. 2016), or valuable
cultivars such as wine grape varieties or Cavendish
bananas. In the case of wine grape varieties, a cer-
tain level of genetic variation exists where the plants
within a cultivar may be selected for adaptation for
different climates and terroir around the world. In
these cases it is argued that the introduction of one
or few genes to provide pest or pathogen resistance
can be considered not to represent so substantial a
genetic change as to necessitate changing the name
of the variety. Another promising approach which
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has potential for perennial woody crops such as
grapevines and fruit trees (where many of the same
constraints apply) is the use of transgenic rootstocks
for certain diseases. This can work where the trans-
gene produces a product – whether protein or signal
RNA molecule (see below) which can be transported
in the vascular tissue. The perceived advantages are
twofold, and are political and practical: the con-
sumed product itself is not transgenic and different
vine or fruit tree cultivars can be grafted onto the
same transgenic rootstock (Cantu et al. 2016).

HIGS (host-induced gene silencing) and SIGS
(spray-induced gene silencing)

RNA interference (RNAi) technologies have proven
their worth in the development of transgenic virus resis-
tant plants, where RNA molecules inhibit gene expres-
sion, often by destroying specific mRNA molecules.
(Fuchs and Gonsalves 2007; Groen et al. 2017). HIGS
(and SIGS) are methods which exploit gene silencing in
an ingenious manner to control diseases caused by fungi
(or insects and nematodes). This is made possible fol-
lowing the remarkable demonstration that at least some
pathogenic fungi (and invertebrates) can take up double
stranded RNA molecules from their local environment
including the host.

The procedure to achieve HIGS (or SIGS) is first to
identify genes which are essential for the growth of the
pathogen in vitro and/or in planta. Thus the genes do not
need to encode pathogenicity factors per se, but merely
to be essential for the development of the pathogen. This
can be achieved by Bintelligent design^, for instance by
looking for fungicide targets, or screening for lethal or
near-lethal mutants in the pathogen. As mentioned
above, clearly, any mutant strain of a pathogen would
be outcompeted in nature or the field by unaffected
strains. Gene constructs transcribed to make double
stranded or hairpin RNA molecule which targets the
essential pathogen function consumers are prepared.
The essential test for the strategy is whether an RNAi
construct or small RNAs can be designed that can be
introduced into the pathogen which knock out the func-
tion in vivo, thereby reducing viability. These constructs
are then introduced into the host making transgenic
strains for HIGS. For example, by using a double-
stranded RNA hairpin construct, the expression of the
Foc SGE1 gene, a phloem effector protein of the SIX
group, was reduced and pathogenicity in banana

reduced by approximately 95%, compared to that of
the wild-type strain (Fernandes et al. 2016). This result
implies that this is an appropriate target for HIGS.

HIGS has also been demonstrated for insects (Taning
et al. 2016) and nematode pests (Niu et al. 2010). This
approach was initially used to make transgenic banana
and barley (Hordeum vulgare) plants exhibiting resis-
tance against Fusarium and powdery mildew pathogens
(Nowara et al. 2010; Pliego et al. 2013; Ahmed et al.
2016b; Koch et al. 2013; Ghag et al. 2014). More recent
and promising examples include maize (Zea mays) with
reduced levels of aflatoxins (Thakare et al. 2017) and
wheat with resistance to stripe rust, caused by Puccinia
striiformis (Qi et al. 2017).

SIGS is attractive for several reasons. As a re-
search tool it is easier to prepare and spray double-
stranded RNA (dsRNA) molecules onto a plant than
it is to make a transgenic plant, and in the politically
negative climate surrounding GMOs in much of
Europe, spraying with a chemical is seen to be more
acceptable (Mitter et al. 2017). Furthermore, the
time-consuming process of making the transgene
can be bypassed in order to determine whether the
approach is likely to work, saving resources. Koch
and colleagues had previously demonstrated that
HIGS designed using fungal genes encoding essen-
tial components for ergosterol production could pro-
tect the transgenic barley lines against the head
blight pathogen Fusarium graminearum (Koch
et al. 2013). In a subsequent study they demonstrat-
ed that the same pathogen could be targeted using
SIGS, although the efficiency of control was lower
(Koch et al. 2016). Likewise, several recent studies
have demonstrated that this approach can also be
used for combating viruses (Mitter et al. 2017).

As for CRISPR-Cas described below, a potential
pitfall with HIGS and SIGS technology is the risk that
a specific construct will only target a single pathogen
genotype and efforts need to be taken to ensure that
allelic variation within a particular pathogen species is
covered, and at the same time, that the sequences
targeted are not so conserved as to be present in bene-
ficial microbes. The R&D efforts are therefore not in-
considerable to ensure the product is targeted correctly.

Natural mutants conferring disease resistance

There are relatively few examples of recessive resis-
tance genes which confer disease resistance in crop
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plants (van Schie and Takken 2014). Loss of function
can, of course, be readily achieved by conventional
mutation, though these are often associated with del-
eterious effects, typically manifested as yield loss
(Glazebrook 2001; Schulze-Lefert and Vogel 2000).
Gain of function mutation can also be achieved by
natural processes and selected for by MAS but the rate
by which this can occur is inherently lower and there-
fore not considered feasible in practice. The best
known of the former is the mlo gene which confers
resistance in barely (Hordeum vulgare) against the
powdery mildew fungus Blumeria graminis. The
original barley mlo mutant, which has been used for
decades in spring barley varieties, was obtained orig-
inally as a radiation-induced mutation, though it has
since been found in Ethiopian land races of barley
(Acevedo-García et al. 2014; Ge et al. 2016;
Jørgensen 1992). It should be noted that the mlo
mutation provides enhanced susceptibility of barely
to certain hemibiotrophic or necrotrophic fungi and
may be predicted to do so in wheat too (Jarosch et al.
2003; McGrann et al. 2014). After many decades of
use, it was discovered that the pea resistance gene er1,
which confers resistance to Erysiphe pisi is in fact an
mlo homologue (Pavan et al. 2011) and ol-2 in tomato
confers resistance toOidium neolycopersici (Bai et al.
2008; Nekrasov et al. 2017). Many other genes con-
ferring resistance to pathogens are dominant resis-
tance genes and are associated with biotrophic (or to
a lesser extent hemibiotrophic) pathogens such as
those causing rusts, powdery and downy mildews.
New specificities in these cases often arise following
gene duplication (McHale et al. 2006).

Gene editing and resistant plants

Genome editing or precision breeding concerns a pro-
cess which changes the sequence of the target gene. This
can result in sequence substitutions, small deletions or
insertions which can change the nature of proteins, or
result in complete loss of function of the specific gene
product. These changes can be achieved using several
technologies of which the currently best known are
transcription activator–like effector nuclease (TALEN)
and clustered, regularly interspaced, short palindromic
repeats (CRISPR-Cas9) (Belhaj et al. 2013). Gain of
function has also been achieved using CRISPR-Cas9
and has great potential (Chen et al. 2017).

There are several examples of improved disease
resistance achieved using different genome editing
approaches. Thus both CRISPR-Cas9 and a related
technology TALEN were used in hexaploid wheat
(Triticum aestivum) to create mlo varieties by
knocking out the three homeologous genes (Wang
et al. 2014). Likewise this strategy is being used in
grapevine (Vitis vinifera) to confer resistance to
E. necator (Pessina et al. 2016) and tomato against
powdery mildew (Nekrasov et al. 2017), where re-
sistance has been achieved by suppressing the ex-
pression of four genes by RNA interference. The
valuable knowledge gained from this targeted genet-
ic approach can be applied to conventional MAS
breeding programmes using TILLING, and indeed
mutants in individual homeologous wheat mlo genes
have been identified in the three component ge-
nomes from mutant populations in hexaploid wheat
(Acevedo-Garcia et al. 2017).

One of the drawbacks of classical CRISPR-Cas9
lies in the need to make transgenic lines to introduce
the CRISPR-Cas9 ribonuclease into the genome of
the target plant. For this reason alone, breeding lines
developed using this technology have considered to
be transgenic, even though it is possible to lose the
CRISPR-Cas9 construct through segregation in prog-
eny whilst retaining the engineered mutation. A re-
cent development bypasses the need to make a GMO:
instead the enzyme complex has been introduced
transiently into protoplasts of several diverse and
important crop and model plant species (Arabidopsis,
lettuce (Lactuca sativa), petunia (P. x hybrida), rice
(Oryza sativa), tobacco (Nicotiana tabacum) and
wheat), with the mutants recovered from the regen-
erated plants (Subburaj et al. 2016; Woo et al. 2015;
Zhang et al. 2016). This approach has been demon-
strated recently for apple (Malus domestica) and
grapevine (Vitis vinifera) to target host genes neces-
sary for infection with the fireblight bacteria, Erwinia
amylovora and the powdery mildew fungus Erysiphe
necator, respectively (Malnoy et al. 2016).

Citrus crops suffer from several important bacterial
diseases including canker and Huanglongbing (HLB)
caused by Xanthomonas citri and Candidatus
Liberibacter, respectively. Breeding citrus for resistance
can be challenging and time-consuming for several rea-
sons. The CsLOB1 gene encodes a transcription factor
which is manipulated by Xanthomonas spp. to facilitate
infection. In a recent study, the CsLOB1 genes (there are
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two) of Duncan grapefruit (Citrus x paradisi) were
targeted by CRISPR-Cas9 and resistant lines identified.
The regenerated plants were apparently phenotypically
normal and no potential off-target genes had been af-
fected, i.e. gene sequences close to the target (Jia et al.
2017). The perceived risk of off-target mutation is a
drawback of gene-editing technologies. Indeed this is a
serious concern for the use of CRISPR-Cas9 in thera-
peutic medicine (Schaefer et al. 2017). This is ultimately
less of a concern in plant breeding for the simple reason
that such off-target mutants can be discarded.

It is feasible to use mutagenesis and CRISPR-Cas9 to
target susceptibility factors in the host, in other words,
genes where the functional allele enables the pathogen to
infect (van Schie and Takken 2014). The examples de-
tailed above all represent genes where a knock-out (or
knock-down) results in resistance, in other words reces-
sive resistance genes. This approach is less appropriate
for dominant resistance genes, though as our understand-
ing of the nature of disease resistance increases, examples
will undoubtedly arise. The approach is particularly valu-
able when a family of genes contributes to the phenotype
and it is necessary to knock-out two or more genes at
once, since, in these cases, the stone can kill two or more
birds, exemplified by mlo and CsLOB1 above, which is
more arduous using mutation coupled with MAS.

Regulation of NBT

There is currently a political process aiming to update
biotech legislation in Europe to allow the use of new
technologies. The industrial lobby group NBT Platform
has prepared an informative analysis and guide to the
different technologies (Anon 2013). Several potentially
subtle and therefore controversial criteria are proposed to
determine whether a technology is GMO. For example,
in their analysis, any artificial change of less than 20 bp
could have occurred naturally by random mutation and
therefore should not be considered to be GMO irrespec-
tive how the sequence was altered. There is a current
international discussion as to which of these biotechnol-
ogies can be defined as producing GMOs (Andersen
et al. 2015; Laaninen 2016). Some authors consider the
use of DNA markers and association genetics as NBTs,
whereas others draw the line at gene targeting approaches
such as CRISPR-Cas and TALENS. It is important that
the communication about the technologies, and their
limitations and risks, are taken seriously to avoid the
situation encountered with GMO in Europe.

Closing remarks

The planet is facing increasing challenges, most of
which are caused by mankind. The population is
projected to increase a further 15–20% by the middle
of the present century. Globally, the consumption of
meat has doubled over the last half century. Populations
are more urban and often occupy best agricultural land,
and use water. Climate changes provide a wealth of
challenges to agriculture. Global trade increases the rate
of migration of pests and pathogens according to OECD
and FAO statistics. Disease resistance is the best means
of controlling pathogens when it is available, but glob-
ally our efforts into understanding the biology of plant-
pathogen interactions and the search for natural disease
resistance in our threatened genetic heritage in locally
adapted land races is hampered by inadequate resources.
In this paper I have reviewed some recent and very
promising developments which have arisen largely from
recent advances in understanding the nature of plant-
microbe interactions. Over the last couple of decades,
the biotechnological approaches to improving the con-
trol of pathogens has moved from adding single genes
which encode antimicrobial factors to exploitation of
our understanding of the regulation of cellular processes
and the tools used by pathogens to thwart the natural
defences of the host. The two most promising novel
technologies concern the exploitation of signalling
RNA molecules and of a form of natural site directed
mutagenesis. The former is gene silencing and was first
discovered as the tool used by plants to defend them-
selves against viruses. This tool has been exploited for
two decades to provide transgenic virus resistant plants,
and the concept is now being developed as a spray to
control viruses and fungi. The second technique gene
editing or site directed mutagenesis was discovered as a
pathogenicity mechanism used by certain phytopatho-
genic bacteria and is now being developed as a non-
transgenic technology to make targeted mutations in
plants to control pathogens. HIGS, SIGS and gene
editing are smart approaches with great potential, but
these techniques suffer from potential off-target issues
(Schaefer et al. 2017) – in other words they may target
other genes in the host plant or beneficial organisms
(e.g., endophytes or mycorrhiza), or, in the case of
SIGS, in consumers. Of course, although these issues
are also valid for any pesticide in use, they may hinder
broad application of this technology. Ultimately, scien-
tists failed to convince the European public that

Eur J Plant Pathol (2018) 152:977–986 983



transgenic technologies are not harmful. The major
challenge is to prove and then explain to the public
and legislators that other tools developed are safe and
will benefit mankind in a sustainable manner. Efforts to
prevent public refusal of these new biotechnologies
have to be made now at the early stage of technology
development to convince society of their safety and
benefit for facilitating actual application in (especially
in relation to the GMO story) European agriculture.
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