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Host-induced gene silencing (HIGS) is an approach
that shows promise for the control of a variety
of problematic crop-damaging organisms, rang-
ing from nematodes and insects, to fungi and
parasitic plants. In general, HIGS utilises ribonu-
cleic acid interference (RNAi) molecules produced
by the plant, which then target key genes in
pests/pathogens, ideally leading to improved resis-
tance of the plant and a reduction in damage. As
this area of research is still very much in develop-
ment, the possible off-target and nontarget effects
need to be assessed, as do the long-term stabil-
ity and effectiveness. Practical implementation of
HIGS to commercial crop production will rely on
extensive field-testing, as well as regulatory and
marketplace acceptance of new varieties.

Introduction

Crop loss owing to damage by pests and pathogens is a signifi-
cantissue. For example, damage to Triticum aestivum (wheat) and
Hordeum vulgare (barley) in the USA alone owing to Fusarium
species was estimated to be 2.7 billion dollars between 1998 and
2000 (Nganje et al., 2004). There are a variety of possible strate-
gies for pest and pathogen control, including seeking naturally
resistant cultivars, breeding for improved resistance of suscepti-
ble cultivars, the application of commercial pesticides, crop rota-
tion and genetic engineering of resistance. These approaches can
be integrated as part of pest management strategies. For further
reading see Integrated Pest Management.

Genetic engineered resistance can take the form of expressed
proteins, such as those from the bacterial species Bacillus
thuringiensis (commonly known as Bt proteins) to inhibit the
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growth of the juvenile forms of coleopteran and lepidopteran
insects. Farmers commonly grow Bt varieties of many large com-
modity crops, such as Zea mays (corn) and Gossypium hirsutum
(cotton). As with other approaches to insect control, emerging
resistance to Bt crops is becoming problematic (Tabashnik ez al.,
2013), leading to interest in more effective utilisation of this
technology, such as the combination of Bt fields with non-Bt
refuge plantings and the development of alternate approaches to
pest control.

One of these alternatives, a distinctive genetic engineering
approach that has demonstrated effectiveness for controlling pests
and pathogens, is host-induced gene silencing (HIGS). This
approach is unique as the host plant’s resistance is improved
by RNA (ribonucleic acid)-mediated silencing of genes in the
pest/pathogen. Examples of some of the successes of this system
in protecting various plant species against pests and pathogens
can be found in Table 1. In this system, the host plant expresses
RNAs that are designed to interfere with the expression of spe-
cific pest/pathogen genes. Regulation of genes by RNAs is part
of a highly conserved biological process — for further reading see
RNA Interference (RNAi) and MicroRNAs. HIGS utilises the
ribonucleic acid interference (RNA1) pathway, a process by which
translation of messenger ribonucleic acids (mRNAs) is reduced
by RNA-mediated neutralisation of the mRNAs, or where tran-
script production is reduced following epigenetic modifications,
via RNA-induced transcriptional silencing (RITS). An overview
of the molecular interactions between plants and fungi or insects
during HIGS is shown in Figure 1.

RNAIi can lead to inhibition of gene expression by these
two distinct mechanisms (reviewed by Wilson and Doudna,
2013). Following transcription, double-stranded ribonucleic acid
(dsRNA) or microRNA precursors are cleaved by the ribonu-
clease DICER or DICER-like homologs into short interfering
ribonucleic acid (siRNA) or miRNA fragments no more than 26
nucleotides (nt) in length. These short RNAs may be amplified
by an RNA-dependent RNA polymerase, leading to a stronger
silencing effect. By post-transcriptional gene silencing, siRNAs
or miRNAs complex with enzymes including the nuclease ARG-
ONAUTE (AGO) to form the RNA-induced silencing complex
(RISC), which catalyses degradation of transcripts complemen-
tary to the bound RNA. In pretranscriptional gene silencing, RNA
complexes with AGO and de novo DNA (deoxyribonucleic acid)
methyltransferases, leading to DNA methylation and epigenetic
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Table 1 Summary of example HIGS studies cited

Transgenic host Target species Target gene(s) Role(s) of Reference
target(s) gene(s)
HIGS targeting nematodes
Arabidopsis thaliana Meloidogyne incognita,  16DI10 Effector Huang et al. (2006)
(Arabidopsis) Meloidogyne javanica,
Meloidogyne arenaria,
Meloidogyne hapla
(root-knot nematode)
Arabidopsis thaliana Meloidogyne chitwoodi ~ 16D10 Effector Dinh et al. (2014)
(Arabidopsis) (root-knot nematode)
Solanum tuberosum Meloidogyne chitwoodi ~ 16D10 Effector Dinh er al. (2014)
(potato) (root-knot nematode)
Vitis vinifera cv. Meloidogyne incognita 16D10 Effector Yang et al. (2013)
Chardonnay (root-knot nematode)
(chardonnay grape)
Nicotiana tabacum Meloidogyne incognita  Isocitrate lyase Metabolism Lourenco-Tessutti
(tobacco) (root knot nematode) et al. (2015)
Nicotiana tabacum Meloidogyne incognita  Heat shock protein 90 Chaperone protein Lourenco-Tessutti
(tobacco) (root-knot nematode) et al. (2015)
Glycine max (soybean)  Meloidogyne incognita Tyrosine phosphatase Metabolism Ibrahim ez al. (2011)

Glycine max (soybean)

Glycine max (soybean)

Glycine max (soybean)

Glycine max (soybean)

Glycine max (soybean)

Solanum melongena

(eggplant)

Solanum melongena
(eggplant)

HIGS targeting insects

Hordeum vulgare (barley)

Arabidopsis thaliana
(Arabidopsis)
Zea mays (maize)

Zea mays (maize)

(root-knot nematode)
Heterodera glycines
(soybean cyst
nematode)
Heterodera glycines
(soybean cyst
nematode)
Heterodera glycines
(soybean cyst
nematode)
Heterodera glycines
(soybean cyst
nematode)
Heterodera glycines
(soybean cyst
nematode)
Meloidogyne incognita
(southern root-knot
nematode)
Meloidogyne incognita
(southern root-knot
nematode)

Sitobion avenae (grain
aphid)

Helicoverpa armigera
(cotton bollworm)

Diabrotica virgifera

virgifera (western corn

rootworm)
Diabrotica virgifera

virgifera (western corn

rootworm)

Major sperm protein

r-Lactate dehydrogenase

J15

J20

J23

msp-18

msp-20

Sheath protein

CYP6AE14

H + ATPase

Snf7

Sperm motility

Metabolism

Actin-related protein

Signal transduction

Actin-binding protein

Pharyngeal gland-specific

effector
Pharyngeal gland-specific
effector
Salivary channel integrity
Gossypol metabolism
Proton pump
Signal transduction for

regulation of lysozyme
formation

Steeves et al. (2006)

Youssef et al. (2013)

Tian et al. (2016)

Tian et al. (2016)

Tian et al. (2016)

Shivakumara et al.

(2017)

Shivakumara et al.
2017)

Abdellatef et al. (2015)
Mao et al. (2007)

Baum et al. (2007)

Bachman et al. (2013)
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Table 1 (continued)

Transgenic host

Target species

Target gene(s)

Role(s) of
target(s) gene(s)

Reference

HIGS targeting fungi and oomycetes

Arabidopsis thaliana
(Arabidopsis)

Solanum tuberosum
(potato)

Triticum aestivum (wheat)

Solanum tuberosum
(potato)

Solanum tuberosum
(potato)

Solanum tuberosum
(potato)

Solanum tuberosum
(potato)

Arabidopsis thaliana
(Arabidopsis),
Hordeum vulgare
(barley)

Hordeum vulgare (barley)

Musa musa x paradisiaca
(banana)

Musa musa x paradisiaca
(banana)

Arabidopsis thaliana
(Arabidopsis)

Solanum lycopersicum
(tomato)

Lactuca sativa (lettuce)

Lactuca sativa (lettuce)

Medicago truncatula
(barrelclover)

Arabidopsis thaliana
(Arabidopsis)

Blumeria graminis (barley
powdery mildew)

Phytophthora infestans
(potato blight)

Puccinia triticina (wheat
leaf rust)

Phytophthora infestans
(potato blight)

Phytophthora infestans
(potato blight)

Phytophthora infestans
(potato blight)

Phytophthora infestans
(potato blight)

Fusarium graminearum
(fusarium ear blight)

Blumeria graminis (barley
powdery mildew)

Fusarium oxysporum f. sp.
cubense (fusarium wilt)

Fusarium oxysporum f. sp.
cubense (fusarium wilt)

Verticillium dahliae
(verticillium wilt)

Bremia lactucae (downy
mildew)

Bremia lactucae (downy
mildew)

Glomus species

Botrytis cinerea (grey
mould)

Avirulence al0
Avirulence protein 3a

MAP kinase (PtMAPKI)

cyclophilin (PtCYCI)

calcineurin B (PtCNB)

G protein B-subunit
(GPBI)

Cellulose synthase A2
Pectinesterase

Glyceraldehyde
3-phosphate
dehydrogenase

Cytochrome P450 51A,
51Band 51C

Eight candidate effectors,
including two
ribonucleases

Velvet

Fusarium transcription
factor 1

Avel, SIX gene expression
1 (Sgel) and necrosis-
and
ethylene-inducing-like
protein (NLP1)

Highly abundant message
#34 (HAM34)

Cellulose synthase 1

Monosaccharide
transporter 2

DICER-LIKE 1 and
DICER-LIKE 2

Effector
Effector, virulence factor

Predicted pathogenicity or
virulence

Signal transduction
associated with
sporangium
development

Synthesis of cellulose for
oomycete cell walls

Degradation of pectins in
plant cell walls

Glycolysis

Ergosterol biosynthesis

Unknown

Regulation of
development,
mycotoxin production

Regulation of gene
expression

Transcription factor,
effectors

Effector

Synthesis of cellulose for
oomycete cell walls

Monosaccharide transport,
endosymbiosis

RNALI, filamentous-
organism-induced gene
silencing (FIGS)

Nowara et al. (2010)
Bos et al. (2010)

Panwar et al. (2013)

Jahan et al. (2015)

Jahan et al. (2015)
Jahan et al. (2015)

Jahan et al. (2015)

Koch et al. (2013)

Pliego et al. (2013)

Ghag et al. (2014)

Ghag et al. (2014)

Song and Thomma
(2016)

Govindarajulu et al.
(2015)

Govindarajulu et al.
(2015)

Helber et al. (2011)

Wang et al. (2016)
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Overview of HIGS molecular interactions between plant cells and insect pests or fungal pathogens. Natural dsRNAs/hpRNAs or
pre-miRNAs, or synthetic variants (such as amiRNAs), are first transcribed from genomic DNA (deoxyribonucleic acid) in the nucleus of the plant cell.
Cropping of miRNA/amiRNA occurs within the nucleus before, or during export, and is catalysed by DICER-LIKET (DCLT). The end product of cropping is an
miRNA bound to a passenger strand, termed miRNA*. In contrast, cropping of dsRNA to produce siRNAs occurs after nuclear export and can be catalysed by
any of the three functionally redundant DICER LIKE genes DCL2-4. Some fungi and oomycytes, such as P. infestans, may uptake interfering RNA (ribonucleic
acid) in the forms of dsRNA, siRNA and miRNA::miRNA*. These RNAs associate with the RNA-induced silencing complex (RISC) in the cytoplasm, or with
the RNA-induced transcriptional silencing (RITS) complex in the nucleus. RNA-dependent RNA polymerase (RdRP) catalyses synthesis of secondary (2°)
siRNAs from siRNA complexed with RISC. In contrast, insects including Tribolium lack RARP as well a lack of susceptibility to RNAi from exogenous siRNAs.
During HIGS (host-induced gene silencing), the outcome of the molecular interactions shows results in the reduced expression of targeted genes in the

pest/pathogen, such as though methylation (Me) of genomic DNA. Representative organisms are not drawn to scale.
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silencing of target genes. Both of these mechanisms contribute to
knockdown, a decrease in gene expression resulting from inter-
ference directed by RNA.

In nature, these mechanisms provide a means for organisms to
regulate gene expression. In the context of plant protection, this
genetic silencing can be directed towards genes of pathogens or
pests, thus impairing the growth of the targeted disease-causing
organism and reducing plant damage. HIGS has been tested in
numerous plants species and is known to be effective for reducing
insect, fungi, nematode, viral and parasitic plant associated dam-
age (Koch et al., 2016). This article will focus on HIGS-targeting
nematodes, insects and fungi. The relative effectiveness for tar-
geting each organism and reducing crop damage is determined
on a case-by-case basis, as there is variability both within and
between organisms. While the exact mechanisms of the interac-
tion between plants and pests/pathogens leading to gene suppres-
sion are still under investigation, the RNA-based nature of the
interference may be a key reason that this approach is effective
against organisms from different kingdoms. At the same time, this
approach has the potential to be highly specific to the organism
of interest, depending on the target gene or genes.

Therefore, a key feature of HIGS is the careful selection
of target genes. Ideally, gene targets are specific, essential for
pathogen/pest function and lack homologs in nontarget species,
thus limiting potential off-target and nontarget effects. In many
cases, there is extensive research on the target pest/pathogen
and its interaction with the plant species of interest, revealing to
researchers a number of putative effectors that may be targets for
effective RNAi. Some targets are selected as they are previously
identified virulence factors (Song and Thomma, 2016), or known
key parasitism genes (Huang et al., 2006). A summary of gene
targets and their putative roles can be found in Table 1.

One advantage to the HIGS system is that potential gene
targets can be tested in model organisms, such as Arabidopsis
thaliana (Arabidopsis), a readily transformable substitute for
the crop of interest. An early success of the HIGS system with
Arabidopsis demonstrated that the expression of dsRNA target-
ing the Helicoverpa zea (cotton bollworm) gene CYP6AEI4,
involved in metabolism of gossypol, resulted in reduced damage
by the insect. Larvae fed on dsRNA leaves were found to be
deficient in gossypol metabolism after switching from the leaves
to an artificial diet that included gossypol (Mao et al., 2007).
Similarly, suppression of a vacuolar H*-ATPase from Diabrotica
virgifera (western corn rootworm, WCR) led to reduced damage
in specific genetic lines of transformed corn (Baum et al., 2007).
These groundbreaking demonstrations of HIGS as a means
of dsRNA delivery expanded prospects for RNAi-mediated
pest/pathogen control.

Potential for HIGS against fungus-like organisms was shown
by transgenic Arabidopsis expressing dsRNAs targeting the
Blumeria graminis (powdery mildew, PM) effector Avral0. A
study of 76 candidate PM genes screened by HIGS in barley
resulted in reduced haustorial growth from independent knock-
downs of 16 of these genes. To confirm that HIGS of Avral0 was
the cause of reduced haustorial growth, a variant of AvralO with
polymorphisms at the target site was expressed in RNAi:AvralQ
barley. This resulted in the rescue of haustorial growth (Nowara
etal., 2010).

The model species Caenorhabditis elegans (C. elegans) was
the subject of a breakthrough study on the mechanisms of RNAi
(Fire et al., 1998), leading to the award of the Nobel Prize in
Physiology or Medicine in 2006. The genetic resources of C.
elegans have been leveraged as a basis for identifying potential
genes to target in crop-damaging nematodes. For example, align-
ment of vital C. elegans genes against the genome of Heterodera
glycines (soybean cyst nematode, SCN) was used to identify
genes expected to have lethal knockdown phenotypes (Alkharouf
et al., 2006).

HIGS of Nematodes

Nematodes have the distinction of being both a considerably
problematic plant pests and a highly useful model organism
for research. Plant parasitic nematodes, including cyst nema-
todes and root-knot nematodes (RKNs), reportedly cause approx-
imately US$80 billion in crop damage annually (Handoo, 1998).

Early research into the use of HIGS for RKN control tar-
geted the secreted effector 16D 10, which interacts with host tran-
scription factors to promote root growth. In Arabidopsis hosting
RKNs, significant reductions in root-knot gall formation were
first observed with RKN-fed dsRNA targeting 16D10 in vitro
before transfer to roots, followed by in plantae demonstrations
of the effectiveness by HIGS (Huang et al., 2006). This was fol-
lowed by reports of HIGS of 16D10 by transgenic Vitis vinifera
(grape) and Solanum tuberosum (potato). Reduced proliferation
of RKN in these transgenic crops is indicated by reduced egg
counts, but resistance is not sufficient to prevent some level of
crop damage (Yang et al., 2013; Dinh et al., 2014).

A number of experiments with transgenic soybean have
explored HIGS of genes involved in metabolism, reproduction,
signalling and other processes in nematodes. However, several
methods of measuring nematode infection exist, complicating
the task of comparing the efficacy of HIGS against various
targets that are tested in separate experiments. Comparison of
multiple methods of measuring infection shows that silencing
of metabolic genes, including Isocitrate lyase, may result in
decreased egg count, but no significant reduction in root knots
(Lourenco-Tessutti et al., 2015). A 68% reduction in SCN egg
count was reported in soybean lines, generating RNAi against
Major Sperm Protein (Steeves et al., 2006). Targeting of a RKN
tyrosine phosphatase, an essential signalling protein, reduced the
egg count by 92% while r-Lactate dehydrogenase suppression
reduced the egg count by only 57% (Ibrahim et al., 2011).
Silencing of a metabolic gene encoding aldolase in SCN reduced
the number of mature females on soybean roots by 58% (Youssef
et al., 2013). These results demonstrate the ability of HIGS to
affect SCN and RKN life stages in a crop species of interest.
Whether these targets are effective in reducing damage in a com-
mercial setting would be very valuable to determine. One future
challenge will be conferring sufficient nematode resistance to
plants. A recent study demonstrated similarly limited resistance
in Solanum melongena (eggplant) expressing dsRNAs targeting
two Meloidogyne incognita (southern RKN) pharyngeal genes
(Shivakumara et al., 2017). Insights into the limited successes of
HIGS against nematodes may be obtained from further studies
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in C. elegans. Silencing of genes expressed in some C. elegans
organs, such as the pharynx, is reportedly inefficient owing to
some cell types lacking SID-1, a transmembrane protein needed
for dsRNA uptake. Although not efficient in the parental gen-
eration, RNAI is reportedly potent in the pharynx of offspring
owing to nuclear RNAi (Shiu and Hunter, 2017). Future studies
of HIGS in nematodes may aim to investigate intergenerational
increases in potency owing to DNA methylation and other forms
of nuclear RNAI.

HIGS of Insect Pests

Insects are a major source of crop damage. As there are increas-
ing reports of insecticide resistance and Bt resistance, additional
means of controlling insect pests are needed (Tabashnik et al.,
2013; Bass et al., 2014). Control of aphids (numerous insect
species of the superfamily Aphidoidea), a pest of particular inter-
est, is a challenge limited by factors including the persistent
survival of a minority of aphids and the rapid development of
resistance to pesticides. A recent review describes seven charac-
terised mechanisms of resistance to neonicotinoids, pyrethroids,
carbamates and other pesticides in Myzus persicae (peach aphid)
(Bass et al., 2014).

Advances in high-throughput sequencing have enabled
researchers to identify promising gene targets for implementing
HIGS against insect species including aphids. For example, com-
parative transcriptomics of Sitobion avenae (grain aphid), before
and after feeding on wheat, revealed thousands of differentially
expressed genes. This strategy led to the discovery of five novel
genes with knockdown phenotypes of increased mortality, as
determined by an in vitro dsSRNA feeding assay (Zhang et al.,
2013). Genomic and transcriptomic data have also been used
to identify possible off-target sites in nontarget insects, such as
Coleomegilla maculata (lady beetle) (Allen, 2017).

In wheat, HIGS of nuclear receptor proteins may be a promis-
ing avenue for increased control of early aphid infection. A
dimer of ecdysone receptor (EcR) and ultraspiracle protein
(USP) transduces signals associated with all stages of growth,
while each monomer is most heavily expressed in early stages
of development in the nymph (juvenile aphid). Knockdown of
genes encoding either monomer is reported to be fatal to aphids
at early stages of development, which are thus promising targets
(Yan et al., 2016).

The grain aphid consumes sap through a feeding channel while
secreting saliva through a separate channel. To prevent sap from
entering the salivary channel, a membrane that includes sheath
protein (SHP) is required. Aphids feeding on SHP:RNAi barley
were reported to have stunted development and a reduction in
average lifespan; despite this, engineering resistance against the
early stages of insect infection remains a challenge (Abdellatef
et al., 2015). A contributing factor to this challenge may be the
secretion of ribonucleases (RNAses) in the saliva of the pest, as
reported in Acyrthosiphon pisum (pea aphid) (Christiaens et al.,
2014).

Advances in the understanding of how plants and insects pro-
cess dsRNA provide insight into how HIGS to control insect pests
can be made more effective. In Arabidopsis, simultaneous loss

of vital dsSRNA-processing proteins DICER-LIKE 2, 3 and 4 was
reported to have no significant effect on HIGS-mediated resis-
tance to Helicoverpa armigera (cotton bollworm). This finding
suggests that HIGS-mediated resistance to some insects works
by a mechanism where dsRNA is secreted from plant tissues and
processed into siRNA by Dicer-like proteins expressed in the
insect (Mao et al., 2007). Many insect pests, including bollworms
and aphids, reportedly lack RNA-dependent RNA polymerase
and may therefore be unable to produce secondary siRNAs from
siRNA in complex with RISC and mRNA. For this reason, deliv-
ery of dsRNA from the host to pest in an adequate concentration
for silencing is essential for HIGS of insect genes (Gordon and
Waterhouse, 2007). For effective silencing in these species, the
silencing ribonucleotides passed from plants to insects must be
dsRNA rather than siRNA. This was demonstrated by injection
of both siRNAs and dsRNAs targeting green fluorescent protein
(GFP) into GFP-expressing Tribolium castaneum (red flour bee-
tle), in which fluorescence is silenced by injection of dsRNAs,
but not by siRNAs (Miller er al., 2012). The necessity of dsSRNA,
rather than siRNA, for HIGS presents a challenge because dsR-
NAs are subject to rapid turnover, dsRNAs are prone to be pro-
cessed into siRNAs by plant DICER-like proteins before uptake
by the pest. Recent experiments demonstrate that silencing rates
may be improved by expressing interfering RNAs in the chloro-
plast genome rather than the main plant genome (Zhang et al.,
2015). This finding was attributed to a lack of RNAi components
expressed in the chloroplast, and thus an accumulation of dSRNA
in greater concentrations. Resistance to D. virgifera (WCR) is
improved in transgenic maize expressing dsSRNAs silencing WCR
Snf7, a housekeeping gene encoding a signalling protein that reg-
ulates lysozyme formation. RNAi:Snf7 maize engineered Mon-
santo Company is pending regulatory approval and anticipated to
reach the market by 2020 (Bachman et al., 2013).

HIGS of Fungi and Oomycetes

Potato late blight caused by the oomycete pathogen Phytophthora
infestans (P. infestans) can rapidly lead to the total loss of a crop
(Fry, 2008). The European Potato Failure of the 1840s was caused
by this pathogen, which led to widespread starvation and a death
toll estimated in excess of one million (Boyle and Grada, 1986).
Epidemics returned to North America in the 1990s, contributing
to demand for research into control of late blight, as well as the
use of P. infestans as a model organism for oomycete pathogens
(Whisson et al., 2005).

In an early report of in vitro RNAI against P. infestans genes,
effective silencing was indicated by reduced fluorescence in
transgenic GFP-expressing P. infestans incubated with dsSRNA
targeting GFP (Whisson et al., 2005). Similarly, a GUS reporter
signal was suppressed in transgenic Fusarium verticillioides cul-
tured on Arabidopsis expressing dsRNAs targeting GUS (Tinoco
et al., 2010). A similar silencing assay using GFP was used to
investigate possible HIGS of Phytophthora parasitica genes by
transgenic Arabidopsis. Unexpectedly, P. parasitica appears to be
unable to uptake siRNA or dsRNA from a host plant (Wang et al.,
2011).
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In P. infestans, G protein f§ subunit 1 (GPB/)is acritical part of a
signalling cascade that triggers sporangium development. GPBI
is heavily expressed towards the end of the P. infestans disease
cycle, at which point the pathogen shifts from a biotrophic to a
necrotrophic phase. Transgenic potato generating RNAi against
GPB] is highly resistant to late-stage disease symptoms such as
necrosis. More modest levels of resistance are reported for RNAi
against several metabolic and catabolic genes (Jahan ef al., 2015)
as well as the effector AVR3a, which is essential for infection
(Bos et al., 2010). Limited effects of HIGS in reducing infection
might be improved by stacking of HIGS against multiple targets,
including Phytophthora suppressors of RNA silencing (PSRs).
For example, PSR1 complexes with a transporter of DICER-like
1 (DCL1), leading to mislocation of DCL1 and reduced RNAi
ability (Qiao et al., 2015). Other examples of successes in the use
of HIGS to limit damage by fungi include targeting of conserved
virulence genes of Verticillium wilt in both Arabidopsis and
tomato (Song and Thomma, 2016), as well as of Puccinia triticina
(wheat leaf rust) on wheat (Panwar et al., 2013), and of B.
graminis, the causative agent of PM, on both wheat and barley
(Nowara et al., 2010).

For control of neurotoxin-producing necrotrophic Fusarium
fungi, azole pesticides that inhibit activity of ergosterol biosyn-
thesis enzymes are widely used. However, resistant strains have
emerged, with enhanced abilities to mitigate the toxic effects of
these pesticides by metabolism or sequestration. In transgenic
Arabidopsis and barley, the expression of dsRNA targeting three
genes encoding enzymes in the ergosterol biosynthesis pathway
conferred complete or near-complete resistance, with mycelial
growth limited to the site of inoculation. While these results
demonstrate promise for control of fungal species by RNAi sup-
pression of ergosterol biosynthesis, this pathway is not found in
oomycetes (Koch et al., 2013).

In addition to disease management, HIGS is commonly used as
a tool to gain insight into the molecular basis of host—pathogen
interactions involving nontransformable species such as B.
graminis (PM). HIGS of two secreted RNAses secreted by PM is
reported to reduce haustorial growth in barley. One of these was
found to inhibit apoptosis of cells penetrated by haustoria (Pliego
et al., 2013). Whether these or other secreted RNAses robustly
cleave host siRNAs remains unclear. Additional experiments
may clarify whether targeting of various RNAses can increase
the efficacy of HIGS of other target genes.

With an experimental system of transgenic Arabidopsis host-
ing transgenic Botrytis cinerea (grey mould), it was found that the
mould secretes siRNAs which bind to Arabidopsis ARGONAUTE
1 and direct RNAI against host immunity genes (Weiberg et al.,
2013). Knockout of B. cinerea DICER-LIKE 1(BcDCLI) and B.
cinerea DICER-LIKE 2 (BcDCL2) is associated with reduced
host disease symptoms, as is knockout of Arabidopsis ARG-
ONAUTE 1 (Weiberg et al., 2013). Simultaneous knockdown of
BceDCLI and BeDCL2 was reported to significantly reduce symp-
toms, demonstrating the role of filamentous-organism-induced
gene silencing (FIGS) in overcoming plant resistance and indi-
cating that RNAi against RNAi machinery may be a promising
strategy to repress FIGS (Wang et al., 2016).

This report of pathogenic hijacking of host RNAi machinery
was built upon by a study on HIGS of miRNA1918. This miRNA

is highly conserved between tomato and P. infestans, possibly
owing to a horizontal gene transfer event (Luan et al., 2016). In
transgenic tomato, ectopic expression of P. infestans miRNA1918
confers increased susceptibility to infection, perhaps owing in
part to reduced expression of a protein with a RING finger domain
(Luan et al., 2016). Similar RING finger domains are an essential
part of the ubiquitination complex that marks plant proteins for
degradation, with targets including a number of immunity-related
genes described in a recent review (Sharma et al., 2016) as well
as ARGONAUTE 1 (Csorba et al., 2010).

Fusarium wilt outbreaks may spoil entire plantations of banana;
HIGS of Fusarium developmental genes by transgenic Musa
musa x paradisiaca (banana) shows promise for control of this
disease (Ghag et al., 2014). Bremia lactucae (downy mildew)
is a pathogen causing disease of crops including Lactuca sativa
(lettuce) and V. vinifera (grape). A recent study (Govindarajulu
etal.,2015) demonstrated marked resistance in transgenic lettuce
expressing dsRNA targeting a cellulose synthase gene and the
effector HIGHLY ABUNDANT MESSAGE #34 (HAM34). HIGS
continues to be used as an investigational tool for molecular
plant—pathogen interactions and explored as the pest control strat-
egy for diverse crop species threatened by various fungal and
oomycete pathogens.

In recent years, bidirectional cross-kingdom RNAi has
been demonstrated to be an important factor not only for
plant—pathogen interactions, but also for interactions between
plants and mutualists (reviewed by Chaloner et al., 2016).
Although HIGS of a Glomus sp. sugar transporter was reported
to reduce mycorrhizal development in Medicago truncatula
(barrelclover) (Helber et al., 2011), research in this area has been
limited and the prospects of further improvement of yields and
pest resistance in symbiotic crop systems by RNAi of negative
regulators of mycorrhizal or endophytic growth or adaptation
remain to be seen.

Future Directions

There are many potential benefits of using traditional
RNAi-based HIGS approaches for controlling pests/pathogens.
These include: (1) the demonstrated effectiveness against a
variety of pests/pathogens; (2) RNAi does not need to precisely
match the target sequence one construct could be effective
against sequence variants of the target gene, which could slow
the acquisition of resistance; (3) it is self-limiting to those
organisms which eat or interact with the plant host in a manner
sufficient for the transfer of the RNAi; and (4) reduced ecological
impact through reduced pesticide use.

One development which provides more options for the HIGS
approach to pest control includes the usage of artificial micro
ribonucleic acids (amiRNAs) for gene silencing. In a recent study,
HIGS of SCN genes by transgenic soybean expressing amiRNAs
led to partial resistance similar to host-derived dsRNAs, but with
enhanced silencing specificity (Tian et al., 2016). The develop-
ment of amiRNA strengthens the promise of HIGS as a highly
specific form of pest control by reducing the risk of effects on
nontarget genes and species. Unlike dsRNA, design of amiRNA
depends on substitution of a region on miRNA with a sequence
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complementary to the target site, while keeping the secondary
structure of pre-miRNA intact. Whereas dsRNAs are cleaved by
Dicer at many different positions and can therefore be processed
into siRNAs with various sequences, pre-amiRNAs are processed
into specific, predictable amiRNAs (Sablok et al., 2011). Thus,
RNAi methods using amiRNA have been proposed to be free
of environmental biosafety issues that may result from nontarget
effects (Liu and Chen, 2010). Additionally, while dsSRNA-based
RNAi methods generally rely on longer stretches of sequence, the
short length of amiRNA is associated with reduced potential for
off-target and nontarget effects. However, the high specificity of
amiRNAs may correspond to the ability of target species to more
rapidly acquire sufficient mutations to become resistant. A pro-
posed solution to this concern is the use of multiple amiRNAs
targeting the same gene (Sablok et al., 2011).

A key limitation to HIGS is the requirement for a robust trans-
formation system for the plant species and cultivars of interest.
While it is possible to obtain transgenic plants through a variety
of methods, including Agrobacterium-mediated transformation,
biolistic transformation (particle bombardment or ‘gene gun’)
and viral-mediated transformation, not all plants of interest are
amenable to some or any of these approaches. Many species of
economic importance, such as wheat, are particularly recalcitrant
to transformation (He et al., 2015), as are cultivars of interest
of specific crops such as corn, although new methods are lead-
ing to improvements in this area (Lowe et al., 2016). Having a
limited number of transformable cultivars can greatly slow down
plant improvement via transformation followed by breeding (Alt-
peter et al., 2016). New transformed varieties of crops must
undergo regulatory approval before commercial deployment. In
the United States, each genetic transformation event is consid-
ered independently, rather than on a per-trait basis, which slows
the development of new genetically engineered (GE) crops and
imposes a financial burden on both development and deployment
(Strauss and Sax, 2016). Another issue is that the interfering RNA
molecule is typically brought into contact with the target organ-
ism by damage to the host plant. While this aspect of the system
would help to limit effects on nontarget organisms, some damage
to the plant itself may be a necessary cost.

One possible alternate variation of HIGS is the topical appli-
cation of purified dsRNA molecules, termed spray induced gene
silencing (SIGS). In this situation, the plant need not be GE, as the
dsRNA is applied to the plant, rather than being produced from
transgenes within the plant itself. Whether or not food, fibre or
feed harvested from such crops would be regulated as if they were
GE would be an interesting consideration for regulatory agen-
cies. However, SIGS may be acceptable to a broader range of
growers than conventional GE and may be subject to fewer mar-
ketplace restrictions than GE crops. Another advantage is that,
in theory, any crop or cultivar could be treated, thus allowing
for the protective benefits of HIGS/SIGS without the need for
plant transformation. SIGS has already been shown to be effec-
tive in protecting barley against fusarium (Koch et al., 2016). If
this approach is effective at a large scale, then it could be very
beneficial to growers. The spray could be applied as needed, both
in terms of timing and location. The labile nature of such applied
dsRNA is both beneficial and detrimental. The RNA would tend
to degrade rapidly in the environment and therefore may not

persist on harvested food; however, the same feature means that
treatment would also be transient, and reapplication of the spray
may be needed. As with other control measures, there could
be spot applications to areas of infestation, and this approach
could be integrated with other management techniques, includ-
ing crop rotation. Some current scientific challenges to making
SIGS a viable option are improving the cost-effectiveness of pro-
ducing large amounts of purified dsRNAs, formulation of the
purified dsRNAs for deployment and sufficient coverage of the
plant material by the spray itself.

In general, HIGS shows great promise as an effective means
for controlling pests/pathogens and helping to reduce crop losses.
The complex interplay of the host and pest/pathogen means that
new methods and approaches for controlling diseases are likely
to be needed. Research has demonstrated the feasibility of HIGS
approaches in both model and agriculture plant species.

Glossary

Crop Plants such as corn or cotton, which are grown for food,
animal feed, fibre or other purposes.

Nontarget Refers to organisms other than the one(s) intended.

Off-target Refers to gene(s) other than the one intended for
suppression.

Pathogen Microorganisms, such as bacteria, fungi, nematodes
and viruses, which can cause plant diseases.

Pest Plant eating (herbivorous) organisms such as insects which
damage plants.

References

Abdellatef E, Will T, Koch A, et al. (2015) Silencing the expression
of the salivary sheath protein causes transgenerational feeding
suppression in the aphid Sitobion avenae. Plant Biotechnology
Journal 13: 849-857.

Alkharouf NW, Klink VP and Matthews BF (2006) Identification
of Heterodera glycines (soybean cyst nematode [SCN]) cDNA
sequences with high identity to those of Caenorhabditis elegans
having lethal mutant or RNAi phenotypes. Experimental Parasitol-
ogy 115 (3): 247-258.

Allen ML (2017) Comparison of RNAi sequences in insect-resistant
plants to expressed sequences of a beneficial lady beetle: a closer
look at off-target considerations. Insects 8 (1): E27.

Altpeter F, Springer NM, Bartley LE, et al. (2016) Advancing
crop transformation in the era of genome editing. Plant Cell 28:
1510-1520.

Bachman PM, Bolognesi R, Moar WJ, et al. (2013) Characterization
of the spectrum of insecticidal activity of a double-stranded RNA
with targeted activity against Western Corn Rootworm (Diabrotica
virgifera virgifera LeConte). Transgenic Research 22: 1207-1222.

Bass C, Puinean AM, Zimmer CT, et al. (2014) The evolution of
insecticide resistance in the peach potato aphid, Myzus persicae.
Insect Biochemistry and Molecular Biology 51: 41-51.

Baum JA, Bogaert T, Clinton W, et al. (2007) Control of coleopteran
insect pests through RNA interference. Nature Biotechnology 25:
1322-1326.

Bos JIB, Armstrong MR, Gilroy EM, et al. (2010) Phytophthora
infestans effector AVR3a is essential for virulence and manipulates

8 elS © 2018, John Wiley & Sons, Ltd. www.els.net



Host-<induced Gene Silencing for Pest/Pathogen Control

plant immunity by stabilizing host E3 ligase CMPG1. Proceedings
of the National Academy of Sciences of the United States of Amer-
ica 107: 9909-9914.

Boyle PP and Grada CO (1986) Fertility trends, excess mortality, and
the Great Irish Famine. Demography 23: 543-562.

Chaloner T, van Kan JA and Grant-Downton RT (2016) RNA ‘infor-
mation warfare’ in pathogenic and mutualistic interactions. Trends
in Plant Science 21: 738-748.

Christiaens O, Swevers L and Smagghe G (2014) DsRNA degrada-
tion in the pea aphid (Acyrthosiphon pisum) associated with lack
of response in RNAI feeding and injection assay. Peptides 53:
307-314.

Csorba T, Lozsa R, Hutvagner G and Burgyan J (2010) Polerovirus
protein PO prevents the assembly of small RNA-containing RISC
complexes and leads to degradation of ARGONAUTEIL. Plant
Journal 62: 463-472.

Dinh PTY, Brown CR and Elling AA (2014) RNA interference of
effector gene Mcl16DI10L confers resistance against Meloidog-
yne chitwoodi in Arabidopsis and potato. Phytopathology 104:
1098-1106.

Fire A, Xu S, Montgomery MK, Kostas SA, Driver SA and Mello CC
(1998) Potent and specific genetic interference by double stranded
RNA in Caenorhabditis elegans. Nature 391 (6669): 806-811.

Fry W (2008) Phytophthora infestans: the plant (and R gene)
destroyer. Molecular Plant Pathology 9: 385-402.

Ghag SB, Shekhawat UK and Ganapathi TR (2014) Host-induced
post-transcriptional hairpin RNA-mediated gene silencing of vital
fungal genes confers efficient resistance against Fusarium wilt in
banana. Plant Biotechnology Journal 12: 541-553.

Gordon KH and Waterhouse PM (2007) RNAI for insect-proof plants.
Nature Biotechnology 25: 1231-1232.

Govindarajulu M, Epstein L, Wroblewski T and Michelmore
RW (2015) Host-induced gene silencing inhibits the biotrophic
pathogen causing downy mildew of lettuce. Plant Biotechnology
Journal 13: 875-883.

Handoo Z (1998) Plant-Parasitic Nematodes, https://www.ars.usda.
gov/northeast-area/beltsville-md/beltsville-agricultural-research-
center/mycology-and-nematology-genetic-diversity-and-biology-
laboratory/docs/docs-nl/plant-parasitic-nematodes/.

He Y, Wang Q, Zeng J, et al. (2015) Current status and trends of
wheat genetic transformation studies in China. Journal of Integra-
tive Agriculture 14: 438-452.

Helber N, Wippel K, Sauer N, ez al. (2011) A versatile monosaccha-
ride transporter that operates in the arbuscular mycorrhizal fungus
Glomus sp is crucial for the symbiotic relationship with plants.
Plant Cell 23: 3812-3823.

Huang GZ, Allen R, Davis EL, Baum TJ and Hussey RS (2006)
Engineering broad root-knot resistance in transgenic plants by
RNA:I silencing of a conserved and essential root-knot nematode
parasitism gene. Proceedings of the National Academy of Sciences
of the United States of America 103: 14302-14306.

Ibrahim HMM, Alkharouf NW, Meyer SLF, et al. (2011)
Post-transcriptional gene silencing of root-knot nematode in
transformed soybean roots. Experimental Parasitology 127:
90-99.

Jahan SN, Asman AK, Corcoran P, et al. (2015) Plant-mediated
gene silencing restricts growth of the potato late blight pathogen
Phytophthora infestans. Journal of Experimental Botany 66:
2785-2794.

Koch A, Kumar N, Weber L, et al
gene silencing of cytochrome

(2013) Host-induced
P450 lanosterol

Cl4alpha-demethylase-encoding genes confers strong resis-
tance to Fusarium species. Proceedings of the National Academy
of Sciences of the United States of America 110: 19324-19329.

Koch A, Biedenkopf D, Furch A, et al. (2016) An RNAi-based
control of Fusarium graminearum infections through spraying of
long dsRNAs involves a plant passage and is controlled by the
fungal silencing machinery. PLoS Pathogens 12 (10): e1005901.

Liu Q and Chen YQ (2010) A new mechanism in plant engineering:
the potential roles of microRNAs in molecular breeding for crop
improvement. Biotechnology Advances 28: 301-307.

Lourenco-Tessutti IT, Souza JDA, Martins-de-Sa D, et al. (2015)
Knock-down of heat-shock protein 90 and Isocitrate lyase
gene expression reduced root-knot nematode reproduction. Phy-
topathology 105: 628-637.

Lowe K, Wu E, Wang N, et al. (2016) Morphogenic regulators baby
boom and Wuschel improve monocot transformation. Plant Cell
28: 1998-2015.

Luan YS, Cui J, Wang WC and Meng J (2016) MiR1918 enhances
tomato sensitivity to Phytophthora infestans infection. Scientific
Reports 6: 35858.

Mao YB, Cai WJ, Wang JW, et al. (2007) Silencing a cotton boll-
worm P450 monooxygenase gene by plant-mediated RNAi impairs
larval tolerance of gossypol. Nature Biotechnology 25: 1307-1313.

Miller SC, Miyata K, Brown SJ and Tomoyasu Y (2012) Dissecting
systemic RNA interference in the red flour beetle Tribolium casta-
neum: parameters affecting the efficiency of RNAi. PLoS One 7:
e47431.

Nganje WE, Bangsund DA, Leistritz FL, Wilson WW and Tiapo NM
(2004) Regional economic impacts of Fusarium Head Blight in
wheat and barley. Review of Agricultural Economics 26: 332-347.

Nowara D, Gay A, Lacomme C, et al. (2010) HIGS: host-induced
gene silencing in the obligate biotrophic fungal pathogen Blumeria
graminis. Plant Cell 22: 3130-3141.

Panwar V, McCallum B and Bakkeren G (2013) Endogenous
silencing of Puccinia triticina pathogenicity genes through in
planta-expressed sequences leads to the suppression of rust dis-
eases on wheat. Plant Journal 73: 521-532.

Pliego C, Nowara D, Bonciani G, et al. (2013) Host-induced
gene silencing in barley powdery mildew reveals a class of
ribonuclease-like effectors. Molecular Plant-Microbe Interactions
26: 633-642.

Qiao Y, Shi J, Zhai Y, Hou Y and Ma W (2015) Phytophthora
effector targets a novel component of small RNA pathway in plants
to promote infection. Proceedings of the National Academy of
Sciences of the United States of America 112: 5850-5855.

Sablok G, Perez-Quintero AL, Hassan M, Tatarinova TV and Lopez
C (2011) Artificial microRNAs (amiRNAs) engineering — On how
microRNA-based silencing methods have affected current plant
silencing research. Biochemical and Biophysical Research Com-
munications 406: 315-319.

Sharma B, Joshi D, Yadav PK, Gupta AK and Bhatt TK (2016)
Role of ubiquitin-mediated degradation system in plant biology.
Frontiers in Plant Science 7: 806.

Shiu PK and Hunter CP (2017) Early developmental exposure to
dsRNA is critical for initiating efficient nuclear RNAi in C. ele-
gans. Cell Reports 18: 2969-2978.

Shivakumara TN, Chaudhary S, Kamaraju D, et al. (2017)
Host-induced silencing of two pharyngeal gland genes con-
ferred transcriptional alteration of cell wall-modifying enzymes of
Meloidogyne incognita vis-a-vis perturbed nematode infectivity in
eggplant. Frontiers in Plant Science 8: 473.

elS © 2018, John Wiley & Sons, Ltd. www.els.net 9



Host-induced Gene Silencing for Pest/Pathogen Control

Song Y and Thomma BP (2016) Host-induced gene silencing com-
promises Verticillium wilt in tomato and Arabidopsis. Molecular
Plant Pathology. DOI: 10.1111/mpp.12500.

Steeves RM, Todd TC, Essig JS and Trick HN (2006) Transgenic
soybeans expressing siRNAs specific to a major sperm protein
gene suppress Heterodera glycines reproduction. Functional Plant
Biology 33: 991-999.

Strauss SH and Sax JK (2016) Ending event-based regulation of
GMO crops. Nature Biotechnology 34: 474—477.

Tabashnik BE, Brevault T and Carriere Y (2013) Insect resistance to
Bt crops: lessons from the first billion acres. Nature Biotechnology
31: 510-521.

Tian B, LiJ, Oakley TR, Todd TC and Trick HN (2016) Host-derived
artificial microRNA as an alternative method to improve soybean
resistance to soybean cyst nematode. Genes 7 (12): 122.

Tinoco ML, Dias BB, Dall’Astta RC, Pamphile JA and Aragao FJ
(2010) In vivo trans-specific gene silencing in fungal cells by in
planta expression of a double-stranded RNA. BMC Biology 8: 27.

Wang Y, Meng YL, Zhang M, et al. (2011) Infection of Arabidopsis
thaliana by Phytophthora parasitica and identification of variation
in host specificity. Molecular Plant Pathology 12: 187-201.

Wang M, Weiberg A, Lin FM, et al. (2016) Bidirectional
cross-kingdom RNAIi and fungal uptake of external RNAs confer
plant protection. Nature Plants 2: 16151.

Weiberg A, Wang M, Lin FM, et al. (2013) Fungal small RNAs
suppress plant immunity by hijacking host RNA interference path-
ways. Science 342: 118-123.

Whisson SC, Avrova AO, VAN West P and Jones JT (2005) A method
for double-stranded RNA-mediated transient gene silencing in
Phytophthora infestans. Molecular Plant Pathology 6: 153—163.

Wilson RC and Doudna JA (2013) Molecular mechanisms of RNA
interference. Annual Review of Biophysics 42: 217-239.

Yan T, Chen H, Sun Y, Yu X and Xia L (2016) RNA interference of
the ecdysone receptor genes EcR and USP in grain aphid (Sitobion
avenae F.) affects its survival and fecundity upon feeding on wheat
plants. International Journal of Molecular Sciences 17 (2): 2098.

Yang YZ, Jittayasothorn Y, Chronis D, et al. (2013) Molecular char-
acteristics and efficacy of 16D10 siRNAs in inhibiting root-knot
nematode infection in transgenic grape hairy roots. PLoS One 8
(7): 69463.

Youssef RM, Kim KH, Haroon SA and Matthews BF (2013)
Post-transcriptional gene silencing of the gene encoding aldolase
from soybean cyst nematode by transformed soybean roots. Exper-
imental Parasitology 134: 266-274.

Zhang M, Zhou Y, Wang H, et al. (2013) Identifying potential RNAi
targets in grain aphid (Sitobion avenae F.) based on transcriptome
profiling of its alimentary canal after feeding on wheat plants. BMC
Genomics 14: 560.

Zhang J, Khan SA, Hasse C, et al. (2015) Pest control. Full crop pro-
tection from an insect pest by expression of long double-stranded
RNAs in plastids. Science 347: 991-994.

Further Reading

Hutvagner G and Zamore PD (2002) RNAi: nature abhors a double
strand. Current Opinion in Genetics & Development 12: 225-232.

Kupferschmidt K (2013) A lethal dose of RNA. Science 6147:
732-733.

10 elS © 2018, John Wiley & Sons, Ltd. www.els.net



