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Abstract

Arthropod-resistant crops provide significant ecological and economic bene-
fits to global agriculture. Incompatible interactions involving resistant plants
and avirulent pest arthropods are mediated by constitutively produced and
arthropod-induced plant proteins and defense allelochemicals synthesized
by resistance gene products. Cloning and molecular mapping have identi-
fied the Mi-1.2 and Vat arthropod resistance genes as CC-NBS-LRR (coiled
coil-nucleotide binding site-leucine rich repeat) subfamily NBS-LRR re-
sistance proteins, as well as several resistance gene analogs. Genetic link-
age mapping has identified more than 100 plant resistance gene loci and
linked molecular markers used in cultivar development. Rice and sorghum
arthropod-resistant cultivars and, to a lesser extent, raspberry and wheat
cultivars are components of integrated pest management (IPM) programs
in Asia, Australia, Europe, and North America. Nevertheless, arthropod re-
sistance in most food and fiber crops has not been integrated due primarily
to the application of synthetic insecticides. Plant and arthropod genomics
provide many opportunities to more efficiently develop arthropod-resistant
plants, but integration of resistant cultivars into IPM programs will succeed
only through interdisciplinary collaboration.
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Host plant resistance
(HPR): the sum of
the genetically
inherited qualities that
result in a plant of one
cultivar or species
being less damaged by
a pest arthropod than a
susceptible plant
lacking these qualities
Antibiosis: the
adverse effects of a
resistant plant on the
survival, development,
or fecundity of an
arthropod

INTRODUCTION

The evolutionary history of terrestrial plants and their arthropod associates is inextricably linked.
This coevolutionary relationship, widely accepted by biologists and ecologists, is based on an in-
herent feature of life on earth in which land plants and herbivores have continually adapted to
changing environments and biotic pressures to survive (43, 51). Following the evolution of the
earliest land plants from their aquatic ancestors in the Mid-Ordovician (~450 Ma), vascular plants
began to evolve (4), followed by large-scale arthropod speciation (38). During arthropod specia-
tion, herbivory began to impose natural selection on vascular plants, leading to plant expression
of direct and indirect defensive adaptations (42, 90). In conforming with the reciprocal adaptation
of interacting species (coevolutionary hypothesis), phytophagous arthropods then evolved ways
to overcome plant defenses (42, 43).

Although the coevolutionary nature of arthropod—host plant associations is not universally
accepted by scientists (see 42), vascular plant evolution has yielded vast genetic diversity, enabling
plants to surmount biotic pressures (including arthropods) and abiotic stresses over several
millennia. Homo sapiens inherited this plant biodiversity, recognized it, and began to use portions
of it to form agrarian societies about 10,000 years ago. These first efforts at farming involved
the cultivation of wild crop relatives in small gardens and fields, a far cry from today’s practice of
cropping high-yielding, genetically uniform cultivars on large tracks of land (51). As significant as
plant genetic diversity was for early agriculture, so itis for the future of world agricultural produc-
tion. Such diversity is widely recognized and highly sought by plant breeders and entomologists
engaged in the development of pest-arthropod-resistant crops through the use of conventional
and molecular genetic tools to characterize arthropod-plant relationships (30, 115, 125, 144).

In modern agriculture, host plant resistance (HPR) is an integral component, if not the foun-
dation, of arthropod pest regulation in integrated pest management (IPM) programs (90, 115,
125). The ecological benefits associated with the deployment of resistance are reduced or elim-
inated insecticide applications and residues, cleaner streams and lakes, and reduced mortality of
beneficial arthropod populations. Arthropod-resistant cultivars are economically advantageous
for producers because arthropod control is included in the cost of the seed alone (115). The an-
nual value of arthropod resistance genes currently deployed in global agriculture is greater than
US$2 billion (115). A detriment to the use of resistant cultivars is yield drag or other plant fit-
ness costs related to the use of resistance genes from wild relatives of crop species and other
unadapted plant germplasm. In a few instances, the level of antibiosis resistance in a cultivar from
such relatives may be incompatible with some biological control agents (47). Moreover, antibiosis
resistance (see below) controlled by single genes inherited as dominant traits may be transitory,
which could promote the development of populations of virulent individuals that are unaffected
by plant resistance genes (42, 115, 125, 138).

This review is an in-depth examination of molecular genetic tools and approaches for HPR
to arthropod pests, with specific attention given to advances in using these tools and approaches
to develop a wide diversity of resistant germplasm and crop cultivars over the past decade. Thus,
we update and complement previous literature on the subject (88, 104, 115, 118, 138, 144). We
briefly cover the history, basic concepts (resistance categories and mechanisms), factors affecting
the expression of plant resistance, and transgenic plant resistance to arthropods because previous
reviews have comprehensively addressed these subjects. We conclude this review by describing
the current state of affairs regarding the integration and deployment of arthropod resistance genes
into IPM programs, and in so doing, we attempt to determine the extent molecular genetic and
genomic innovations have benefited producers and consumers through the delivery of arthropod-
resistant crops.
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PLANT RESISTANCE TO ARTHROPOD PESTS: VIGNETTES

History

Farmers engaged in the early practice of agriculture in the Fertile Crescent and other regions
of the world several thousand years ago likely recognized that the plants they selected for agri-
cultural purposes varied in susceptibility to pests (51, 90). Insect-resistant cultivars were cul-
tivated much later, during the onset of applied entomology in the eighteenth and nineteenth
centuries. Such cultivars included Mayetiola destructor—resistant wheat (cv. Underhill) in the 1780s
in New York and Eriosoma lanigerum-resistant apple cultivars (cv. Winter Majetin) in the United
Kingdom. Additionally, the grafting of European grapevines onto rootstocks of native American
grapes resistant to Daktulosphaira vitifoliae restored the profitability of the French wine industry
(90, 113).

The breeding of arthropod-resistant plants was formalized after the rediscovery of Mendel’s law
of heredity in 1900 and blossomed as a field of research in the first half of the twentieth century with
the work of Painter (88). Over the past 60 years, breeding crops for pest resistance has accelerated
through the efforts of public- and private-sector plant breeders and entomologists in several
countries, including active involvement of researchers at Consultative Group for International
Agricultural Research (CGIAR) agricultural research centers. These efforts led to spectacular
successes in developing arthropod-resistant crops during the Green Revolution in Southeast Asia
during the 1960s. A classic example is the development of the rice cultivar IR36, which is resistant
to multiple insect pests. This cultivar, developed at the International Rice Research Institute in
the 1970s and cropped on 11 million ha by the early 1980s, provided an annual income increase
of approximately $1 billion to Asian rice farmers (90, 115).

By the mid-1970s, over 500 arthropod-resistant cultivars and parent and germplasm lines of
food and fiber crops had been developed and registered in the United States (113). Moreover,
twentieth-century researchers recorded resistance to several arthropod pest species in crop culti-
vars not intentionally selected for resistance (58). With the advent and use of molecular tools over
the past 30 years, the field of plant resistance to arthropods has been transformed into a new era,
offering enormous opportunities for continued development of new crop cultivars with genes for
durable arthropod resistance (85, 115, 144).

Resistance Categories

Plant tolerance is a complex set of genetic traits that enable a plant to withstand or recover from
arthropod damage. This plant characteristic, which does not adversely affect the growth and
survival of attacking arthropods, exists in crop cultivars across a wide taxonomic range (90, 115).
Antixenosis describes the nonpreference reaction of arthropods to a resistant plant. Antixenosis
occurs when plant morphological or chemical factors adversely affect arthropod behavior, leading
to delayed acceptance and possible outright rejection of a plant as a host. By contrast, the antibiosis
category of plant resistance occurs when a resistant plant adversely affects the life-history traits
(survival, development, fecundity) of an arthropod attempting to use that plantas a host (Figure 1).
Table 1 presents the category(s) of resistance identified for more than 40 arthropod resistance
genes presently characterized by molecular mapping. Antibiosis resistance alone or in combination
with other categories has been identified in more than 90% of the cases in Table 1. Conversely,
plant tolerance has been identified in less than 10% of the cases. Several excellent reviews on
resistance categories in a wide diversity of crop cultivars and germplasm lines have been published

(30, 90, 115).
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Tolerance:

a polygenic trait
enabling a plant to
withstand or recover
from arthropod
damage without
adversely affecting the
growth or survival of
the attacking
arthropod

Antixenosis:

the nonpreference
reaction of an
arthropod to a
resistant plant that
occurs when
biophysical or
allelochemical factors
adversely affect
arthropod behavior,
leading to delayed
acceptance and
possible outright
rejection of a plant as a
host
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Table 1 Crop-plant arthropod resistance genes, number of resistance loci, gene products (where known), inheritance of

resistance, and phenotypic resistance categories

Plant Arthropod pest(s) Order Gene(s)? Category(ies) | Reference(s)”
Apple Dysaphis devecta Hemiptera Sd- (3); QTLs Ab 25,123
Dyasphis plantaginea Hemiptera Sm-bh; QTLs Ab 2,123
Eriosoma lanigerum Hemiptera Er(3) Ab, Ax 18, 106
Barley Diuraphis noxia, Hemiptera Rdn (2); QTLs unnamed; QTLs Ab, Tol 27,82,83
Rhopalosiphum padi Hemiptera
Schizaphis graminum | Hemiptera Rsg (2) Ab, Tol 94
Barrel medic Acyrthosiphon kondoi, Hemiptera AKR, AIN RAPI TTR Ab, Ax, Tol 63,122
Acyrthosiphon pisum, Hemiptera Ab, Ax, Tol
Therioaphis maculata | Hemiptera Ab, Ax, Tol
Common bean Apion godmani, Coleoptera Arel (2) (arcelin) Agm, Agr Ab 8,9, 87
Zabrotes subfasciatus Coleoptera Ab
Thrips palmi Thysanoptera| Unnamed; QTLs Tol 41
Cowpea Aphis craccivora Hemiptera Rac (2) Ab 84
Lettuce Nasonovia ribisnigri Hemiptera Nr Ab 76
Pemphigus bursarius Hemiptera Ra or Lra Ab 141
Maize Ostrinia nubilalis Lepidoptera | bx (7) DIMBOA), leaf cell wall Ab 19, 20
factors; QTLs
Diatraea grandiosella, | Lepidoptera | Glossyl5 (1) (leaf structure); QTLs Ab 12,17
Diatraea saccharalis Lepidoptera
Spodoptera frugiperda | Lepidoptera | Mir (4) (cysteine proteinase) Ab 92
Helicoverpa zea Lepidoptera | pl (1) (maysin); QTLs Ab 48, 148
Rhbopalosiphum maidis | Hemiptera aph (2) Ab 21
Melon Apbis gossypii Hemiptera Vat (1) (CC-NBS-LRR); QTLs Ab, Ax 13,33
Mungbean Callosobruchus spp., Coleoptera Br(1) Ab 70
Zabrotes subfasciatus, Coleoptera
Riptortus clavatus Coleoptera
Pea Bruchus pisorum Coleoptera Np Ab 34
Peach Myzus persicae Hemiptera Rmnl Ab, Ax 91
Peanut Apbhis craccivora Hemiptera Unnamed Ab 49
Pear Dysaphis pyri Hemiptera Dp-1 Ab 39
Perennial ryegrass | Listronotus bonariensis | Coleoptera | perA (peramine-endophyte alkaloid) | Ax 129
Potato Leptinotarsa Coleoptera Lep, AL (2) (leptine alkaloids); Ab, Ax 105
decemlineata QTLs
Raspberry Amphorophora idaei Hemiptera A(12), dw Ab, Ax 7,107
Rice Nilaparvata lugens Hemiptera Bph (=23); Qbp (2); QTLs Ab, Ax, Tol 98, 99, 102
Sogatella furcifera Hemiptera Whph (6), wbph (1) Unknown 128
Laodelphax striatellus Hemiptera Unnamed; QTLs Ab, Ax, Tol 35
Sorghum Schizaphis graminum | Hemiptera Ssg (9); QTLs Ab, Tol 143
Stenodiplosis sorghicola | Diptera Unnamed; >1; QTLs Ab, Ax 130, 131
Atherigona soccata Diptera Trit; QTLs Ax 108
Soybean Apbhis glycines Hemiptera Rag (3), rag (2); QTLs Ab, Ax 50,78, 147
| Helicoverpa zea Lepidoptera | Unnamed; QTLs Ab, Ax 101
(Continued )
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Table 1 (Continued)

Plant Arthropod pest(s) Order Gene(s)? Category(ies) | Reference(s)?
Tall fescue Rhopalosiphum padi, Hemiptera LOL (2); (loline-endophyte Ab, Ax 89, 109, 121
alkaloid)
Spodoptera frugiperda, | Lepidoptera
Schizaphis graminum | Hemiptera
Tomato Macrosiphum Hemiptera Mi-1.2 (CC-NBS-LRR) Ab, Ax 22,86,103
euphorbiae,
Bemisia argentifolii, Hemiptera
Bemisia tabaci, Hemiptera
Bactericerca cockerelli Hemiptera
Wheat Mayetiola destructor Diptera H (>33) Ab 6
Diuraphis noxia Hemiptera Dn (10); QTLs Ab, Ax, Tol 68,72
Schizaphis graminum | Hemiptera Gb (>10); QTLs Ab, Ax, Tol 150
Sitodiplosis mosellana Diptera Sm (1); QTL Ab, Ax 46, 134
Cephus cinctus Hymenoptera| Qssmsub (2); QTLs Ab, Ax, Tol 66, 112
Aceria tosichella Acari Cmc (4) Ab 74

*Gene symbol (lowercase denotes recessive inheritance); number of resistance loci; resistance factor(s) if known; QTLs indicates multiple resistance loci

mapped.
bSee Supplemental References for additional references on each plant-arthropod combination.
Abbreviations: Ab, antibiosis; Ax, antixenosis; QTL, quantitative trait locus; Tol, tolerance.

Resistance Mechanisms

Here we use the term mechanism “to describe the underlying chemical or morphological plant
processes that, where known, are responsible for the negative reactions of arthropods to resistant
plants (115). Over time, plants evolved traits for direct and indirect defense mechanisms to coun-
teract arthropod attacks. Direct defenses include structural barriers such as tissue toughness, plant
pubescence, and glandular and nonglandular trichomes. Direct defenses also include allelochem-
icals in plant tissues exhibiting antifeedant, toxic, or repellent effects on attacking arthropods,
such as cyanogenic glycosides, digestive enzyme inhibitors, lectins, glucosinolates, alkaloids, and
terpenoids (104, 116). Constitutive and induced morphological and chemical plant defenses me-
diating antixenosis and antibiosis have been extensively reviewed (26, 90, 115, 124) (Figure 1).
Indirect defenses consist of volatile organic compounds released by pest-arthropod-damaged
plants that attract arthropod predators and parasitoids or that repel oviposition of pest arthropods
(59). Herbivore-associated molecular patterns (HAMPs) represent specific plant indirect defense
responses to specific herbivore-derived elicitors in oral or ovipositor secretions that facilitate indi-
rect defenses against herbivores (81). The most-studied HAMPs are insect fatty acid—plant amino
acid conjugates from lepidopterous larvae (59, 110) (Figure 1).

Transgenic Resistance

Transgenes from Bacillus thuringiensis (Bt), which encode insecticidal crystalline proteins and other
genes for proteins exhibiting toxicity to or growth inhibition of arthropods (proteinase inhibitors,
a-amylase inhibitors, lectins, chitinases), have been expressed effectively in the genomes of many
crop plants during the past 30 years. Transgenic Bt cotton, maize, and rice cultivars that express
resistance to several lepidopteran pests are now major components of agriculture (97). Both Brand
nonBt transgenic plants are often referred to as insecticidal plants and express, in plant resistance
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terms, an extreme degree of antibiosis. Insect virulence (the ability to overcome Bt) to Br toxins is
well documented in the laboratory (127). In the field, the longevity of Br transgenes is successfully
extended through the use of insect resistance management programs centered on nontransgene
refuge areas that allow survival of individual arthropods homozygous for susceptibility to the Bt
toxin (44). Bt cotton and maize production have substantial economic benefit to producers of
nonbBt crops (54, 142). RNAI technology for insect pest management has also been developed (5)
and is becoming available commercially. A thorough discussion of transgenic resistance based on
nonplant sources is well beyond the scope of this review, given numerous reviews on the subject
(45, 111).

Factors Affecting Expression of Plant Resistance

Numerous examples illustrate how variables such as the age and density of insects and plants,
along with along with environmental variables (light duration and quantity, temperature, and soil
micronutrients), influence expression of plant resistance (90, 115). In addition, fungal endophytes
and their secondary metabolites affect the expression of HPR to insects (93).

CONSTITUTIVE AND INDUCED RESISTANCE GENES

Selection of a host-plant tissue substrate by an arthropod depends on a suite of well-coordinated
interactions between an evolutionarily conserved protein(s) encoded by the attacking arthropod
and the responding host plant. Compatible arthropod-plant interactions result in successful ma-
nipulations of the host plant by the arthropod, whereas incompatible arthropod-plant interactions
prove unsuccessful for the arthropod and ensure that attacked plants survive (56) (Figure 1). In
both interactions, plant and fungal endophyte genes expressed either constitutively or through
an induced defense response following herbivory are involved in arthropod resistance (126, 135).
Limited research to date indicates that effects controlled by constitutive genes more fully explain
resistance under field conditions than do effects due to induced gene expression (53, 136). Plant-
and plant-endophyte-derived constitutive genes controlling production of defense allelochemicals
associated with resistance are shown in Table 1.

In response to arthropod herbivory plants generate reactive oxygen species and signal cascades
involving jasmonic acid (JA), salicylic acid (SA), ethylene, abscisic acid, and gibberellic acid that
result in downstream production of direct and indirect defense proteins (32, 61, 69, 71) (Figure 1).
Defense signals may also be products of aphid bacterial endosymbionts (57).

Initial reviews indicated that plant tissue damage from arthropods with chewing mouthparts
elicits JA-based transcriptomes, whereas JA-SA-based transcriptomes are induced by arthropods
with piercing-sucking mouthparts (59). However, JA-SA signaling induced by both types of her-
bivory, as well as JA-SA cross-talk, has recently been demonstrated (56, 117, 119, 137). JA, 12-
oxo-phytodienoic acid, and jasmonoyl-amino acid conjugates (governed by zinc finger protein
expressed in inflorescence meristem) repressor proteins control the expression of many plant
genes produced in the initial responses to arthropod herbivory (52). Defense response gene up-
regulation via JA and other pathways results in the production of many defense allelochemicals
(26) (Figure 1). Less is known about arthropod-induced expression of plant metabolism genes, but
sparse evidence indicates that some of these genes are downregulated in the initial hours after the
onset of arthropod herbivory and subsequently upregulated during ensuing days. (117, 149, and
Supplemental References, follow the Supplemental Material link from the Annual Reviews
home page at http://www.annualreviews.org).

Only two arthropod resistance genes have been sequenced, Mi-1.2 from tomato and Vaz from
melon. Mi-1.2 is a CC-NBS-LRR (coiled coil-nucleotide binding site-leucine rich repeat) gene
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Transgenic
resistance:

the movement of an
arthropod resistance
gene from a crop
plant, an inaccessible
gene pool, or an
unrelated organism
into a crop plant

Compatible
arthropod-plant
interactions:
successful
manipulations of a
host plant by an
arthropod that renders
the plant susceptible

Incompatible
arthropod-plant
interactions:
unsuccessful
manipulations of a host
plant by an arthropod
resulting in survival of
a resistant plant

Mi-1.2:
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conferring resistance to multiple species of insects and nematodes (22, 86, 103, and Supplemen-
tal References). Vatz, also a CC-NBS-LRR gene, confers resistance to Aphis gossypii (33). The
LRR region of Mi-1.2 signals programmed cell death, and one model proposes a gene-for-gene
interaction between Mi-1.2 and aphid elicitors that is similar to plant-pathogen interactions (55).
Other studies suggest NBS-LRR involvement in aphid resistance in other crops (14, 16, 119, 141).
Arthropod pest elicitors of resistance genes have yet to be identified, but an undefined Diuraphis
noxia elicitor protein is recognized by wheat plant receptors, and plant-signaling gene products
recognize D. noxia feeding in incompatible interactions (67).

PLANT RESISTANCE GENES FOR ARTHROPOD
PEST MANAGEMENT

The preceding sections in this review and a large body of literature on HPR to arthropods demon-
strate the considerable success of plant breeders and entomologists in using conventional plant-
breeding methods to develop resistant crop cultivars over the past 50 to 60 years, as well as
discovering resistant cultivars not intentionally bred for arthropod resistance. For many of these
cultivars, resistance genes have not been named and the mechanistic bases of resistance remain
largely unknown, although many are used in cropping systems worldwide to reduce insect and
mite damage (90). By contrast, many genes have been identified, named, and correlated with cat-
egories of arthropod resistance in cultivars by using classical genetic approaches. Indeed, the vast
majority of arthropod resistance genes for cereal, food and forage legumes, fruit, and vegetable
cultivars (Table 1) have been identified through classical genetic analyses and introgressed into
breeding lines and cultivars by using traditional breeding techniques. Many pertinent examples
exist for major food crops (6, 7, 18, 29).

MOLECULAR MARKERS FOR ARTHROPOD
RESISTANCE GENES IN CROP PEST MANAGEMENT

The emergence and continuing development of molecular tools increase the potential for more
rapid breeding of resistant cultivars through the selection of genes directly linked to optimal
expression of arthropod resistance (114, 115). Entomologists, breeders, and molecular biologists
have used DNA markers to develop genetic linkage maps of resistance genes in apple (to Eriosoma
lanigerum), barrel medic (to Acyrthosiphon kondoi, Therioaphis maculata), raspberry (to Amphorophora
idaei), and wheat (to Mayetiola destructor, Diuraphis noxia, and Schizaphis graminum) (Table 1).
These approaches have also provided a way to identify new resistance genes to counter damage
from virulent populations of Nilaparvata lugens on rice (102).

Genetic mapping of quantitative trait loci (QTL) offers a highly efficient molecular approach
for working with quantitative traits (115, 144). Several arthropod crop resistance QTL have been
identified since Yencho et al. (144) included QTL in six crop genera for resistance to 10 arthropod
species from the orders Coleoptera, Hemiptera, and Lepidoptera. Table 1 summarizes much of
the QTL literature since the early 1990s and includes QTL from four additional crop genera
mapped for resistance to 11 additional arthropod species, including representatives from Diptera
and Thysanoptera.

Over the past decade, QTL mapping has been used to characterize antixenotic, antibiotic
resistance, and, to a lesser extent, plant tolerance, thereby increasing the possibility to develop
arthropod-resistant germplasm with which to examine the individual effects of specific QTL. Such
knowledge about specific QTL provides the potential to broaden the genetic bases of arthropod
plant defense and to develop more durable resistance. Examples and references in Table 1 reveal
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the extent to which this information has been generated for specific crop-arthropod pest associ-
ations. For example, QTL are related to both antixenotic and antibiotic resistance to at least six
insects, including D. noxia, Schizaphis graminum (23, 24), Stenodiplosis sorghicola (130), Laodelphax
striatella (35), Helicoverpa zea (101), and Apbis gossypii (13). QT'L also exist for antixenosis in wheat
resistance to Cephus cinctus and Sitodiplosis mosellana (10, 112) and for antibiosis in apple resistance
to Dysaphis plantaginea (123). Two antibiotic allelochemicals in maize have long been linked to in-
sect resistance: DIMBOA (2, 4-dihydroxy-7-methoxy-2H-1, 4-benzoxazin-3 (4H)-one], the main
hydroxamic acid in maize, is linked to Ostrinia nubilalis resistance (3), and the C-glycosyl flavone
maysin in corn silks inhibits H. zea larval growth (139). Molecular genetic approaches have suc-
cessfully elucidated QTL linked with the majority of the DIMBOA metabolic pathway bx genes
(19), and QTL mapping has identified the p1 locus as a key to maysin biosynthesis (148) (Table 1).

Molecular approaches have also significantly advanced the development and use of insect re-
sistance in perennial ryegrass and tall fescue. Endowing cultivars of these forage grasses with
strong anti-insect properties involves infecting host grasses with Epichloé and Neotyphodium fungal
endophyte strains that produce minimal or no amounts of alkaloids [ergot alkaloids (including
ergovaline) and indole-diterpenes (including lolitrems)] toxic to grazing livestock yet produce the
necessary metabolites (peramine, pyrrolizidine lolines) for insect resistance (36, 93). Endophyte
strains producing only peramine or loline alkaloids are called novel strains. In New Zealand,
peramine-producing strains, when coupled with perennial ryegrass cultivars, protect plants from
attack by Listronotus bonariensis. Infecting tall fescue cultivars with strains producing lolines pro-
vides strong plant resistance against many pest species of Coleoptera, Hemiptera, and Lepidoptera
(Table 1) that significantly affect productivity and persistence of Australian tall fescue pastures
(93). Given the biological and commercial importance of endophyte secondary metabolites (15),
characterizing genes encoding endophyte alkaloid biosynthesis will expedite the development of
endophyte-infected cultivars with the required bioprotective features to resist insect herbivory
(93). In this regard, there has been progress in indentifying the loline biosynthesis gene clusters
(LOL-1, LOL-2) (65, 121, 146), a peramine gene (perA) (129) (Table 1), the locus required for
the biosynthesis of lolitrem (10 /t7z genes) (145), and ergot biosynthesis genes (dmalV, 1psA) (89).
Cloning these metabolite genes and inactivating them by gene knockout generate direct genetic
evidence of the contribution of specific endophyte metabolites to insect resistance, as recently
revealed by the elimination of ergot alkaloids in perennial ryegrass by endophyte gene knock-
out with Agrotis ipsilon resistance retained in the infected host (96). This molecular approach has
the potential to expedite screening of diverse endophyte strains for the presence and distribu-
tion of endophyte genes that produce desirable metabolites for agricultural applications in which
insect-resistant grass cultivars are required.

To what extent have breeding programs purposefully bred cultivars with named arthropod re-
sistance genes (Table 1) for production agriculture? Genes have been introgressed into wheat for
resistance to D. noxia, M. destructor, and S. mosellana (6); sorghum resistance to S. graminum and
S. sorghicola (130); rice resistance to N. lugens (99); and mungbean resistance to Callosobruchus chi-
nensis and Riptortus clavatus (Supplemental References). In addition, lettuce cultivars containing
the Nr gene for resistance to Nasonovia ribis have been bred in Europe, and similar conventional
breeding efforts are underway in the United States (76). For more than 30 years single major genes
or polygenic minor genes have successfully protected European red raspberry cultivars from A.
idaei, the most important vector of four raspberry viruses (7). Although apple cultivars have long
been known to exhibit variable susceptibility to different species of pest aphids, resistance genes
were not conclusively identified until molecular results provided answers to this question (18, 123).
The initial use of maize QTL in molecular marker-assisted selection (MAS) of resistance to mul-
tiple species of stem-boring Lepidoptera was problematic due to epistatic gene interactions, with
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QTL offering no advantage over phenotypic selection (140). However, utilizing recently identi-
fied QTL for maize allelochemicals (see above) to allow accurate and efficient MAS breeding for
arthropod resistance looks promising.

In addition, resistance in many cultivars has not been linked to a specific gene(s) (90, 125).
"This is illustrated by the incorporation of the pubescence trait into commercial soybean cultivars
for resistance to Empoasca fabae, which has “virtually relegated this insect to nonpest status on
soybean in the U.S.” (11). Conversely, there are instances in which the genetic bases of resistance
have been characterized in unadapted germplasm and even in advanced breeding lines, but the
utility of these resistance genes in agriculture has not been realized. A look at cool-season food
legumes (chickpea, faba bean, lentil, pea) reveals little global progress in transferring resistance
genes from unadapted germplasm to regionally adapted and agronomically acceptable cultivars
for pest management (29, 37).

Given the large increase in global soybean production over the past 40 years, and the large
number of pestiferous insects associated with this important crop, it is somewhat surprising that
arthropod-resistant cultivars are not yet available to producers. Although breeding programs
have developed resistant cultivars, they are not popular among soybean producers, presumably
because of yield limitations (11). The arrival of Aphis glycines in North America in 2000 resulted
in the discovery of multiple sources of aphid resistance and the naming and mapping of resistance
genes (Table 1) (50, 147). Soybean breeding programs are benefiting from molecular-generated
information, but the appearance of new soybean aphid biotypes has complicated the breeding,
release, and acceptance of resistant cultivars (62). At the time of this writing, aphid-resistant
cultivars were not commercially available in North America (50). Similarly, Latin American bean
growers are not growing insect-resistant cultivars, although researchers have discovered dominant
genes and tightly linked diagnostic molecular markers for resistance to Mexican bean weevil and
bean pod weevil in common bean (Table 1) and have developed an improved understanding of
the genetic and mechanistic bases of resistance to these pests (79 and Supplemental References).
Finally, the Np gene in pea genotypes that provides resistance to Bruchus pisorum has not been
deployed in cultivars (29, 34).

INTEGRATION OF ARTHROPOD RESISTANCE
GENES INTO IPM PROGRAMS

Although hundreds of insect resistance genes have been deployed in improved cultivars globally
(115), the literature offers few examples in which these cultivars have been actually combined with
other methods to form IPM programs at the farm level (125, 133). An IPM approach harmoniously
combines available pest management methods or tactics (HPR, biological control, cultural control,
chemical control, and other methods) to suppress pest densities to below crop-damaging levels
(73). Notably, plant resistance is one of multiple management methods, along with biological
control and insecticides, comprising highly successful rice IPM programs in Asia (75). Single V.
lugens resistance genes, gene pyramids, and seasonal rotations have been successfully deployed in
Asian rice cultivars (1 and Supplemental References).

Australian sorghum production is centered on growing commercial hybrids with antibiosis
resistance to Stenodiplosis sorghicoln, and this resistance has been successfully combined with other
management methods such as flexible planting times, synthetic insecticides, and biological control
(40). Widespread use of S. sorghicola—resistant hybrids by Australian growers has reduced the
number of insecticide applications and has allowed significantincreases in the survival of parasitoids
that reduce S. sorghicola populations. North American sorghum growers’ use of plant resistance
and chemical control to manage Schizaphis graminum has reduced insecticide use since 1977, when
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S. graminum-resistant commercial hybrids became available (132). Useful multiline resistance also
exists in sorghum but has yet to be deployed (131).

in Much of the arthropod crop pest management literature shows that HPR is used in con-
junction with other management methods. In wheat, examples include the deployment of H genes
for M. destructor resistance in North American production areas where cultural practices such
as puparia and volunteer wheat destruction, delayed planting, and crop rotation could be used
(100). Several of the same cultural practices and biological control via conservation of parasitoid
wasps could be used to augment the value of cultivars resistant to C. cinctus (64). A Canadian
program for management of Sitodiplosis mosellana could potentially incorporate an interspersed
refuge of susceptible plants among a resistant wheat crop to help sustain resistance conferred by
Sm1 and biocontrol of the midge by parasitoids (120). In Europe, concerns about Amphorophora
idaei resistance-breaking biotypes on resistant raspberry cultivars requires additional management
tactics to control aphid populations and virus transmission. Biological control and semiochemical
technologies are in development, because the few certified insecticides are largely ineffective at
controlling aphids in time to prevent virus transmission (77, 80).

Finally, despite repeated justifications in the literature for alternative pest management options
such as the cultivation of arthropod-resistant cultivars, early twenty-first century control strategies
for most crop pests involve synthetic insecticides. A case in point is sugarcane production in
Louisiana, where producers rely heavily on insecticides to control Diatraea saccharalis on a widely
grown susceptible variety, even though multiple control tactics (plant resistance, chemical control,
arthropod predation) effectively reduce infestations (95). The obstacles to increased use of host
plant resistance and other economical and environmentally friendly methods in an IPM framework
have been reviewed elsewhere (31, 125).

MOLECULAR GENETICS IN ARTHROPOD-RESISTANT CROPS:
PROGRESS, BENEFITS, AND CHALLENGES

Steady progress has been made in the past five decades to advance the science of HPR to arthro-
pods and, more importantly, to deploy arthropod-resistant crop plant cultivars as foundations of
cropping systems. Major advances have been made in understanding resistance categories and
mechanisms mediating resistance, as well as the biotic and abiotic variables affecting resistance.
To bridge gaps with plant pathogen resistance research, plant-arthropod relationships are now
being described as compatible (susceptible plant) and incompatible (resistant plant) interactions,
similar to plant-pathogen interactions (56).

Perhaps the most dramatic shift in research has been the progress made in understanding
constitutively expressed arthropod resistance gene products. For example, knowledge of the phe-
notypic inheritance of Lepidoptera resistance in maize has been greatly improved by a completely
new understanding of genes involved in synthesis of DIMBOA (bx), maysin (pI), and cysteine
proteinases (Mir). The same is true for genes controlling production of other allelochemicals,
including the arcelin a-amylase inhibitor (4rcI) in common bean, endophyte-produced alkaloids
(LOL, perA) in grasses, and the steroidal alkaloids acetyl-leptinidine (AL) and leptinidine (Lep) in
potato. Advances in the past decade alone indicate the involvement of numerous plant signaling
pathways, primarily the jasmonate pathway, in the production of induced arthropod resistance
proteins. Although the balance of interaction between induced and constitutive genes remains
unclear, the results of gene silencing experiments reveal essential functions of both (60, 137, 141).
Finally, knowledge gained from cloning Mi-1.2 and Vat, both members of the CC-NBS-LRR
subfamily of NBS-LRR resistance proteins, has yielded information to facilitate the cloning of
other arthropod resistance genes using resistance gene analog (RGA) approaches. For example,
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the AIN, AKR, and TRR aphid resistance genes in barrel medic are located in RGA clusters that
are highly similar to the CC-NBS-LRR subfamily (63 and Supplemental References), strongly
suggesting that these genes are also NBS-LRR resistance proteins. Comparative analyses of these
aphid resistance genes will greatly expand the genomic understanding of what constitutes an
arthropod resistance gene.

Given these significant genetic and genomic advances, to what extent have molecular genetic
and genomic innovations benefited producers and consumers through the delivery of arthropod-
resistant crops? Field integration of rice, sorghum, and wheat arthropod resistance genes into IPM
in Asia, Australia, and North America, and to a limited extent Europe, has increased steadily for
the past 50 years. Aside from these three major cereal food crops, however, the actual integration
of arthropod-resistant cultivars, biological control agents, and cultural control practices has not
occurred at the farm level, mainly because of continued but often unnecessary use of synthetic
insecticides. The use of VOCs to recruit pest-arthropod natural enemies and synergize field
resistance could be developed as an IPM tool to alleviate this dilemma.

Molecular markers are facilitating and improving our ability to develop and deliver arthropod-
resistant crops. This is clearly demonstrated by more than 100 arthropod resistance loci and
linked markers that have been identified and used to generate numerous crop-plant genetic linkage
maps. Many of these markers are used to track arthropod resistance via MAS in breeding lines for
deploymentin cultivars. This is especially true at CGIAR centers (ICARDA, ICRISAT, and IRRT)
where MAS has been used to breed arthropod-resistant crop cultivars and continues to be used to
identify different genes in new sources of resistance. Importantly, several markers in Table 1 have
been linked to specific resistance categories and in several cases to allelochemical or biophysical
traits. This knowledge offers HPR researchers the capability of deploying resistant cultivars with
broader, more durable resistance that reduces the occurrence of arthropod virulence.

Although these data reflect steady progress, QTL must be used more broadly to identify
plant arthropod resistance genes, especially to identify and deploy arthropod-resistant cultivars
of cool-season food legumes (chickpea, faba bean, lentil, pea) in the semitropical areas of the
world currently undergoing rapid population growth. The challenges of developing cultivars with
arthropod resistance from wild species remain (28), but transgenic technology has decreased these
difficulties. An improved understanding of constitutive and induced gene expression, and the
use of plant and arthropod genomic tools associated with gene manipulation, now provide many
opportunities to more efficiently develop arthropod-resistant plants. Therefore, the outlook for
confronting future challenges of HPR is bright. Nevertheless, the development of durable, higher-
yielding arthropod-resistant crop cultivars for global agriculture and their integration into IPM
programs will succeed only through interdisciplinary collaborations among entomologists, plant
breeders, and molecular biologists.

SUMMARY POINTS

1. Plant genetic diversity resulting from selective pressures due in part to arthropod her-
bivory provided humans cultivatable food crops with which to form agrarian societies
about 10,000 years ago. Conventional plant breeding has since been used to develop
hundreds of arthropod-resistant crop cultivars that currently provide major ecological
and economic benefits to global agriculture.

2. Arthropod-resistant plants function by producing allelochemical and biophysical plant
traits that adversely affect arthropod behavior and survival or that allow plants to tolerate
arthropod damage.
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. Incompatible interactions between resistant plants and arthropods are mediated by both

constitutively produced resistance proteins and proteins produced via jasmonate- and
other signaling pathways following induction by arthropod herbivory.

. Twoarthropod resistance genes have been cloned and are members of the CC-NBS-LRR

subfamily of NBS-LRR resistance proteins. Mi-1.2 (wild tomato) exhibits multispecies
insect and nematode resistance, and Var (melon) expresses aphid resistance. Aphid re-
sistance genes in barrel medic are located in RGA clusters that are highly similar to the
CC-NBS-LRR subfamily.

. More than 100 monogenic and polygenic arthropod plant resistance gene loci and their

linked markers have been characterized by molecular mapping, and several are in use to
track resistance via MAS in breeding lines for deployment in cultivars.

. Arthropod-resistant cultivars of rice and sorghum are major components of IPM pro-

grams in Asia, Australia, and North America, and resistant raspberry and wheat cultivars
are near integration in Europe and North America, respectively. For the majority of
food and fiber crops, however, arthropod-resistant cultivars have not been integrated
into other IPM methods.

. Numerous opportunities exist to use advances in molecular technology to more ef-

ficiently identify, track, and manipulate arthropod resistance genes in arthropod-
resistant cultivars. Integration of such cultivars into IPM programs with biologi-
cal, chemical, and cultural control tactics will succeed only through interdisciplinary
collaborations.
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