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Current Status of the Availability, Development, and Use 
of Host Plant Resistance to Nematodes 1 

PHILIP A. ROBERTS 2 

Abstract: Host plant resistance (HPR) to nematodes has been identified in many major crops and 
related wild germplasm. Most HPR is to the more specialized, sedentary endoparasitic genera and 
species, e.g., Globodera, Heterodera, Meloidogyne, Nacobbus, Rotylenchulus, and Tylenchulus. Some HPR 
has been developed or identified also to certain migratory endoparasites (Aphelenchoides, Ditylenchus, 
Pratylenchus, Radopholus) in a few hosts. Commercial use of HPR remains limited, despite its benefits 
to crop production when deployed appropriately. Restricted use and availability of  HPR result from 
problems associated with transfer of resistance into acceptable cultivars. Difficulties occur in gene 
transfer to acceptable cultivars because of incompatibility barriers to hybridization or linkage to 
undesirable traits, for example in cucurbitaceous and solanaceous crops and sugarbeet. Specificity of 
HPR to only one species, or one or few pathotypes, as it relates to resistance durability and nematode 
virulence, and HPR response to abiotic factors such as high soil temperature, also limit availability 
and utility. A scheme for HPR development is presented to emphasize nematology research and 
information requirements for expanding HPR use in nematode control programs, for example in 
common bean, sugarbeet, and tomato. Nonbiological factors that influence HPR usage are discussed, 
including heavy reliance on nematicide programs, low priority of  nematode HPR in many breeding 
programs, and insufficient breeder-nematologist collaboration. 

Key words: breeding, durability, gene, inheritance, nematode, pathotype, resistance, screening, 
selection, tolerance, virulence. 

Host plant resistance (HPR) is expected 
to contribute to the solution of  many prob- 
lems caused by nematodes. The potential 
of  HPR is enormous because of  increasing 
availability of  and access to plant germ- 
plasm collections containing genes for re- 
sistance and because of  rapid advances in 
plant science technologies. The  need for 
progress in resistance development is crit- 
ically important  for two major reasons. 
First, in the less developed countries of 
tropical and subtropical regions, use of re- 
sistant cuhivars may be the only economi- 
cally practical management tactic around 
which other supportive strategies can be 
integrated. Second, in modern high-input 
product ion systems of  developed coun- 
tries, as the of ten singular reliance on 

Received for publication 20 September 1991. 
I Symposium paper presented at the Annual Meeting of 

the Society of Nematologists, 7-11 July 1991, Baltimore, 
Maryland. 

Department of Nematology, University of California, 
Riverside, CA 92521. 

chemical nematicides has been restricted 
or has ended, HPR must be developed fur- 
ther as a primary control option, whether 
alone or as a key element in an integrated 
management program. 

RESISTANCE AVAILABILITY 

Current HPR utilization has been sum- 
marized (4,14,19,20,58,68) and can be cat- 
egorized according to crop, nematode (ge- 
nus or species), geographical region, effi- 
cacy, and gaps in availability. These gaps 
can be subdivided into crops in which no 
HPR has been identified or made available 
and crops in which HPR is available for 
one or more target nematode species but  
not others. This type of  summary should 
help in setting priorities for HPR research 
and for indicating which nematode-crop 
combinations are likely to have heritable 
HPR traits that can be exploited. Consid- 
eration of  the critical factors that influence 
phenotypic expression of  HPR is also help- 

The JOURNAL OF NEMATOLOGY for March (24:1-211) was 
issued 2 February 1992. 
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ful; these include nematode virulence and 
its selection, heat sensitivity, disease com- 
plexes, and polyspecific nematode com- 
munities, races, or pathotypes. 

The  nematode genera for which most 
HPR have been identified and developed 
for use through breeding are primarily 
those with specialized host-parasite rela- 
tionships for at least a portion of  their life- 
cycles (14,58). These genera include the 
sedentary  endoparas i tes  Globodera, He- 
terodera, Meloidogyne, Rotylenchulus, and Ty- 
lenchulus, the migra tory  endoparas i tes  
Aphelenchoides, Ditylenchus, Pratylenchus, 
and Radopholus, and the ectoparasi tes  
CriconemeUa and Xiphinema. The sedentary 
endoparasites,  especially cyst and root- 
knot nematodes, are the most specialized 
and compose the majority of  important 
nematode pests for which HPR has been 
identified and developed (4,14,19,20,58, 
68). 

Migratory endoparasites: HPR has been 
identified against a few agriculturally im- 
portant migratory endoparasites, particu- 
larly to Ditylenchus dipsaci with notable com- 
mercial Success in red clover (Trifolium 
pratense), alfalfa (Medicago sativa), and oat 
(Avena sativa). Other HPR to migratory en- 
doparasites includes that to Radopholus cit- 
rophilus in Citrus sp. with limited success, 
that to Aphelenchoides besseyi in rice (Oryza 
sativa) and to A. ritzemabosi in chrysanthe- 
mum (Chrysanthemum spp.), both in use, 
and that to Pratylenchus brachyurus in pea- 
nut (Arachis hypogaea) and to P. penetrans in 
potato (derived from Solanum tuberosum 
ssp. andigena and S. vernei) (6), identified 
but not developed. A vigorous search for 
resistance to P. vulnus in Prunus spp. germ- 
plasm is in progress (15). Given the nu- 
merous  economically important  genera 
and species of  migratory endoparasit ic 
nematodes worldwide, these are very few 
instances. 

Ectoparasitic nematodes: Only isolated re- 
ports 9 f HPR have been made, and these 
may be tolerance to nematode damage 
rather than true plant resistance to nema- 
tode infection. In grape (Vitis spp.), re- 
ports of  HPR to Xiphinema index are toler- 

ance in at least some cases (25,26,48), al- 
though population decline under  some 
Vitis selections is indicative of  HPR expres- 
sion. Regardless, any combination of  these 
traits would be beneficial commercially. 
Finding HPR to Xiphinema is not surprising 
because it has a more specialized parasitic 
relationship with its host than many other 
ectoparasites, as Xiphinema induces plant 
cellular modifications, including hypertro- 
phy (26). Similarly, ring nematodes like 
Criconemella xenoplax (the focus of  HPR or 
tolerance screening in Prunus spp. geno- 
types for improvement of almond, nectar- 
ine, peach, and plum plantings [52]) have a 
more specialized relationship with their 
host than most other ectoparasitic nema- 
todes (32). Resistance screening proce- 
dures for these ectoparasitic forms are dif- 
ficult, especially with perennial tree and 
vine crops (26), and commercial develop- 
ment of  cultivars or rootstocks resistant to 
ectoparasitic nematodes has been insignif- 
icant. 

The most frequently utilized resistant 
nematode-crop combinations (Table 1) in- 
clude crop genotypes that are utilized on at 
least a moderate proportion of  the infested 
crop acreage, that have sustained eco- 
nomic yields on nematode-infested land, 
and that in some cases have not selected 
for more aggressive species, populations, 
or pathotypes after many years of cultiva- 
tion. The range of important crop types, 

TABLE 1. Some highly effective host plant resis- 
tance programs. 

Nematode Crop 

Globodera rostochiensis 
Heterodera glycines 
Heterodm'a avenae 
M eloidogyne incognita 

Meloidogyne spp. 

Tylenchulus semipenetrans 
Ditylenchus dipsaci 

Potato 
Soybean 
Barley, oat 
Cowpea, lima and 

common bean, 
soybean, tobacco 

Alfalfa, Prunus 
(Nemaguard 
rootstock), tomato, 
walnut (California 
Black) 

Citrus (Poncirus trifoliata) 
Alfalfa, oat, red clover 
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including both annuals and perennials, 
suggests that most botanical groupings 
probably contain HPR traits to the major 
nematode parasites. 

World survey: A recent world survey of 
the local availability of nematode-tolerant 
or resistant crops was summarized accord- 
ing to crop and global region (64), with 
responses from over 300 nematologists in 
75 countries. Tolerance is defined as the 
ability of a plant to grow and yield despite 
injury from nematode attack, and it is in- 
dependent  of  resistance or susceptibility, 
which refer to the ability (or lack thereof) 
of a plant to support nematode reproduc- 
tion. The survey reveals that significant 
advances have been made in HPR devel- 
opment on a global scale, with resistance or 
tolerance locally available in at least some 
crops in every region of  the world. The 
success in the breeding or simple selection 
of crop varieties with tolerance or resis- 
tance differs among regions but does not 
conform closely to any pattern of agricul- 
tural progressiveness. The modern distri- 
but ion of  commercial  seed and other  
planting stock, such as root-knot nema- 
tode-resistant tomato (Lycopersicon esculen- 
turn) cultivars and lines, has no doubt con- 
tributed to the widespread availability and 
use of some important HPR germplasm. 

On closer examination, the availability 
of  HPR is substantially limited. Major gaps 
in HPR availability exist in nematode-crop 
combinations in which HPR has not yet 
been identified or introgressed or ade- 
quately developed (Table 2). In Africa 
only four crops were reported with toler- 
ance or resistance, of which bean (Phaseolu~ 
vulgaris), cowpea (Vigna unguiculata), and 
tomato with resistance to Meloidogyne spp. 
are resistant to only some root-knot species 
or populations (64). Furthermore, the re- 
sistance in bean and  tomato  is heat-  
sensitive and thus unsuitable for the hot 
production areas in lower latitudes (1,53). 
Further limitations exist in bean, tomato, 
and other crops resistant to Meloidogyne 
spp. because HPR to other injurious nema- 
todes is generally unavailable. The limited 
use of  HPR in a huge continent like Africa 

TABLE 2. Examples of important gaps in host 
plant resistance availability for nematode-crop com- 
binations with no developed resistance and for crops 
with some developed nematode resistance. 

Nematode Crop 

Heterodera schachtii 
Heterodera avenae 
Meloidogyne spp. 

Meloidogyne hapla 
Rotylenchulus reniformis 

Nacobbus aberrans 

No developed resistance 
Sugarbeet, crucifers 
Wheat 
Barley, carrot, corn, 

cucurbits, eggplant, 
lettuce, peanut, 
sugarbeet, many 
others 

Most host crops 
Tomato, many host 

crops 
Pepper, sugarbeet, 

tomato 

Some developed resistance 
Heterodera avenae Barley, oat 
Tylenchulus semipenetrans, Citrus 

Radopholus citrophilus 
Meloidogyne incognita, Common bean, lima 

M eloidogyne javanica, bean, cowpea 
Meloidogyne arenaria 

Meloidogyne incognita, Cotton 
Rotylenchul.u~ reniformis 

Globodera rostochiensis, Potato 
Globodera pallida, 
Meloidogyne spp., 
Nacobbus aberrans 

Pratylenchus vulnus, Prunus spp. 
Xiphinema americanum, 
Criconemella xenoplax 

Heterodera glycines, Soybean 
Meloidogyne spp., 
Rotylenchulus reniformis 

Meloidogyne hapla, Tomato 
Meloidogyne incognita, 
Meloidogyne javanica, 
Meloidogyne arenaria 

with considerable nematode-induced crop 
losses underscores the enormity of  the task 
facing nematologists and plant breeders in 
HPR research. A similar shortage in HPR 
was indicated for the region encompassing 
Mexico, Central America, and the Carib- 
bean, for which only five crops with HPR 
were reported (64). 

Among regions with more advanced ag- 
ricultural systems, as in North America, 
gaps similar to those in Africa exist in 
crops such as tomato because of species, 
population, and heat sensitivity factors. 
Other crops have wider limitations. In Pru- 



216 Journal of Nematology, Volume 24, No. 2,June 1992 

nus, excellent resistance to Meloidogyne spe- 
cies based on a single dominant gene is 
widely used in Nemaguard rootstock. This 
rootstock, however, is susceptible to other 
i n j u r i o u s  n e m a t o d e s  i n c l u d i n g  r ing  
( Criconemella xenoplax), pin ( P aratylenchus 
neoamblycephalus), lesion (Pratylenchus vul- 
nus), and dagger (Xiphinema americanum, a 
ringspot virus vector) nematodes (14,47). 
Other rootstocks with HPR or tolerance to 
one or more of  these nematode pests is 
unavailable, unidentified, or in the screen- 
ing and early selection phase (15,52). 

A further  limitation in the utilization of 
HPR is that it is incorporated commonly 
into only a small proportion of  the most 
frequently grown cultivars or rootstocks. 
In fact resistant cultivars or rootstocks of- 
ten have low yield or quality traits, unde- 
sirable maturation times, or other specific 
problems, e.g., the promotion of  undesir- 
able vegetative growth by Meloidogyne- 
resistant grape rootstocks (58). Thus, use 
of  resistance may be restricted by limita- 
tions of  the resistance itself, e.g., narrow 
specificity, as well as by the less desirable 
phenotypic  characteristics of  the germ- 
plasm in which it has been incorporated. 

DURABILITY OF RESISTANCE 

Durable resistance is that which has re- 
mained effective in a cultivar during wide- 
spread cultivation for a long period of 
time, in an environment favorable to a dis- 
ease or pest (35). Van der Plank (76) sup- 
ported the general argument that disease 
res i s t ance  c o n f e r r e d  by many  genes  
(polygenic) is likely to be more durable 
than resistance conferred by a single gene 
(monogenic), with respect to resistance be- 
ing horizontal (race-nonspecific) or verti- 
cal (race-specific). However, he provided 
e x a m p l e s  o f  b o t h  m o n o g e n i c  a n d  
polygenic resistance to fungal pathogens 
that did not conform to this argument, and 
many other examples of  exceptions have 
been reported (35). A review of existing 
HPR programs and some recent research 
findings suggests that durability of  resis- 

tance to nematodes also cannot be pre- 
dicted based on the genetic control  of  
HPR. 

Potato and Globodera: The resistance to 
Globodera rostochiensis in potato is conferred 
by the single dominant major gene H1 de- 
rived from Solanum tuberosum ssp. andigena, 
and it has been transferred into several 
commercial cultivars, such as Marls Piper 
in the United Kingdom. These cultivars 
have been grown extensively on infested 
land since becoming available about  30 
years ago (36). Despite intensive use, there 
is no reported evidence that gene H1 has 
selected new virulent pathotypes.  The  
presence in Northern Europe of  patho- 
types able to reproduce on plants with H1 
is apparently not a result of exposure to 
resistant potato cultivars, but rather is a 
consequence of  the original introduction 
of these types from South America, where 
they were previously selected and where 
different  pathotypes are present  today 
(36). These observations suggest a useful 
level of  durability of  the major dominant 
gene H1. Paradoxically, with respect to the 
putative durability of  polygenic resistance, 
there is now good evidence from indepen- 
dent studies (75,78) for selection of  viru- 
lence over several generations of  G. pallida 
on S. vernei clones, where resistance is con- 
ferred polygenically by genes with minor 
effects (36,75). Although these studies 
were made in pot and microplot tests that 
possibly could artificially promote fitness 
of  the selected virulent populations, the 
rapid rate of  selection in several distinct 
populations suggests that resistance break- 
down might occur in G. pallida-infested 
fields routinely cropped with ex vernei- 
resistant potato cultivars. The extent of  
heterogeneity for virulence present within 
the nematode population and the potential 
for virulence to develop by mutation are 
important  factors that determine resis- 
tance durability (61) and, therefore, its fu- 
ture utility. 

Peach and Meloidogyne: The resistance to 
Meloidogyne incognita and M. javanica in the 
peach rootstock Nemaguard is conferred 
by a single dominant major gene (possibly 
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a separate single gene to each species) de- 
rived from a Prunus persica cross involving 
S.37 (C. Ledbetter,  USDA, Fresno, CA, 
pets. comm.), a seedling that Chitwood et 
al. (13) reported resistant to both M. incog- 
nita and M. javanica. Nemaguard has been 
used in California in at least 85% of the 
almond, nectarine, peach, and plum plant- 
ings; and after about 35 years of  use resis- 
tance-breaking, Meloidogyne populations 
have not appeared (M. V. McKenry, pers. 
comm.). This HPR durability is particu- 
larly interesting, as the continual presence 
of  roo t -kno t  nema tode  popula t ions  is 
ma in ta ined  by weeds  in N e m a g u a r d -  
planted fields, thus influencing the oppor- 
tunity for selection. 

Tomato and Meloidogyne: Resistance in to- 
mato to M. incognita, M. javanica, and M. 
arenaria is conferred by a single dominant 
major gene, Mi, derived from one hybrid 
F I plant obtained through embryo rescue 
from a cross of  resistant Lycopersicon peru- 
vianum with L. esculentum (61,70,77). Gene 
Mi is the basis of  all the root-knot resis- 
tance in worldwide commercial use today, 
including fresh market  and processing 
types. Since its availability about 35 years 
ago, there has been little evidence for vir- 
ulence selection under  field conditions, al- 
though naturally virulent populations exist 
that have had little or no exposure to Mi 
gene-bearing plants (61,62). That  viru- 
lence to Mi can be selected rapidly under  
artificial greenhouse conditions (16,34,61, 
62) indicates that selection of  virulence by 
frequent or continuous plantings of resis- 
tant tomato cultivars is a threat. However, 
the fitness under  field conditions of  se- 
lected, virulent populations has been stud- 
ied to only a limited extent. Increase of  M. 
hapla (able to reproduce on plants with Mi) 
populations on plantings of  resistant to- 
mato in fields containing polyspecific root- 
knot populations was reported (61). A full 
discussion of  Meloidogyne resistance in to- 
mato is available (61), as are recent analy- 
ses of  selected Mi-virulent  Meloidogyne 
populations ( 12,16,34,62). 

Thus in three different cases there is ev- 
idence for durability associated with sim- 

ply inherited nematode HPR which, when 
used in an integrated management  pro- 
gram, could continue to be effective in the 
future. The durability of  these and other 
nematode HPR traits is unpredictable, and 
breakdown of resistance can occur at any 
time. Because the genetic basis of  the du- 
rability is unknown (35), it cannot be pri- 
oritized with any certainty in breeding pro- 
grams. The reports of  selection for viru- 
lence  in G. paUida on po lygen ica l ly  
resistant potato cultivars underscore the 
unpredictability of  nematode HPR dura- 
bility and longterm usefulness. Therefore,  
identification of  additional nematode re- 
sistance genes and their introgression into 
crop cultivars should be a continuing pri- 
ority. 

RESISTANCE DEVELOPMENT SCHEME 

A useful approach to prioritizing HPR 
development needs is close examination of  
these gaps (Table 2) in the context of  the 
steps involved in the development of  us- 
able HPR. The scheme presented in Fig- 
ure 1 attempts to summarize this process 
as a sequence of essential or highly desir- 
able research components and informa- 
tion requirements for identifying HPR in 
plant genetic resources and then intro- 
gressing it to develop new acceptable com- 
mercial cultivars. The examples of  success- 
ful HPR development in Table 1 were ac- 
c o m p l i s h e d  t h r o u g h  p r o g r a m s  tha t  
followed this general scheme for the most 
part. The scheme is based primarily on the 
perspective of  the nematologist, and as 
such it highlights components in the pro- 
cess that the nematologist has a major re- 
sponsibility for in working with the plant 
breeder. Breeder-specific concerns might 
include factors such as multiple disease 
and pest resistance, agronomic improve- 
ment requirements, resource limitations, 
and the fundamentals of  the crossing, se- 
lection, and screening and testing cycles 
that make up the classical breeding pro- 
gram. These have been adequately dis- 
cussed and reviewed (3,5,22,63). 

Screen for HPR: In initiating an HPR 
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p rogram (the upper  sequence in Figure 1), 
a broad  screen for HPR traits is required to 
identify potentially useful sources (59). In 
decreasing order  of  preference,  HPR can 
be i d e n t i f i e d  in c u r r e n t  cuh ivars  a n d  
breeding lines, older cuhivars or breeding 
stocks, pr imit ive cultivars or accessions 
likely to be found  in gene pool centers, and 

finally, wild species progenitors  or  rela- 
tives (22,27,42). T h e  obvious sequence to 
this search minimizes the genetic distance 
between the HPR source and the recipient 
crop cuhivar type and  the associated diffi- 
culties in efficient genetic transfer.  Unfor-  
tunately, in most c rop -nematode  combina- 
tions with HPR needs (Table 2), HPR has 
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not been found in the domesticated geno- 
types of the crop plant species, but only in 
primitve relatives of  the crop species (e.g., 
Meloidogyne HPR in common bean, lima 
bean, cowpea, carrot, pepper, sweet po- 
tato, and soybean) or, more commonly, in 
wild species relatives (e.g., G. pallida and 
potato; H. avenae and small grains; H. 
schachtii and sugarbeet and cruciferous 
crops; Meloidogyne spp. and cucurbits, egg- 
plant, peanut,  potato, small grains, to- 
bacco, and tomato; N. aberrans and tomato, 
and T. semipenetrans and citrus crops). 

Obviously, if HPR is not found the pro- 
gram cannot advance, as occurs with N. 
aberrans and sugarbeet, Meloidogyne spp. 
and lettuce, and M. naasi and barley. In 
most cases, the lack of  HPR probably re- 
flects insufficient screening due to limited 
resources or lack of  access to adequate 
germplasm sources. Screening of  addi- 
tional germplasm as it becomes available 
through collection and improved storage 
and access should help to identify HPR 
and fill in some important gaps. For exam- 
ple, recently, additional collections of egg- 
plant (Solanum melongena) and closely re- 
lated species from East Africa and India 
are being screened at Riverside for Meloi- 
dogyne resistance for the first time. These 
accessions could contain sources of  HPR 
genetically much more compatible with 
eggplant than the S. sisymbriifolium resis- 
tance source currently used with consider- 
able d i f f i c u l t y  fo r  possible t r a n s f e r  
through tissue culture (21,24). Other re- 
cent screenings at Riverside of  new germ- 
plasm collections have revealed HPR 
sources to the following: M. incognita, M. 
javanica, and M. chitwoodi in wild wheat 
(Triticum tauschii) (40,41); M. javanica and 
M. arenaria in common bean (54,55); M. 
incognita and M. hapla in Lycopersicon peru- 
vianum (2,10); aggressive isolates of M. in- 
cognita in cowpea accessions (Roberts, un- 
publ.); and N. aberrans in other wild Lyco- 
persicon spp. (9). 

Specificity of HPR: Once HPR has been 
found, its potential utility should be deter- 
mined to enable a prioritization for nema- 
tode management and for the breeding ef- 

fort. Factors for consideration at this stage 
include resistance specificity with respect 
to pathotype, race, or species. Other spe- 
cific factors, as indicated within the lower 
sequence of Figure 1, include temperature 
sensitivity and the utility of the resistance 
in controlling disease complexes that in- 
volve the target nematode, such as Meloi- 
dogyne and Fusa r ium wilt (67). Well- 
defined local requirements may need to be 
considered at this stage. Additional sub- 
jects of nematological research (Fig. 1) in- 
clude the extent of  hypersensitivity in the 
incompatible response and the degree of 
root galling, localized necrosis, or other ef- 
fects on the host plant that can influence 
the tolerance to infection under  field con- 
ditions. The broader the perceived utility 
of the HPR, the higher Will be its likely 
priority for development if resources al- 
low. The original decision to screen for 
HPR is indicative of a high research prior- 
ity; however, unless a trained nematologist 
is involved, the most appropriate nema- 
tode screen may not be used. Such unde- 
sirable screens include those at inappropri- 
ate temperatures, those with single-species 
inoculum where mixed-species inoculum 
would be preferable, and those in which a 
less prevalent species or pathotype is used, 
for example with Meloidogyne spp. or G. 
pallida and G. rostochiensis. 

Inheritance of HPR and nematode virulence: 
The inheritance of resistance also should 
be pursued by the nematologist, usually in 
conjunction with the plant breeder, to pro- 
vide direction for the breeding and selec- 
tion process. Although much of  the iden- 
tified HPR to nematodes is conferred by 
one or a few dominant genes with major 
effect (4,14,20,68), this is not always the 
case and should not be assumed for new 
resistance sources. For example, recessive 
resistance controlled by several genes with 
minor effects is involved in G. pallida resis- 
tance in potato (36), and recessive resis- 
tance to H. glycines occurs in soybean (43). 
Knowledge of  inheritance will have a di- 
rect bearing on the breeding program 
best suited for transfer and selection of re- 
sistant genotypes  in each genera t ion ,  

t . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
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whether by recurrent backcross, mass se- 
lection, or another approach. The poten- 
tial for molecular characterization and iso- 
lation of  resistance genes also will become 
clearer. Investigations can include genetic 
control of  nematode virulence and parasit- 
ism as they relate to the genetics of  resis- 
tance. This information can be helpful in 
determining the specificity of  resistance 
with respect to pathotype and virulence. 
Limited studies undertaken thus far with 
the amphimictic potato cyst nematodes 
have revealed simple dominant monogenic 
control of  avirulence that conforms to a 
gene-for-gene relationship with a single 
dominant potato gene, H1 (33,37). Such 
studies may be difficult at best in apomictic 
nematodes such as the parthenogenetic 
Meloidogyne species, which require differ- 
ent approaches to study the nature of  vir- 
ulence (16). 

Role of nematologist: At the point in the 
development sequence when the HPR trait 
is considered valuable and breeding is 
started (Fig. 1), the role of  the nematolo- 
gist should  be one of  suppo r t  to the 
breeder.  Nematologists should focus on 
provision of  appropriate inoculum, guid- 
ance and possibly assistance in resistance 
screening and rating procedures, and per- 
haps ultimately in evaluation of  field per- 
formance of  advanced lines in infested 
sites (73). A strong collaborative relation- 
ship between breeder  and nematologist is 
essential to an effective nematode HPR 
program. Boerma and Hussey (5) provide 
an excellent example of  such a cooperative 
effort, focused on multiple nematode re- 
sistance breeding for soybean improve- 
ment. A lack of  awareness in the breeding 
program of  the importance to crop im- 
provement of  controlling nematode pests 
t h rough  H P R  and a lack of  technical 
knowledge or facility for the breeder to in- 
clude the nematode  HPR objective are 
likely unless there is input from the nema- 
tologist. Buddenhagen (7) outlined spe- 
cific limitations of  breeding programs to 
respond to objectives for pest and disease 
resistance, based on whether  programs 
were private (commercial), public (state, 

federal, or foundation), or international 
(e.g., CIAT,  CIMMYT,  or IRRI).  Al- 
though beyond the scope of  this article, 
these nonscientific considerations will con- 
tinue to have a major impact on progress 
in nematode HPR development through- 
out  the world.  The  need to he ighten  
awareness  of  n e m a t o d e - i n d u c e d  crop  
losses and the potential for significant crop 
production improvement, professional re- 
ward, and commercial  profi tabil i ty by 
HPR development is a continuing respon- 
sibility for hematologists. 

Introgression of HPR: The predominance 
of  HPR traits in nondomesticated or wild 
plant germplasm obviously constrains at- 
tempts to breed for nematode resistance. 
These constraints are less difficult to over- 
come when HPR exists within the crop 
plant species, as exemplified by successful 
breeding of  HPR to several types of  nema- 
todes in various leguminous crops; never- 
theless, breeding can average 10-15 years 
(14). Where wild species donors must be 
used, the probability for successful trans- 
fer is often unpredictable. Only four ex- 
amples of  successful breeding with wild 
species as nematode HPR sources exist: re- 
sistance to Meloidogyne spp. in tomato from 
L. peruvianum using tissue culture (70), re- 
sistance to M. incognita in tobacco (Nico- 
tiana tabacum) from N. tomentosa by tradi- 
tional breeding (69), and resistance to G. 
paUida and G. rostochiensis in potato from 
Solanum vernei and S. tuberosum ssp. andi- 
gena, respect ively,  also by t radi t ional  
breeding (14). 

Other attempts to transfer HPR across 
interspecific boundar ies  have not been 
successful. Hawkes (27) summarized five 
broad categories representing increasing 
interspecific distance to be bridged. He 
used examples  ranging f rom those in 
which some natural genetic exchange by 
hybridization and introgression occurs in 
the wild to those with low levels of  hybrid 
fertility with incompatibility (e.g., f rom 
different chromosome number  or genome 
formula)  that  requi re  special t ransfer  
techniques, such as the embryo rescue 
used in Mi transfer (44,70). Other situa- 



Use of Resistance: Roberts 221 

tions involve wide hybridization that may 
only be overcome by transgenic techniques 
or somatic hybridization (27). In breeding 
for nematode HPR, we must overcome this 
full range of  interspecific incompatibility 
levels. Research on nematode HPR in sug- 
arbeet, tomato, and common bean are dis- 
cussed further to illustrate key points in 
the approach to development. 

RESISTANCE IN SUGARBEET 

Cyst nematode HPR: More than 50 years 
of  research have not yet produced an ac- 
ceptable sugarbeet (Beta vulgaris) resistant 
to H. schachtii. Initial hybridizations of  dif- 
ferent Beta species started in 1937 (66). Re- 
sistance to H. schachtii was reported for the 
first time in 1951 (31) in three wild species 
in the section Patellares B. patellaris, B. 
procumbens, and B. webbiana--but no resis- 
tance was found then or since in B. vulgaris 
(section Vulgares). In 1958-60 Dr. Helen 
Savitsky (USDA, Salinas, CA) began to 
transfer resistance from these sources, es- 
pecially B. procumbens (diploid), into com- 
mercial B. vulgaris (tetraploid) lines. Fif- 
teen years later, she reported that a chro- 
m o s o m e  o f  B. procumbens c a r r y i n g  
resistance gene(s) had been transferred to 
B. vulgaris to p roduce  viable resistant 
monosomic addition lines. Four resistant 
trisomic plants were selected from 6,750 
first backcross plants derived from triploid 
hybrids (65,66). This success was achieved 
t h r o u g h  ex tens ive  b a c k c r o s s i n g  and  
screening, and two diploid plants with 
fixed resistance were selected from 8,834 
backcross plants in the progenies of  the tri- 
somic individuals. Resistance was trans- 
ferred from both plants to F 1 hybrids with 
susceptible diploid plants, and through 
crossing-over, a segment of  the B. procum- 
hens chromosome carrying resistance was 
transferred to a sugarbeet chromosome, 
thereby breaking the resistance linkage to 
early bolting (66). The  difficulty of  the 
transfer resulted from the rare pairing of  
the nonhomologous alien chromosomes in 
Beta hybrids, root necrosis and subsequent 
death of  the hybrid seedlings (71). More 

recently, additional programs in the Neth- 
erlands (28-30,71,72) and in Germany 
(38,45) have further advanced Savitsky's 
and their own hybrid-derived resistant ma- 
terials and generally complemented the 
continuing program at Salinas (46,81) in 
attempts to produce a resistant commercial 
sugarbeet. 

The testing of  repeated backcross selec- 
tions to produce resistant sugarbeets has 
yielded considerable frustration. At Sali- 
nas, M. H. Yu (pers. comm.) has indicated 
that the more advanced resistant material 
does not meet acceptable yield and quality 
standards and may require another 5 to 10 
years of  breeding and selection. This pro- 
cess is complicated by an apparent para- 
centric inversion of  the B. procumbens- 
derived resistance-carrying chromosome 
fragment (17), which will require correc- 
tion by the rare event of  simultaneous 
crossing-over at each end of  the trans- 
ferred fragment. Heijbroek et al. (28,30) 
have selected resistant lines that show high 
rates of  resistance transmission to off- 
spring but lack the requisite commercial 
standards of  sugar and juice content and 
uniformity. 

Sugarbeet tolerance and cyst nematode viru- 
lence: A major additional problem with the 
B. procumbens-derived resistance is that it is 
based on a strong, localized hypersensitiv- 
ity (82) that causes root necrosis and ren- 
ders the plant intolerant to nematode in- 
fection. Consequently, resistant plants in 
H. schachtii-infested soil showed  roo t  
weight losses of  50-60% (46). Unless the 
intolerance to initial infection and subse- 
quent water stress can be overcome by fur- 
ther breeding, the management value of  
resistant sugarbeets  may be limited to 
shortening rotations through restricting 
H. schachtii reproduction (46). The  utility 
of this strategy may be limited further, as 
indicated by recent reports of  wide differ- 
ences among H. schachtii populations in re- 
production on resistant breeding lines (49) 
and the existence of  populations of  H. tr/- 
folii able to parasitize and injure resistant 
(ex procumbens) s u g a r b e e t  (74). Wilt- 
tolerant pollinators derived from B. vul- 
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garis and B. maritima may facilitate the in- 
troduction of  tolerance to hypersensitivity 
into resistant sugarbeet lines (30). The ap- 
parent differences in specificity of  the H. 
schachtii resistance genes from section Pa- 
teUares (50) suggest that an array of  resis- 
tance genes will be required in B. vulgaris 
to manage the pathotypes of H. schachtii 
that will emerge as resistant sugarbeets are 
brought into commercial use. The diffi- 
culty of resistant sugarbeet development 
through traditional breeding efforts would 
justify the rigorous application of molecu- 
lar biotechnology to expedite resistance 
gene transfer, such as that initiated by 
Jung  et al. (39). 

Root-knot nematode HPR: The reduced 
availability of  nematicides for controlling 
Meloidogyne spp. infestations makes the 
identification and transfer of HPR to root- 
knot a high priority for sugarbeet im- 
provement (Table 2). Meloidogyne spp. re- 
sistance has been reported in B. procumbens 
(18), and one can anticipate many of the 
same or similar problems for introgression 
as those encountered in developing resis- 
tance to H. schachtii. Hypersensitivity oc- 
curs in Meloidogyne-resistance responses 
and, if present in sugarbeet, its impact on 
tolerance to root-knot nematode infection 
must be assessed. 

RESISTANCE IN TOMATO AND BEAN 

Tomato: Transfer of  gene Mi into tomato 
is a good example of successful introduc- 
tion of HPR from a wild species, although 
many gaps in HPR availability exist (Table 
2), some of which were not apparent until 
recently. The resistance was detected in 
1941, and in 1944 one resistant F 1 hybrid 
plant with L. esculentum was recovered us- 
ing embryo rescue (70). A few initial back- 
crosses were obtained with cuttings of  this 
plant (77), and the backcrosses were used 
in the California and Hawaii breeding pro- 
grams to develop resistant commercial to- 
mato cultivars. However, 15 years were re- 
quired to break the tight linkage between 
Mi and undesirable frui t ing characters 
(23). All Meloidogyne-resistant tomato culti- 

vars available today are derived from this 
single source, and they have had a major 
impact worldwide in reducing tomato yield 
losses due to root-knot nematodes. In 1979 
the first machine-harvestable processing 
tomato cultivar with Mi was released. Since 
then, many other processing cultivars with 
Mi have been developed that possess vari- 
ous yield and fruit quality and maturity 
traits, enabling widespread use in the pro- 
cessing tomato industry (60,61). 

Despite the wide utility of  HPR con- 
ferred by Mi, significant gaps remain to be 
filled in expanding nematode HPR use in 
tomato. For example, the incorporation of  
the recently identified gene in L. peru- 
vianum that confers heat-stable resistance 
to M. incognita (1,2,10,11) should greatly 
extend resistance use into hotter regions, 
where breakdown of  Mi-conferred resis- 
tance occurs. This new resistance also ap- 
pears to be effective against some isolates 
of M. incognita selected for virulence to 
Mi-bearing plants (62), a finding that has 
important implications for broadening the 
narrow genetic base of resistance in to- 
mato. The heat-stable resistance gene has 
been transferred with embryo callus and 
embryo cloning techniques into F 1 hybrids 
with L. esculentum that express heat-stable 
resistance, as a preliminary step toward in- 
trogression (11). Resistance to M. hapla, 
which is not controlled by Mi, has been 
identified in some L. peruvianum accessions 
(2,9) and should be transferred to tomato. 

The false root-knot nematode, Nacobbus 
aberrans, is an important pest of tomato 
and other vegetables in Central and South 
America, where significant yield losses oc- 
cur (8). This nematode often occurs in the 
same field as root-knot nematodes, making 
identification and diagnosis difficult and 
control of only one pest ineffective in pro- 
tecting the crop. The recent identification 
in our program (9) of putative resistance to 
N. aberrans in accessions of L. chmielewskii 
and L. peruvianum, the former of  which is 
compatible with L. esculentum, presents the 
opportunity to develop tomato cultivars 
with HPR to N. aberrans alone or with 
Meloidogyne spp. 
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In an analogous case, a single dominant 
gene for resistance to the reniform nema- 
tode, Rotylenchulus reniformis, was identi- 
fied some years ago in the currant tomato, 
L. pimpinellifolium (56,57). Reniform nema- 
tode is widespread and damaging in sub- 
tropical and tropical tomato production 
areas, often concomitantly with root-knot 
nematodes (51). The  currant  tomato is 
compatible with L. esculentum and prelimi- 
nary attempts at t ransferring the resis- 
tance by hybridization produced resistant 
F 3 plants (57). Complete introgression and 
cultivar development should be possible. 
The different nematode resistance genes 
available for tomato make breeding for 
multiple nematode resistance a real possi- 
bility, similar to the soybean and potato 
programs for resistance to cyst, reniform, 
and root-knot nematodes (5,20). 

Common bean: Resistance to Meloidogyne 
spp. in common bean, Phaseolus vulgaris, 
exists (19,53) but has been exploited on a 
limited scale. Resistance to M. incognita in 
the old cultivar Alabama No. 1 that was 
used to develop a resistant pole bean cul- 
tivar, Manoa Wonder, is conferred reces- 
sively by at least two genes and is heat- 
unstable above 26 C (53). Resistance to M. 
incognita in the accession PI 165426 from 
Mexico is controlled by one dominant and 
one recessive gene; the dominant gene is 
completely dominant up to 26 C but in- 
completely dominant at 28 C and above, 
whereas the recessive gene is ineffective 
above 26 C (53). This resistance was used 
to develop the resistant bush snapbean cul- 
tivar Nemasnap, which has been used on a 
limited basis in the southeastern United 
States (19,20,80). A single dominant gene 
for resistance to M. javanica and M. are- 
naria and to some M. incognita isolates, 
which is also incompletely dominant at or 
above 28 C, was identified recently in lines 
A315 and A445 derived from Mexican ac- 
cessions G2618 and G1805 (53,54). The 
latter resistance has not been transferred 
into commercial cultivars. This genetic 
analysis, in relation to temperature of root- 
knot resistance in P. vulgaris (53), demon- 
strates the importance to breeding of the 

screening, specificity, and inher i tance  
components  in the HPR deve lopment  
scheme (Fig. 1, upper sequence), together 
with specific factors such as temperature 
sensitivity (Fig. 1, lower sequence). Defini- 
tion of the nature and expression of  resis- 
tance should facilitate and expedite the de- 
velopment of  commercial cultivars of the 
many types of  fresh and dry edible beans 
for use in particular climatic regions. 

RESISTANCE APPLICATION 

The utility of  nematode HPR should be 
considered from two general perspectives: 
i) the value of HPR in crop or cultivar self- 
protection, based on the level of tolerance 
to the injury caused by nematode initial 
infection, and ii) the rotational value of  
HPR in cropping systems for protecting 
subsequent crops, based on the ability to 
reduce nematode population densities in 
soil by restricting nematode reproduction. 

Later aspects of the HPR scheme (Fig. 1, 
lower sequence) include the goal of  pro- 
ducing resistant or tolerant cultivars and 
the goal of feedback of  information on cul- 
tivar performance. The assessment of tol- 
erance and resistance traits under  field 
conditions can be done usually only later in 
the breeding process when yield measure- 
ments become meaningful. However, ear- 
lier testing in the program may avoid sub- 
sequent problems, such as the severe intol- 
erance to H. schachtii in sugarbeet. The 
utility of  the resistance will be anticipated 
at the start of the HPR program, but the 
true extent of its value for nematode man- 
agement will probably not be realized until 
implementation occurs. At that time, the 
role of the resistant cultivar in the rotation 
sequence of a cropping system can be max- 
imized. 

Because more planning is involved in 
cropping system design now than in the 
past, it is important to consider the place- 
ment of  resistance in terms of  which and 
how many crops should carry resistance 
genes. The resistance to Columbia root- 
knot nematode, M. chitwoodi, in wheat (40) 
probably has little value for wheat im- 
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p r o v e m e n t  but  could be valuable in reduc-  
ing n e m a t o d e  popula t ions  in rotat ions o f  
wheat  with potato,  fo r  which resistance is 
not  available. T h e  resistance to M. javanica 
and  M. incognita in wheat  (41) could be ex- 
ploited in various annual  crop rotat ions to 
manage  these species. A similar scenario 
can be suggested for  incorpora t ing  Meloi- 
dogyne H P R  into corn,  a roo t -knot  to lerant  
c rop  commonly  ro ta ted  with many  suscep- 
tible crops on  infested g round .  In rota- 
tions that  include several crops for  which 
H P R  to a c o m m o n  n ema tode  pest is avail- 
able bu t  which may require  fu r the r  breed-  
ing, decisions could  be made  on  which 
crops should be priori t ized for  receiving 
resistance, as not  all susceptible crops in 
the system may requi re  HPR. Such deci- 
sions will maximize the allocation o f  critical 
H P R  b r e e d i n g  resources  fo r  nematodes  
with typically wide host ranges. 

Feedback  on  resistant  cultivar pe r fo r -  
mance  (Fig. 1, lower sequence) can help to 
de t e rmine  effectiveness o f  resistance for  
regions with d i f f e ren t  env i ronmenta l  char- 
acterist ics a n d  specific n e m a t o d e  prob-  
lems. This  feedback should facilitate a ra- 
tional repr ior i t iza t ion o f  b reed ing  objec- 
tives, f o r  e x a m p l e  w h e t h e r  or  no t  the  
resistance a l ready deve loped  should be in- 
c o r p o r a t e d  in to  a d d i t i o n a l  cul t ivars  or  
whe the r  o the r  types o f  resistance should 
be b red  into the system. Resistance per for -  
mance  should be assessed for  factors such 
as 1) r educ ing  nema tode  popula t ion  den-  
sities, 2) self-protect ion in terms o f  toler- 
ance to n e m a t o d e  injury, 3) the presence 
or  selection o f  virulent  pathotypes  o f  the 
target  species or  shifts in the prevalence o f  
o the r  n e m a t o d e  pest  species, 4) response  
to disease complexes  that  include nema- 
todes, 5) response  to t empe ra tu r e  regimes 
or  o the r  abiotic factors, and 6) system com- 
patibility including any undesirable  link- 
ages with o the r  pest, disease or  agronomic  
traits. 

T h e  status o f  H P R  for  nema tode  control  
will improve  rapidly because the decreas- 
ing availability and use o f  nematicides em- 
phasize the need  for  HPR,  and  because 
molecular  biology techniques will p rovide  

more  direct  methods  o f  resistance gene se- 
lection and transfer.  This  aspect o f  H P R  
deve lopment  is indicated in the u p p e r  se- 
quence  of  Figure 1. T w o  practical consid- 
erations for  molecular  techniques appl ied 
to .crop improvemen t  with n em a to d e  H P R  
can be summarized.  First, the difficulties 
encoun te red  in tradit ional b reed ing  for  re- 
s i s t ance ,  l ike t h o se  d e s c r i b e d  f o r  H.  
schachtii resistance in sugarbeet ,  should be 
overcome in many  cases t h rough  applica- 
tion o f  molecular  markers  for  selection or  
by t ransfer  o f  c loned genes. Second,  the 
potential  is o f fe red  for  t ransfe r r ing  c loned 
resistance genes between unre la ted  crops 
to cont ro l  a n e m a t o d e  pest  c o m m o n  to 
both.  T h e  a t tempts  u n d e rw ay  to isolate 
and clone Mi (79) raise the quest ion o f  the 
extent  to which this gene can or  should be 
t rans fe r red  to o the r  root -knot  susceptible 
crops without  threa tening  the durabil i ty o f  
Mi. Cloning, t ransfer ,  and expression o f  
resistance genes in plants may become sim- 
ple and routine;  but, if not, the wide utili- 
zation o f  key nema tode  resistance genes or  
active resistance gene  produc ts  must  be 
p lanned  carefully. Application o f  biotech- 
nology to resistance b reed ing  will almost 
certainly still requi re  tradit ional  b reed ing  
me thods  to deve lop  p r i m a r y  t ransgenic  
plants established in tissue cul ture  into ac- 
ceptable commercial  cultivars or  rootstocks 
(5). 
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