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ABSTRACT In an attempt to determine what strategies of resistant germ plasm deploy·
ment would most successfully inhibit Hessian fly, Mayetiola destructor (Say), adaptation to
wheat resistance factors while offering significant crop protection, a computer simulation
model was developed to mimic ecological/genetic interactions between Hessian fly popula-
tions and resistant winter wheat. Durability of the following resistant germ plasm deploy-
ment strategies was examined: 1) sequential release of two pure cultivars, each with a single
resistance factor, 2) release of a random spatial mixture of these two cultivars, 3) release of
a pure cultivar in which both resistance factors were present in each plant (pyramided),
and 4) modification of each of the above deployment strategies by addition of totally sus-
ceptible wheat to the system. Effects of temporal and spatial characteristics of the mixtures
were also explored. Interpolating a pyramided resistant cultivar with some totally susceptible
plants offers the highest relative durability in most cases, and is predicted to last >400 fly
generations under some conditions.

THE HESSIANFLY, Mayetiola destructor (Say), is
a significant pest of wheat in the Midwest and
other wheat-producing regions of the United States
(McColloch 1923, Gallun et al. 1975, Morrill and
Nelson 1976, Pike and Antonelli 1981). Consider-
able emphasis has been placed on using resistant
wheat cultivars to limit the damage caused by this
pest (Gallun 1977). A number of resistant cultivars
have been widely planted in Indiana, but their
effectiveness has been diminished by the evolution
of Hessian fly biotypes that are unaffected by re-
sistance factors in these wheat cultivars (Gallun
1977).

At least 13 wheat genes have been identified
that confer resistance to some Hessian fly biotypes
(GalIun 1977, Hatchett et al. 1981). Host-plant re-
sistance programs have, in the past, recommended
the sequential use of single genes from this resis-
tant germ-plasm bank to control the Hessian fly
(Gallun 1977, Gallun and Khush 1980). This se-
quential-use strategy involves the development and
widespread deployment of wheat cultivars with
one resistance-conferring gene to which the fly
population is unadapted. Once the fly population
adapts to the resistance factor produced by this
gene, a second resistance-conferring gene is back-
crossed into the wheat and released. (Often the
new wheat cultivar will still possess the now ob-
solete resistance gene-e.g., Arthur 71.) This pro-
cedure is repeated as the fly population adapts to
each sequentially released resistance gene.

There has been some controversy in the plant
pathology and entomology literature concerning
the merits of the sequential resistant-gene release
strategy compared to pyramided or mixed resis-

tant germ plasm release strategies (Gall un 1977,
Gallun and Khush 1980, Kiyosawa 1982, Gould
1984, 1986). The pyramided release strategy gen-
erally entails breeding two or more resistance fac-
tors (or genes) into a single cultivar before they
are deployed. The mixed germ-plasm release strat-
egy generally involves the development of multi-
lines with a different resistance factor in each plant
isoline (mixed planting of cultivars with different
types of resistance are also considered).

Plant pathologists have used computer simula-
tions to predict the length of time it will take for
a pathogen to adapt to the three general deploy-
ment strategies mentioned above (see Kiyosawa
1982 and references therein). Gould (1986) devel-
oped a diploid, two-locus simulation model to ex-
plore some of the general ecological and genetic
factors that could influence the durability of in-
sect-resistant germ plasm. The factors examined
included variation in: 1) method of field deploy-
ment of the resistant germ plasm, 2) selection pres-
sure imposed on the insect population by the re-
sistance factor(s), 3) the mode of inheritance of
characteristics in the insect for adapting to the re-
sistance factor(s), and 4) initial frequency of these
adaptive characteristics in the insect population.
The model was limited to exploring insect systems
that had simple diploid sexual reproduction, ex-
hibited random mating, and had one insect gen-
eration per crop planting.

The Hessian fly has a paternal gene-loss genetic
system (Metcalfe 1935, Gallun and Hatchett 1969,
Bantock 1970), in which the males do not usually
place any of their fathers' chromosomes into their
sperm (but see Gallun 1978). They also exhibit
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Table 1. Heterozygote survival

Host

Vol. 15, no. I

Hessian fly
genotype Seneca wheat

Allele 5 causes adaptation

S5, MM, KKa 1.7% survivorship if 5 is paternally
derived, 14.0% survivorship if 5
is maternally derived (Hatchett
and Gallun 1970)

Monon wheat

Allele m causes adaptation

Knox wheat

Allele k causes adaptation

5S, Mm, Kk

55, Mm, KK 0% survivorship; no maternal effect
(Hatchett and Gallun 1970)

55, Mm, KK 50-60% survivorship. but survivors
generally smaller than those with
mm genotype; no maternal effect
(Gallun and Hatchett 1969)

No growth if m is paternally de-
rived. intermediate growth if m
is maternally derived (Gallun
1978)

No growth if k is paternally de-
rived. intermediate growth if k
is maternally derived (Gall un
1978)

a Alleles s, m, k code for adaptation to Seneca, Monon, and Knox wheat, respectively. Alleles 5, M, K codc for lack of adaptation
to Seneca, Monon, and Knox wheat, respectively.

maternal effects on fitness in some cases (Table I).
Hessian flies may mate randomly in a small area
«100 m2) (Cartwright 1922), but certainly exhibit
nonrandom mating among subpopulations in dif-
ferent fields. Normally, there are two Hessian fly
generations per winter wheat planting in northern
areas; one initiated in the fall and a second in the
spring (McColloch 1923). In other areas there may
be more generations per planting (e.g., Pike and
Antonelli 1981). These aspects of Hessian fly bi-
ology significantly violate the assumptions of the
general model (Gould 1986).

A modification of the general model is pre-
sented here that mimics more precisely the Hes-
sian fly/winter wheat system. I believe that this
model will help address, quantitatively, the ques-
tion of how best to deploy wheat resistance against
the Hessian fly in the future.

Model Development

The basic framework of this model is discussed
in Gould (1986). It is assumed that there are two
independently acting resistance factors that can be
incorporated singly or together in wheat cultivars.
It is further assumed that there are two loci (which
mayor may not be linked) that modify the effect
of the two resistance factors on fly fitness. Allele a
at locus I codes for adaptation to resistance factor
I, while allele A codes for lack of adaptation. Allele
b at locus II codes for adaptation to resistance fac-
tor II. Allele B codes for lack of adaptation. The
empirical literature on Hessian fly generally sup-
ports the validity of these assumptions (Gallun
1978).

To simulate the paternal gene-loss system and
maternal effects with a two-locus model, 16 male
and 16 female two-locus genotypes were assigned
(see Table 2). In this manner it was possible to

keep track of which alleles each parent contrib-
uted to heterozygous offspring. This also allowed
simulation of normal meiosis in females and male
elimination of the genes inherited from their fath-
ers during spermatogenesis. Since fly mortality due
to resistance genes in the wheat occurs during the
larval stage, male and female fitness is influenced
by paternally inherited genes (Gallun and Hatch-
ett 1969).

Data from some of the experiments reported in
Hatchett and Gallun (1970) and Gallun (1978) in-
dicate that for two biotypes, heterozygous flies that
were derived from matings of homozygous adapt-
ed females (aa or bb in the model) and homozy-
gous unadapted males (AA or BB) had higher sur-
vival or faster growth rates than flies derived from
matings of homozygous adapted males and homo-
zygous unadapted females. It is difficult to deter-
mine from the data whether maternal effects oc-
curred when the mother was heterozygous. In other
experiments, no maternal effects were found (Gal-
lun and Hatchett 1969, Hatchett and Gallun 1970).
These results are summarized in Table 1 in terms
of the genotypic backgrounds of the flies involved
in the crosses. This summary indicates that mater-
nal effect varies among some experiments involv-
ing the same heterozygous locus. Since the rest of
the genetic make-up of the stocks used in these
experiments differed, it is possible that presence
or absence of maternal effect depends on modifier
genes. Alternately, the maternal effect could be
entirely extra-chromosomal with its expression de-
pending on specific greenhouse conditions. Mater-
nal effects were incorporated into the simulation
model by a 10% increase in the fitness of hetero-
zygote offspring that received their adapted alleles
from their mothers. This approximately reflected
the experimental data in Hatchett and Gallun
(1970).



February 1986 GOULD: HESSIAN FLY ADAPTATION TO WHEAT 13

Table 2. Recurrence equations for 2-loci, with random mating and paternal gene loss

Gametic types: AB Ab aB ab
d gametic frequencies: X1m XZm X3m X4m
9 gametic frequencies: Xif XZf X3f X4f

Parental genotypes (maternally A8 A8 Ab Ab AB a8 AB ab
derived alleles above line. Pa- - - - - -AB Ab AB Ab aB AB ab AB
ternally derived genes below
line)

Genotype frequency XifXlm XifXzm XZfXlm XZfX2m XifX3m X3fXlm XifX4m X4mXlf
d fitness Wllm WIZm WZlm W22m W13m W31m W14m w41m
9 fitness Wllf Wl2f WZlf wZZf w13f W31f W14f W41f

Parental genotypes Ab aB Ab ab aB aB ab ab-
a8 Ab ab Ab aB ab a8 ab

Genotype frequency XZfX3m X3fX2m X2fX4m X4fX2m X3fX3m X3fX4m X4fX3m X4fX4m
d fitness W23m W32m W24m W42m W33m W34m W43m W44m
9 fitness w23f W32f wZ4f w4zf w33f w34f W43f W44f

New frequency of AB 9 gemetes = X'l/
liJp<'lj= X,/X'mWIl/ + 'h[(XuX'mw,,/) + (X,/X""w,..,) +

(X,/X'mW31/) + (X,P<3mW,,/) + «X./X'mw,,/) +
(X,/X.mw",»(l - r) + {(X,/X""W3l/) + (X",X'mW,,/»)(r)J.

New frequency of AB d ~ametes = X"m
WmX'lm = XI~lmWllm + X1/X2mWI2m + XI/X:lmWI3m + XI/x'.mW14mo

There are two or more Hessian fly generations
per planting of winter wheat. A heavy fall infes-
tation of Hessian fly in a wheat mixture may alter
the frequency of the different wheat types the fol-
lowing spring; therefore, the model allows wheat
type frequency changes due to the fall Hessian fly
generation. The percent change in wheat type fre-
quency is set as a constant. It does not reflect vari-
ation in the density of the fly population and vari-
ation in its genetic composition. (It is assumed that
each year's new fall planting contains the initially
determined frequency of wheat types for a given
cultivar mixture.)

As a consequence of assuming nonrandom mat-
ing of flies between adjacent fields, the model had
to be expanded to allow the existence of two sub-
populations (X and Y) with migration of mated
females. (Females mate only once, just after emer-
gence [Cartwright 1922, McColloch 1923, McKay
and Hatchett 1984], and may move up to 4 km
under proper wind conditions [McColloch 1917].)
The model assumes that the proportion of eggs in
field Y that are laid by females originating from
field X is directly related to the relative density of
females in the two fields at the time of adult fe-
male emergence. This is achieved by setting the
percentage of females moving out of a field as a
constant (i.e., not density-dependent).

As with some other Diptera that exhibit paternal
gene loss (Metz 1938), a single Hessian fly female
usually lays only male or only female eggs (Gallun
et al. 1961). In small populations, this type of re-
production could be expected to lead to signifi-
cantly less sib-mating than expected in species
where each female produces a ca. 1:1 ratio of males
and females. This enforced outcrossing would tend
to break up the two-locus adapted genotypes when
they were rare. Since the present model is deter-
ministic and assumes a large population size, prop-

er simulation of this enforced outcrossing is not
possible here.

The Hessian fly/winter wheat interaction is gen-
erally regarded as a case where dominance and
epistasis are present (see definitions in Gould
[1986]), but various papers on the topic carefully
point out that the degree of dominance of the un-
adapted alleles is not constant from locus to locus,
or even from one laboratory experiment to the
next when the genetic background of the stocks is
varied (Table 1 and Sosa 1981). Variance in the
degree of epistasis has not been treated quantita-
tively in the empirical literature, but since flies
with one homozygous unadapted set of alleles at
one locus (e.g., AA) have such low survival (0-5%)
at moderate temperatures (Tyler and Hatchett
1983), epistasis is likely to be very strong when
such genotypes are involved (see discussion in
Gould [1986]). Except where specified, it is as-
sumed that the fitnesses of Hessian fly genotypes
AaBB, aaBB, AABb, and AAbb are all equal to the
fitness of AABB on wheat plants having both re-
sistance factors.

In cases where heterozygous flies survive, they
are often much smaller than adapted homozygotes
(Callun 1978). This is very important in modeling
resistance durability (if we assume that dominance
is not always complete in the field), for we have
neither an estimate of fitness of these small flies
nor the knowledge of whether small male and fe-
male flies have equal fitness. It is also important to
realize that the detailed data on the genetics of the
Hessian fly/wheat interaction are derived from
laboratory and greenhouse experiments. Since
expression of resistance in wheat can be modified
by temperature (Sosa 1979, Tyler and Hatchett
1983) and perhaps by other environmental con-
ditions in the field (Sosa and Callun 1973), these
data must be interpreted with caution.
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Table 3. Hessian By allelic frequeneies derived from biotype surveys in the midwestern and soulheaslern Uniled
Stales

Year

1966-1967'

1967-196sf

Inferred allelic frequencies" No. of wArea
mb k" ~ surveyed

Mich. 0.18 0.18 1.00 725
Mo. 0.18 0.18 1.00 410
Eastern Kans. 0.21 0.17 0.83 520
Western Kans. 0.0-0.16I! 0.0-0.168 0.26 470
Ind.

(Posey County) 0.97 0.36 1.00 276
(Vigo County) 0.52 0.22 1.00 500
(Hamilton County) 0.94 0.24 1.00 300

Tenn. 0.25 0.22 1.00 300

Ga. 1.00 0.0-0.13 0.27 800

a Allelic frequencies presented are estimates based on an analysis of values for biotype frequencies found in the literature. It is
assumed that alleles for adaptation are completely recessive. If they are not completely recessive, the values given are overestimates
of their frequencies.

b Allele m codes for adaptation to the H3 gene of Monon wheat.
C Allele k codes for adaptation to the H6 gene of Knox 62 wheal:.
d Allele s codes for adaptation to Seneca wheat.
, Hatchett and Gallun (1968).
f Hatchett (1969).
8 No flies homozygous for m or k were found in these samples. The high estimate of the frequency is based on the frequency at

which one homozygote fly would on average be expected to be found in the samples.

The initial allele frequencies explored in this
paper were set at relatively high values, partially
based on calculations from regional surveys of the
fly biotypes found in western Kansas, Missouri, and
Michigan during 1966 and 1967 (Hatchett and
Gallun 1968), and Georgia in 1968 (Hatchett 1969).
By assuming no linkage disequilibrium (Gallun
1978) and complete dominance of the unadapted
alleles, it was possible to derive the approximate
frequency of alleles contributing to these biotype
frequencies (Table 3). For example, if biotype A
frequency was 0.01, s allele frequency would be
0.10, the square root of biotype A frequency. To
the extent that linkage disequilibrium or incom-
plete dominance was present, some of the derived
estimates could be too high or too low. The higher
frequencies in Table 3 are the obvious result of
Hessian fly adaptation to widely planted resistant
cultivars, but the frequency of m and k of 0.18 in
Michigan and Missouri may be considered reason-
able starting points with only 3% of the flies unaf-
fected by wheats with H3 or H6 resistance factors.
The fact that Cartwright and Noble (1947), Gallun
et al. (1961), and Sosa (1978) were able to select
between 1 and 4 biotypes from single laboratory
colonies also argues for relatively high initial fre-
quencies of some adaptive alleles (Gould 1983),
but less classic causes of this initial variation must
be considered (Temin and Engels 1984).

Model Exploration

The relatively detailed information from the lit-
erature allows for less broad exploration of this
model compared with the exploration of the gen-
eral model (Gould 1985). It is possible to focus on
details of variation in specific characteristics of the

Hessian fly/wheat interactions that could affect the
durability of a particular deployment strategy.

All Plants with at Least One Resistance Factor.
If we examine the three basic strategies (sequential
release of two pure cultivars with one factor each,
pyramiding both factors in one pure cultivar, mix-
tures of 50% seed with resistance factor I and the
other 50% with resistance factor II), we find that
durability is always less than nine fly generations
(4.5 years) when we assume no dominance (una-
dapted homozygote fitness = 0.04, heterozygote
fitness = 0.52) and initial gene frequencies of 0.1
(Fig. lA and 2A). Under these conditions, the pyr-
amiding strategy is slightly less durable (about one
generation) than the sequential release due to the
fact that paternal gene loss makes the system op-
erate as if there were slight gene linkage (see be-
low). As we increase the dominance of the A and
B alleles (Fig. lA and 2A), this situation is reversed
and the pyramiding strategy becomes the most du-
rable (ca. 16 generations).

As was seen in the results with the general dip-
loid model (Gould 1985), when alleles a and bare
at low frequencies, dominance of A and Band
epistasis between loci I and II tend to slow down
the rate of Hessian fly adaptation. This occurs be-
cause these nonadditive genetic components of
variance lower the relative contribution of addi-
tive genetic variance to the insect population's
phenotypic variation in fitness (Falconer 1981).
(Paternal gene loss in the Hessian fly decreases the
negative effect of epistasis on the rate of adapta-
tion because there is little or no opportunity for
recombination in the male [Gallun 1978].)

When dominance and epistasis are both present,
they act synergistically in decreasing the compo-
nent of phenotypic variation that is due to additive
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Fig. 1. Adaptation of a Hessian fly population to two resistance factors that are deployed sequentially: (A)The

single-factor resistant wheat cultivars are planted as pure stands (no susceptible plants). Initial frequency of alleles
a and b is 0.10. Heterozygote fly fitness on single-factor resistant plants is set at 0.52 ( ... ) co-dominance; 0.28
(- - -); and 0.04 (--) complete dominance of A and B. (B) Same as in A, except that the single-factor resistant
wheat is combined with 20% totally susceptible wheat in a randomized seed mixture. Only adaptation to the first
resistant cultivar in the sequential release is shown in B. Wavy lines in B are due to decrease in percent susceptible
plants (tillers) in the spring due to Hessian fly damage the previous fall.

genetic variance. Thus, the pyramided release
strategy is predicted to be very effective at gene
frequencies slightly <0.10 frequency presented in
Fig. 2 (Left) (e.g., if frequency of a = b = 0.06, it
takes ca. 70 generations for relative fitness of the
population ill to reach 0.80). Although initial field
frequencies of adapted alleles may be between 0.10
and 0.25 (Table 3), alleles for adaptation to some
resistance factors may be lower. Effects of such
lowered frequencies are further explored in Gould
(1986) and are qualitatively applicable to the Hes-
sian fly.

Effect of Adding Totally Susceptible Plants,
Lowering the selective pressure on unadapted fly
genotypes within wheat fields could generally be
expected to increase the durability of all of the
basic deployment strategies (Gould 1986) and
should be most effective when dominance and
epistasis are components of fly fitness. Mixing of a
small percentage of totally susceptible wheat with
plants of the resistant cultivar would lower the
selective pressure and could be economically prac-
tical. R. L. Gallun (personal communication) be-
lieves that a 10% loss of wheat plants in the fall
would be almost totally compensated for by tiller-
ing and that a 10% loss of culms due to the spring
Hessian fly generation would be below an econom-
ic threshold. If we assume that all totally suscep-
tible plants in a field would be stunted, it would

be feasible to mix resistant seed with susceptible
seed in a 9:1 ratio with little if any yield loss.
Hessian flies usually stunt only a fraction of the
plants in a field and oviposition choice is not cor-
related with antibiosis of cultivars (Gallun et al.
1961, Morrill 1982); thus, it is reasonable to expect
that an 8:2 mixture of resistant-to-susceptible seed
would be adequate for crop protection. This would
be even more reasonable if widespread use of such
resistant plantings reduced the size of Hessian fly
populations and, therefore, the percentage of sus-
ceptible plants attacked. It may even be possible
to breed tolerance into plants that lack antibiotic
effects (Gallun and Hatchett 1969).

If the relative fitness of AABB flies on plants
with one or two resistance factors is ca. 4% of their
fitness on totally susceptible plants, their average
fitness (ill) in a 9:1 planting would be (0.9)(0.04) +
(0.1)(1.0) = 0.136. In an 8:2 planting, it would be
(0.8)(0.04) + (0.2)(1.0) = 0.232. Even if AABB flies
never survived on resistant wheat, their fitness in
the 8:2 planting would be 0.20. This would reduce
selection pressure and cause most of the initially
very rare aabb flies to mate with the common
AABB genotype flies, causing the breakup of
adapted genotypes. Results of simulations in which
1 out of 10, and 1 out of 5 plants are totally sus-
ceptible are discussed below and support this con-
tention.
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Fig. 2. Adaptation of a Hessian fly population to two resistance factors that are deployed in a single pyramided
cultivar. (Left) Resistant pyramided cultivar is planted as a pure stand (no susceptible plants). (Middle) Pyramided
cultivar is interplanted with 10% totally susceptible plants. (Right) Pyramided cultivar is interplanted with 20%
totally susceptible plants each fall. Initial frequency of alleles a and b is 0.10. Fitness of Aabb and aaBb flies on
plants with both resistance factors are equal and set at 0.52 ("'),0.28 (-.-), 0.14 (- - -), and 0.04 (--).
Maternal effects are simulated (.--) by setting fitness of Aabb and aaBb flies equal to 0.04 if the A or B allele
comes from the mother and 0.14 if the A or B allele comes from the father.

Single-factor Resistance Plus Susceptible
Plants. Fig. IB illustrates that mixing 20% suscep-
tible seed with 80% single factor resistant wheat
could extend the durability of the sequentially re-
leased germ plasm, especially if there was com-
plete dominance of alleles A and B. Given such
complete dominance, durability is almost twice that
seen in plantings of 100% single-factor resistant
plants. Of course, one could argue that the lower
survival rate of flies when the pure resistant cul-
tivar was released (4% compared with 23%) could
cause a lag in fly population buildup, so that al-
though survival in generation 7 for the 8:2 plant-
ings was lower than in the pure resistant planting,
the number of flies present would be equal. By
extending this argument to its somewhat implau-
sible limit, it is possible to predict that numbers of
flies would be larger in generation 7 in the mixed
planting than in the pure resistant-cultivar plant-
ing (Gould 1986).

Pyramided Two-factor Resistance Plus Sus-
ceptible Plants. The effect of initially low fly sur-
vival caused by deploying a pure, pyramided cul-
tivar could severely lower population size and have
long time-lag effects on population buildup. But
when compared with the extended durability of
the pyramided cultivar mixed with 10 or 20% sus-
ceptible plants (Fig. 2 Left and Right), it is im-
possible to argue that initially lower numbers of
flies would lead to durability approximating that
of the deployment with 10 or 20% totally suscep-
tible plants. Indeed, the simulation model predicts
that if we assume initial frequency of a and b of
0.10, and strong dominance and epistasis of A and
B, deployment of wheat with 10 or 20% totally
susceptible plants would allow resistance to last
>50 and > 100 generations, respectively (w <

0.40). Even with only partial dominance of A and
B (heterozygote fitness = 0.14 or 0.28), durability
is greatly enhanced by the pyramided strategy in-
volving 20% totally susceptible plants. If we as-
sume strong dominance and epistasis, with a and
b initial frequency of 0.05, resistance lasts over 400
generations. This almost indefinite durability also
occurs if 0.01 initial frequency is assumed with
only partial dominance (heterozygote w = 0.28),
or partial epistasis (won wheat with two resistance
factors is 0.04 for aaB- or A-bb and 0.00 for
A-B-).

Maternal Effects. Since two of the laboratory
studies indicated a maternal effect on the survival
of heterozygous larvae (Table 1), it was important
to explore the possible effect of this characteristic
on durability. By altering survival of heterozy-
gotes, within the model, dependent on the sex of
the parent contributing the adapted allele, it was
possible to simulate an extra-chromosomal mater-
nal effect. The results (Fig. 2 Left) indicate that
this may cause a reduction in durability of the
resistance factors similar to that caused by incom-
plete dominance of A and B. In this simulation it
was assumed that as long as the adapted allele was
contributed by the mother, there would be con-
stant maternal effect. Indeed, this effect could vary
depending on whether the allele came from a
homozygous or heterozygous mother.

Differential Effects of Resistance on Male and
Female Fitness. Laboratory studies (Hatchett and
Gallun 1970, Gallun 1978) indicated that when
heterozygous flies survive they usually are smaller
than normal flies. This size reduction is similar for
male and female flies, but it does not mean that
male and female fitness are therefore equally im-
paired. If there is strong sexual selection on males
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both equal to 0.14 on the pyramided cultivar. (B) Fitness values in A for males and females are reversed.

(Arnold and Wade 1984a,b), even a small reduc-
tion in size could cause a fly to be genetically dead
(w = 0). Fitness of the small females could be
related to reduction in fecundity and possibly to a
decrease in the genetic fitness of her male partner,
if there was assortative mating by size. Dependent
on the differential strength of these selection fac-
tors, it is possible for heterozygous males or fe-
males to be more fit.

Since there is paternal gene loss in male flies, it
is not possible to use mean reduction in fitness of
heterozygotes in the model. Simulations indicate
that increasing heterozygote female fitness reduces
durability more than an equal increase in hetero-
zygote male fitness (Fig. 3 A and B) when popu-
lation fitness of 0.80 is the criteria used to mea-
sure durability. It must be understood that a further
complication arises here because increasing female
heterozygote fitness also increases the population
growth rate, while increased fitness of male het-
erozygotes should have little or no effect on pop-
ulation growth unless it causes a significant per-
centage of females to remain unmated.

Gene Linkage. The previous conclusions are
based on the assumption that there is no structural
gene linkage among loci, but since this model as-
sumes that males generally do not use their fathers'
genetic complement in producing sperm, the
mothers' genetic component in the male is as-
sumed to be passed on without effects of recom-
bination. This factor in the model will have an
effect on gene frequency change similar to weak
structural gene linkage. For example, if there were

no paternal gene loss and the mother was AABB,
while the father was aabb, 25% of the sperm in
the male offspring would be abo Given paternal
gene loss, 0% of the sperm would be abo Paternal
gene loss would lessen the rate of formation of
genotype aabb when a and b were rare, but would
tend to preserve them once formed. A comparison
of results from the general diploid model (Gould
1986; fig. 7) with those of the Hessian fly model
(Fig. 4) indicates that paternal gene loss causes
slightly more rapid adaptation of the fly popula-
tion in the pyramided deployment system when
structural gene linkage is absent (21 generations,
general diploid model; 17 generations, Hessian fly
model).

When the rate of recombination in the model is
decreased from random to no recombination, the
durability of the pyramided system is substantially
decreased. Fig. 4 illustrates the effects of varying
linkage when a pure pyramided cultivar is used.
When there is total linkage of the two fly loci, but
no initial linkage disequilibrium between alleles a
and b, the pyramided cultivar will last 3-fold as
long as each single cultivar with one resistance
factor.

Initial linkage disequilibrium of the a and b al-
leles would affect the durability of the pyramided
cultivar and that of the second cultivar in the se-
quential release. If a and b were in coupling dis-
equilibrium, durability would decrease; if they
were in repulsion disequilibrium, durability would
increase.

Two-field Model with Migration. Up to this
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Fig. 5. Two-field model with variable migration.
Solid lines indicate allelic frequencies of a or a and b in
the field with resistant plants. Dotted lines indicate al-
lelic frequencies in the fields with susceptible plants,
D = 1.0, E = -1.0. (A) Pyramided cultivar with 1%
migration of residents from each field to the opposite
field. Initial frequency of a and b is 0.2. (B) Same as A,
except resistant cultivar has only one resistance factor.
(C) Same as B, except initial frequency of a is 0.1. (D)
Same as B, except migration is 10% instead of 1%.
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Fig. 4. Effects of structural gene linkage on dura-
bility of a pure planting of the pyramided cultivar. Since
the Hessian fly exhibits paternal gene loss, there is al-
ways some effective gene linkage. When structural gene
linkage is also present, durability is decreased. Initial
frequency of alleles a and b is 0.01; dominance and
epistasis are strong (D = 1.0, E = -1.0); W,MBB = 0.04.
This figure should be compared to fig. 7 of Gould (1986),
which gives effects of linkage in a diploid organism.
When there is complete linkage, results are identical,
but when there is no linkage, the diploid organism adapts
more slowly.

point, the deployment strategies considered in-
volved pure cultivars or mixtures where wheat
plants of differing resistance were randomly dis-
tributed in the field. In some cases, such plantings
may not be preferred, based on harvesting consid-
erations. If mixtures are therefore planted as ma-
trixes of pure cultivar plots that are larger than ca.
100 m', random mating of the flies emerging from
the different wheats is not assured (Cartwright
1922). Since the most reasonable spatial unit for
pure cultivar plots is a field, mating of flies emerg-
ing from the different cultivars will probably be
rare. The extent of within-generation interbreed-
ing of the subpopulations in adjacent fields will
depend upon movement behavior of male flies over
their entire reproductive lives and movement of
females during their first few hours of adult lives
(before their first and only mating). If develop-
ment of £lies takes longer on one cultivar than on
the other, random mating would be further dis-
rupted, as it would be if there was any assortative
mating based on the fly's host type. (Resistant cul-
tivars presently used do not change the adult
emergence time of homozygous adapted flies [R.
L. Gallun, personal communication].) Females

generally move farther than males (McColloch
1923), and the most important contribution to gene
flow between fields may come from female move-
ment after mating. McColloch (1923) indicated that
fall-generation adult females moved more than
spring-generation females, and infestation of new-
ly planted fields indicates that between-field
movement may sometimes be significant (Mc-
Colloch 1917, Foster and Taylor 1974).

A detailed model of mating and gene flow would
be useful, but would require quantitative data on
aspects of Hessian fly ecology that have not been
studied to date. By making a number of simpli-
fying assumptions, an algorithm was developed that
allows migration of mated females between two
fields (X and Y) of equal size. Fine-tuning of the
model based on biological data will be essential for
more realistic predictions. The proportion of mat-
ed females in field X that developed in field Y is
set as follows:

where Ax = frequency of mated females in field
X that developed in field Y; My = probability that
a female that developed in field Y will move to
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W reaches 0.80. (Right) Same as A, except that WMBb and WAobb are equal to WAABB = 0.04. With a 1:1 mixture, 435
generations are required before W reaches 0.80.

field X; 1 - Mx = probability that a female that
developed in field X will stay in field X; Dy =
density of females in field Y before migration;
DAl - Mx) = density of nonmigrant females in
field X after migration. By setting Mx and My as
constants, the probability of migration is assumed
to be density independent. This assumption is par-
simonious, but further empirical studies are war-
ranted. It is likely that not all flies in one field have
an equal probability of migration to the second
field. Flies at field borders may make this move
more frequently. Additionally, such migrants may
be likely to remain at the border of the fields they
entered. Such a gradient in movement would af-
fect resistance durability, but the present simpli-
fied model does not take this into account.

In the two-field model, initial population den-
sity in each field is equal. Population growth and
decline is based on a simple exponential model
with discrete generations in which R. (replace-
ment rate) is directly related to the average sur-
vival of larvae in a field. (Since no estimates of Ro
or carrying capacity are available from the liter-
ature, arbitrary values were chosen for illustrative
purposes.) Maximum Ro = 2 when relative popu-
lation fitness is 1.0 (i.e., no decrease in fitness due
to resistance). Growth of the population is trun-
cated if the density in a field reaches 20-fold the
original density. Population decline is truncated if
the density in a field reaches 0.005 of the original
density. The growth model is overly simplistic and
must be examined cautiously. Again, we lack the
data for a more detailed model.

Effects of Spatial Scale of Interplanting on Du-
rability. Let us assume that half of the wheat in

an area is planted to a single-factor or pyramided
resistant cultivar, and the other half to a totally
susceptible cultivar. At least two types of plantings
are possible. One involves half of the fields being
planted with resistant wheat and half with suscep-
tible wheat (Fig. 5). The second involves all fields
being planted with a randomized seed mixture,
half of which is resistant, half susceptible. When
the two-field model, incorporating migration, is
used to compare the durability of these two de-
ployment strategies, the deployment of a seed
mixture is always more durable. The 1:1 seed mix-
ture of the pyramided cultivar and a susceptible
wheat type is especially advantageous, leading to
almost indefinite resistance in some cases (see Fig.
6 Left and Right). The durability of the field level
"mixture" (Fig. 5) is strongly linked to the migra-
tion rate (1-10%) and the interaction of migration
rate with the decreasing fly population size in the
field with resistant wheat. (The longer flies with
unadapted genotypes persist in the field planted
to resistant wheat, the lower the fly population
size.) Since fly population size in the susceptible
field becomes relatively much higher, flies emi-
grating from the susceptible field swamp out the
uncommon adapted genotypes in the resistant field.
This can even lead to a decrease of percent sur-
vival in the resistant field (Fig. 5).

It should be noted that in some areas Hessian
flies attack susceptible hosts other than wheat
(McColloch 1923, Jones 1939). In such areas the
evolution of adaptation to pure widespread plant-
ings of resistant wheat may be envisioned to pro-
ceed in a manner similar to that of field level mix-
tures of resistant and susceptible wheat, except that
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field X would have resistant wheat and field Y
would have a susceptible non wheat host plant.

Alternating Resistant and Susceptible Plant-
ings. In the discussion above, resistant wheat was
always planted in field X and susceptible wheat
planted in field Y. This leads to low fly abundance
in field X and no population size-reducing factors
in field Y (aside from effects of unbalanced migra-
tion). Given this situation, a farmer might decide
to limit Hessian fly damage on his farm by rotating
the use of resistant cultivars among fields. Such
rotation would decrease the durability of resis-
tance (Fig. 6), because flies with some resistant
alleles would be allowed to increase every other
generation. Additionally, population size in each
field would be approximately equal, so migration
would be less important. Of course durability in
this situation would be higher than it would be
where widespread pure plantings of resistant wheat
were used (Fig. 2), but would be far lower than
the >90 to >400 generations of durability ex-
pected in the 1:1 random seed mixture (Fig. 6 Left
and Right).

The fact that farmers have different cultivar
preferences could lead to a resistance deployment
arrangement without temporal field alternation if
farmers of adjacent farms happened to plant cul-
tivars that differed in fly resistance and there was
sufficient migration between farms. An integrated
pest management (IPM) system in which resistant
cultivars were planted only in fields with a high
probability of fly damage (e.g., irrigated or no-till
[Pike and Antonelli 1981}) could help increase re-
sistance durability.

Discussion

Computer simulation models have recently been
used to explore options for pesticide-use strategies
that would inhibit development of insecticide re-
sistance (e.g., Comins 1977, Taylor and Georghiou
1979, Tabashnik and Croft 1982, Knipling and
Klassen 1984, Mani 1985). Results of these models
have suggested some obvious tactics and others thai
were not so obvious. The most limiting constraints
on utilizing tactics suggested by these models are
economic costs and problems involved in technical
implementation of the often complex tactics sug-
gested. Another equally important problem point-
ed out by Taylor (1983) is that most of the present
models are too general and do not realistically re-
flect the biological and genetic attributes of spe-
cific pests with precision or accuracy (Levins 1972).

If we are to use simulation models effectively in
developing host-plant resistance deployment strat-
egies, it is important for us to realize that similar
problems will appear. Indeed, some of the eco-
nomic and implementation constraints on host-
plant resistance deployment strategies may be less
severe than is the case with insecticide-use strate-
gies. In our present crop-improvement system, the

researcher has considerable control over the types
of resistance that are investigated. Once resistance
is moved into commercial cultivars, its cost to the
farmer is small and any significant degree of pest
suppression is acceptable (assuming no pleiotropic
yield reduction).

Some problems in implementing resistant germ
plasm deployment strategies are obvious. For ex-
ample, it is more difficult to breed pyramided cul-
tivars and it is more difficult to register a seed
mixture than it is to register a pure cultivar (Mundt
and Browning 1985). If resistance of a crop to a
number of pests is necessary, the optimal deploy-
ment strategies become further complicated. Per-
haps the most significant constraint on host-plant
resistance deployment strategies that does not con-
strain pesticide use is the fact that the resistant
cultivar usually has to be purchased and planted
well before the farmer can judge that season's pest
population size. There is therefore no option for
density-dependent pest management. Selection
pressure on the pest becomes a constant, not a vari-
able that can be adjusted, based on actual need.

Results of the simulations explored in this paper
and in Gould (1986) point out how sensitive du-
rability may be to the specific genetic and ecolog-
ical properties of the system. Thus general models
can only give a rough idea of the pros and cons of
a specific deployment strategy. Development of
specific models will require a considerable amount
of basic empirical research on the pest/crop inter-
action. Even with the Hessian fly, a pest for which
we have more biological information than aver-
age, much remains unknown. The present model
points out how important migration and sexual
selection could be to the durability of certain strat-
egies, but we have no quantitative estimates of
these parameters. We also lack an understanding
of Hessian fly population dynamics, which is es-
sential in defining durability.

The model points out how changes in relative
fitness of Hessian fly genotypes can affect durabil-
ity. Compared with genetic data on other pests,
the data on Hessian fly are extremely good, but all
of our information to date on dominance and epi-
stasis comes from experiments with laboratory
strains of flies tested in greenhouse and laboratory
environments. Field tests are needed to confirm
and extend this information. Although relative fit-
ness estimates are available for fly genotypes reared
on resistant seedlings, we do not know whether or
not the same relationship holds on maturing wheat
plants. Although we have knowledge about the al-
leles that have adapted flies to past host-plant re-
sistance programs, we cannot say with certainty
that a fly population faced with a pyramided cul-
tivar would evolve by the same genetic mecha-
nisms that arose when it was faced with single
resistance factors. To date, Hessian flies have never
been shown to discriminate between wheat culti-
vars based on antibiotic factors (some resistant
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wheat is preferred over susceptible [Gallun et al.
1961)), but such discrimination could evolve (Gould
1984) and could influence durability.

The present model is deterministic and is ap-
plicable to fly populations of 1,000 or more indi-
viduals. We must at least consider the possibility
that the effective breeding size of Hessian fly pop-
ulations may become very small when a successful
host-plant resistance program is in force. Indeed,
a preliminary electrophoretic analysis of North
Carolina flies (A. Massey and F. Gould, unpub-
lished data) supports the hypothesis of small
breeding populations. If this is confirmed, stochas-
tic factors will change the relative effects of var-
ious parameters in the model (e.g., dominance and
epistasis). In general, such stochastic effects would
have more pronounced effects on lowering dura-
bility of pure plantings of resistant cultivars than
mixtures that include some totally susceptible
plants. (Although not addressed in this model, the
highly skewed sex ratio of each female's offspring
would tend to increase the positive effects of dom-
inance and epistasis by enforcing outcrossing.) J.
Schneider (personal communication) has found that
small population size would increase the variance
in initial fly gene frequency. This would decrease
durability. The extent to which it decreases du-
rability would depend on movement patterns
among fly populations.

While we can never expect to build totally ac-
curate models for quantitatively predicting dura-
bility in a specific crop/pest system, qualitative
predictions can be useful. The present model cer-
tainly indicates that in the future it should be worth
pyramiding two or more wheat genes for Hessian
fly resistance into one cultivar and then planting
seed of this cultivar mixed with seed of a totally
susceptible cultivar. Chances of increased durabil-
ity would be highest if care was taken to pick
resistance genes in the wheat for which Hessian
fly virulence genes did not appear to be structur-
ally linked (as with the M and K loci) and were
initially at low frequency. Although most of the
work presented in this paper involves mixtures
containing at least 80% resistant plants, it should
be noted that use of 50% resistant plants can lead
to much higher durability (>90 generations in Fig.
6 Left, and >400 generations in Fig. 6 Right).
Given that Hessian fly is only a sporadic pest in
most areas of the United States (Riley 1881, Pack-
ard 1883), the use of 50% resistant plants over an
extended period of time may significantly de-
crease the frequency of pest outbreaks and would
offer moderate protection when outbreaks did oc-
cur.

Development and deployment of resistant germ
plasm in the manner suggested above would not
be simple, but would be likely to repay the effort
invested. Three problems can be readily antici-
pated. One involves problems of backcrossing dou-
ble gene resistance into high yielding cultivars.

Although more laborious than backcrossing single-
gene resistance, this may be accomplished by us-
ing existing stocks of various Hessian fly biotypes.
Once a pyramided resistant cultivar is produced,
distributing it as a mixture with a susceptible iso-
line or cultivar would require unusual but not un-
realistic registration procedures. Indeed, rust-resis-
tant mixtures of wheat have been registered in the
Northwest United States (Allen et al. 1983), so co-
operative programs may be feasible. A third prob-
lem would arise if farmers were producing their
own seed for many years and used fields that were
heavily infested with Hessian fly for seed produc-
tion. This practice could lower the proportion of
susceptible seed that they plant each year. In areas
where fly populations were of moderate density,
this would not be too much of a problem, and the
fact that wheat plants rarely outcross would main-
tain the integrity of the resistant and susceptible
components of the cultivar.

We have seen the rapid loss of two Hessian fly
resistance genes in parts of the Midwest where up
to 90% of the wheat acreage was planted to pure
single-gene resistant cultivars (Sosa 1981). These
biotypes are still in low frequency in many areas
of the United States where predominantly fly-sus-
ceptible wheat is grown (e.g., Table 3 and Pike
and Antonelli [1981]). Some of these areas have
more fly generations per year than in the Midwest;
thus, durability of sequential releases of single fac-
tor resistant wheat would be predicted to be short-
er than in the Midwest. Unless we are confident
that we will always be able to find new sources of
Hessian fly resistance in coming centuries, we must
act responsibly in attempting to preserve the util-
ity of our Hessian fly resistance germ plasm bank.
We must at least consider alternatives to the wide-
spread release of pure cultivars with single factor
resistance that initially cause close to 100% fly
mortality. Given the sporadic nature of Hessian fly
outbreaks, such absolute control may rarely be
necessary. Pyramided or sequential releases of an-
tibiotic resistance factors mixed with 20-50% sus-
ceptible plants will probably offer adequate pro-
tection, especially when combined with cultural
and biological control practices.
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