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ABSTRACT Genetic resistance in wheat, Triticum aestivum L., is the most efÞcacious method for
control of Hessian ßy,Mayetiola destructor (Say) (Diptera: Cecidomyiidae). However, because of the
appearance of new genotypes (biotypes) in response to deployment of resistance, Þeld collections of
Hessian ßy need to be evaluated on a regular basis to provide breeders and producers information on
the efÞcacy of resistance (R) genes with respect to the genotype composition of Hessian ßy in regional
areas. We report here on the efÞcacy of 21 R genes in wheat to Þeld collections of Hessian ßy from
the southeastern United States. Results documented that of the 21 R genes evaluated only Þve would
provide effective protection of wheat from Hessian ßy in the southeastern United States. These genes
were H12, H18, H24, H25, and H26. Although not all of the 33 identiÞed R genes were evaluated in
the current study, these results indicate that identiÞed genetic resistance to protect wheat from
Hessian attack in the southeastern United States is a limited resource. Historically,R genes for Hessian
ßy resistance in wheat have been deployed as single gene releases. Although this strategy has been
successful in the past, we recommend that in the future deployment of combinations of highly effective
previously undeployed genes, such asH24 andH26, be considered. Our study also highlights the need
to identify new and effective sources of resistance in wheat to Hessian ßy if genetic resistance is to
continue as a viable option for protection of wheat in the southeastern United States.
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Wheat growing regions in the United States have re-
curring incidences of Hessian ßy,Mayetiola destructor
(Say) (Diptera: Cecidomyiidae), infestations that fre-
quently cause signiÞcant economic yield losses. The
most successful control strategy to avoid yield loss due
to larval Hessian ßy infestation has been the use of
genetic resistance incorporated into wheat, Triticum
aestivum L., varieties (Ratcliffe and Hatchett 1997).
Resistance in wheat is expressed as antibiosis and is
generally controlled by single resistance (R) genes
that are partially to completely dominant (Gallun
1977, Harris et al. 2003). Virulence in the insect is
controlled by nonallelic recessive genes at single loci
and operates on a gene-for-gene basis with resistance
(Hatchett and Gallun 1970, Formusoh et al. 1996, Zan-
toko and Shukle 1997).

The appearance of new genotypes (biotypes) of the
insect that can overcome formerly resistant wheat
presents a continuing challenge to the effectiveness of
the resistance strategy. This increase of virulent ge-
notypes from selection pressure is a particular prob-
lem in the southeastern United States (Ratcliffe et al.
1994) where wheat is widely grown for forage (Buntin
and Raymer 1989a,b), the ßy-free date is less effective
(Buntin et al. 1992, Flanders et al. 2008), and multiple
generations of the pest occur annually (Buntin and
Raymer 1989a,b; Buntin and Chapin 1990). Histori-
cally, 16 biotypes, Great Plains (GP) and A to O, of
Hessian ßy were deÞned based on a system using R
genes H3, H5, H6, and gene combination H7H8 (Gal-
lun 1977). Currently, there are 33 R genes (H1–H32
plus Hdic) available for the protection of wheat
(Sardesai et al. 2005, Liu et al. 2005). As the number
of identiÞedR genes has increased, the use of biotypes
to categorize Þeld collections of Hessian ßy has be-
come obsolete, and evaluating the response of all or
most of the R genes to Þeld collections provides a
better assessment of virulence (Chen et al. 2009).
These data are essential for wheat breeders to provide
durable resistance in wheat to growers in their re-
spective regions as virulence changes in the Þeld in
response to selection pressure applied by resistant
wheat (Ratcliffe et al. 2000).

Mentionof acommercial orproprietaryproductdoesnotconstitute
an endorsement by the USDA.

1 Crop Production and Pest Control Research Unit, USDAÐARS,
West Lafayette, IN 47907.

2 Department of Entomology, Purdue University, West Lafayette,
IN 47907.

3 Department of Entomology, University of Georgia College of
Agriculture Experiment Stations, Georgia Station, GrifÞn, GA 30223.

4 Department of Crop Science, North Carolina State University,
Raleigh, NC 27695.

5 Department of Entomology and Plant Pathology, Auburn Uni-
versity, Auburn, AL 36849.

6 Corresponding author, e-mail: rich.shukle@ars.usda.gov.

D
ow

nloaded from
 https://academ

ic.oup.com
/jee/article/103/6/2229/2199534 by guest on 22 M

ay 2023



Although Hessian ßy collections have been moni-
tored for biotype composition, few analyses using bio-
chemical or molecular markers have been conducted
to reveal populations structure or phylogeographic
patterns. Analysis of allozyme variation among Hes-
sian ßy Þeld collections by Black et al. (1990) sug-
gested signiÞcant genetic differentiation among local
collections with genetic drift considered to be the
most likely explanation for this local differentiation.
Analysis of mitochondrial DNA variation and geo-
graphic distribution of haplotypes of Hessian ßy in the
Old World and North America by Johnson et al.
(2004) documented a predominance of one haplotype
over the others in speciÞc geographic regions such as
the southeastern United States. The presence ofWol-
bachiaDNA was not detected in any collections, sug-
gesting the inheritance patterns were due to bottle-
necks leading to the expansion of one haplotype over
another. More recently an analysis of population
structure using 14 microsatellite loci from 12 Hessian
ßy collections across the southeastern and south cen-
tral United States documented that Hessian ßy col-
lections from Virginia, North Carolina, South Caro-
lina, Georgia, and Alabama comprised a single major
population, whereas collections from Mississippi, Lou-
isiana, and Texas comprised a second population
(B.J.S., unpublished data).

Categorizing a large number of Þeld collections of
Hessian ßy as to biotype composition by previous
protocols (Gallun 1977; Ratcliffe et al. 1994, 1996, 1997,
2000) is impractical. A recent protocol to assess the
response of a large number of resistance genes to
genotypes present in Þeld collections of Hessian ßy
has conÞrmed the proportion of genotypes virulent to
speciÞc R genes by biotype protocol (Gallun 1977,
Ratcliffe et al. 2000) was correlated with the propor-
tion of susceptible plants in a “virulence test” (Chen
et al. 2009). Such virulence assays or ßat tests, such as
the protocol described herein in Materials and Meth-
ods, are more economical with respect to time and
effort than older biotype protocols and provide more
information about the response of a large number of
R genes as to their efÞcacy in protection of wheat from
larval Hessian ßy attack.

The objective of the current study was to apply the
virulence assay protocol of Chen et al. (2009) to assess
the response of 21 R genes to Þeld collections of
Hessian ßy from the southeastern United States to
identify thosegenes that shouldbemostefÞcacious for
the protection of wheat in this region.

Materials and Methods

Hessian Fly Collection. Hessian ßy infested wheat
was collected from 20 locations across the southeast-
ern United States from North Carolina, South Caro-
lina, Georgia, Alabama, and Louisiana in fall 2008.
Infested plants were collected from three to Þve areas
in a given Þeld to provide between 300 and 400 puparia
from each location in the designated states. Infested
plants were mailed to the USDAÐARS Crop Produc-
tion Pest Control Research Unit in West Lafayette, IN.

Plants were placed in plastic boxes (26 by 39 cm) to
allow for adult emergence. Boxes were kept in the
laboratory at 18�C, and infested plant material was
misted occasionally to maintain humidity and enhance
adult eclosion.
Virulence Analysis. To assess the response of dif-

ferent R genes to Hessian ßy Þeld collections, wheat
lines carrying a single R gene, or a gene combination
(i.e., H7H8), were seeded in a ßat in a manner similar
to the methodology used by Chen et al. (2009). Twen-
ty-one lines were seeded carrying the following R
genesorgenecombination:H3,H5,H6,H7H8,H9,H10,
H11,H12,H13,H14,H16,H17,H18,H21,H22,H23,H24,
H25, H26, H31, and H32. The susceptible wheat New-
ton, carrying no R gene, was also included in “check”
rows at the ends and in the middle of each ßat. Fifteen
to 20 seeds of each line were placed in randomized
half-rows and the ßats placed in controlled environ-
mental chambers at 18�C with a photoperiod of 14:8
(L:D) h for seed germination.

When the seedlings reached the 1.5-leaf stage, with
the second leaf starting to emerge, the individual ßats
were caged and 150 gravid females from one Þeld
sample were aspirated from the plastic boxes and re-
leased under the netting. Females were allowed to
oviposit in a free-choice manner. Eggs hatched in
�4Ð5 d at which time the netting was removed. Flats
were maintained in growth chambers, and plants were
evaluated 14 d posthatch for resistance. Plants were
rated as resistant if they were not stunted, exhibited a
normal growth habit, and when dissected contained
dead Þrst-instar larvae. Plants with no dead larvae
(escapes) were discarded. Susceptible plants con-
tained living larvae and exhibited stunting and a
darker green color associated with infestation. The
percent of resistant plants at any one collection site
was calculated by counting the plants rated as resistant
and dividing by the total number of plants tested
(15Ð20 per line) carrying the R gene in question.
Statistical Analysis of R Gene Efficacy and Hessian
Fly Virulence. A multivariate analysis in virulence
space was performed using the statistical platform R
(R Core Development Team 2005) to determine
whether the R genes evaluated with Hessian ßy col-
lections from all 20 locations (i.e., data sets complete)
would cluster according to the efÞcacy of resistance
they provided. Resistance genes H21, H26, and H32
were not included due to missing data. This cluster
analysis was also performed to determine whether the
Hessian ßy collections from the 20 locations would
cluster according to their virulence to the 21 R genes.
Dissimilarity was calculated using Euclidean distance
between virulence percentages. The unweighted pair
group method with arithmetic mean clustering algo-
rithm (unweighted pair-group method with arith-
metic average) was used to form the clusters for both
analyses. In both cases a scree plot was examined to
determine the dissimilarity value at which to prune
the dendrogram. Scree plots graph the cumulative
dissimilarity (or other measure) against the link num-
ber. Used with cluster analysis, an elbow or leveling off
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in the plot indicates the optimal number of clusters
(Cushman et al. 2010).

To examine the possibility of spatial clustering of
virulence to sets of R genes we compared the multi-
variate dissimilarity in virulence to the suite ofR genes
at different locations to the geographical distance sep-
arating them with a Mantel test. Collections were
assigned to county centroids in ArcGIS (ESRI, Red-
lands, CA). The large spatial extent of the collection
area could result in signiÞcant errors in geographical
distances, so all centroids were converted to a USA
continuous equidistant conic projection with a central
meridian of �84.00� west and a standard parallel of
33.00� north. Point-to-point distances of all sites to all
other sites were then calculated with HawthÕs tools
(Beyer 2004) in ArcGIS. A variogram of this same
correlation with Þve distance classes was used to de-
termine if a correlation existed but was not a global
phenomenon. The Mantel test and variogram com-
paring the virulence dissimilarity and geographical
distance were done in R.

Results

Biotype Differential R Genes in Wheat. The R
genes used in the old biotype classiÞcation system
(H3, H5, H6, and the gene combination H7H8) were
ineffective against Hessian ßy collections from all of
the locations tested except for Sumter and Tift coun-
ties, GA, and Orangeburg County, SC (Table 1). In
Sumter and Tift counties, GA, the gene combination
H7H8 was 61 and 100% resistant, respectively, and in
Orangeburg County, SC, resistance gene H5 was 59%
resistant.

NewerRGenes inWheat toHessianFly.Among the
newer genes for resistance H11, H14, H16, H17, and
H23 gave �50% resistance with Hessian ßy collections
from most of the locations in the current study (Table
1). The genes H9, H10, H22, and H31 were evaluated
with Hessian ßy collections from all 20 locations; how-
ever, their performance was variable, and they gave
100% resistance with collections from only a few lo-
cations. The genes H21 and H32 were not evaluated
across all locations due to a lack of seed; however, both
genes gave �80% resistance with Hessian ßy from all
but two locations. Results with R gene H13 indicated
�90% resistance to Hessian ßy collections from most
of the locations tested. However, H13 was ineffective
with Hessian ßy collections from Orangeburg County,
SC, and Pike County, GA (17 and 18% resistance,
respectively). In addition, H13 gave only low to mod-
erate resistance with Hessian ßy collections from
Baldwin, Hale, Henry, and Limestone counties, AL
(36Ð88% resistance) and Sumter County, SC (75%
resistance). The most effective of the newer R genes
in our evaluations for protection of wheat in the south-
eastern United States were H12, H18, H24, H25, and
H26. These genes gave �90 to 100% resistance with
Hessian ßy collections from almost all of the locations
tested (Table 1). H26 was only tested at 11 of the 20
locations in the study due to a lack of seed but did give
100% resistance at those locations tested.
Statistical Analysis of R Gene Efficacy and Hessian
Fly Virulence. The dendrogram resulting from the
clustering of R genes effectiveness, i.e., in virulence
space, resolved three major clusters based on the re-
sistance they provided to the Hessian ßy collections
(Fig. 1). The three groups were comprised of 1) those

Table 1. Percentage of resistant plants in evaluations with different Hessian fly field collections

Hessian ßya
Resistance genes

H3 H5 H6 H7H8 H9 H10 H11 H12 H13 H14 H16 H17 H18 H21 H22 H23 H24 H25 H26 H31 H32

AU-AL 0 0 0 0 42 48 11 100 100 6 8 43 100 80 60 39 100 100 100 46 NDb

BA-AL 0 0 0 0 15 33 19 100 58 47 43 50 100 81 71 33 100 94 100 83 ND
HA-AL 0 0 0 0 89 83 0.6 100 80 0 29 0 76 89 78 50 100 100 100 100 ND
HE-AL 0 0 0 0 76 64 0 90 36 0 8 31 87 ND 40 80 100 95 ND 33 71
LI-AL 0 0 0 0 94 40 0 81 88 0 30 57 89 90 90 48 100 94 ND 71 100
PE-AL 0 0 0 0 46 67 5 90 96 33 10 67 100 92 57 39 100 100 ND 63 100
PI-GA 0 0 0 0 65 53 0 100 18 0 13 0 95 88 75 17 100 67 100 95 ND
SU-GA 0 13 28 61 90 61 12 100 100 94 95 100 100 ND 100 83 100 100 ND 92 100
TI-GA 0 0 0 100 100 82 18 100 100 0 76 69 100 92 80 84 100 100 100 71 87
RO-NC 0 0 0 0 85 74 0 100 100 0 48 0 83 75 68 28 100 100 100 100 ND
LE-NC 0 0 0 0 85 71 33 100 100 14 80 83 100 ND 91 0 77 100 ND 50 100
WA-NC 4 0 0 0 91 52 15 62 88 8 30 66 86 94 69 42 94 100 ND 98 93
CL-NC 0 8 0 0 86 81 11 98 100 2 84 22 93 ND 59 29 98 100 ND 60 100
RB-NC 0 0 0 0 60 67 0 83 93 47 43 65 100 ND 72 50 100 100 ND 100 100
PE-NC 0 0 0 0 100 86 0 90 100 82 9 77 100 ND 47 32 100 100 ND 100 100
FL-SC 0 0 4 0 100 100 0 100 100 91 96 80 100 83 85 46 100 100 100 100 79
OR-SC 0 59 10 9 77 59 45 89 17 4 70 57 100 88 81 64 100 100 100 81 100
SU-SC 0 0 0 0 50 67 1 100 75 0 0.8 0 90 75 46 2 100 100 100 94 ND
IB-LA 0 0 5 2 91 56 44 97 98 57 35 100 100 100 91 73 100 100 100 71 84
PC-LA 0 5 37 0 76 68 8 92 95 22 47 62 72 98 84 56 100 100 100 75 81

aHessian ßy collection sites: AU-AL, Autauga County, Alabama; RO-NC, Rowan County, North Carolina; IB-LA, Iberville Parrish, Louisiana;
BA-AL, Baldwin County, Alabama; LE-NC, Lenoir County, North Carolina; PC-LA, Pointe Coupee Parrish, Louisiana; HA-AL Hale County,
Alabama WA-NC Washington County, North Carolina; HE-AL Henry County, Alabama; CL-NC, Cleveland County, North Carolina; LI-AL,
Limestone County, Alabama; RB-NC, Roberson County, North Carolina; PE-AL, Perry County, Alabama; PE-NC, Peqruimans County, North
Carolina; PI-GA Pike County, Georgia; FL-SC, Florence County, South Carolina; SU-GA, Sumter County, Georgia; OR-SC, Orangeburg County,
South Carolina; TI-GA, Tift County, Georgia; and SU-SC, Sumter County, South Carolina.
bNot determined.
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R genes that were deemed ineffective for the protec-
tion of wheat (�50% effective most locations), 2)
those genes that would provide moderate protection
(�70% effective most locations), and 3) those genes
that would effectively protect wheat in the southeast-
ern United States (�90% effective most locations).
Thedendrogramwasprunedbyexamininga screeplot
of change in dissimilarity between subsequent nodes
(Fig. 1).

The cluster analysis examining dissimilarity be-
tween virulence at collection locations resulted in a
dendrogram that was comprised of one large cluster
containing all but three of the collections and a second
smaller cluster containing the remaining three collec-
tions (Fig. 2). However, the scree plot did not show
any clear dissimilarity at which to prune the dendro-
gram. Rather, the analyses suggested the collections
from the different locations were in large part ho-
mogenous in their virulence to the differentR genes
(Fig. 2).

The Mantel test showed no signiÞcant correlation
between dissimilarity in virulence space and geo-

graphical distance between sampled populations. This
supports the lack of well-deÞned clusters in the cluster
analysis carried out upon populations. The variogram
also showed no substantial correlations at any dis-
tance, with the absolute value of the Mantel correla-
tion remaining �0.15.

Discussion

Biotype Differential R Genes in Wheat. The orig-
inal differential R genes (H3, H5, H6, and the gene
combination H7H8) have been deployed across the
southeastern United States since 1986. This deploy-
ment has resulted in the frequency of Hessian ßy
genotypes (biotypes) virulent to these genes increas-
ing so that currently Hessian ßy collections from the
southeastern United States are virulent to these genes
and would be classiÞed as Biotype L under the old
biotype system. The notable exception to this in our
current study was the Hessian ßy collection from Tift
County, GA, where the gene combination H7H8 gave
100% resistance. The other three differential R genes

Fig. 1. (A) Dendrogram of a multivariate analysis in virulence space of R genes in evaluations with different Hessian ßy
Þeld collections. Analysis was conducted with only those R genes with complete data, i.e., R genes evaluated with Hessian
ßy collections from all 20 locations in the southeastern United States. Three major clusters were resolved based on the efÞcacy
of resistance provided with respect to the different Þeld collections: 1) genes that provided effective protection; 2) genes
that provided moderately effective protection; and 3) genes that were ineffective in providing protection. (B) Scree plot
showing dissimilarity values at the nodes at which to prune the dendrogram (horizontal line on plot).
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(H3,H5, andH6) were completely ineffective, and the
Tift County, GA, collection would be classiÞed as
Biotype O (virulent to H3, H5, and H6 but not to
H7H8) under the biotype system. The interactions
between deployed R genes and varying agroecosys-
tem effects on the selection pressure applied to Hes-
sian ßy under Þeld conditions should be complex and
inßuence the rate that virulent genotypes increase in
frequency. However, the reasons for the continued
effectiveness of the gene combination H7H8 in south
central Georgia are not readily apparent.
Newer R Genes in Wheat to Hessian Fly. A sur-

prising result from the current study was the number
of new R genes that were ineffective or only moder-
ately effective with Hessian ßy collections from the
southeastern United States. The newer R genes that
were ineffective in providing resistance were H11,
H14, H16, H17, andH23.Because these genes have not
been deployed in the agroecosystems of the south-
eastern United States, it seems unlikely that the Hes-
sian ßy in this region has been under selection pres-
sure from these genes. It is possible that the efÞcacy
of resistance with these genes is not good, and their
poor performance reßects this.
R gene H9 has been deployed in commercial culti-

vars fairly widely (Bill Laskar, unpublished data), and
this should explain the variable efÞcacy of resistance
observed in the current study and the fact that it gave
100% resistance at only three sites. However, the R
genes H10, H22, and H31 have not been widely de-
ployed to the best of our knowledge, and their highly
variable level of resistance congruent with that of H9
is difÞcult to explain at this time.

R gene H13 has been deployed in the southeastern
United States for control of Hessian ßy since 2007 and
seems to still provide effective protection at most
locations (confer Table 1). The primary exceptions to
this occurred with Hessian ßy collections from wheat
breeder nurseries at Orangeburg County, SC, and Pike
County, GA, whereH13 germplasm probably resulted
in exposure of Hessian ßy at these locations leading to
an increase in virulent genotypes. More surprising,
however, was thatH13 provided 100% resistance only
to Hessian ßy from the Autauga County, AL, location,
and resistance was variable with Hessian ßy from the
other Þve Alabama locations. Similarly, H13 provided
only moderate resistance to Hessian ßy from the
Sumter County, SC, location. The contrast in the per-
formance ofH13 in Alabama and Georgia, considering
the proximity of these states to each other and simi-
larities in environmental conditions between them,
was surprising. Further analysis of differences in agro-
ecosystem practices and analysis of population struc-
ture diversity at a microscale may document differ-
ences that account for the variable performance of
H13 between Alabama and Georgia.

The most effective R genes in the current study
were H12, H18, H24, H25, and H26 (�90% resistance
with most of the Hessian ßy collections tested), with
H24, H25, and H26 providing 100% resistance with
Hessian ßy from almost all locations. Although H18
was very effective and provided �80% resistance to
Hessian ßy from all but two of the locations tested, it
is a very temperature sensitive gene and loses effec-
tiveness above 20�C. Thus, there has been hesitance to
deploy H18 in the southeastern United States. How-

Fig. 2. (A)Dendrogramofamultivariateanalysis of theHessianßyÞeldcollections invirulence space.Thecluster analysis
of dissimilarity between virulence at the different collection sites with complete data resolved a single large cluster containing
all but three of the collections and a second smaller cluster containing the remaining three collections. (B) Scree plot of
dissimilarity values at the nodes not showing any clear dissimilarity at which to prune the dendrogram. These results suggested
the Hessian ßy Þeld collections from different locations were largely homogenous in virulence to the different R genes.
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ever, it may still be a gene worth considering for
protection of winter wheat from fall infestation by
Hessian ßy, but whether it would provide effective
protection from spring infestation is questionable.
Implications. Despite some variation in virulence

among the Hessian ßy collections tested, most notably
between the Alabama and Georgia collections toH13,
overall the Hessian ßy from the southeastern United
States was homogenous in its response to the 21 R
genes evaluated. This was reßected in the Þnding that
there was no signiÞcant separation by virulence in a
multivariate analysis of the Hessian ßy collections with
respect to geographic distance or agroecosystem pa-
rameters such as mean temperature at planting and
mean precipitation at planting. This result is congru-
ent with the recent microsatellite study that deter-
mined Hessian ßy in the southeastern United States
comprises a single major population but with some
microscale diversity and population structure (B.J.S.,
unpublished data). The clustering of the R genes
based on their expression of resistance to the Hessian
ßy collections into distinct clusters also documents
that virulence across the collections was predomi-
nantly homogenous and that the resistance of the R
genes was most probably evaluated with Hessian ßy
representing a single major population.

The three R genes H3, H5, and H6 and the gene
combinationH7H8used in the original biotype system
no longer provide effective protection against Hessian
ßy in the southeastern United States as well as most
wheat producing regions in the United States. Thus,
information about Hessian ßy with respect to the 16
biotypes deÞned by the biotype system is of no value
and provides no information as to the effectiveness of
the newer R genes in protecting wheat from Hessian
ßy in the Þeld. The biotype system was also very labor
intensive and impractical for analysis of large numbers
of Hessian ßy Þeld collections. An additional problem
with the biotype system is the large number ofR genes
identiÞed to date. The number of biotypes that can be
deÞned in the system is 2n, where n is the number of
R genes used in the analysis. With the 33 R genes
currently identiÞed, the number of biotypes deÞned
would be 233 or �8.6 � 109, which is an untenable
number for classiÞcation. Although various ap-
proaches for nomenclature in the biotype system have
been proposed (Patterson et al. 1992), none has been
tractable and a new system of evaluating virulence in
Hessian ßy Þeld collections, such as the virulence test
described by Chen et al. (2009) and used in the cur-
rent study, needs to be used. Indeed, such virulence
tests in ßats are currently the accepted protocol for
evaluation of virulence in Hessian ßy Þeld collections.
Unfortunately, the availability of seed for the different
wheat lines carryingR genes, as well as the number of
Hessian ßy adults emerging from the Þeld collections
often limit the number of replicates that can be con-
ducted for any one collection site. However, the large
number of collections sites used in the current study
effectively provides 20 repeats of our evaluations
across the southeastern United States and effectively

strengthens the robustness of our overall evaluation of
R gene efÞcacy.

A surprising outcome from the evaluation of 21 of
the 33 identiÞedR genes in wheat to Hessian ßy is how
few would effectively protect wheat in the southeast-
ern United States. Furthermore, of the Þve most ef-
fective R genes, one gene, H18, is of questionable
utility in the southeastern United States because of its
temperature sensitivity. Currently, we have plans to
test 30 of the 33 identiÞed R genes with Þeld collec-
tions of Hessian ßy from across the southeastern
United States during fall 2010. Although additional
efÞcacious R genes for protection of wheat in the
southeastern United States may be discovered in these
evaluations, results from the current study established
that identiÞed native resistance in wheat to Hessian ßy
is a limited resource and that new approaches to de-
ployment of resistance as well as novel strategies for
genetically engineered resistance need to be devel-
oped to ensure continued protection of the most im-
portant cereal crop in human nutrition.

To date, R genes in wheat for Hessian ßy resistance
have been deployed as single gene releases in cultivars
adapted to various wheat production regions. This
deployment strategy has been quite successful; how-
ever, the main challenge for host resistance is the
development of genotypes of the pest that can over-
come the R genes after they are deployed. The span
of time a particular deployed R remains effective in
protecting wheat has generally been from 5 to 8 yr
(Ratcliffe and Hatchett 1997). An alternative strategy
for deployment of R genes that has been proposed is
the deployment of a combination of new highly ef-
fective R genes that have not been previously de-
ployed. Theoretically, such a gene combination
should be more durable than a single R gene (Gould
1986). With the limited number of R genes identiÞed
in the current study that would provide protection of
wheat in the southeastern United States, the deploy-
ment of a combination of two highly effectiveR genes,
such as H24 and H26, should be considered. An addi-
tional alternative approach that might allow effective
use of some of the R genes that confer good moderate
levels of protection, such asH21 andH32,would be to
combine one of these genes with one of the highly
effective R genes (e.g., H12, H24, H25, and H26). In
addition, new and highly effective sources of resis-
tance need to be identiÞed if genetic resistance is to
remain a viable and efÞcacious method for protection
of wheat from Hessian ßy attack in the southeastern
United States.
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