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Wheat-Rye T2BS-2BL-2RL Recombinants
with Resistance to Hessian Fly (H21)
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ABSTRACT

Hessian fly, Mayetiola destructor (Say), is a
destructive insect pest of common wheat (Triti-
cum aestivum L.) and durum wheat (T. turgidum
L.) worldwide. Although 32 genes conferring
resistance to Hessian fly have been identified,
only a few genes are still effective in North
America. A highly effective gene is H21, trans-
ferred to wheat from Chaupon rye via a whole-
arm wheat-rye translocation T2BS-2R#2L.
This translocation also carries a gene for field
resistance to powdery mildew. To broaden the
use of T2BS-2R#2L in wheat improvement, we
attempted to reduce the length of the rye seg-
ment by recombination with another wheat-rye
translocation T2BS-2BL-2R#2L. Recombination
data indicated that the H27 locus was linked to
the telomere; the powdery mildew locus was
closely linked to the translocation breakpoint
in T2BS-2BL-2R#2L. Recovered short-segment
rye translocation chromosomes confer resis-
tance to Hessian fly; however, no crossover
event in the desirable configuration was recov-
ered to produce a short-segment wheat-rye
translocation with both H27 and the powdery
mildew resistance gene. The T2BS-2BL-2R#2L
recombinant chromosome was transferred to
adapted winter and spring wheat cultivars.-
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HESSIAN FLY, Mayetiola destructor (Say) (Diptera: Cecido-
myiidae), is a destructive insect pest of common wheat (Trit-
icum aestivum L.) and durum wheat (1. turgidum L.) worldwide.
Average annual yield losses caused by Hessian fly range from 5 to
10% (Ratcliffe and Hatchett, 1997; Buntin, 1999), but losses up
to 35% have been reported in Morocco (Amri et al., 1992). The
use of host-plant resistance is the most efficient means of con-
trolling the damage caused by this pest. To date, 32 genes con-
ferring resistance to Hessian fly have been identified and named
(Mclntosh et al., 2008). In a recent virulence analysis of Hes-
sian fly populations from Texas, Oklahoma, and Kansas, Chen
et al. (2009) reported that resistance genes H13, H21, H25, H26,
and Hdic were highly effective against all Hessian fly populations
tested. Two of these genes, H21 and H25, were derived from rye
(Secale cereale L.). H21 originated from ‘Chaupon’ rye and was
transferred to wheat in the form of a Robertsonian wheat-rye
T2BS2R#2L translocation present in the germplasm ‘Ham-
let” (KS8OWGRCS, TA5018) (Friebe et al., 1990; Sears et al.,
1992; Hatchett et al., 1993). H25 was derived from ‘Balbo’ rye
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and transferred to wheat in the form of terminal wheat-
rye translocations T6BS-6BL-6R#2L (KS92WGRC17,
TA5030) and T4BS-4BL-6R#2L (KS92WGRC18, KSW-
GRC19, TA5031, TA5032) and an intercalary wheat-rye
translocation Ti4AS-4AL-6R#2L-4AL (KS92WGRC20,
TA5033) (Friebe et al., 1991; Mukai et al., 1993; Sebesta
et al., 1997). T2BS-2R#2L and Ti4AS-4AL-6R#2L-4AL
were transferred to durum wheat (Friebe et al., 1999).
In addition to H21, the rye chromosome arm in Hamlet
has a powdery mildew resistance gene that offers a good
level of field resistance against pathotypes common in the
Southeastern United States. The allele present in Hamlet
has not been identified or named.

Asisusually the case with alien introgressions in wheat,
especially when the segments are large, the T2BS-2RL
Hamlet translocation has some negative effects. While
there is no measurable effect on milling and baking
qualities (Knackstedt et al., 1994), it delays maturity and
reduces grain weight (Fritz and Sears, 1991). Perhaps for
this reason, it has not been widely used in wheat breeding.
This study was undertaken to reduce the amount of rye
chromatin present in the Hamlet chromosome. The stan-
dard approach in such manipulations is to induce a round
of homeologous recombination between the alien seg-
ment and one of its wheat homeologues and recover desir-
able recombinants, always a complicated effort. Instead,
we are testing here a simpler approach, by using homolo-
gous recombination in two rye segments, both of the same
chromosome: the entire rye arm 2RL in Hamlet and a
relatively short segment of 2RL in a recombinant chro-
mosome T2BS2BL-2R#2L produced in a different study
(Lukaszewski et al., 2004). Recovered short-segment rye
translocation chromosomes still confer resistance to Hes-
sian fly, but no crossover event in the desirable configura-
tion was recovered to produce a short-segment wheat-rye
translocation with both H21 and the powdery mildew
resistance gene.

MATERIALS AND METHODS

The plant material consisted of the germplasm Hamlet (PI
549276) with a wheat-rye whole arm T2BS-2R#2L trans-
location that carries H21 and a powdery mildew (caused by
Blumeria gramininis DC f. sp. tritici) resistance gene located in
undetermined locations on the 2RL arm and the Hessian fly
and powdery mildew—susceptible wheat-rye recombinant stock
Pavon 2B(L)+20 (Lukaszewski et al., 2004) having a recom-
binant wheat-rye chromosome represented by T2BS-2BL-
2R#5L. This chromosome is essentially wheat 2B with a
terminal approximately 20% of the long arm derived from
‘Blanco’ rye. This translocation was produced by homeologous
recombination in the absence of the Phi locus (Lukaszewski
et al., 2004). Additionally, winter wheat cultivars ‘Karl 92° (PI
564245), Jagger’ (P1593688), ‘Culver’ (P1606726), and a spring
cultivar ‘Pavon 76’ (PI 519847) were used. For convenience the
presumed single powdery mildew resistance locus present in

the Hamlet translocation (originating from Chaupon rye) was
designated as Pm, .

The two wheat-rye translocations are readily distinguished
cytologically by the presence and size of diagnostic C-bands (Fig.
1). The Hamlet chromosome (centric translocation) has a very
large terminal C-band on the long arm that otherwise is devoid
of intercalary bands (with the exception of a very small band
adjacent to the centromere). The 2B(L)+20 stock has a very small
terminal C-band on the rye segment and a series of intercalary
C-bands diagnostic for 2BL (Fig. 1). To produce homologous
recombinants in the rye segment shared by the two translocations,
Hamlet and Pavon 2B(L)+20 stocks were intercrossed and the
resulting F, plants were backcrossed to cultivars Karl 92, Jagger,
Culver, and Pavon 76. The resulting BC, plants were screened
by C-banding to identify putative recombinant chromosomes
T2BS2BL-2R#2L. Plants with recombined chromosomes were
grown, self pollinated, and again backcrossed to Pavon 76, Jag-
ger, and Culver. The BC F, plants were evaluated for reaction
to Hessian fly and powdery mildew. Resistant plants were saved
and screened by genomic in situ hybridization (GISH) to identify
homozygotes for the T2BS-2BL-2R#2L recombinant chromo-
somes. C-banding and chromosome identification was according
to Lukaszewski and Gustafson (1983) and Gill et al. (1991), and
GISH was according to Zhang et al. (2001).

Hessian fly reaction was determined using the Kansas Hes-
sian fly population, which consists predominantly of biotype
GP (Chen et al.,, 2009). Testing was undertaken at the seedling
stage in a greenhouse according to Hatchett et al. (1981). Adult
flies were allowed to oviposit for 8 h on plants at the one-leaf
stage, and reactions were evaluated 15 d postinfestation. Sus-
ceptible plants were dark green, stunted, and had live larvae,
whereas resistant plants were light green, grew normally, and
had dead larvae.

For tests of powdery mildew reaction, progenies of plants
with recombinant chromosomes were grown in a controlled
environment of 15°C for 12 hr then 13°C for 12 hr, a 15-hr
photoperiod, and 70% relative humidity. Seedlings were inocu-
lated at Feekes’ growth stage 1.3 to 2 (Large, 1954) by shak-
ing conidia from infected plants onto the leaves. The source of
inoculum was originally a field-grown plant of cv. Coker 9663
at the University of Georgia Research Center, Griffin, GA.
Disease was assessed on the upper two leaves 21 d after inocula-
tion. The presence of resistant plants in segregating progenies
was taken as indicative that the parent plant had a recombinant

chromosome with the Pm, gene.

chau

RESULTS AND DISCUSSION

The long arm of the rye chromosome in the original Hamlet
translocation T2BS2R L has a small C-band adjacent to the
centromere and a large C-band at the telomere. The long
arm in TBS2BL-2R#5L stock [recombinant 2B(L)+20]
has a long, proximal segment of 2BL with all its diagnostic
intercalary C-bands and a small, telomeric C-band typical
of Blanco rye chromosome arm 2R L (Fig. 1). The only seg-
ment of homology shared by the two long arms of these two
translocation chromosomes is the rye segment stretching
from the translocation breakpoint in 2B(L)+20 to the telo-
mere. Because both the telomere and the breakpoint were
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Fig. 1. C-banding pattern of T2BS-2RL#5L and recombinant T2BS-2BL-2R#5L chromosome (top left); C-banding and genomic in situ
hybridization patterns of Robertsonian wheat-rye T2BS-2RL#2L and recombinant T2BS-2BL-2R#2L. chromosomes (top right); genomic
in situ hybridization pattern of a partial mitotic metaphase of a homozygous T2BS-2BL-2R#2L recombinant stock (bottom, rye chromatin
visualized by yellow-green fluorescein fluorescence; wheat chromosomes were counterstained with rhodamine and fluoresce red).

identifiable cytologically, odd-numbered crossover events
involving the homologous rye chromosome region were
cytologically detectable. If H21 and Pm_ were located
in the region of the Hamlet translocation shared with the
2B(L)+20 stock, homologous recombination within the rye
segments would transfer the loci to the shorter rye segment
of 2B(L)+20. Location of both or any of the two loci proxi-
mal to the translocation breakpoint in T2BS2BL-2R#5L
would make the transfer impossible.

As the shared segment of rye homology appeared long
enough to cover the area of the first crossover in the arm
(Lukaszewski et al., 2004) and both segments were termi-
nal, a high recombination rate was expected. Hence, the
pools of backcross seed produced were relatively small with
the expectation that each one of them would produce the
desired recombinants. Surprisingly, recombination fre-
quency in the rye segment was low, and all 463 BC, plants
were screened. Thirty-six recombinant chromosomes were
found, an overall recombination frequency for the entire
rye segment of 7.8%. Hessian fly and powdery mildew test-
ing of all recombinants indicated that the H21 locus was
located in the vicinity of the telomere: 34 recombinants
involved crossovers between the 2B(L)+20 translocation
breakpoint and H21, and only 2 were between H21 and
the telomere. The Pm, locus was located at the proxi-
mal end of the rye segment, close to the breakpoint in
2B(L)+20; only one confirmed crossover between Pm

chau

and the breakpoint was identified, and unfortunately, it was
in the wrong configuration, being a chromosome in the
Hamlet configuration (the entire 2R L present) and suscep-
tible to both powdery mildew and Hessian fly. The point of
exchange in one recombinant was in doubt and could not
be reliably assigned to a specific interval.

The actual genetic map locations of the two loci can
be corrected for low pairing of the two chromosomes.
Such correction would be a factor of 6.4x. Given the distal
distribution of crossing over in wheat and rye (Lukasze-
wski, 1992; Werner et al.,, 1992; Gill et al., 1993), the
physical length of the segment of homology in the two
translocations should have permitted normal metaphase
[ (MI) pairing and 50% recombination. If this were the
case, genetic distances in the segment corrected for nor-
mal pairing would be: breakpoint — Pm_, , 1.4 cM; Pm,
— H21, 44.3 cM; H21 — telomere, 2.8 ¢cM. No mapping
functions need to be applied, as it can be safely assumed
that all crossovers were single. All recombinants were
selected for odd numbers of crossovers and, given the
overall low recombination rate of the entire segment, tri-
ple exchanges were unlikely.

Severe pairing reduction in the segment was presum-
ably brought about by polymorphism for the very large
telomeric C-band. In rye, polymorphism for termi-
nal C-bands affects synapsis, especially in distal regions
of the arms, and restricts chiasmate pairing (Gillies and
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Lukaszewski, 1989). In Hamlet, the telomeric C-band
is very large and probably equal in length to the entire
euchromatic rye segment in 2B(L)+20, producing a mis-
alignment at the start of synapsis in the order of 50% of the
entire stretch of homology. In a similar manner large mis-
alignments in deficiency heterozygotes in wheat almost
completely eliminated MI pairing (Curtis et al., 1991).

BC, plants with recombinant chromosomes were
grown and self-pollinated, and samples of the resulting
BC|F, populations were again evaluated for reaction to
Hessian fly. These populations segregated and resistant
plants were self-pollinated; progenies from one plant in
each of the three backgrounds were evaluated again for
resistance to Hessian fly and screened by GISH to verity
the presence of wheat-rye recombinant chromosomes in
the expected configuration and to select translocation
homozygotes. No additional tests for powdery mildew
resistance were conducted.

The Pavon 76 BC,F, family segregated 53 Hessian
fly—resistant and 16 susceptible plants (Table 1). Genomic
in situ hybridization was performed on 12 resistant and
9 susceptible plants. All resistant plants were either het-
erozygous or homozygous for the wheat-rye recombinant
chromosome T2BS-2BL-2R#2L, consisting of the com-
plete short arm of wheat chromosome 2B, the proximal
80% of 2BL, and about the distal 20% of this arm derived
from 2R L of rye (Fig. 1). Eight susceptible plants had no
detectable rye chromatin, and one plant was heterozygous
for the T2BS-2BL-2R#2L chromosome.

The Jagger BC,F, family segregated 11 Hessian fly—
resistant and 2 susceptible plants. Five of the resistant plants
had one or two copies of the T2BS-2BL-2R#2 L recom-
binant chromosomes, whereas both susceptible plants had
no detectable rye chromatin (Table 1). Similarly, the Cul-
ver BC,F, family segregated 30 Hessian fly—resistant and
12 susceptible plants. Among the 18 plants tested by GISH,
10 resistant plants had one or two copies of T2BS-2BL-
2R#2L, whereas 5 of the susceptible plants had no GISH
signal and 3 had one copy of T2BS-2BL-2R#2L (Table
1). These results show that the resistance to Hessian fly in
these families co-segregated with the T2BS-2BL-2R#2L
recombinant chromosome. However, 3 of 19 susceptible
plants had one copy of T2BS-2BL-2R#2L, whereas the
remaining 16 plants, as expected, had no rye chroma-
tin. Although the susceptible plants with one copy of the

wheat-rye recombinant chromosome looked stunted, we
did not assess them for the presence of dead larvae, and
likely, their reactions were misclassified.

Plants homozygous for T2BS2BL-2R#2L were
recovered in three partially reconstituted genetic back-
grounds and were designated as TA5084 (Jagger), TA5085
(Culver), and TA5086 (Pavon). Together with the appro-
priate control wheat cultivars, progenies of these lines
were evaluated again for reaction to Hessian fly. Whereas
all plants of the homozygous recombinant stocks and
of Hamlet were resistant, all plants of the wheat culti-
vars Culver, Karl92, and Jagger were susceptible. Resis-
tant plants had dead, red, first-instar larvae, whereas the
susceptible wheat cultivars had late second instars that
were translucent, white, and alive. Thus we had suc-
cessfully transferred the Hessian fly resistance gene H21
from the Robertsonian translocation T2BS-2R#2L to the
T2BS2BL-2R#2L recombinant chromosome, reducing
the amount of rye chromatin present by approximately
80%. Only about the distal 20% of the 2BL-2R#2L arm is
now derived from rye, which hopefully will improve the
agronomic performance and allow for a broader use of this
transfer in wheat improvement.

This study illustrates a nonstandard approach to
alien transfers and chromosome engineering in wheat.
In the standard approach, a donor alien chromosome is
identified, placed in an appropriate genetic background,
combined with the phlb mutation or a system suppress-
ing the Ph1 locus, and recombinant wheat-alien chromo-
somes are recovered (Sears, 1981). These can be further
engineered to generate small intercalary alien inserts in
wheat chromosomes. Depending on the level of affinity
between the donor alien and the recipient wheat chro-
mosome, populations needed to generate and identify the
primary wheat-alien chromosome recombinants can be
very large (Lukaszewski, 2000) and any structural differ-
ence between the donor and recipient chromosomes may
make the entire project unfeasible (Lukaszewski et al.,
2001). In this study, we show that once sets of wheat-alien
recombinant chromosomes are available, and we propose
to designate them “stock recombinants,” even if originat-
ing from donor chromosomes that do not carry the locus
or loci of interest, they can be used to transfer onto their
alien segments any desired locus or loci from any other
sources within the same species. In other words, the sets of

Table 1. Reactions of BC,F, plants to Hessian fly [Mayetiola destructor (Say)] biotype GP and their chromosome constitutions
determined by genomic in situ hybridization (GISH). R, resistant; S, susceptible.

BC,F, composition No. of plants resistant, susceptible GISH on R plants GISH on S plants
Pavon family 5316 9 plants: 1 x T2BS-2BL-2R#2L 8 plants: no rye chromatin
TA5086 3 plants: 2 x T2BS-2BL-2R#2L 1 plant: 1 x T2BS-2BL-2R#2L
Jagger family 12 1 plant: 1 x T2BS-2BL-2R#2L 2 plants: no rye chromatin
TA5084 4 plants: 2 x T2BS-2BL-2R#2L
Culver family 3012 5 plants: 1 x T2BS-2BL-2R#2L 5 plants: no rye chromatin
TA5085 5 plants: 2 x T2BS-2BL-2R#2L 3 plants: 1 x T2BS-2BL-2R#2L
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alien-wheat recombinants have to be generated only once,
saving a considerable amount of time and labor. A simi-
lar approach was used previously to transfer the powdery
mildew resistance gene Pm20 from chromosome 6R of
‘Prolific’ rye via homologous recombination to a Robert-
sonian wheat-rye translocation chromosome T6BS-6RL
(Friebe et al., 1994). More recently, Ayala-Navarrete et al.
(2007) recombined two introgressions of Thinopyrum in
wheat to combine two highly desirable resistance genes in
one alien segment, but this effort required manipulation
of the Ph1 locus of wheat.

The major issue in this approach to alien transfer is the
choice of the most appropriate starting stock recombinant
chromosome. An ideal transfer has as little alien chroma-
tin as possible. Therefore, the translocation breakpoint
in the selected stock recombinant chromosome should
be proximal but as close as possible to the locus of inter-
est. In this study, with no prior knowledge of the H21
or Pm, locations, the worst-case scenario was assumed:
that at least one locus was very proximal. The chosen
stock recombinant chromosome, 2B(L)+20, had one of
the most proximal translocation breakpoints available
among an entire set of available 2BL-2R L recombinants
(Lukaszewski et al., 2004). As it turned out, this approach
was justified: the Pm, locus was very close to the trans-
location breakpoint. In fact, so close that no recombinant
in the desired configuration was recovered. On the other
hand, H21 mapped very close to the telomere, hence the
length of the rye segment in the final H21 transfer can be
reduced further, both by eliminating the large telomeric
heterochromatic and most of the proximal euchromatin.
Suitable stock recombinants are available for this purpose.
To reduce the segment containing H21, the entire experi-
ment can be repeated with a far more distal breakpoint
recombinant stock, or the chromosomes produced here
can be recombined with selected recombinant stocks with
suitably distal breakpoints. If the Pm,  is to be included,
either additional homologous recombinants would have to
be produced to generate one large rye segment with both
resistance loci, or chromosome 2B with two separate rye
inserts could be produced.

Acknowledgments

This research was supported by grants from the Kansas Wheat
Commission, the Kansas Crop Improvement Association, and
a special USDA-CSREES grant to the Wheat Genetic and
Genomic Resources Center. This paper is contribution num-
ber 09-335-] from the Kansas Agricultural Experiment Station,
Kansas State University, Manhattan, KS 66506-5502.

References

Amri, A., M. El Bouhssini, M. Jeibene, T.S. Cox, and J.H. Hatch-
ett. 1992. Evaluation of Aegilops and Triticum species for resis-
tance to the Moroccan Hessian fly (Diptera: Cecidomyiidae).
Al Awamia 77:109-118.

Ayala-Navarrete, L., H.S. Bariana, R.P. Singh, J.M. Gibson, A.A.
Mechanicos, and PJ. Larkin. 2007. Trigenomic chromosomes
by recombination of Thinopyrum intermedium with Th. ponti-
cum translocations in wheat. Theor. Appl. Genet. 116:63—75.

Buntin, G.D. 1999. Hessian fly (Diptera: Cecidomyiidae) injury
and loss of winter wheat grain yield and quality. J. Econ.
Entomol. 92:1190-1197.

Chen, M.-S., E. Echegaray, R.J. Whiworth, H. Wang, P.E. Slo-
derbeck, A. Knutson, K.L. Giles, and T.A. Royer. 2009.
Virulence analysis of Hessian fly (Mayetiola destructor) popula-
tions from Texas, Oklahoma, and Kansas. J. Econ. Entomol.
102:774-780.

Curtis, C.A., AJ. Lukaszewski, and M. Chrzastek. 1991. Meta-
phase I pairing of deficient chromosomes and genetic map-
ping of deficiency breakpoints in common wheat. Genome
34:553-560.

Friebe, B., J.H. Hatchett, B.S. Gill, Y. Mukai, and E.E. Sebe-
sta. 1991. Transfer of Hessian fly resistance from rye to wheat
via radiation-induced terminal and intercalary chromosome
translocations. Theor. Appl. Genet. 83:33—40.

Friebe, B., J.H. Hatchett, R.G. Sears, and B.S. Gill. 1990. Trans-
fer of Hessian fly resistance from ‘Chaupon’ rye to hexaploid
wheat via a 2BS/2RL wheat-rye chromosome translocation.
Theor. Appl. Genet. 79:385-389.

Friebe, B., M. Heun, N. Tuleen, FJ. Zeller, and B.S. Gill. 1994.
Cytologically monitored transfer of powdery mildew resis-
tance from rye into wheat. Crop Sci. 34:621-625.

Friebe, B., R.G. Kynast, J.H. Hatchett, R.G. Sears, D.L. Wil-
son, and B.S. Gill. 1999. Transfer of rye-derived Hessian fly
resistance genes H21 and H25 from bread wheat into durum
wheat. Crop Sci. 39:1692-1696.

Fritz, A.K., and R.G. Sears. 1991. The effect of the Hamlet
(2BS/2RL) translocation on yield components of hard red
winter wheat. p. 94. In Agron. Abstr. ASA, Madison, WI.

Gill, B.S., B. Friebe, and T.R. Endo. 1991. Standard karyotype
and nomenclature system for description of chromosome
bands and structural aberrations in wheat (Triticum aestivum).
Genome 34:830-839.

Gill, K.S., B.S. Gill, and T.R. Endo. 1993. A chromosome region-
specific mapping strategy reveals gene-rich telomeric ends in
wheat. Chromosoma 192:374-381.

Gillies, C.B., and A J. Lukaszewski. 1989. Synaptonemal complex
formation in rye (Secale cereale) heterozygous for telomeric
C-bands. Genome 32:901-907.

Hatchett, J.H., T.J. Martin, and R.W. Livers. 1981. Expression and
inheritance of resistance to Hessian fly in synthetic hexaploid
wheats derived from Triticum tauschii (Coss). Schmal. Crop Sci.
21:731-734.

Hatchett, J.H., R.G. Sears, and T.S. Cox. 1993. Inheritance of
resistance to Hessian fly in rye and wheat-rye translocation
lines. Crop Sci. 33:730-734.

Knackstedt, M.A., R.G. Sears, D.E. Rogers, and G.L. Lookhart.
1994. Effects of T2BS-2R L wheat-rye translocation on bread-
making quality in wheat. Crop Sci. 34:1066-1070.

Large, E.C. 1954. Growth stages in cereals. Illustrations of the
Feekes’ scale. Plant Pathol. 3:129.

Lukaszewski, AJ. 1992. A comparison of physical distribution of
recombination in chromosome 1R in diploid rye and in hexa-
ploid triticale. Theor. Appl. Genet. 83:1048-1053.

Lukaszewski, A.J. 2000. Manipulation of the 1RS.1BL transloca-
tion in wheat by induced homoeologous recombination. Crop
Sci. 40:216-225.

924 WWW.CROPS.ORG

CROP SCIENCE, VOL. 50, MAY—JUNE 2010



Lukaszewski, AJ., and J.P. Gustafson. 1983. Translocations and
modifications of chromosomes in triticale X wheat hybrids.
Theor. Appl. Genet. 64:239-248.

Lukaszewski, AJ., D.R. Porter, C.A. Baker, K. Rybka, and B.
Lapinski. 2001. Attempts to transfer Russian wheat aphid
resistance from a rye chromosome in Russian triticales to
wheat. Crop Sci. 41:1743—1749.

Lukaszewski, A.J., K. Rybka, V. Korzun, S.Y. Malyshev, B. Lapin-
ski, and R. Whitkus. 2004. Genetic and physical mapping of
homoeologous recombination points involving wheat chro-
mosome 2B and rye chromosome 2R. Genome 47:36—45.

MclIntosh, R.A., Y. Yamazaki, J. Dubcovsky, J. Rogers, C. Morris,
DJ. Somers, R. Appels, and K.M. Devos. 2008. Catalogue
of gene symbols for wheat. 11th International Wheat Genet-
ics Symposium. Available at http://wheat.pw.usda.gov/GG2/
Triticum/wgc/2008/ (verified 20 Jan. 2010).

Mukai, Y., B. Friebe, J.H. Hatchett, M. Yamamoto, and B.S. Gill.
1993. Molecular cytogenetic analysis of radiation-induced
wheat-rye terminal and intercalary chromosome transloca-
tions and the detection of rye chromatin specifying resistance
to Hessian fly. Chromosoma 102:88—95.

Ratcliffe, R.H., and J.H. Hatchett. 1997. Biology and genetics of

the Hessian fly and resistance in wheat. p. 47-56. In K. Bond-
ari (ed.) New developments in entomology. Research Sign-
post, Trivandrum, India.

Sears, E.R. 1981. Transfer of alien genetic material to wheat. p. 75-89.
In L.T. Evans and W.J. Peacock (ed.) Wheat Science-Today and
Tomorrow, Cambridge Univ. Press, Cambridge, UK.

Sears, R.G., J.H. Hatchett, T.S. Cox, and B.S. Gill. 1992. Reg-
istration of Hamlet, a Hessian fly resistant hard red winter
wheat germplasm. Crop Sci. 32:506.

Sebesta, E.E., J.H. Hatchett, B. Friebe, B.S. Gill, T.S. Cox, and
R.G. Sears. 1997. Registration of KS92WGRC17, KS92W-
GRC18, KS92WGRC19, and KS92WGRC20 winter wheat
germplasm resistant to Hessian fly. Crop Sci. 37:635.

Werner, J.E., T.R. Endo, and B.S. Gill. 1992. Towards a cytoge-
netically based physical map of the wheat genome. Proc. Natl.
Acad. Sci. USA 89:11307-11311.

Zhang, P., B. Friebe, A.J. Lukaszewski, and B.S. Gill. 2001. The
centromere structure in Robertsonian wheat-rye transloca-
tion chromosomes indicates that centric breakage can occur
at different positions within the primary constriction. Chro-
mosoma 110:335-344.

CROP SCIENCE, VOL. 50, MAY—JUNE 2010

WWW.CROPS.ORG 925




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings true
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize false
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (Color Management Off)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1000
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (DJS standard print-production joboptions; for use with Adobe Distiller v7.x; djs rev. 1.0)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [792.000 1224.000]
>> setpagedevice


