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Introduction:-

The Hessian fly, Mayetiola destructor (Say), is a major insect pest of wheat. Genetic resistance is the most effective
and economical means of controlling this insect (Ratcliffe and Hatchett 1997). To date, 29 Hessian fly-resistance
genes (H1 through H29) have been identified in Triticum/Aegilops species and in Secale cereale L. (Mclntosh et al.,
1998). The mechanism of resistance conditioned by these genes is antibiosis, whereby first instars die soon after
they begin to feed on plants. A gene-for-gene relationship exists between the resistance in wheat and avirulence in
the Hessian fly. Virulence in the insect is conditioned by homozygous recessive pairs of genes (Hatchett and Gallun
1970). As a consequence of this highly specific interaction, 16 biotypes (designated Great Plains and A through O)
have been isolated from field populations and are distinguished only by their ability or inability to survive on and
stunt wheat with specific resistance genes.

Triticum Turgidum L. is an important crop in the Mediterranean region and is grown on approximately 17 millions
hectares. Lacking adequate levels of resistance, this crop usually is damaged severely by Hessian fly in the dry areas
of northern Africa. In Morocco, yield losses due to damage by this insect have been estimated at up to 36% of the
yearly small grain production (Lhaloui et al. 1998). Among the identified genes for resistance to Hessian fly, ten
have been found to be effective against the Moroccan populations of the insect and have been widely used in
cultivar development of bread wheat (EI Bouhssini et al. 1998). However, only one source of resistance was
identified in durum wheat.

Recently, the rye-derived Hessian fly gene H21 was transferred to durum wheat (Friebe et al., 1999). The Hessian
fly resistance gene H21 was derived from ‘Chaupon’ rye and first transferred to bread wheat (Triticum aestivum L.)
in the form of a Robertsonian wheat-rye T2BS-2RL translocation using tissue culture (Friebe et al. 1990).
Homozygous H21 durum plants have poor plant vigor and are almost completely sterile. Here we report the 2™ step
of chromosome manipulation, aimed to shorten the rye segment in T2BS-2RL by induced homoeologous
recombination (Friebe et al. 1994; Jiang et al. 1994b).

Material and methods:-

The plant material used in this study consisted of the H21 durum germplasm (Friebe et al., 1999), the phlc Cappelli
mutant (Giorgi, 1978) and the Langdon 5D(5B) disomic substitution lines where chromosome pair 5B is missing
and replaced by a pair of 5D chromosomes (Joppa, 1993). All lines are maintained at the Wheat Genetics Resource
Center at Kansas State University, Manhattan.

Durum plants heterozygous for the translocation T2BS-2RL were crossed to Cappelli ph mutant (Figure 1a) and
Langdon 5D(5B) substitution lines (Figure 1b) during the autumn 1998. In the first crossing scheme, F; lines were
germinated and plants with 13" + T2BS-2RL' + 2B’ (Phlc phlc) were selected by C-banding and backcrossed to
Cappelli phlcphlc mutant. The resulting BC;F; plants with the chromosome constitution 13" + T2BS-2RL' + 2B'
(phlc philc) was backcrossed to Cappelli phlc to produce BC,F; and selfed to produce BC;F,. The screening for
(phlc, philc) plants was accomplished first by screening for the translocation by C-banding and then using PCR
marker PSR574 developed by Roberts et al. (1999) specific to the Phl locus. The primers were PSR574.f 5'-AGC
GTA TAT TCA CGC GCT CC and PSR574.r 5'-CGT AAG AAC TCC CCA GGC TTT G. This was tested only in
few individuals, as the number of crosses carried out was high. We used mostly plants screened only by C-banding
to advance lines to the next generation. In the second crossing scheme, the F; lines were germinated and plants with
the chromosome constitution 12" + T2BS-2RL' + 2B' + 1'5B + 1'5D were selected by C-banding then backcrossed to
Langdon 5D(5B). The resulting BC;F; plants with the chromosome constitution 12" + T2BS-2RL' + 2B' + 1"5D
were backcrossed to Langdon 5D(5B) to produce BC,F; and selfed to produce BC;F,.

Recombinants were selected in the BC;,F, and BC,F; populations. Chromosome identification during the course of
line selection was according to the standard C-banding protocol described by Gill et al. (1991) and Genomic In Situ
Hybridization (GISH) was according to Jiang et al. (1994a). Meiotic metaphase | pairing was analyzed in the pollen
mother cells (PMCs) in BC;F, and BC,F; plants using GISH.

Evaluation of resistance to Hessian fly was according to Hatchett et al. (1981) and Friebe et al. (1990). Plants in the
seedling stage were evaluated for their reaction to biotype L of the Hessian fly. Biotype L is the most virulent
biotype presently found in the field. Greenhouse temperature was maintained between 18°C and 24°C throughout the
tests. Adult Hessian flies were allowed to oviposit for 8 hours on plants in the one- to two-leaf stage. Plants were
examined after oviposition, and all were found to be infested with large numbers of eggs on the first leaf.
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Susceptible and resistant plant reactions were determined 15 days after egg infestation. The susceptible plants are
stunted and dark green, whereas the resistant plants are normal in color and were examined for dead larvae to
confirm resistance.

Results:-

GISH analysis:-

Durum plants heterozygous for T2BS-2RL were crossed with Cappelli phllc/phlc and the Langdon 5D(5B)
substitution line, and a total of 512 BC,F, and BC,F; plants were screened by GISH for primary recombinants.
Thirty-nine wheat-rye recombinants were identified (Table 1), and the majority had crossovers that mapped in the
distal region of the 2RL of T2BS-2RL and 2BL of wheat chromosome 2B.

The results in Table 1 indicate that out of 39 recovered translocations, 21 (54%) were in the form of T2BS-2BL-2RL
with about 10% of the distal part long arm 2BL derived from rye chromatin (Figures 2d, 2e and 2f). Twelve
translocations (31%) were in the form of T2BS-2RL-2BL with about 10% of the distal part long arm 2RL derived
from wheat (Figures 2i, 2j and 2k). Two translocations (5%) had very small rye segments in the distal part of long
arm 2BL (Figures 2g, 2h), and two translocations had very small wheat segments in the distal part of long arm 2RL
(Figures 2l, 2m).

Other types of recombinants also were obtained. For one translocation, T2BS-2RL-2BL, nearly the entire distal half
of the chromosome arm is rye and the proximal half is wheat (Figure not shown). The reciprocal translocation,
T2BS-2BL-2RL, in which the distal half is wheat and proximal half is rye (Figure not shown), also was recovered.
One plant was identified with isochromosome 2RL (Figure not shown) that originated from misdivision of
chromosome T2BS-2RL.

Pairing analysis and recombination frequency:-

Meiotic metaphase | pairing data was recorded in BC,F, and BC,F; plants. In 10 PMCs chromosomes T2BS-2RL
and 2B paired as ring bivalents (6.7%), in 130 PMCs (86.6%) they paired as rod bivalents with chiasmata formed in
the homologous 2BS arms, and in 10 PMCs (6.7%) they were univalent (Table 2).

Among 512 plants screened, 142 plants had the T2BS-2RL translocation chromosome indicating a transmission
frequency of 27.7%. Thirty-nine primary recombinants were identified, which corresponds to a recombination
frequency of 7.6%. The Cappelli ph mutant-derived crosses gave higher transmission frequency (30.7%) and lower
recombination frequency (6.9%) when compared to Langdon 5D(5B), which gave a lower transmission (24.6%) and
higher recombination frequency (8.3%) (Table 3). The difference in transmission frequency is statistically
significant at P< 0.05, however the difference in recombination frequency is not statistically significant.

Figure 2 shows the meiotic metaphase | pairing of the translocation chromosome T2BS-2RL and derived
recombinants and GISH patterns of some of the primary recombinants recovered in this experiment. In the presence
of Phl, T2BS-2RL paired with 2B in the homologous 2BS arm as a rod bivalent (Figure 2a). In the absence of Ph1,
T2BS-2RL paired with chromosome 2B as a ring bivalent (Figure 2b), and the homoeologous pairing occurred
between 2RL and 2BL. Figure 2c shows the meiotic metaphase | pairing of one homozygous primary recombinant
that paired in the form of ring bivalent.

Hessian fly testing of recombinants:-

Ten of the primary recombinants were evaluated for their resistance to Hessian fly. Thirteen plants of each
recombinant were grown and root tips were collected and analyzed by GISH in parallel with the Hessian fly testing.
Three recombinants with distal rye segments (T2BS-2BL-2RL) designated as rec. #1, rec. #2, and rec. #3 were
resistant and, thus, contain the gene H21 (Figures 2d, 2e and 2f). We can map the H21 in the distal 10% of 2RL.
Hessian fly testing also indicated that for the translocation T2BS-2RL-2BL, three recombinants designated as rec.
#6, rec. #7 and rec. #8, were susceptible and lacked H21 (Figures 2i, 2j and 2k).

The Hessian fly testing of the other types of recovered recombinants showed that rec.#4 and rec.#5 (Figures 2g and
2h), which are in the form of T2BS-2BL-2RL, were susceptible to the insect and did not have the H21 gene. The
recombinants rec.#9 and rec. #10 (Figures 21 and 2m) had a wheat segment in the distal part of rye long arm 2RL
(T2BS-2RL-2BL) and reacted resistant to the insect and still retain the H21. Such recombination events are not of
agronomic interest because they still retain a nearly complete 2RL arm that has deleterious effects.
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Plants homozygous for T2BS-2BL-2RL that expressed H21 but only had approximately 10% of the 2RL arm were
obtained that are vigorous and fully fertile. This germplasm will allow us to exploit H21 in durum wheat
improvement.

Discussion:-

Successful gene transfers from alien species rely on the ability of the chromosomes to recombine with
homoeologous wheat chromosomes. In wheat, chromosome pairing is restricted to homologous chromosomes,
which is controlled by the Phl locus on chromosome arm 5BL (Okamoto 1975; Riley and Chapman 1958). Two
deletions in this locus have been identified, one in hexaploid wheat (phlb, Sears 1977) and the other in tetraploid
wheat (phlc, Giorgi 1978). Riley and co-workers (1968a, b) were the first to use induced homoeologous
recombination to transfer genes conferring resistance to stripe rust (Yr8) and stem rust (Sr34) from Aegilops comosa
Sibth. And Smith (2n=2x=14, MM) to wheat.

Although a considerable number of successful alien introgressions involving homoeologous chromosome segments
have been achieved in hexaploid wheat (for review see Sears 1993; Friebe et al. 1996; Lukaszewski 2000). Very
little progress has been made in durum wheat (Dvorak and Gorham 1992; Dvorak et al. 1994; Luo et al. 1996b;
Ceoloni et al. 1996), probably because the buffering ability of tetraploid durum wheat is less than that of hexaploid
wheat. Other sources of resistance need to be used in durum wheat improvement to increase the genetic variability.
Aegilops tauschii (Coss.) Schmal. (2n=2x=14, DD) and rye (Secale cereale, RR) are good sources of resistance to
all known biotypes of the insect. Ae. tauschii is the source of five genes (H13, H22, H23, H24, and H26), and rye is
the source of two genes (H21 and H25).

In this study primary recombinants were recovered as a result of homoeologous recombination between wheat and
rye chromosome arms. Several previous studies have reported that the long arms of rye chromosomes 1R and 2R
pair relatively frequently with their wheat homoeologous (Naranjo and Fernandez-Rueda 1996; Lukaszewski 1993,
1997 and 2000). In the present study, chiasmate metaphase | association between the 2RL arm of rye and the 2BL of
wheat was 6.7%, which corresponds with the number of primary recombinants identified in BC,F, and BC,F; plants
(7.6%) and previous published data (Lukaszewski 1993,1997 and 2000; Naranjo and Fernandez-Rueda 1996). The
observed recombination frequency of 2RL with 2BL was close to that expected on the basis of their MI pairing
frequency in the absence of Phl (Naranjo and Fernandez-Rueda 1996). Dvorak and Lukaszewski (2000) have
reported a recombination frequency of 8.1% between 2RL and 2BL in the absence of Ph1 after testing 860 progeny
chromosomes and no recombination of 2RL with any of its wheat homoeologs was observed in the presence of Phl.
Lukaszewski (2000) showed that chromosome arm 2RL in T2BS-2RL when induced to recombine with 2BL did so
with about 8% frequency and almost 90% of the recombination events involved 2BL, whereas 2RS recombined with
2BS only with a frequency of 0.2%. On the other hand chromosome arms, 1RS and 2RS, which pair with their
wheat homoeologous at lower frequencies, show a much lower frequency of recombination and often recombine
with the non-homoeologous arms (Lukaszewski 2000). RFLP analysis indicated that the 2RL arm is not structurally
rearranged compared with group-2 long arms of wheat (Devos et al. 1993). The 2RL arm is expected to compensate
well and recombine more often with wheat chromosome arm 2BL.

Several authors have reported a seasonal variation in homoeologous recombination frequency that could affect the
fidelity of 2RS recombination. In a season where the overall recombination is very low, non-homoeologous
recombination increased significantly.

The distribution of recombination crossovers observed in this study is characteristic of transfers derived from
induced homoeologous recombination. We observed a larger number of breakpoints in the distal region of the 2RL
and 2BL arms and the absence of multiple crossovers. Out of 39 recovered primary recombinants, only two had
breakpoints in the middle of the arm. Gill and Gill (1994) reported from information provided by cytogenetic ladder
maps that many genes in wheat are present in clusters that are highly recombinogenic and are mostly restricted to
distal part of the chromosome, which make them amenable to cloning by chromosome walking. Lukaszewski (1995)
reported similar results when studying the physical distribution of translocation breakpoints in homoeologous
recombinants induced by the absence of the Phl gene in wheat and triticale. Dvorak and Gorham (1992) also
reported similar recombination frequencies between 4D-4B when transferring the K*/Na’-selectivity gene Knal
from Triticum aestivum into T. Turgidum in the absence of Ph1.
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Chromosome pairing frequency was higher in crosses with Langdon 5D(5B) substitution lines, which lack the entire
chromosome 5B (Table 2), compared to the crosses with the Cappelli phlc mutant, although in both cases the Phl
gene was absent. The phlc had less pairing affinity despite the presence of 5B, which has a pairing promoter in the
short arm (Sears, 1976). Similar results were reported by Jauhar et al. (1999). This situation is in contrast to in
hexaploid wheat where chromosome pairing was higher in the phlb mutant than in nullisomic 5B (Jauhar et al.
1991; Kimber and Riley, 1963). Chromosome 5D does not seem to alter the pairing affinity in substitution lines.
Chromosome 5B almost entirely controls the pairing in durum wheat and other pairing-control genes on the other
chromosomes, if any, have minor effects that are too low to be noticeable in the presence of the major controller.
Possibly, more than Phl locus on chromosome 5B controls pairing because pairing frequency is higher in the
absence of 5B than in the presence of the phlc mutation.

The present study supports the strategy for transferring alien genes to wheat with non-homologous genomes
proposed earlier by Friebe et al. (1994) and Jiang et al. (1994b). This strategy involves the development of
amphiploids followed by the production of sets of chromosome addition and substitution lines, which are necessary
tools for the successful gene transfer and can be used as bridge materials to generate wheat-alien chromosome
translocations. The next step is the production of genetically compensating whole arm translocations and several of
such compensating wheat-rye translocations are available (Friebe et al., 1996). The second step of such transfers can
be accomplished either by homologous recombination to stack more genes in the alien chromosome arm as was
done by Friebe et al. (1994) in transferring the powdery mildew gene Pm20 from 6RL to the existing translocation
T6BS-6RL. In the case of non-homologous arms the reduction of the alien segment can be accomplished by induced
homoeologous recombination as was shown in this study.

In the present study, durum wheat germplasm lines heterozygous or homozygous for the new translocation (with
about only 10% of the arm as rye chromatin) were recovered that express H21 resistance to Hessian fly. These
recombinants have good plant vigor and set seed similar to the durum wheat parent. These germplasms can be used
directly in durum wheat breeding programs.
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Table 1:- Primary wheat-rye recombinants identified by GISH analysis.

Recombinant type Cross-over localization Recombinant
T2BS-2BL-2RL distal 21
T2BS-2RL-2BL distal 12
T2BS-2BL-2RL interstitial 1
T2BS-2RL-2BL interstitial 1
T2BS-2BL-2RL proximal 2
T2BS-2RL-2BL proximal 2

Total 39

Table 2:- Meiotic metaphase | pairing in BC,F, and BC,F; plants between wheat chromosome 2B and the wheat-rye
translocation chromosome T2BS-2RL in the absence of Phl gene.

Total PMCs Ring bivalent Pairing type
Rod bivalent paired in the 2BS arm Univalent
150 10 130 10
6.7% 86.6% 6.7%

Table 3:- Transmission frequencies of T2BS-2RL and number of recombinants identified in BC;F, and BC,F;
plants in different durum wheat backgrounds.

Number of plants Genetic Plants with Number of
constitution T2BS-2RL recombinants
Cappelli phic 13"+
260 T2BS-2RL'+1' 80 (30.7%)a 18 (6.9%)a
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2B (phlcphlc)
LND 5D(5B) 12"+ T2BS-2RL'
252 +12B +1"5D 62 (24.6%)b 21 (8.3%)a
Total 512 142 (27.7%) 39 (7.6%)

Means with the same letter are not significantly different at oo = 5% using t-test, and means with different letter are
significantly different at o = 5%.

Figure 1a:- Crossing scheme using Cappelli phlc mutant.

Durum line X Cappelli (phlc, phlc)
13" + T2BS-2RL'+12B l
F1

Select Fy: 13" + T2BS-2RL'+1'2B (Phlc, phlc) X Cappelli (phlc, phlc)

Select BC,F;: 13" + T2BS-2RL'+12B (phlc, phic) X Cappelli (phlc, phic)

Self
BC,F, BC,F;

Figure 1b:- Crossing scheme using LDN 5D(5B) disomic substitution lines

Durum line X LDN 5D(5B)
13"+ T2BS-2RL'+12B ‘ 13"+ 1"5D
F
Select Fy: 12" + T2BS-2RL'+1'2B +1'5B + 1'5D X LDN 5D(5B)
Select BC;F;: 12" + T2BS-2RL'+12B + 1"5D X LDN 5D(5B)
Self ‘

BC,F, BC;F,

Figure 2:- Metaphase | pairing of T2BS-2RL, GISH pattern of recovered primary recombinants and their reaction to
Hessian fly. Rye chromatin is visualized by yellow FITC fluorescence, whereas wheat chromatin is counterstained
with Pl and fluoresces red. (a) Meiotic metaphase | of T2BS-2RL, the translocated chromosome paired with 2B in

the homologous 2BS arm as rod bivalent; insert shows the mitotic GISH pattern of T2BS-2RL; (b) in the absence of
Ph1, T2BS-2RL pairs with chromosome 2B in the form of a ring bivalent; note homoeologous pairing of 2RL and

2BL; (c) meiotic metaphase | pairing of the primary recombinant rec.#2 paired in the form of ring bivalent; (d) , (e)
and (f) GISH pattern of Hessian fly-resistant recombinants (rec.#1, rec.#2 and rec.#3) with about 10% of the distal

part of long arm derived from rye chromatin (T2BS-2BL-2RL); (g) and (h) smallest recombinants (rec.#4 and
rec.#5) that were susceptible to Hessian fly; (i), (j) and (k) susceptible recombinants (rec.#6, rec.#7 and rec.#8) with
about 10% of the distal part of long arm derived from wheat (T2BS-2RL-2BL); (I) and (m) resistant recombinants
rec.#9 and rec.#10 with very small distal part of the long arm derived from wheat .
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rec#l (R) rec#2 (R) rec#3 (R) reci4 (S)

rec#6 (S) rect8 (S) rec#9 (R) rec#10 (R)

4
o
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