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INTRODUCTION

Rapid introgression of single genes in a targeted and
identity-preserved manner is essential to protect and
increase yield and other value-added traits. Life of a
cultivar is shortened by sudden population shift and/or
mutations in ever-evolving, dynamic pest populations
causing serious yield losses. Rapid introgression of
single genes is valuable not only to alleviate these
constraints on the success of a variety but also to timely
benefit from newly available value-added genes. Lack of
an efficient and rapid method to introgress genes in an
identity-preserved manner is a major bottleneck for a
timely deployment of useful genes.

Currently during single gene introgression, recurrent
parent genome (RPG) is recovered by repeated (up to
six) backcrosses (BC). Theoretical expectations suggest
a possible recovery of up to 99% of the RPG after six
backcrosses (Allard 1999). Using few randomly selected
plants during each backcrossing cycle, the simulated
RPG recovery is not expected to be realized especially
for the carrier chromosome because of a low probability
of double recombinants around a target gene. For
example, linkage drag around the 7m-2 gene of tomato
was estimated to be ranged from 4 cM to 51 cM even
after >20 BC generations (Young and Tanksley, 1989).
The expectation for the non-carrier chromosomes is also
the same as the probability of plants carrying all
recurrent parent type chromosomes is equally low.

Marker-assisted background selection (MABS) serves as
a powerful strategy to select for the target gene
(foreground selection) and to remove donor parent
segments linked to the target gene along with
accelerating the recovery of wunlinked segments
(background selection) (Tanksley et al. 1989). A
computer simulation in tomato predicted that a MABS
scheme can reconstruct RPG in just three BC cycles.
These simulations also suggested that ~100 BC cycles
would be required to reduce the linkage drag with few
randomly selected plants during each cycle where as
marker-assisted selection (MAS) using a large number
of plants will have a probability of 0.95 of finding a
recombinant near the target loci in two generations
(Tanksley et al. 1989).

The estimated population size and marker data points
(MDP’s) for a high RPG recovery in two backcrosses,
appear unrealistic based on the available numerical
calculations and computer simulations probably because
of the assumptions made while designing the
mathematical models. The assumption of uniform

distribution of genes and recombination rate on
chromosomes is not accurate. Physical size of the
linkage drag will depend upon the recombination rate
around the target gene, as the distribution of
recombination is highly uneven on chromosomes of
higher eukaryotes (Sidhu and Gill 2004, for review). To
ensure accuracy, information on the distribution of genes
and recombination needs to be incorporated into the
simulation models. Simulations incorporating genome
structure information are not yet available for a
backcrossing program.

The objective of this study was to develop and optimize
an efficient, accurate and quick method to transfer single
genes into popular genetic backgrounds. First, computer
simulations were performed for various approaches of
marker-assisted backcross program by incorporating the
available information on the genome structure and the
distribution of genes and recombination rates on the
wheat chromosomes. The simulation results were used
to develop a backcrossing scheme, efficiency of which
was tested by transferring a stripe rust resistance gene
Yrl5 into a susceptible but otherwise very good soft
white spring wheat cultivar 'Zak'.

MATERIALS AND METHODS

Soft white spring wheat cultivar ‘Zak’ (Kidwell et al.
2002) which is susceptible to stripe rust was used as
female parent to introgress Yr/5 gene from Avocet
S*6/Yri5> (PI 640428). Disease screening was
performed using PST-78, a highly virulent race prevalent
in the Pacific Northwest (PNW). Marker analysis was
carried out using wheat SSRs and PCR products were
analyzed using IR2 DNA Analyzer (Li-Cor Biosciences,
USA). Percentage of the RPG was determined by
dividing the number of loci homozygous for the
recurrent parent by the total number of loci analyzed.

Computer simulations were performed using Plabsim
(Frish et al. 2000) software. The Plabsim software was
used to estimate the required population size and the
number of MDP’s for various backcross cycles. Genetic
linkage map of the 251 markers that detected
polymorphism between ‘Zak’ and the Yr/5 donor line,
using the cM data from the wheat SSR genetic linkage
map was used for computer simulations (Somers et al.
2004). Each simulation was repeated 2,500 times.
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RESULTS AND DISCUSSION

Simulations to Compare Selection Strategies

The control simulation runs involving selection for only
the target gene showed an RPG recovery at a Q10 value
of 72.4% (means there is 0.90 probability that an RPG
recovery of 72.4% will be attained), with a mean value
of 74.9%. This number is very close to the 75% ratio
that is expected if no background selection is applied.
The same value after six backcross generations reached
98.8%, which is also very similar to the expected value
of 99.2%. Simulations were performed for various
selection strategies as described by Frisch et al. (1999).
In case of the two-stage selection (first select plants
carrying the target allele and then which are
homozygous for RPG across the genome) a Q10 value of
94% was reached in the BC; generation provided the
background selection was carried out using 11,228
MDP’s. Three-stage selection (a second selection step of
using flanking markers in addition to two stage selection
steps) required 5225 MDP’s, whereas four-stage
selection (use of markers on carrier chromosome in
addition to stage three selection steps) required only 921
MDP’s to reach a set goal of ~96% RPG in BC; (Figure
1a). These simulations clearly showed that the four-stage
selection required the least number of MDP’s to recover
~96% RPG. Simulation to check the effect of unequal
population sizes on the number of MDP’s required to
achieve 96% RPG in three backcrosses using four stage
selection, are given in Figure lc. A population size of
100, 150 and 200 plants per subsequent backcrosses
required ~1000 MDP’s compared to 921 if a constant
population of 100 plants per backcross was used.
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Figure 1. Computer simulations to estimate the number of marker data
points (MDP’s) and population size required for marker-assisted
background selection program in wheat. In (a-c) the X-axis represents
the number of backcross generations along with the percent RPG
recovered and the y-axis represents the number of MDP’s required in
each generation. (a) Plabsim results for number of MDP’s required
using two-stage (1), three-stage (2) and four-stage (3) selection
strategy in three backcross generations. (b) Number of MDP’s required
in three-stage (1) and four-stage (2) selection strategies for two
backcross generations. (c¢) Four-stage selection for three backcross
generations with population size of 100, 150 and 200, respectively
during the three generations.

After establishing the four-stage selections to be the
most efficient based on the number of MDP’s required,
simulations were performed to obtain the number of
plants and MDP’s needed to recover the same proportion
of RPG in two backcrosses. Simulations run with a
population size of 200 plants per BC required ~800
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MDP’s but the Q10 value of only 86% was recovered.
To achieve an RPG recovery of 96%, the population size
was increased from 200 to 5,000 plants per BC. A 25-
fold increase in population size per BC resulted in only
~1.5% increase in RPG whereas number of MDP’s
increased 16-fold using four-stage selection. Simulation
results with 1000 and 5000 plants per backcross are
summarized in Figure 1b. A two-stage selection resulted
in ~0.5 to 1% increase in RPG recovery compared to
three and four-stage selection strategies with 5,000
plants per BC but number of required MDP’s increased
anywhere from 5-fold compared to three-stage to 48-fold
compared to four-stage selection (data not shown).
According to computer simulations, an RPG recovery at
Q10 value of more than 92% is not achievable in two
BC’s regardless of the selection strategy.

Proposed Marker Assisted Background Selection
Scheme

Based on the computer simulation results and by taking
into account the structural and functional organization of
the wheat genome, we developed a background selection
scheme (Figure 2). There are 48 gene rich regions
(GRRs) in wheat that account for only about 29% of the
genome but contain more than 85% of the genes
(Erayman et al. 2004). Two markers flanking each of the
GRR were selected except for the GRRs like 1S0.8 (46.1
cM) and 1L0.9 (50.0 cM) that has a very high rate of
recombination. In those cases, another marker mapping
in the middle of the GRR was also selected.

In order to increase the probability of obtaining a double
recombinant in two BC generations and a high
proportion of RPG, we propose to use 1000-3000 plants
for each of the BC generations. Since probability of
finding a double recombinant in a single generation is
low, we propose to identify recombinants between the
target gene and one of the flanking markers in BC, after
phenotypic screening for the trait and for the second
flanking marker in BC,. The selected BC; plants should
then be screened using the available markers for the
carrier chromosome in order to select plants with the
maximum recurrent parent alleles. After selecting
recombinants for the second flanking marker, the
selected BC, plants should be screened with the selected
markers for the remaining chromosomes, except for the
markers that were homozygous in BC,. Two to four BC,
plants should be selected and then made homozygous
either using double haploid methods or by selfing.
Progeny of the selected plants should then be subjected
to field evaluation in order to select the most desirable
genotype.

Model Testing: Introgression of YrI5 gene into
cultivar ‘Zak’

The polymorphism survey of the two parents (‘Zak’ and
the donor parent Avocet S*6/Yr15) was performed with
639 SSR markers covering the entire wheat genome.
About 50% (314/639) of these markers detected
polymorphism that included 35 markers for chromosome
1B that carries Yrl5 gene. Using the marker selection
strategy outlined earlier, 251 of these markers were
selected for the background selection as well as for



constructing the genetic linkage map used for the
simulation studies.

A total of 1131 BC,F; plants were screened for stripe
rust and 156 resistant plants were first genotyped with
flanking markers gwm11 and gwm33 in order to identify
plants with recombination between Yr/5 and one or both
of these markers. Twelve plants that were homozygous
for recurrent parent type allele for the distal flanking
marker gwm33 were identified. No double crossover
plant was recovered as all 12 plants were heterozygous
for the proximal flanking marker gwmlI. These 12
plants were genotyped with the remaining 33 /B specific
markers to select four plants with the maximum number
of homozygous loci. These four plants were used as
male parent to generate 1056 BC,F; plants, of which
only 204 showed immune response when screened with
the race PST-78. Genotyping of the resistant plants with
the flanking marker gwml/ identified five plants that
were homozygous for the marker. Genotyping of these
plants with the remaining 205 selected markers
identified a plant that was homozygous for 188 markers
and was heterozygous for 17 (Table 1). Selfed progeny
of this plant was screened for resistance to stripe rust to
identify 150 resistant plants out of the 300 that were
screened. Screening of the F,; progeny of the resistant
plants identified 37 homozygous resistant families.

Figure 2. Strategy for marker-assisted background selection for wheat

Tablel. Proportion of recurrent and donor parents genome in different
generations of backcrosses

Multiple plants for each of these resistant families were
screened with the 17 markers for which the selected
BC,F, plant was heterozygous. Two plants with ~94%.
RPG was selected and progeny of these plants were used
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The phenotypic and quality data from uniform cereal
variety testing trails conducted in 2007 averaged over 17
locations, suggested that the selected line, derived using
MABS was very similar to the recurrent parent with the
mean average yield, test weight and protein content of

51, 60 and 12.7; compared to 51.7, 58.8, and 12.1 for
‘Zak’ (http://variety.wsu.edu/2007/index.htm#annualreport).

CONCLUSION

Avoiding linkage drag on the carrier chromosome is the
most difficult part of the backcross breeding. Because of
a very low frequency of occurrence, double crossovers
for the flanking markers and the gene of interest are less
likely to be selected even after many backcross cycles
involving random selection of plants. As suggested by
simulations and shown by our results, it is possible to
obtain double recombinants and to recover a high
percentage of RPG just in two BC cycles. Additional
selfing generations required to achieve a desired level of
homozygosity is still a ‘bottleneck’ to further reduce the
time taken by the marker-assisted background selection
approach. Although not utilized in this study, we
propose to alleviate that constraint by the use of doubled
haploid methods to instantly fix homozygosity.
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