
Abstract Marker selection (MS) and doubled-haploid
(DH) technologies have the potential to reduce the time
taken to breed new cereal cultivars. However, a limiting
factor is the potential increased genetic drift. The aim of
this study was to design and test a genetic model for
predicting the sample sizes needed to maintain genetic
variation among DH plants following marker selection.
The model estimates the amount of the genome that is
fixed during the production of DH populations of a 
given size using a given number of markers. To test the
model, doubled-haploids were produced from wheat
plants selected for three PCR-based markers. When the
genetic variation of the DH population (108 plants),
produced from 15 selected F2 plants homozygous at
three loci, was compared to the genetic variation of an
unselected F3 population (200 plants), five of the six
measured quantitative traits were identical and normally
distributed. This model should prove to be a valid
breeding tool, allowing a breeder to apply MS to a
breeding programme and estimate the minimum DH
population sizes required for minimal loss of genetic
variation through genetic drift.

Keywords Marker selection · Doubled haploids · Cereal
breeding · Genetic model

Introduction

Molecular markers are potentially a powerful tool in ce-
real breeding programmes, enabling the direct selection
for linked desirable traits. The efficiency of breeding
strategies used to incorporate marker selection (MS) into
breeding programmes is influenced by a number of fac-
tors. Firstly, the population size used to incorporate MS
into breeding programmes depends on the number of
genes under selection (Howes et al. 1998) and the herita-
bility of the traits of interest (Luo et al. 1997). Secondly,
the degree of linkage between the marker and the trait 
of interest is important (Lande and Thompson 1990; Luo
et al. 1997). If the associations among marker loci and
traits of interest are not close, they are more likely to be
disrupted by recombination, random genetic drift or se-
lection events (Luo et al. 1997).

In breeding programmes, large populations need to be
screened so that only homozygous progeny are selected,
thereby eliminating the need for subsequent re-selection
after further generations of segregation. Alternatively,
smaller populations can be used if heterozygotes are se-
lected as well, but repeated selection is required after re-
combination (Ribaut and Betrán 1999). The improved ef-
ficiencies in doubled-haploid (DH) production of cereals
offer opportunities to improve the efficiency of MS
(Howes et al 1998). The production of DH lines in cereal
breeding allows the advancement of breeding lines to ho-
mozygosity in a single generation. Thus, selected genes
can be fixed if a DH step is used following MS, saving
repeated selection at each generation.

When integrating DH technology and MS into a
breeding programme it is important to balance the eco-
nomic efficiency associated with screening as few plants
as possible with the biological requirement of retaining
genetic variation in the selected DH population. By
chance alone, all members of a very small population
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can have the same fixed allele for a given gene. This
process is compounded by MS as any genetic material
which is closely linked to a marker will have a very high
probability of being inherited and fixed in a population
along with the marker. Random genetic drift results, in
part, from this fixation of genetic material in small popu-
lations, as well as gene linkages with restricted haplo-
types.

This study presents a model for estimating the propor-
tion of fixed genetic material in the gene pool of a popu-
lation undergoing MS with DH technology, compared to
that of a conventional breeding programme. Phenotypic
data are presented to assess the impact of the exaggerat-
ed genetic drift due to MS on six morphological quanti-
tative traits in wheat. The aim of this paper is to deter-
mine how screening different numbers of plants using
different numbers of markers affects genetic drift and,
thus, the robustness of the population for subsequent se-
lection.

The genetic model

The model outlined estimates the proportion of genetic
material that is fixed by the MS and DH processes. For
example, if n progeny are produced, the proportion of
genetic material which is identical in all progeny is esti-
mated. The fixed genetic material includes the desirable
selected genes and may also include genes which co-
segregate with the selected gene (Fig. 1). In Fig. 1 the
desirable allele A is selected to be present in all three
progeny. As the progeny are DHs, each individual has
two identical copies of the chromosome. The chiasmata
produced during meiosis cause the cross-over of genetic

material and the distribution of these across the gene
pool of F2 plants determines what fraction of the chro-
mosome is fixed in the population. The hatched areas in
the composite chromosome are portions where all three
individuals inherited DNA from only one of the parents.
Figure 1 also shows how genetic material can be fixed
even when it is derived from chromosomes, or parts of
chromosomes, which do not have selected markers. This
corresponds to random genetic drift.

In designing the genetic model assumptions were
made (the implications of which are discussed later):

(1) That recombination events occur randomly on the
chromosomes (i.e. there are no cross-over ‘hot-
spots’).

(2) That all markers segregate independently (no link-
age).

(3) That the molecular markers used in selection are al-
ways tightly linked to the gene of interest.

The first assumption, expressed statistically, states that
the chiasmata are distributed along the length of a chro-
mosome, [0,L], according to a Poisson process with rate
1, where L is the length of the chromosome in Morgans.

Let n be the number of doubled-haploid offspring
produced subsequent to marker selection.

Consider a chromosome with a locus for one of the
selected genes. Then, from the assumption above, the
distribution of chiasmata along this chromosome is a
Poisson point process with rate 1, for each individual.

We consider an imaginary ‘composite’ chromosome
where the chiasmata for each of the n individuals are
combined. It is known from the theory of point processes
that the ‘sum’ of n independent Poisson processes on
[0,L] with rate 1 is a Poisson process with rate n (Cox
and Isham 1990).

Let Z be the length, in Morgans, of genetic material
on a given chromosome, in the gene pool of the n indi-
viduals that is fixed. Let Xi, with 0<X1<X2<...≤L,
i=1,2,..., be the order statistics for the distribution of chi-
asmata along the chromosome. Let Pi be the indicator
variable of fixed genetic material between chiasmata i
and i–1, such that:

1, if the genetic material between chiasmata i and 
i–1 is identical for all n;

Pi =
0, if the genetic material between chiasmata i and 
i–1 has both parents’ genes among n.

It follows that:

Z=P0(X1–0)+P1(X2–X1)+P2(X3–X2)+... .

Because the Pi and the Xi are independent, we know that
the expected amount of genetic material that is fixed in
the population is given by:

E[Z]=E[P0] E[X1]+E[P1] E[X2–X1]

+E[P2] E[X3–X2]+... . (1)

Fig. 1 Diagram of how marker-assisted selection and random ge-
netic drift fixes proportions of a chromosome. Note: ‘A’ represents
a desired gene for selection from parent one and ‘a’ represents a
gene selected against












ple exponential function. However, when the Poisson
process occurs on a finite line such as a chromosome the
renewal function is somewhat more complicated.

Essentially, we consider the end of the chromosome
to be a censoring point. If a chiasma has not occurred be-
fore L, then the process is truncated at L. Then, with
X0=0, the mixed discrete-continuous renewal function
for X1 is:

where δL(x) is the Dirac delta function at L (Hildebrand
1962).

Because the sum of any i exponential distributions
with parameter n is a gamma distribution with parame-
ters n and i (Cox and Isham 1990) we can generalise this
to:

It follows from this that:

With a little manipulation, we can then find an expres-
sion for the difference E[Xi–Xi–1]:

(3)

Completing the model

We can now calculate the expected amount of genetic
material that is fixed by MS, using equations (1), (2) and
(3) above. Because the value of E[Xi–Xi–1]→0 as i→∞,
the sum quickly approaches its limit. In using the model
we know that wheat has 42 chromosomes with known
lengths in Morgans (Leroy et al. 1997). The output from
the model, expressed as the proportion of fixed genetic
material for different numbers of markers and different
population sizes, is presented in Fig. 2.

Material and methods

Plant material

Two wheat cultivars (‘Rata’ and ‘Monad’) were used to test the
model, based on polymorphisms at the HMW Glu-1 locus. On the
A, B and D genomes of wheat this locus potentially codes for 
two distinct proteins designated “x-type” and “y-type” on the basis
of structural and conformation differences (Payne et al. 1981; 
Shewry et al. 1989). HMW Glu-1 x/y locus configurations for
‘Monad’ and ‘Rata’ cultivars are as follows: ‘Rata’ 1A: null, 
1B: 7/9, 1D: 3/12, ‘Monad’ 1A: 2*, 1B: 17/18, 1D: 5/10. ‘Rata’
and ‘Monad’ were crossed to produce F1 seed which was collected
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Calculating Pi

The random variables Pi, for i=1,2,..., can be viewed as a
random walk on the chromosome.

Let pi(j), i=1,2,...; j=0,1,...,n, be defined as the proba-
bility that across all n F1 offspring between chiasmata i
and i-1 there are precisely j copies of the maternal chro-
mosome (and hence n–j copies of the paternal genetic
material).

Consider the transition probability at a chiasma. Here,
one (and only one) of the n F1 offspring changes from
one parent’s genetic material to the other parent’s. From
the theory of Poisson point processes, each individual
has an equal probability, 1/n, of changing. Thus, the
Markov chain transition probability matrix, Q, can be
written as:

The entry in position (a, b) of this matrix is the probabil-
ity of going from a copies of the maternal chromosome
to b copies at one chiasma. From this, we know that the
vector of probabilities after the ith chiasma is given by:

[pi(0) pi(1) ... pi(n)]=[p0(0) p0(1) ... p0(n)]Qi,

where

[p0(0) p0(1) ... p0(n)]

is the starting distribution.
It follows that:

Pr(Pi=1)=pi(0)+pi(n), and therefore, (2)
E[Pi]=pi(0)+pi(n).

The starting distribution is simple to calculate. For chro-
mosomes on which we select for a marker, we can con-
sider the random walk starting at the marked gene locus.
At this locus, the starting vector will be [1 0 0 ... 0], be-
cause all offspring will have the marked gene from just
one parent. Of course, the random walk will have to be
performed twice, once in each direction from the starting
point.

For chromosomes on which we do not select for a
marker, the number of copies from each parent will be
distributed according to the binomial distribution with
parameters n and 0.5, and the random walk can begin
from oneend of the chromosome.

Calculating Xi

With a point process, the distance from one chiasma to
the next is called a renewal function. With a Poisson pro-
cess on an infinite line, this renewal function is the sim-
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and re-sown to produce F2 plants for DNA extraction and selec-
tion.

DNA extraction and marker selection

Genomic DNA was extracted as described by Weining and 
Langridge (1991) from 364 plants to ensure a minimum of five
DH plants homozygous for three loci. The DNA quantity of each
sample was measured using a Pharmacia GeneQuant RNA/DNA
calculator and diluted to 50 ng µl–1.

PCR was performed in a 25 µl reaction volume containing one
unit of Taq DNA polymerase (Boehringher), 1×Taq PCR buffer,
200 µM of each deoxyribonucleotide, 10 ng each of the two prim-
ers and 50 ng of genomic template. Primers were prepared as per
D’Ovidio et al. (1995). Amplification of the A and D HMW 
x-type glutenin genes included an initial denaturation step at 94°C
for 2 min, followed by 35 cycles at 94°C for 1 min, 62°C for 
2 min, 72°C for 2 min 30 s and 72°C for 7 min. Amplification of
the B HMW-Glu x-type gene included the same initial denatur-
ation step followed by 35 cycles at 94°C for 1 min, 58°C for 
2 min, 72°C for 2 min 30 s and 72°C for 7 min.

Amplified products were analysed on a 1.5% agarose gel in
TBE (0.085 M Trizma base, 0.09 M boric acid and 0.05 M EDTA)
and stained with ethidium bromide (0.5 mg ml–1) for half an hour
before viewing under a UV light source.

Doubled-haploid production and measurement 
of genetic variation

DH plants from the selected ‘Rata’×‘Monad’ F2 plants (15 plants)
were produced (3–15 DHs produced from each F2 parent, totalling
108 DHs) as follows: wheat spikes were emasculated 1–2 days 
before anthesis and pollinated with maize (Yates ‘Early Miracle’)
on the approximate day of anthesis. Spikes were sprayed with 
2,4-dichlorophenoxyacetic acid (2,4-D) (100 mg l–1), until run 
off, 1-day after pollination. Seeds were dissected 14 days after pol-
lination and developing embryos were rescued onto 1/2 MS (Mu-
rashige and Skoog 1962) salts supplemented with 20 g l–1 of 
sucrose and 12 g l–1 of agar. Embryos were incubated at 20–24°C
(in the dark) until germination and then transferred to light 
(65 µm ol m–2 s–1, photosynthetically active radiation). When they
were 20–40 mm in height, haploid plants were transplanted to soil
mix and grown in a glasshouse (described in Campbell et al. 2000).
Haploid plants were removed from soil mix when they had pro-
duced 3–4 tillers and were placed in aerated colchicine (500 mg l–1)
and a dimethy sulphoxide (DMSO) (10%) solution for 5 h, at 30°C,
to double chromosome numbers (Campbell et al. 2000).

Three populations were developed and evaluated in a com-
pletely randomised design in the glasshouse:

(1) An unselected population of 200 F3 seeds which were random-
ly harvested from 200 F2 plants.

(2) A DH population which consisted of 108 DH lines (derived
from 15 parental plants) homozygous for markers ‘Rata’
HMW Glu1 x-type, A, B and D.

(3) Two parent (‘Monad’ and ‘Rata’) populations (15 plants per
parent).

Plants were grown and maintained as described by Campbell et al.
(2000). Six quantitative traits were measured in all three popula-
tions 1 week after anthesis: plant height (crown to terminal spike-
let of leading tiller, not including awns), flag leaf length (base of
leaf to tip of leaf of leading tiller), flag leaf width (width at base of
leaf of leading tiller), number of nodes (from crown to spike of
leading tiller), spike length (spike of leading tiller, not including
awns) and awn length (base to tip of awn from the middle spikelet
of the leading tiller).

Statistical analysis

Chi-square tests were used to confirm that the observed segrega-
tion of HMW Glu1 x-type markers fitted the expected ratios for
the F2 population. The means of the parent populations were com-
pared using t-tests. The variances of the selected DH and unselect-
ed F3 populations were compared using F-tests and population
means were compared using t-tests.

DH plants were grouped into families according to which of
the 15 selected plants they were derived from. One-way ANOVA
was then used to compare the different DH lines to test if the se-
lected plant from which they were derived had any effect on the
overall genetic variation in the selected population. A non-para-
metric bootstrapping method was also used to analyse one trait
(DH height) which was not normally distributed.

Results

Marker selection

PCR products of ‘Monad’ and ‘Rata’ cultivars showed
polymorphisms at all HMW-Glu1 x-type loci and all loci
segregated as expected for an F2 population in Chi-square
analysis. The scheme used to select progeny is described
in Fig. 3.

Fig. 2 The expected amount of
genetic material which is fixed
in doubled-haploid populations
produced following marker-
assisted selection
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Analysis of genetic variation among populations

The two parent populations, ‘Rata’ and ‘Monad’, were
compared using t-tests. For the six traits measured, four
traits were significantly different (Table 1). Comparisons
between the unselected F3 population and the selected
DH populations showed that height was the only trait to
significantly differ in both F-tests and t-tests (Fig. 4).
The distribution of the height trait in the selected popula-
tion was bimodal. Distribution curves were normal for
both selected and unselected populations for the other
five traits (flag leaf length, flag leaf width, node number,
spike length and awn length) (Figs. 5–9).

Fig. 3 Schematic representation of marker selection and doubled-
haploid processes used to generate the selected doubled-haploid
population

Fig. 4 The distribution of means for height in the unselected F3 pop-
ulation (left) and the selected DH population (right). R and M repres-
ent the means of Rata and Monad respectively. Statistics for the un-
selected population: mean=70.5 cm, variance=149.5 cm, skew-
ness=–0.12, kurtosis=–0.82. Statistics for the selected DH popula-

tion: mean=74.5 cm, variance=230.5 cm, skewness=0.311, kurto-
sis=–0.97. Population comparisons: F-test, populations significantly
different, t-test, populations significantly different (p<0.01). Note:
both F-ratios and t-tests require normality, therefore tests may not be
valid because of the bimodal distribution of the selected population

Table 1 Means and standard deviations of the ‘Rata’ and ‘Monad’
parent populations. Note: ns, *, *** represent non-significance
and significance at 5% and 0.1% probability levels respectively

Trait ‘Rata’ parent ‘Monad’ parent t-test p
population population value

Height (cm) 56.5±5.5 91.5±10.5 <0.001 ***
Flag leaf length (cm) 25.0±5.5 32.5±6.0 0.002 ***
Flag leaf width (mm) 18.0±2.0 19.5±1.5 0.014 *
Node number 4±1 4±1 0.717 ns
Spike length 3.5±0.5 4.0±0.5 0.049 *
Awn length 93.0±9.0 89.0±5.0 0.163 ns

Fig. 5 The distribution of means
for flag leaf length in the unselec-
ted F3 population (left) and the se-
lected DH population (right). 
R and M represent the means of
Rata and Monad respectively. Sta-
tistics for the unselected popula-
tion: mean=28.0 mm, variance=
29.0 mm, skewness=–0.11, kurto-
sis=0.176. Statistics for the selected
DH population: mean=29.0 mm,
variance=35.0, skewness=–0.11,
kurtosis=–0.33. Population compar-
isons: F-test, non-significant; t-test,
non-significant
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Fig. 6 The distribution of
means for flag leaf width in the
unselected F3 population (left)
and the selected DH population
(right). R and M represent the
means of Rata and Monad re-
spectively. Statistics for the 
unselected population: mean=
18.5 mm, variance=4.5 mm,
skewness=–0.06, kurtosis=0.56.
Statistics for the selected DH
population: mean=18.5 mm,
variance=4.5, skewness=–0.45,
kurtosis=0.77. Population com-
parisons: F-test, non-signifi-
cant; t-test, non-significant

Fig. 7 The distribution of means
for number of nodes in the unse-
lected F3 population (left) and
the selected DH population
(right). R and M represent the
means of Rata and Monad re-
spectively. Statistics for the un-
selected population: mean=4,
variance=1, skewness=0.31, kur-
tosis=–1.12. Statistics for the se-
lected DH population: mean=4,
variance=1, skewness=–0.02,
kurtosis=–0.57. Population com-
parisons: F-test, non-significant;
t-test, non-significant

Fig. 8 The distribution of means
for spike length in the unselected
F3 population (left) and the se-
lected DH population (right). R
and M represent the means of
Rata and Monad respectively.
Statistics for unselected the popu-
lation: mean=89.0 mm, variance=
105.5 mm, skewness=0.22, kur-
tosis=0.61. Statistics for selected
DH population: mean=90.0 mm,
variance=86.5 mm, skewness=
0.31, kurtosis=0.31. Population
comparisons: F-test, non-signifi-
cant; t-test, non-significant

Fig. 9 The distribution of means
for awn length in the unselected
F3 population (left) and the se-
lected DH population (right). 
R and M represent the means of
Rata and Monad respectively.
Statistics for the unselected 
population: mean=88.5 mm,
variance=115.5 mm, skew-
ness=–0.02, kurtosis=–0.22. 
Statistics for the selected DH
population: mean=87.5 mm,
variance=121.5 mm, skew-
ness=0.19, kurtosis=–0.14. Pop-
ulation comparisons: F-test, non-
significant; t-test, non-significant



small numbers of markers this assumption is not neces-
sarily untenable as shown with the data presented here
where all markers segregate independently. However,
when using large numbers of markers, linkage will inevi-
tably occur between markers. For the breeder, two situa-
tions could exist depending on whether markers are
linked in coupling or repulsion:

(1) If two markers come from the same parent and are in
coupling linkage phase, it is likely that the amount of
fixed genetic material will be more than for unlinked
markers, because all material between the two mark-
ers will probably be fixed.

(2) If the two desirable markers come from different
parents and are in repulsion linkage phase, then the
number of plants the breeder needs to screen will
be increased in order to produce a sufficient num-
ber of DH lines to find recombinants with both
markers. For example, as the distance between the
two markers decreases the chance of linking them
together decreases proportionally and the required
DH population size needed increases. The actual
amount of fixed genetic material is not necessarily
increased.

The third assumption is that the molecular markers used
in selection are always tightly linked to the gene of inter-
est. If the linkage is not tight, then phenotypic screening
may need to be performed on the DH lines to ensure no
intervening cross-over has occurred. In the data present-
ed here, the actual genes are used as markers, so this as-
sumption was valid. In the case of selection for quantita-
tive trait locus (QTL) chromosome regions, selection for
genes themselves may not be viable. A breeding scheme
to reduce linkage drag when selecting for QTL regions
has been proposed by Ribaut and Betrán (1999); addi-
tional markers that flank the selected regions can be used
to identify genotypes that contain the least linkage drag
due to recombination events occurring close to the target
regions. These genotypes can then be crossed with others
to increase the population size, before making doubled-
haploids.

Impact of fixed genetic material on the distribution 
of quantitative and qualitative phenotypic traits in a 
DH population 

Since qualitative traits are determined by only a few
genes, the effect will be either minimal (if the genes are
not fixed) or dramatic (if one of the genes is fixed). A
major phenotypic shift in the DH lines may occur if one
of the major determinant genes is close to one of the
markers. The probability that this will occur rises as the
proportion of fixed genetic material rises.

For QTLs, fixing contributory genes will not neces-
sarily affect the expected sample mean, but may affect
the sample variance. As a greater percentage of genes is
fixed, fewer genes will contribute variation to the trait
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The groups of DH lines derived from each of the 15
selected plants were compared for all six traits (e.g. 
Fig. 10). Plant height and awn length were significantly
different among the 15 lines on ANOVA, but not on non-
parametric testing. The other four traits all showed no
significant difference among the 15 lines.

Discussion

Limitations and extensions of model

The model presented here estimates the amount of gene-
tic material fixed by MS in a DH population. Three as-
sumptions are made in deriving this model.

The first assumption is that recombination events
occur randomly and independently along the chromo-
some, described by a Poisson process. It is, however,
well-known that there are hot-spot regions for recombi-
nation events in many eukaryotic chromosomes (Brown
and Sundaresan 1991; Shiroishi et al. 1993) including
wheat (Faris et al. 2000). This does not invalidate the
model because we have used Morgans as the unit of
chromosome distance, rather than kilobases. Thus,
zones of high recombination frequency will have dis-
proportionately high measures of length in centimor-
gans relative to kilobases, and the Poisson assumption
will hold. For example, in wheat, estimates of kilobase
pairs per centi-morgan range from 118 kb for gene-
rich regions to 22,000 kb for gene-poor regions (Gill 
et al. 1996). Therefore, using centimorgans to express
the amount of fixed genetic material as a proportion of
the total genome gives only an approximate estimate of
the number of actual genes fixed in the selection pro-
cess.

The second assumption in the model is that all mark-
ers segregate independently (no linkage). In screening

Fig. 10 Comparison of height of selected DH lines. Analysis of
variance established a significant (p<0.05) difference in height
among the DH lines. Non-parametric bootstrapping established
non significance (p>0.05)



sociations amongst the traits, which may affect distri-
butions.

Conclusions

The model presented here estimates the amount of gene-
tic material that is fixed in a DH population of a given
size, selected for a given number of markers. The aim is
to guide the breeder in finding the population size that
optimally balances competing economic efficiency and
biological constraints. The amount of genetic material
that can be fixed without major impact on phenotypic
traits is unclear. The preliminary data presented here
suggest that up to 1% may be fixed without significantly
affecting many QTLs, but oligogenic or monogenic traits
may be more unpredictable. More research into this area,
using saturation genetic mapping, different numbers of
markers, linked markers and field trials, would be help-
ful in further establishing guidelines for the breeder as to
the minimum acceptable population sizes. This model
has been tested with wheat, but is a model that could
also provide useful guidelines as to the minimum popu-
lations sizes for using marker and DH technologies in
other crops.
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and it will become more tightly distributed about the
mean. If, for example, a number of genes contribute
equally, independently and additively to a trait, the vari-
ance of a trait is directly proportional to the number of
genes. Fixing 20% of genetic material will result in the
variance of such a trait being 20% less. It is unlikely,
however, that genes contributing to QTLs will have
equal effects and this will need to be taken into account
when estimating the amount of fixed genetic material, as
well as other factors such as epistasis.

Phenotypic data

The data presented here compare six phenotypic traits
in two populations, one an unselected mixed heterozy-
gote/homozygote F3 population of wheat (representa-
tive of the equivalent time stage in a breeding pro-
gramme) and the other, a population of doubled-haploid
plants subjected to selection using three markers. The
model predicts that for three markers, 10% of the ge-
nome is fixed in a population of five DH plants and less
than 1% for 100 DH plants (Fig. 2). This includes ma-
terial close to the markers of interest, as well as materi-
al on other chromosomes that becomes fixed due to
random variation and small population size (Fig. 2).
For the unselected population, less than 1% of the ge-
nome is fixed for five DH plants and close to zero for
100 plants (Fig. 2).

Statistical tests revealed no significant difference in
the means or variances between the two populations in
five of the six traits (Figs. 5–9). The almost identical
distributions suggest that the effect of fixed genetic ma-
terial is minimal for these traits, and that even popula-
tions produced from only five DH plants using these
three markers are unlikely to suffer from excessive ge-
netic drift over the unselected F3 cross (Fig. 10). There-
fore, by selecting for three markers and producing a DH
population of 108 plants, we have fixed 1% of the ge-
nome without causing any major changes in QTL distri-
bution.

For height, the only trait to differ significantly, the
doubled-haploid population had a bimodal distribution,
compared to the normal distribution seen for the unse-
lected cross (Fig. 4). The bimodality results in part
from the fact that the doubled-haploid population con-
sists entirely of homozygotes. There is a major determi-
nant gene in the ‘Rata’ parent (Rht-D1) that influences
height in a qualitative semi-dominant manner. The het-
erozygotes that would exist in the unselected F3 popu-
lation would have an intermediate height, resulting in
the observed more-normal distribution (Fig. 4). Small
populations of the DH plants could have a major phe-
notypic bias in such traits, a problem increased if the
major determinant gene is linked to one of the markers
used for selection. It is also important to consider that
the traits measured in this study are unlikely to be com-
pletely independent of each other and there may be as-
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