
Abstract Recent genome mapping projects in tetraploid
plant species require a method for analysing the segrega-
tion patterns of molecular marker loci in these species. The
present study presents a theoretical model and a statistical
analysis for predicting the genotypes of a pair of tetraploid
parents at a codominant (for example, RFLPs, microsatel-
lites) or dominant (for example, AFLPs, RAPDs) molecu-
lar marker locus based on their and their progeny’s pheno-
types scored at that locus (gel-band patterns). The theory
allows for null alleles and for any degree of double-reduc-
tion to be modelled. A simulation study was performed to
investigate the properties of the theoretical model. This
showed that in many circumstances both the parental geno-
types can be correctly identified with a probability of near-
ly 1, even when the molecular data were complicated by
null alleles or double-reduction. Configurations where the
parental genotype cannot be identified are discussed. The
power to detect double-reduction varies considerably, de-
pending on the proportion of identical alleles carried and
shared by the parents, and the number of null alleles. In-
correct deductions of the occurrence of double-reduction
were rare. The method was applied to data on a microsatel-
lite locus segregating in the parents and 74 offspring of a
tetraploid potato cross. Twentyfour parental configurations
were consistent with the parental gel pattern, but only one
of these was compatible with all the phenotypic data on the
offspring. The feasibility for extending the present model
to predict segregation of several linked loci, and particular-
ly the linkage phase, is briefly discussed. 
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Introduction

Understanding the genetic mechanisms of polyploidy has
long been considered an important aspect of plant genet-
ic research because of its implications in the evolution-
ary biology of plants and for crop improvement. Poly-
ploidy has played an important role in the establishment
of reproductive isolation in many plant species (Lewis
1980). Grant (1971) has estimated that 47% of angio-
sperms are polyploids. In particular, a large proportion of
cultivated crops are allopolyploids which display dis-
omic inheritance, perhaps as many as 50% (Briggs and
Knowles 1967). Prominent among them are wheat, cot-
ton, tobacco and many of the forage grasses. Autopoly-
ploids which display polysomic inheritance are less com-
mon, but include some important crops such as potato
(tetraploid), alfalfa (tetraploid), sugarcane (octoploid)
and strawberry (octoploid), none of which are grown for
their seed. This reflects the fact that autopolyploids tend
to have larger plant parts but reduced fertility. Genetic
studies of autopolyploid species are much less advanced
than for diploid and allopolyploid species. This is par-
tially due to the complexities of their polysomic inherit-
ance: a substantially wider range of genetic segregation
types occurs at individual loci and double-reduction can
occur (Mather 1936). 

Rapid developments in modern molecular genetics
and computer technology have made both theoretical and
experimental analyses of polysomic inheritance much
more feasible than ever before (De Winton and Haldane
1931; Fisher 1947). DNA genetic markers have recently
been used as a fundamental tool to construct genetic
linkage maps in polyploid species (Al-Janabi et al. 1993;
Da Silva et al. 1993; Hackett et al. 1998), to search for
quantitative trait loci (QTLs) controlling disease resis-
tance in tetraploid potato (Bradshaw et al. 1998; Meyer
et al. 1998), and to investigate population structure in au-
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totetraploid species (Ronfort et al. 1998). A strong as-
sumption made in these studies was that genotypes at the
marker loci are expected to be feasibly and accurately
predicted from their phenotype. This can be true only in
very limited cases (see the following discussion). There
are several reasons for a simple one-to-one relationship
not to exist between marker genotype and phenotype
which, currently, is generally scored as a gel-band pat-
tern. Firstly, where polysomic inheritance is concerned, a
multiple dosage of alleles cannot be straightforwardly
distinguished from the gel-band pattern. Secondly, some
alleles may not be revealed as the presence of a corre-
sponding gel-band because of a failure of the PCR prim-
ers to anneal to the relevant DNA templates properly
(i.e. so called “null” alleles). This generally happens due
to a high mutation within primer sequences (Callen et al.
1993). Thirdly, if the marker loci are far from the centro-
mere, alleles at these loci may show a distorted segrega-
tion pattern due to double reduction, the phenomenon
that sister chromatids can end in the same gamete as a
result of homologous chromosomes forming a multiva-
lent and then crossing-over occurring between the locus
and spindle attachment (Bailey 1961). A further potential
source of confusion in this type of analysis is the possi-
ble occurrence of multi-locus markers, with segregating
bands arising from two or more genetically resolvable,
independent loci. This phenomenon may be a conse-
quence of the association of the marker (or its flanking
regions) with multigene families (in the case of genic se-
quences), or repetitive, mobile or duplicated elements in
the genome. 

The aim of the present study is to develop the theory
and methods for predicting the genotypes of a pair of tet-
raploid individuals at a genetic marker locus from their
phenotypes and the phenotypes of their offspring. This is
a prerequisite for linkage analysis of the genetic marker
loci since information about parental genotypes is essen-
tial for distinguishing recombinant and parental genotyp-
ic classes. The theoretical model takes account of all as-
pects of the complexities discussed above. Properties of
the model and its predictive ability are investigated using
simulated data, and finally the methods are demonstrated
using experimental data from a tetraploid potato study. 

Theory

Model and notation 

We will consider the segregation of a single codominant marker lo-
cus of an autotetraploid species. Let G1 and G2 be two genotypes at
the locus for two parental individuals respectively. Gi (i = 1,2) can
be expressed as a vector with a length of 4. Because any two tetra-
ploid individuals may have at most eight unique alleles, each ele-
ment of Gi may take any integer between 0 and 8 where 0 repre-
sents the null-allele. Let P1 and P2 be the phenotypes of the two in-
dividuals, i.e. their pattern of gel bands at the marker locus. Pi (i =
1,2) can be denoted by a vector with length 8, each of whose ele-
ments may take a value of 1 indicating the presence of a band at
the corresponding gel position, or 0 indicating absence of a band. 

Table 1 summarizes the relationship between genotype and
phenotype at the marker locus, taking into account the possibility

of null-alleles and multiple dosages of identical alleles. It can be
seen from Table 1 that there may be 4, 6, 4 or 1 corresponding
genotype(s) if the parental phenotype shows one, two, three or
four bands. An individual genotype can be uniquely inferred from
its phenotype if, and only if, the individual carries four different
alleles and these alleles are also observed as four distinct bands. 

Let α be the coefficient of double-reduction, which is defined as
the probability of two sister chromatids occurring in the same ga-
mete during the tetrasomic meiosis. This probability depends on the
location of the locus relative to the centromere. The coefficient takes
a value varying from 0 (i.e. double-reduction is absent) to its maxi-
mum value of 1/6 (Mather 1936; Fisher and Mather 1943). The dis-
tribution of gametes produced from an individual with a genotype of
A1A2A3A4 is a function of the coefficient of double-reduction, and
can be summarized by expressing the frequency of gamete AiAj as
P(AiAj) = (1–α) / 6 (i ≠ j) or P(AiAi) = α/4 (Bailey, 1961, p106–108). 

Calculation of parental genotypic distribution

Let O = (o1, …, on) be the marker phenotypes of the n offspring
from a cross between the two parents. We wish to calculate the
probabilities of the possible parental genotypes given the parental
and offspring phenotypes and given the value of the coefficient of
double-reduction, i.e. Pr(G1, G2|P1, P2, O, α).

By Bayes’ theorem,

Now Pr(O|G1, G2, P1, P2, α) = Pr(O|G1, G2, α) since parental phe-
notypes give no extra information when their genotypes are
known, and Pr(G1, G2, P1, P2, α) = Pr(G1, G2|P1, P2) × Pr(P1, P2, α).
Thus the above equation can be simplified to

(1)

Calculation of Pr(O|G1, G2, α) is tedious because of the need to
calculate the expected distribution of genotypes, and in turn phe-
notypes, of the offspring given their parental genotypes and the
coefficient of double-reduction. Moreover, there may be more than
one genotypic configuration consistent with the phenotypes of the
two parents. Instead of working out these progeny genotypic dis-
tributions one by one algebraically, as in Fortini and Barakat
(1980), a computer program was designed to calculate this geno-
typic distribution for any pair of parental genotypes. To achieve
this, evaluation of equation (1) can be decomposed into the fol-
lowing steps:

1) For any observed phenotypes of the two parents, all possible
genotypic configurations corresponding to these phenotypes
can be determined from Table 1. For a given G1, G2 and α, the
gamete distributions for each of the parental genotypes are
worked out and a random union among these gamete pools is
then assumed to produce the progeny genotypic distribution.

2) Given the progeny genotypic distribution, the corresponding phe-
notypic distribution is thus easily derived from relating all possi-
ble genotypes to their phenotypes according to Table 1. Let K be
the set of possible phenotype classes with k members and let ƒi,
i = 1, 2, …, k represent the probability of the ith phenotypic class.

3) Let M be the set of the observed phenotype classes in the off-
spring. If some members of M are not in the set K of theoreti-
cally possible phenotypes, then the given (G1, G2, α) is reject-
ed. Otherwise we can calculate the likelihood of the observed
offspring phenotypes by assuming that they are a random sam-
ple from a multinomial distribution with probabilities ƒi, i = 1,

…, k and sample size , where ni is the observed number 

of offspring in the ith phenotype class, i.e. 

1068

Pr( , , , , )G G P P O1 2 1 2 α =

Pr(G G P P O1 2 1 2, , , , )α =
Pr Pr(

Pr Pr(
( , , ) , , )

( , , ) , , )
OG G G G P P

OG u G v G u G v P Pu v

1 2 1 2 1 2

1 2 1 2 1 2

α
α= =∑ = =∑ .

Pr Pr(
Pr Pr(

( , , , , ) , , , , )
( , , , , ) , , , , )

.
OG G P P G G P P

OG u G v P P G u G v P Pu v

1 2 1 2 1 2 1 2

1 2 1 2 1 2 1 2

α α
α α= =∑ = =∑

n ni
i

k
= ∑



(2)

The most likely pair of parental genotypes is determined by exam-
ining equation (1) over all possible genotypic configurations (G1,
G2) and for a range of values of α between 0 and 1/6. 

Detecting and estimating the coefficient of double-reduction

The model discussed above provides a direct test for the presence
of double-reduction and an estimate of the coefficient of double-
reduction. In fact, for a given pair of parental genotypes, the likeli-
hood function (2) can be readily calculated at any fixed grid of
values of α between 0 and 1/6. If (G1, G2) = (r*, s*) are the most-
likely parental genotypes determined as described above, the max-
imum-likelihood estimate (MLE) of the coefficient of double-re-
duction is determined by a value of α, say α*, which maximises
the likelihood profile L[(G1, G2) = (r*, s*), α |O].

Moreover, when the sample size n is sufficiently large, the test
statistic 

(3)

asymptotically follows a chi-square distribution with 1 degree of
freedom and therefore provides a simple significance test for dou-
ble-reduction. 

Simulation study 

To validate the theoretical analyses represented above
and to investigate their properties, a series of computer

programs (in Fortran-90) were written to mimic the tetra-
somic inheritance of alleles at a single marker locus and
to perform numerical analyses of the simulated data ac-
cording to equations (1), (2) and (3) above. The pro-
grams simulate meiosis in a tetraploid individual with
any genotype at the locus (with or without double-reduc-
tion), a random sampling of gametes from the meiosis, a
random union of gametes randomly sampled from the
gamete pool, and the generation of the phenotype from
any given individual genotype. An example of a simulat-
ed data set is given in Table 2. 

Various sample sizes and degrees of double-reduction
can be considered in the simulation study. There are a
large number of possible pairs of parental genotypes as
there are up to nine alleles (including the null-allele) al-
lowed to segregate at the marker locus. For the purpose
of demonstration, only a fraction of all these possibilities
was considered in the present simulation study. In addi-
tion to selecting various parental genotype configura-
tions, the progeny size and the coefficient of double-re-
duction were also varied. Each simulation configuration
was run 100 times. Summarized from the simulation data
analyses were: (1) frequencies of the correct prediction
of both parental genotypes (denoted by ξ12), the correct
prediction of only the first parent but not the second (ξ1)
or the correct prediction of only the second parent but
not the first (ξ2); (2) mean values of the maximum-likeli-
hood estimates of the coefficient of double-reduction
(α*) and the corresponding standard deviations over the
repeated simulation trials, and (3) the empirical power of
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Table 1 Relationship between
marker phenotypes and geno-
types at a single locus. Differ-
ent integers represent different
alleles, and zero denotes a null
allele

Band patterns Phenotype Corresponding genotypes

One band - (1000), (1100), (1110), (1111)

Two bands - (1200), (1120), (1220), (1122), (1222), (1112) 
-

Three bands - (1230), (1233), (1223), (1123)
-
-

Four bands - (1234)
-
-
-

Table 2 Hypothetical band
patterns and the corresponding
phenotypic records of the
bands of two parental tetraploid
individuals and ten of their
progeny. The data demonstrat-
ed here were generated from
crossing two individuals with
genotypes 1230 and 4567. The
coefficient of double-reduction
α was equal to 0.1

Individuals Band no. Phenotypic record

1 2 3 4 5 6 7 8 1 2 3 4 5 6 7 8

P1 – – – 1 1 1 0 0 0 0 0
P2 – – – – 0 0 0 1 1 1 1 0
o1 – – – 1 0 0 0 1 0 1 0
o2 – – 0 1 0 0 0 0 1 0
o3 – – – – 1 1 0 1 0 0 1 0
o4 – – – – 1 1 0 1 0 1 0 0
o5 – – – 0 0 1 0 1 0 1 0
o6 – – – – 1 0 1 1 0 1 0 0
o7 – – – 0 1 0 1 1 0 0 0
o8 – – – 1 0 1 0 1 0 0 0
o9 – – – – 1 1 0 0 1 0 1 0
o10 – – – 0 1 1 0 0 0 1 0
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the double-reduction test which was calculated as the
frequency of significant tests over simulation replicates.
These are illustrated in Tables 3, 4 and 5. 

Table 3 shows configurations where the parents have
four different alleles and share a varying number of al-
leles. In these cases the parental genotypes are obtained
immediately from the banding patterns. Our analytical
approach also reconstructs the correct parental genotype,
but its importance here is in the estimation of the coeffi-
cient of double-reduction. This coefficient is estimated
accurately in each case, but the power of detection
dropped from 100% to 30% as the number of shared al-
leles increased from zero to four. Configuration 6 is
identical to configuration 5 but with a sample size of
100: increasing the sample size increased the power to
detect double-reduction from 30% to 60%. A significant
test for double-reduction when none was simulated oc-
curred for 1 of 100 simulations with four shared alleles,
and did not occur for any simulations of the other con-
figurations in Table 3. 

In Table 4 and configurations 1–5, both parents carried
multiple doses of identical alleles and one of the parents
contained varying numbers of null-alleles. The parental
genotypes were predicted correctly with a frequency of
nearly 100%. Double-reduction was accurately estimated
and detected in about 90% of the cases. These were
achieved with a progeny size of 100. Configurations 6–9

were used to investigate the effect of the null-allele on the
efficiency of the genotype prediction and the power of in-
ferring double-reduction. It is clear from Table 4 that the
parent genotypes have been correctly identified in all
these simulations and the coefficient of double-reduction
was usually well estimated from the maximum-likelihood
analysis. However the power for detecting double-reduc-
tion was low ( < 40%) and decreased as the number of the
null-alleles increased. 

The last two configurations (10 and 11) of Table 4 are
representative of a set of configurations with intrinsic
difficulties: although the parents have different geno-
types (1230) and (1233) they have the same phenotype,
123. In this case 80/100 simulations with no double-
reduction found that parental configurations (1230, 1233)
and (1233,1230) were jointly most probable. To distin-
guish between these would require information on the
joint segregation of this locus with one or more linked,
highly informative loci. 

When the parental phenotypic configuration has only
two alleles observable as bands, determining the parental
genotype may not be possible. For example, in the ab-
sence of double reduction, parental configurations (1111,
1122), (1111, 1220), (1110, 1122) and (1110, 1220) will
all give an expected offspring phenotype distribution
with two classes: 1/6 with phenotype band 1 only and
5/6 with phenotype bands 1 and 2. These four configura-
tions cannot be distinguished. The only reliable conclu-
sion for this locus is that the allele producing band 2 is
present in the second parent in a duplex state, and can be
regarded as a dominant marker for linkage analysis. Oth-
er parental configurations will give expected offspring
phenotypic distributions with the same two classes but
different frequencies, but no two-class offspring distribu-
tion is associated with a unique parental distribution. 

Some parental configurations with two alleles give
rise to offspring phenotypic distributions with three or
four classes e.g. parents (1122, 1122) produce three class-
es of offspring (1/36 with band 1 only, 1/36 with band 2
only and 34/36 with bands 1 and 2 in the absence of dou-
ble-reduction). Assuming no double-reduction, there are
ten possible three-class distributions, of which six are as-
sociated with a unique parental configuration, two are
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Table 3 Analysis of 100 replicate simulations of some parental
configurations with four observable alleles in each parent. G1 and
G2 denote the actual parental genotypes, n is the progeny sample
size and α and α* are respectively the actual value and the mean
(standard deviations in parentheses) of the MLEs of the coeffi-
cients of double-reduction. β is the empirical power of the statisti-
cal test for double-reduction 

Confi- G1 G2 n α α* β
guration

1 1234 5678 50 0.10 0.097 (0.063) 1.00
2 1234 4567 50 0.10 0.098 (0.033) 1.00
3 1234 3456 50 0.10 0.103 (0.041) 0.97
4 1234 2345 50 0.10 0.100 (0.049) 0.85
5 1234 1234 50 0.10 0.095 (0.052) 0.30
6 1234 1234 100 0.10 0.102 (0.046) 0.60

Table 4 Analysis of 100 replicate simulations of some parental con-
figurations with three observable alleles. G1 and G2 denote the actual
parental genotypes, n is the progeny sample size and α and α* are
respectively the actual value and the mean (standard deviations in

parentheses) of the MLEs of the coefficients of double-reduction.ξ12,
ξ1 and ξ2 represent the observed proportions of correct predictions of
both G1 and G2, G1 but not G2, and G2 but not G1 respectively. β is
the empirical power of the statistical test for double reduction

Configuration G1 G2 n α α* ξ12 ξ1 ξ2 β

1 1220 1333 100 0.00 0.000 (0.000) 0.99 0.00 0.01 0.00
2 1220 1333 100 0.05 0.057 (0.037) 0.96 0.00 0.04 0.89
3 1220 1333 100 0.10 0.099 (0.036) 0.98 0.00 0.02 0.99
4 1200 1333 100 0.00 0.000 (0.000) 1.00 0.00 0.00 0.00
5 1200 1333 100 0.10 0.096 (0.047) 0.99 0.00 0.01 0.91
6 1100 2233 100 0.10 0.087 (0.052) 1.00 0.00 0.00 0.32
7 1000 2233 100 0.10 0.103 (0.049) 1.00 0.00 0.00 0.34
8 1100 2300 100 0.10 0.085 (0.058) 1.00 0.00 0.00 0.20
9 1000 2300 100 0.10 0.093 (0.061) 1.00 0.00 0.00 0.10

10 1230 1233 100 0.00 0.023 (0.042) 0.80 0.00 0.20 0.02
11 1230 1233 100 0.10 0.106 (0.056) 0.84 0.00 0.16 0.64



unique if parents are permuted and two can be derived
from two different parental configurations. There are also
six four-class configurations, each associated with a sin-
gle parental configuration. If double-reduction occurs,
more (but not all) of the offspring distributions will be as-
sociated with a unique parental configuration. 

Results of simulations for some parental configurations
with two observable alleles are shown in Table 5. Theoreti-
cally each of these configurations produces a unique off-
spring distribution, but some of the offspring distributions
have similar class probabilities and the number of offspring
has to be increased from 100 to 500 to have a high proba-
bility of predicting both parents correctly, or a high power
for detecting double-reduction. The last two configura-
tions, (1110, 1220) and (1110, 1120), can be distinguished
from other configurations only by the frequency of double-
reduction phenotypes, which occur with an overall proba-
bility of 0.0131 and 0.005 respectively: hence the lower
proportion of correct parental identification. 

The application of this approach to dominant markers
was also investigated for true parental configurations

(1000, 0000), (1100, 0000) and (1000, 1000). Using 100
offspring, the correct configuration was identified for at
least 97/100 simulations, except for the third case with no
double-reduction, where 89/100 simulations identified the
correct parental configuration. However the power to de-
tect double-reduction with α = 0.1 was at most 9%, rising
to 40% if the number of offspring was increased to 500. 

Analysis of experimental data
at a simple sequence repeat in potato 

This approach is illustrated for a simple sequence repeat
(SSR) locus STM003 scored on the parents and 74 off-
spring of a cross between the advanced SCRI breeding
line 12601ab1 and the cultivar Stirling (Bradshaw et al.
1998). Experimental details for scoring the marker phe-
notype are described by Milbourne et al. (1998). 

Table 6 summarises the observed band patterns at the
SSR marker locus for the two parents and their offspring
classes Oi (i = 1,...8) together with their frequencies. From
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Table 5 Analysis of 100 replicate simulations of some parental
configurations with two observable alleles. G1 and G2 denote the
actual parental genotypes, n is the progeny sample size, k is the
number of offspring phenotype classes in the absence of double
reduction, and α and α* are respectively the actual value and the

mean (standard deviations in parentheses) of the MLEs of the co-
efficients of double reduction. ξ12, ξ1 and ξ2 represent the ob-
served proportions of correct predictions of both G1 and G2, G1
but not G2, and G2 but not G1, respectively. β is the empirical
power of the statistical test for double-reduction

Configuration G1 G2 n k α α* ξ12 ξ1 ξ2 β

1 1100 2200 100 4 0.00 0.047 (0.051) 0.99 0.01 0.00 0.01
2 1100 2200 500 4 0.00 0.011 (0.020) 1.00 0.00 0.00 0.03
3 1100 2200 100 4 0.10 0.100 (0.056) 1.00 0.00 0.00 0.24
4 1100 2200 500 4 0.10 0.096 (0.035) 1.00 0.00 0.00 0.75
5 1100 1200 100 4 0.00 0.067 (0.066) 0.63 0.11 0.09 0.10
6 1100 1200 500 4 0.00 0.033 (0.042) 0.93 0.05 0.00 0.03
7 1100 1200 100 4 0.10 0.110 (0.058) 0.75 0.05 0.01 0.20
8 1100 1200 500 4 0.10 0.098 (0.041) 0.97 0.00 0.00 0.60
9 1122 1122 100 3 0.00 0.076 (0.056) 0.46 0.08 0.00 0.01

10 1122 1122 500 3 0.00 0.056 (0.064) 0.72 0.00 0.01 0.03
11 1122 1122 100 3 0.10 0.069 (0.059) 0.57 0.18 0.04 0.00
12 1122 1122 500 3 0.10 0.097 (0.045) 0.98 0.02 0.00 0.53
13 1100 1220 100 2 0.10 0.084 (0.059) 0.47 0.07 0.14 0.15
14 1100 1220 500 2 0.10 0.105 (0.038) 0.84 0.11 0.01 0.88
15 1100 1120 100 2 0.10 0.098 (0.061) 0.00 0.10 0.01 0.07
16 1100 1120 500 2 0.10 0.096 (0.052) 0.14 0.32 0.02 0.94

Table 6 Segregation analysis at an SSR marker locus in tetra-
ploid potato. The left panel of the Table shows the observed
band pattern for parents P1 (12601ab1) and P2 (Stirling) and the
offspring classes Oi (i = 1, ...,8) together with their observed fre-
quencies (Observed) and those expected for the most probable

configuration (1334, 2244) (Expected). The right panel of the
Table lists predicted parental genotypes and the corresponding
probabilities and values of the χ2 goodness–of–fit test. The coef-
ficient of double-reduction α is fixed at its maximum-likelihood
estimate of 0.0

Class Band pattern Observed Expected Parental genotypes Probability χ2
df = 7

P1 1 0 1 1 – – 1340 2400 0.000000000000 269.1
P2 0 1 0 1 – – 1340 2440 0.000000000000 134.0
O1 0 1 1 1 26 28.8 1340 2240 0.000000000000 122.9
O2 1 1 1 1 22 16.4 1340 2244 0.000000000000 58.1
O3 1 1 0 1 9 10.3 1334 2400 0.000000000000 113.0
O4 1 0 1 1 6 4.1 1334 2440 0.000000000204 49.9
O5 0 0 1 1 5 6.2 1334 2240 0.000003158273 35.2
O6 1 1 1 0 3 4.1 1334 2244 0.999996841522 6.2
O7 0 1 1 0 3 2.1
O8 1 0 0 1 0 2.1



the parental phenotypes, four genotypes are possible for
parent 1 [(1134), (1334), (1344), (1340)] and six geno-
types are possible for parent 2 [(2224), (2244), (2444),
(2400), (2240), (2440)]. Analysis based upon the offspring
phenotypic data shows that the maximum-likelihood esti-
mator of the coefficient of double-reduction is equal to
0.0. In this case there are eight possible configurations of
parental genotypes which give rise to all the observed off-
spring categories. The probabilities for each of these eight
configurations are presented in Table 6. The configuration
(G1, G2) = (1334, 2244) is inferred to be the most-likely
for the parental lines with a probability > 0.9999. A good-
ness-of-fit test (χ2

df = 7 = 6.2, P > 0.5) indicates that the
observed distribution of offspring band patterns is in good
agreement with the expected distribution given the most-
likely parental genotypes. If the coefficient of double-re-
duction is increased from its maximum-likelihood esti-
mate of 0.0, the probability of parental configuration (G1,
G2) = (1334, 2244) increases further, but the goodness-of-
fit statistic worsens. 

Discussion 

A number of research projects have recently been
launched to develop genetic linkage maps in tetraploid
crops such as cultivated potato (Meyer et al. 1998, Milbo-
urne et al. 1998), alfalfa (Yu and Pauls 1993), and even in
octoploid ones such as sugarcane (Al-Janabi et al. 1993;
Da Silva et al. 1995). In the absence of much theory or
any software for analysing linkage between codominant
markers in a polyploid cross, these maps have been based
on single-dose (simplex) dominant markers which segre-
gate in an expected 1:1 ratio in the progeny. To identify
and merge homologous chromosomes, double-dose (du-
plex) markers have been used (e.g. Yu and Pauls 1993;
Da Silva et al. 1995) and Hackett et al. (1998) present a
simulation study using this approach. A characteristic of
this approach is the large standard errors of recombina-
tion frequencies between dominant simplex markers
linked in repulsion on homologous chromosomes. 

The use of codominant molecular markers, such as
SSR markers, for linkage mapping in tetraploid species
would seem to be a more powerful approach. A prerequi-
site for estimation of the recombination frequency be-
tween two markers is a knowledge of the genotype of
each parent at each marker locus. This is straightforward
if both parents carry four different alleles which appear
as four distinct bands, but in practice this is unusual
(Meyer, personal communication). When one or both
parents have fewer than four bands, the analysis be-
comes more complicated. One possible approach is a
manual, logical reconstruction of the parental genotypes
based on the separate ratios of presence: absence for
each allele. If an allele is present in both parents it is
necessary to distinguish between ratios of 3 : 1 (sim-
plex*simplex), 11 : 1 (duplex*simplex) or 35 : 1 (du-
plex*duplex), while if the allele occurs in one parent the
expected ratios are 1 : 1 (simplex) or 5 : 1 (duplex). If

the locus has no double-reduction, no segregation distor-
tion and few alleles shared between the parents, this ap-
proach will frequently be successful. It is essential, how-
ever, to compare the observed and expected joint allele
frequencies to detect discrepancies due to, for example,
multi-locus markers, or a mis-specified parental pheno-
type due to a faint band. If double-reduction is present,
the segregation ratios are modified from those above and
a manual reconstruction becomes more difficult. Manual
reconstruction of enough loci to construct a linkage map
would also be extremely time-consuming. 

This paper develops the theory and computational
methodology to predict the genotypes of two parental in-
dividuals using their phenotypes and the joint segregation
information on their progeny’s phenotypes observed at a
microsatellite marker locus in tetraploid populations. The
model allows for the possibility of null alleles. This ap-
proach permits the rapid reconstruction of large numbers
of loci of any configuration, and gives a maximum-likeli-
hood estimate of the coefficient of double-reduction, and
a test of whether this is significantly different from zero.
The conditional probabilities of all possible parental ge-
notypes consistent with their phenotype banding patterns
are calculated, enabling the confidence in the parental
genotype construction to be assessed. A goodness of fit
test highlights loci where the offspring data do not fit the
expected frequencies, and therefore alternative hypothe-
ses such as multi-locus markers or a mistyped parental
banding pattern need to be investigated. 

Simulations show that in most cases both the parental
genotypes can be correctly recognised with a probability
of nearly 1 when the progeny sample size is 100. The
presence of a null-allele does not, in general, cause diffi-
culties in predicting the parental genotypes. There are
difficulties if two or more parental configurations lead to
the same theoretical distribution in the offspring, which
may occur when the parents have two observable alleles
and produce only two classes of offspring. In this case it
is still possible to follow the segregation of one allele
and regard it as a dominant marker for linkage analysis. 

Double-reduction is a potential problem in analyzing
tetrasomic inheritance where quadrivalents are seen at
meiosis. The simulation study shows that the mean of the
coefficients of double-reduction over 100 simulations was
similar to the simulated value. An incorrect inference of
double-reduction was rare (at most 3/100 simulations).
The power to detect double-reduction varies considerably,
depending on the proportion of identical alleles carried
and shared by the parents. When the same alleles exist in
multiple doses or are shared by the parents, double-reduc-
tion involving these alleles will hardly be reflected as a
discernible phenotype in the progeny population since zy-
gotes bearing sister-chromatid gametes are less-likely to
be distinguished from non-sister-chromatid gametes. As
the number of null-alleles in the parental genotypes in-
creases, it plays the same role as multiple identical alleles
and thus decreases the power of the double-reduction test. 

The simulation study reveals that a satisfactory pre-
diction of tetrasomic segregation can be achieved in
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most circumstances by using a full-sib progeny size of
about 100. However, the simulation study of Hackett et
al. (1998) suggested that a population size of 250 is de-
sirable for constructing genetic linkage maps in tetra-
ploid species, and that homologous chromosomes may
be difficult to identify with 100 or fewer progeny. A
sample size of 250 is realistic for most genome-mapping
experiments in plants. The simulation study here did not
consider two practical questions: the effects of distorted
segregations on the inference of parental genotypes, and
the detection of errors in data entry (which might give an
offspring configuration which is impossible given the
true parental genotype). The effects of these have yet to
be investigated, but it seems likely that they will be more
severe for small sample sizes. 

The marker-phenotype data of two parental genotypes
and their offspring at a polymorphic SSR locus were used
as a practical example to demonstrate the present theory
and method. The first parental phenotype could have aris-
en from four different genotypes and the second parental
phenotype from six genotypes, giving 24 possible parental
configurations. Even with a progeny size of 74, the most-
likely parental genotypes were predicted with a probabili-
ty value of > 0.9999, compared to the second largest prob-
ability (0.00000316). No evidence of double-reduction
was found at this marker locus. The observed and expect-
ed frequencies for the classes of offspring agreed well. 

This approach is now being applied as the first step of
linkage-map construction in tetraploid species. It permits
the identification of the parental genotypes, which may
then be sorted according to the degree of information car-
ried for linkage analysis. The test of goodness-of-fit pro-
vides a useful diagnostic for loci where no model is a satis-
factory fit, which can be checked further. When two or
more loci are considered, a major difficulty may be the
identification of the linkage phase of alleles at different
marker loci. This is a far more complicated task than gener-
ally imagined, as already demonstrated in Maliepaard et al.
(1997) for the diploid case. The computer routines are be-
ing expanded to incorporate the joint segregation of pairs of
linked loci in different phases, and will form the basis for
software to estimate linkage maps in tetraploid species.
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