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Abstract The development of efficient methods for am- 
plifying random DNA sequences by the polymerase 
chain reaction has created the basis for mapping vir- 
tually unlimited numbers of mixed-phase dominant 
DNA markers in one population. Although dominant 
markers can be efficiently mapped using many different 
kinds of matings, recombination frequencies and locus 
orders are often mis-estimated from repulsion F 2 mat- 
ings. The major problem with these matings, apart from 
excessive sampling errors of recombination frequency 
(0) estimates, is the bias of the maximum-likelihood 
estimator (MLE) of 0 (0~tL). 0"~t L = 0 when the observed 
frequency of double-recessive phenotypes is 0 and the 
observed frequency of double-dominant phenotypes is 
less than 2/3 - the bias for those samples is - 0. We used 
simulation to estimate the mean bias of 0ML. Mean bias 
is a function of n and 0 and decreases as n increases. 
Valid maps of dominant markers can be built by using 
sub-sets of markers linked in coupling, thereby creating 
male and feamle coupling maps, as long as the maps are 
fairly dense (about 5 e M ) - t h e  sampling errors of 0 
increase as 0 increases for coupling linkages and are 
equal to those for backcross matings when 0 = 0. The 
use of F z matings for mapping dominant markers is not 
necessarily proscribed because they yield twice as many 
useful markers as a backcross population, albeit in two 
maps, for the same number of DNA extractions and 
PCR assays; however, dominant markers can be more 
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effeciently exploited by using doubled-haploid, recom- 
binant-inbred, or other inbred populations. 
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Introduction 

The development of efficient methods for assaying ran- 
dom DNA polymorphisms using the polymerase chain 
reaction has led to the widespread use of dominant 
DNA markers for genetic mapping (Tingey et al. 1992). 
Random amplified polymorphic DNAs (RAPDs), se- 
quence characterized amplified regions (SCARs), and 
amplified fragment length polymorphisms (AFLPs) 
(Welsh and McClelland 1990; Williams et al. 1990: 
Rafalski and Tingey 1993; Zabeau 1993) are the major 
examples. 

Mixed coupling- and repulsion-linkages arise within 
F 2 populations assayed for randomly selected dominant 
DNA markers because the distribution of dominant and 
null alleles between lines is random. A given oligonuc- 
leotide sequence usually amplifies DNA at some loci 
and fails to amplify DNA at other loci, thus giving rise to 
dominant and null alleles at different loci (Tingey et al. 
1992). 

Restriction fragment length polymorphism (RFLP) 
maps are often built using phase-known F 2 progeny. 
The use ofF 2 progeny for building these maps poses few 
problems because most RFLP markers are co-domi- 
nant. Phase-known F 2 progeny can be rapidly develop- 
ed in many species, and recombination frequencies (0) 
between co-dominant markers are efficiently estimated 
from phase-known F 2 matings (Fisher 1926; Mather 
1936; Ott 1991). These matings are, however, one of the 
least efficient for estimating recombination frequencies 
between dominant markers - repulsion Fa matings are 
the least efficient, while coupling F 2 matings are nearly 
as efficient as backcross matings for tightly linked loci 
(Mather 1936). 



Although the MLEs of many genetic parameters are 
biased (Weir 1990), these biases are usually not serious; 
the bias is often significantly less than the variance of the 
estimator. Huether and Murphy (1980) found the bias of 
a gene frequency estimator to be significant and pro- 
posed estimators other than the MLE. Clerget-Darpoux 
(1982) and Ott (1991) described "genetic biases" affect- 
ing the estimation of recombination frequencies. The 
biases of the MLEs of 0 for different matings, however, 
are not known. In this paper we describe the bias of the 
maximum-likelihood estimator (MLE) of 0 for repulsion 
F 2 matings. 

The maximum-likelihood estimator of 0 

The log of the likelihood of 0 given nf for a repulsion F 2 
mating is 

ln L(Olnf) = nfl lnE~(2 + O2)] + nf21nLl (1- 02)l 

+ nfs ln[ l  (l - OZ)] + nf41n[~02], 

where In ((nf~ + ~f2 -~ fir3 -~- nf4)!/(nf~!nf2!nf3!nf~!)) is 
_dropped from the likelihood, n is the sample size,f1 and 
f ,  are the expected and observed frequencies of the 
A_B= phenotypes, f2 and f~ are the expected and 
observed frequencies of the A_ bb phenotypes, fs  and f3 
are the expected and observed frequencies of the aaB_ 
phenotypes, and f4 and f4 are the expected and observ- 
ed frequencies of the aabb phenotype (Ott 1991) 
(Table 1). The MLE of 0 is 

nf 01nfl r ~?lnf2 ~ 01n f3 ~ 01n f4 ' 
~0 l n L =  l ~ + n y 2 ~ + n J s ~ + n J 4  -~ 

^ 20 + f3) [ ~ ]  = n f l [ ~ ] + n ( f 2  ^ -20 

(1) 
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(Mather 1956; Ott 1991) (Table 1). The four solutions of 
(1) are 

___ 2-1/2 {2f1 - f 2  - f 3  - 1 _+ [-8f4 + (1 - 2fl +f2 

of which 

OML = 2 1/2 {2fl --f2 - - k  -- 1 + [8f4 + (1 -- 2fl +f2 

-~/3)211/2  } I/2 (2) 

is the MLE of 0; two of the solutions are imaginary 
numbers while another solution is outside the parameter 
space (Table 1);. When no double-recessive phenotypes 
are observed (f4 = 0), (2) simplifies to 

OML = 2 -  1/2 {(3/1 --  2) + [(2 - 3 f l )2 ]1 /2  }1/2; (3) 

hence, when J~ = 0 and f l  < 2/3, 0vL = 0, and w h e n  
)~ = 0  and f l  > 2/3, OMr = (3 L - 2) 1/2. This means that 
the recombination frequency estimates from samples 
with no double-recessive phenotypes and fewer than 
two-thirds double-dominant phenotypes are equal to 
0.0 regardless of the number of recombinants; recom- 
bination is under estimated by - 0 from these samples. 
This is a major source of the bias of (2); however, bias is 
not limited to these samples. Recombination frequencies 
estimated from other samples, e.g., f4 = 0.01 and f2 = 
0.02, are biased up or down for different 0 as shown 
below. 

Phenotype probabilities 

Double-recessive phenotypes are rare in repulsion F2 
populations for many n and 0. The probability of ob- 
serving nf4 double-recessive phenotypes in an F 2 popu- 
lation of size n is 

J 41 

Table 1 Expected (f~) and observed (a~) phenotype frequencies and 
expected likelihood odds (E [Zi(O)] for dominant markers linked in 
coupling (AB/ab) or repuslion (Ab/aB) in F 2 populations where A and 

B are dominant alleles, a and b are recessive alleles, and 0 is the 
recombination frequency between A and B 

Phenotype a~ Repulsion 

f~ E[z,(0)] 

Coupling 

f~ ~ IX,(0)] 

[-4(2 + 02)3 
A_,,_ y, ,',, = Log, o L T  J 

^ * 1 . [-4(1 - 02)3 
A_ bb + aaB f2 + f s  f2 +fs  = ~(1 -- 0 2) bOg, o L ~ -  J 

aabb k f4 = 4 02 Log 1 o [ 402 ] 
':'I- 

1 
f~ = ~ ( 3 - 2 0 + 0 2  ) 

1 
f2 +f3 = ~(20 -- 02) 

1 
f4 = ~(1 -- O) 2 

Loglo [4(3 - 20 + 02) l 

i~ F4(20 - 02)q 
~ J 

Loglo [4(1 - 0) 2 ] 
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Fig. 1 Probability of failing to observe double-recessive phenotypes 
(aabb) in F 2 populations of size n when two loci A and B are linked in 
repulsion for different recombination frequencies where a and b are 
recessive alleles 

where f4 and f~ are the expected and observed frequen- 
cies of double-recessive phenotypes (Table 1). The prob- 
aNlity of failing to observe double-recessive phenotypes 
(n f4 = 0) in a sample of n F 2 progeny is 

(4) 

thus, for coupling and repulsion we have (�88 + �89 - �88 n 
and (1 -�88 ", respectively (Table 1). These probabili- 
ties estimate the frequency of F 2 samples lacking 
double-recessive phenotypes. The probability of failing 
to observe double-recessive phenotypes increases as n 
and 0 decrease for repulsion mat ings-  the probability 
ranges from 0.00157 to 1.0, for example, for n = 100 
(Fig. 1). The probability of failing to observe double- 
recessive phenotypes decreases as sample size increases 
(Fig. 1) for either phase. The probability of failing to 
observe double-recessive phenotypes for coupling mat- 
ings is negligible for most n and 0. 

The probability of observing more than two-thirds 
double-dominant phenotypes in a n  F 2 population of 
size n is 

where f l  is the expected frequency of double-dominant 
phenotypes (Table 1), k >_ n2/3, and k is the smallest 
integer greater than n2/3. The probability of observing 
fa > 2/3 ranges from 0.0033 to 0.0329 for n = 50, and 
from 0.0002 to 0.0109 for n = 100, for 0 from 0.00 to 0.50, 
respectively; thus, samples satisfying f l  > 2/3 are much 
rarer than samples satisfy~gfl < 2/3, and the number of 
f4 = 0 samples for which 0ML = 0 is close to (4). 

Bias of the MILE of 0 

We used simulation to estimate the bias of(2). Repulsion 
F 2 samples were simulated for factorial combinations of 
n = 50, 100, 150, and 200, and 0 = 0.00 to 0.50, by 0.05. 
Twenty-five-thousand samples were simulated for each 
n and 8. A sample was simulated by drawing n random 
uniform numbers (0, 1) and counting the number of 
observations within intervals defined by the expected 
genotype frequencies for two loci with known 0 
(Table 1). A_B_, A_bb + aaB , and aabb intervals for 
repulsion F 2 matings are 0 to f l ,  f l  to f l  + f2 + f3, and 
fl  + f2 + f3 to 1.0, respectively (Table 1). Mean bias was 
estimated by 0--0ML, where 0 is the true recombina- 
tion frequency, _ k ^ 0MLj is the maxi- OML -- (2.j = 10ML) /ns ,  
mum-likelihood estimate of 0 from the j th simulated 
sample, and n s = 25 000 is the number of simulated F 2 
samples for each n and 0. 

We found 0 - 0ML r 0 for most n and 0 (Fig. 2); thus, 
(2) is a biased estimator of 0 (Mood et al. 1974; Ott 1991). 
The mean bias of (2) is shown for different n in Fig. 2, 
while the sampling distribution of 0ML is shown for 
n = 100 in Fig. 3.0~tL was consistently less than 0; (2) is a 
downwardly biased estimator. The mean bias ranged 
from 0.00 to 0.08 for n = 50 and from 0.00 to 0.04 for 
n = 200 (Fig. 2). Mean bias decreases as sample size in- 
creases (Fig. 2). 

The sampling distribution of 0~/~ is shown for n = 100 
(Fig. 3) to illustrate some of the key features of (2). 
The 0~tL ~stribution has a planar ridge parallel to the 
P-axis at OMC = 0. This ridge is comprised of estimates 
from f4 = 0 samples (Fig. 3). The frequency of 0ML = 0 
estimates along this ridge (Fig. 1) is close to (4) (the 
probability of failing to observe double-recessive pheno- 
types). 

There are three o~er  prominent features of the samp- 
ling distribution of OML (Fig. 3). First, there is a major 
ridge of estimates with coordinates along the peak of a 
ridge defined by 0 = 0~tL (Fig. 3). This ridge is compr~ed 
of unbiased estimates with a normal dispersion of 0ML 
along the 0ML-axis (Fig. 3). An unbiased estimator of 0 
should only yield estimates along the 0 = 0"ML axis. 
Second, there are no estimates between 0ML = 0.0 and 
0~tL-~0.17. Third, a ridge can be seen along a line 
parallel to the 0-axis between 0--0.0 and 0 ~_ 0.20 and 
between 0ML~0.17 and 0ML~0.22. This ridge is 
comprised of estimates from f4 = 0.01 samples. 
A second less perceptible ridge can be seen along a line 
parallel to the P-axis between 0 = 0.0 and 0--0.20 and 
between OM.C ~ 0.24 and OML @.27. This ridge is com- 
prised of estimates from f4=0.02 samples. The 
OML=0.0 planar ridge, lack o f  estimates between 
OM.L = 0.0 and 0Me ~ 0.17, and major ridges parallel to 
the P-axis (for some n), illustrate the bias of (2). Some of 
these features are a function of periodicity-the 
observed phenotype frequencies are discontinuous for 
small sample sizes which leads to the discontinuities of 
0ML (Fig. 3). 
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Fig. 2 Bias of 0ML estimated from simulated repulsion F2 samples for 
recombination frequencies from 0.00 to 0.50 and sample sizes of 50, 
100, 150, and 200 for two dominant markers linked in repulsion 

Sample-wise bias of the MLE of 0 

The mean bias (0 - OML) must be distinguished from the 
bias in one sample or the sample-wise bias. Sample-wise 
biases are important  for understanding how bias affects 
the estimation of recombination frequencies and locus 
orders from a specific sample or population. The recom- 
bination f requency estimate for a pair of dominant 
markers from one sample can be unbiased or biased up 
or down (Figs. 2, 3). The.sample-wise bias of (2) is equal 
to 0.0 - 0 = - 0 when f4 = 0 and f l  < 2/3 (Fig. 4). The 
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Fig. 3 Sampling distribution of 0~ L estimated from simulated repul- 
sion F2 samples for recombination frequencies from 0.00 to 0.50 and 
n = 100 for two dominant markers linked in repulsion 
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Fig. 4 Sample-wise biases of 0gL for observed double-recessive 
phenotype fiequencies (f4) of 0.00, 0.01, and 0.02 

range of estimates from f4 = 0.01 and f4 = 0.02 samples 
is narrow for many n and decreases as n.decr.eases (Fig. 3). 
Substituting f4 = 0.01 and  f l  = 1.00 - f 2 2 -  f3 - 0.01, and 
using 0 to definer2 =f3, we found that 0ML ranged from 
0.189 to 0.294 for 0 from 0.00 to 0.50,^resp.ectively, and 
substituting f4 = 0.02 andfx = 1 . 0 0 -  f 2 - f 3  -0 .02 ,  and 
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using 0 to define f2 =f3, we found that O~tL ranged 
from 0.257 to 0.366 for 0 from 0.00 to 0.50, respectively; 
thus, 0 is under- or over-estimated with these samples 
(Fig. 4). 

Whether or not an estimate is biased can be deter- 
mined by checking the frequencies of A_ B_ and aabb 
phenotypes; however, because the bias of (2) is a function 
of 0, and 0 is unknown, the bias of an estimate cannot be 
estimated from an experiment. For any sample and pair 
of loci, the bias of the recombination frequency estimate 
for a pair ofloci can be significantly greater than the mean 
bias (Figs. 2-4). Suppose,^for example,., a repulsion F 2 
sample is observed with f~ < 2/3 and f4 = 0, where the 
true recombination frequency between two loci is 
0 = 0.30, then 0ML = 0, 0 is underestimated by 0.30, and 
the sample-wise bias is - 0.30. The mean bias for 0 = 0.30 
is negligible for most sample sizes (Fig. 2), but the sample- 
wise bias is substantial ( - 0.30) for those samples which 
satisfy f4 = 0 and f l  < 2/3. The frequency of biased esti- 
mates and mean bias decrease as n increases (Fig. 2), 
whereas the samp~-wise biasis equal to - 0 within every 
sample satisfying f4 = 0 and fl  < 2/3 for every n (Fig. 4). 

Grouping mixed-phase dominant marker loci 

Besides yielding misleading estimates of recombination, 
locus orders are not efficiently estimated from mixed- 
phase F 2 matings; however, the estimation of locus 
groups seldom poses a problem because a locus can be 
assigned to a group on the basis of one of(k 2 - k)/2 tests. 
The hypothesis of no linkage (0 = 0.50) is tested against 
the composite hypothesis of linkage (0.00_< 0 < 0.50) 
using likelihood statistics (Ott 1991). The expected like- 
lihood odds (ELOD) for a mating type can be used to 
estimate the sample size needed to reject the null hy- 
pothesis with a stated Type-I error probability (LOD 
threshold). The minimum sample size needed to reject 
the null hypothesis of no linkage is found by dividing the 
LOD threshold by the ELOD for different 0 (Ott 1991). 
This function is maximum for some 0, and the maximum 
determines the sample size needed to reject a false null 
hypothesis. 

The ELOD is estimated by 
k 

E[Z(O)] = y, LZi(O), 
i = l  

where i indexes phenotype classes, f~ is the expected 
frequency of ith phenotype, k is the number of pheno- 
types, Z~(0)= Loglo[(f~(0))/(f~(0.50))] is the ELOD for 
the ith phenotype,fd0) is the expected frequency for the 
alternate hypothesis, and fd0.50) is the expected fre- 
quency for the null hypothesis (Ott 1991). The ELOD 
for a double-recessive phenotype in a repulsion F 2 
sample, for example, is 

Lo [- 02/4 q 
g,o Lo.- 4/4j = L~ E4~ 

(Table 1). 

The ELOD for F 2 matings for dominant and co- 
dominant markers are shown in the Appendix. The 
minimum number of observations (nmin) needed to reject 
the hypothesis of no linkage is found by dividing the 
LOD threshold by the ELOD for different 0 (Ott 1991); 
thus, using a LOD threshold of 3.0, as is often done (Ott 
1991), the number of repulsion F 2 progeny needed for 
rejecting the hypothesis of no linkage between two 
dominant markers is 

~rni r l  z 

12 0   og 0713021 

(See Appendix). 
The ELOD for dominant markers are phase-depend- 

ent, while those for co-dominant markers are phase- 
independent (Fig. 5). The ELOD for coupling-phase are 
greater than those for repulsion-phase matings (for 
dominant markers alone), and those for co-dominant 
markers are significantly greater than those for repul- 
sion-phase dominant markers (Fig. 5). The ELOD for 
repulsion-phase dominant markers range from 0.037 to 
0.0 for 0 from 0.0 to 0.5, while the ELOD for repulsion- 
phase co-dominant markers range from 0.45 to 0.0 for 0 
from 0.0 to 0.5 (Fig. 5). The ELOD for repulsion-phase 
dominant markers is fairly flat throughout the 0 range; 
thus, the power of this mating for detecting linkage is not 
much greater for two tightly linked loci than it is for two 
loci widely separated loci (Fig. 5). Using a LOD thresh- 
old of 3.0, nmi n = 81 for two completely linked dominant 
marker loci (0 = 0.0), while nmi n = 285 for two dominant 
marker loci spaced 0.30 apart (0 = 0.30). 

Another way to use the ELOD is to determine the 
maximum 0 for grouping loci for some n. Using n = 100 
F 2 progeny and a LOD threshold of 3.0, linkage can be 
detected between repulsion-phase dominant markers 
spaced 0=0.10 or less apart, while linkage can be 
detected between coupling-phase dominant markers 

Fig. 5 Expected likelihood odds (ELOD) for repulsion and coupling 
F 2 matings for dominant (dashed) and co-dominant (solid) markers 
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spaced 0 = 0.25 or less apart, or between co-dominant 
markers spaced 0 = 0.30 or less apart (Fig. 5). 

The efficiency (E) of two mating types for grouping 
loci is estimated by 

E --  nmin* --  (LODmin)/(EZOD1) -- ELOO2 

nmin~ (LODmin)/(ELOD2) ELOD1 

(Ott 1991). Efficiencies are shown for F 2 matings for 
co-dominant markers (either phase) relative to repul- 
sion-phase dominant markers (El) and coupling-phase 
dominant markers (E2) and coupling-phase relative to 
repulsion-phase dominant markers (E3) (Fig. 6). For 
tightly linked loci (0 ~ 0.00), for example, sample sizes 
must be 12.0 times greater for repulsion-phase dominant 
markers than for either-phase co-dominant markers or 
6.0 times greater for repulsion-phase than for coupling- 
phase dominant markers (Fig. 6). Co-dominant markers 
require roughly one-half as many progeny as coupling- 
phase dominant markers (Ez) and anywhere from one- 
half to one-twelfth as many progeny as repulsion-phase 
dominant markers (El) for almost any 0 (Fig. 6). 

Despite these efficiency differences, repulsion-phase 
dominant markers can often be grouped when using 
samples of 100 or fewer progeny because a locus is added 
to a group when the hypothesis of no linkage is rejected 
between this locus and any other locus in the group. The 
sample size needed to do this is determined by the most 
efficient mating. When coupling-phase and repulsion- 
phase dominant markers are dispersed throughout a 
linkage group, the ELOD for the former determines the 
minimum sample size needed for rejecting a false null 
hypothesis-the hypothesis of no linkage might not be 
rejected for repulsion-phase pairs of dominant markers 
assigned to a group even when their recombination 
frequencies are 0.0! The distribution of coupling-phase 
dominant markers or co-dominant markers throughout 
a linkage group affects the grouping of mixed-phase 
dominant markers. 

Fig. 6 Releative efficiencies (E  1 = (ELODv _c)/(ELODr D ), E2  = 
(ELODe~- c)/(ELODv= - pc), and E 3 = (ELODv2_ Oc)/(ELODr~ ~ D.) of 
F 2 mating types for rejecting the hypothesis of no linkage 
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Ordering mixed-phase dominant marker loci 

Ordering poses much more of a problem than grouping 
mixed-phase dominant markers. This is shown by using 
F 2 populations segregating for three linked dominant 
markers. With linked dominant markers A, B, and C 
and the locus order ABC, the mating ABC/abc is pure 
coupling, whereas the matings AbC/aBc, ABc/abC, and 
aBC/Abc are mixed coupling and repulsion. These 
mixed-phase matings pose a problem because two of the 
three linkage phases are repulsion and their recombina- 
tion frequency estimates are frequently biased. 

Suppose three dominant markers (A, B and C) are 
assayed using F 2 populations from AbC/aBc, ABc/abC, 
and aBC/Abc F1 hybrids, the true recombination fre- 
quencies are OAC = 9.5, OAB = 5.0, and OBc = 5.0, the true 
locus order is ABC, and no double recessive phenotypes 
are observed between loci linked in repulsion. The es- 
timated recombination frequency matrices for the 
AbC/aBc, ABc/abC, and aBC/Abc F 2 matings are 
exemplified by 

r / OAB " 0.0 0.c 0.095 

[. 0.05 olo 1 
0.05 0 0 , 

LO.O 00 

0.0 0.095] 

0 0 ~ 1 7 6  , 

and 

" 0.0 0..0 1 
0.0 0.05 , 

0.0 0.05 

respectively. Recombination frequency estimates for the 
repulsion-phase pairs of loci are biased by - 0, whereas 
recombination frequency estimates for the coupling- 
phase pairs of loci are unbiased; there are two biased 
estimates and one unbiased estimate for each of these 
matings. Valid maps cannot be built from these F 2 
samples. The locus orders estimated from the AbC/aBc, 
ABc/abC and aBC/Abc F 2 samples are ABC, ACB and 
BAC, respectively. The coupling pair of loci is always 
selected as the outer pair because the estimated recom- 
bination frequency is greatest for this pair when the 
sample lacks double-recessive phenotypes-  the likeli- 
hood is maximum and map length is minimum for the 
order defined by placing the coupling pair as the outer 
pair of loci (Ott 1991). 

The locus orders estimated from the ABc/abC and 
aBC/Abc matings are wrong, whereas the locus order 
estimated from the AbC/aBc mating matches the true 
order. There is, of course, no way to know this in 
practice. The three-locus estimate of OAC for the 
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AbC/aBc mating is 

0AC= 0aB + 0BC-- 20AB0~C = 0.0 + 0.0--(2"0.0"0.0) = 0.0 

based on null interference. And the three-locus estimate 
of 0AB for the ABc/abC mating is 

A 

O AB = OAC + OCB -- 20 AcOcB = 0.0 + 0.0-- (2"0.0"0.0) = 0.0, 

whereas the three-locus estimate of O~c for the aBC/Abc 
mating is 

Gc = G. + Gc-  20GOSc = 0.0 + 0 . 0 - ( 2 . 0 . 0 . 0 . 0 ) =  0.0. 

These biased estimates imply complete linkage between 
A, B, and C, which, of course, is wrong. Maps cannot be 
estimated for any of these mixed-phase matings. 

These outcomes apply to samples lacking double- 
recessive phenotypes, but misleading locus order esti- 
mates are not restricted to these samples. Locus orders 
are mis-estimated when one or two recombinants are 
observed between one or more locus pairs linked in 
repulsion. Suppose the AbC/aBc F2 mating is used, one 
double-recessive phenotype is observed between A and 
B, and no double-recessive phenotypes are observed 
between B and C. The recombination frequency matrix 
for this sample is exemplified by 

I  cl/ 019 0.0951  cj019 !0  
[_OAc OBc 0.095 0.0 

The estimated locus order for this example is ACB (the 
recombination frequency between A and B is greater 
than between A and C or B and C), and the estimate of 
OAB is much greater from this sample than from a sample 
lacking double-recessive homozygotes (0.19 as opposed 
to 0.0). The recombination frequency between A and B is 
overestimated by 0.14 (Fig. 4), the estimated locus order 
is wrong, and the two-locus and three-locus estimates of 
OA~ disagree (the two-locus estimate is 0a~=0.19, 
whereas the three-locus estimate is 0A~ = 0.095). Many 
other examples can be concocted to show how locus 
ordering is affected by the bias of (2). The basic features 
of the problem are nonetheless clear from the examples 
shown. 

Discussion 

The bias of (2) is a significant source of error in the 
estimation of 0 from finite samples (Figs. 2-4). The 
"inefficiency" of repulsion F 2 matings for estimating 0 
has been noted by many authors (Mather 1936, 1951; 
Allard 1956; Tingey et al. 1992; Rafalski and Tingey 
1993) who ascribed the problem to the variance of (2); 

however, the problem is greater than can be ascribed to 
the variance alone. The mean squared error 
(bias 2 + variance), rather than the variance, defines the 
estimation errors of (2). 

The locus order which minimizes map length (yields 
the minimum distance map) is usually the most probable 
locus order (Olson and Boehnke 1990; Ott 1991); how- 
ever, this only holds for mating types which yield un- 
biased estimates of 0. This rule breaks down with mat- 
ings which yield recombination frequency matrices 
comprised of biased and unbiased estimates. Observed 
phenotype numbers can be inspected to determine 
which 0 estimates are biased, but this does not amelior- 
ate the problem or lead to superior recombination- 
frequency or locus-order estimates. 

Widely used methods for defining unbiased or less- 
biased estimators (Heuther and Murphy 1980; Efron 
1982) fail when applied to the problem of estimating 0 
because the bias of (2) is a function of the unknown 
parameter 0. Jackknifing and bootstrapping, for 
example, can often be used to estimate and correct for 
bias (Efron 1982). Delete-one jackknifing, however, 
yields n estimates of 0 equal to 0.0 when the jackknife 
samples are drawn from an original sample of n repul- 
sion F 2 progeny lacking double-recessive phenotypes. 
The outcome is no different for bootstrapping. 

Most samples sizes are insufficient for mapping 
mixed-phase dominant markers. The mean squared er- 
ror of (2) decreases as sample size increases; however, 
increasing sample size is not cost efficient and seldom 
ameliorates the bias problem. When assaying 500 F 2 
progeny, for example, at least 73.1% and 28.6% of the 
recombination-frequency estimates are biased for loci 
spaced 0.05 and 0.10 recombination-units apart (Fig. 1); 
so even though the number of biased estimates decreases 
as sample size increases, this number can still be sub- 
stantial for closely linked loci. 

F 2 matings are not necessarily proscribed for map- 
ping dominant markers. They can be exploited by build- 
ing separate 'pure-coupling maps'. Dominant markers 
can be split into two groups and mapped, one with 
dominant alleles from the male and one with dominant 
alleles from the female, thereby creating two pure-coup- 
ling F2 maps. Building separate coupling-phase F2 
maps should yield twice as many markers as a backcross 
population for the same number of DNA extractions 
and PCR assays. The number of useful markers in a 
backcross population is equal to the number of recessive 
alleles in the backcross parent, and this number is equal 
to the number of markers in either the male or female 
pure-coupling F 2 map. The number of useful markers is 
equal to the number of markers in the male coupling F 2 
map when the male of the F1 is used as the backcross 
parent, whereas the number of useful markers is equal to 
the number of markers in the female coupling F 2 map 
when the female of the F1 is used as the backross parent. 
Thus, one F 2 population should yield twice as many 
useful dominant markers as one backcross population 
for the same number of DNA extractions and PCR 
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assays when a randomly selected set of dominant DNA 
markers is used. 

Two coupling F 2 maps can be built at half the cost of 
two backcross maps. Coupling F 2 matings are only as 
efficient as backcross matings for closely linked loci 
(Mather 1936; Ott 1991). The validity of a coupling map 
is affected by mean map densi ty-  sampling errors for 
coupling F2 maps are equal to those for backcross maps 
when 0 = 0, but increase as 0 increases, and are signifi- 
cantly greater than those for backcross progeny for 
many n and 0 (Mather 1936). The pitfalls of coupling F 2 
matings can be minimized by using sufficiently stringent 
0 and LOD thresholds to estimate groups. This might 
mean estimating more groups than there are chromo- 
somes. 

RAPDs (Welsh and McClelland 1990; Williams et al. 
1990) and AFLPs (Zabeau 1993) create the basis for 
quickly and efficiently assaying hundreds of dominant 
DNA markers. There are many ways to exploit the 
power of RAPDs and AFLPs which are not affected by 
dominance, e.g., marker-assisted backcrossing breeding. 
These markers are most efficiently exploited for map- 
ping by using doubled-haploid, recombinant-inbred, or 
other inbred line populations (Tingey etal. 1992; 
Rafalski and Tingey 1993). Linkage statistics for domi- 
nant and co-dominant markers for either linkage phase 
are estimated with equal efficiency in these populations, 
and they exploit the maximum number of markers (they 
yield the same number of useful markers as F 2 popula- 
tions). 

Appendix 

Expected likelihood odds (ELOD) for F 2 matings 

The ELOD for repulsion or coupling F 2 matings for co-dominant 
markers is 

ELODF~ - c = ~(i - 8) 2 L o g  1 o [4(1 - 8) 2 ] 

+ 2(1 -- 0) 0 Loglo [4(1 -- 8)8] + ~02Loglo [402] 

+ ~[(1 -- O) z + 823 Log~o [2(1 - 0 )  2 + 282 ] 

as shown by Ott (1991). The ELOD for repulsion and coupling F 2 

matings for dominant markers are 

2 I-4(1 -- 82)7 
ELODF_DR ::  ~82Loglo[482] + ~(1 - 8 ]Loglo L ~ J  

+~(2 + 8Z)L~ I ~  ] 

and 

ELODF ~- Pc = ~-(3-20 + 82)L~176 [ 4(3-- 28--82) 1 9  

2 [-4(28 - -  82)7 
+ /28-8 tLog 0 L 7 J 
+ ~(1 - 0) 2 Loglo [4(1 - 0)2], 

respectively (Table 1). 
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