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Summary. A new method is described to obtain maxi- 
mum likelihood estimates of recombination frequencies 
between quantitative trait loci (QTL) and marker gene 
loci; it is based on Fisher's method of scoring and numer- 
ical differentiation. The method is applied to data from 
chromosome-doubled monoploid lines of barley origi- 
nating from the F 1 generation of a cross between two 
well-adapted barley varieties. The lines segregated for 
marker gene loci ddt (DDT resistance) and s (short 
rachilla hairs) on chromosome 7. The quantitative trait of 
single-kernel weight was found statistically significantly 
associated with locus s, but not with locus ddt. The asso- 
ciation is ascribed to a QTL designated K w l .  It could not 
be ascribed to pleiotropism at locus s since the recombi- 
nation frequency between s and K w l  (0.26___0.09) dif- 
fered significantly from zero. The recombination fre- 
quencies between K w l  and ddt and between ddt and s 
were 0.42_ 0.07 and 0.31 + 0.03, respectively, suggesting 
the locus order ddt, s, Kwl .  The segregation ratio for 
alleles in locus K w l  was estimated to be 43 : 57, which is 
not significantly different from a 1 : 1 ratio. Means and 
standard deviations of single-kernel weight for lines with 
either of the two Kwl  alleles were estimated; the K w l  
locus accounted for 25% of the variance of the single 
kernel weight. 
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Introduction 

The observation of a statistically significant association 
of a quantitative character with the segregation of a 

marker gene locus may be the first step in a genetical 
mapping of a locus controlling such a character. The 
association indicates either that part of the variation of 
the quantitative character is due to a pleiotropic effect of 
the marker gene or that the marker gene is linked with 
one or more segregating loci controlling part of the quan- 
titative character, an effective factor (Mather and Jinks 
1971). When the effective factor is a single locus, al- 
though it may be complex, Geldermann (1975) described 
it as a quantitative trait locus (QTL). The strength of the 
association of a marker gene with a QTL depends on the 
degree of linkage and of the size of the effects of the QTL 
alleles. 

Genetic techniques for locating a QTL were reviewed 
in the book by Thompson and Thoday (1979). Different 
statistical methods to estimate recombination frequen- 
cies between a marker gene and a QTL based on vari- 
ance, on moments of higher order, and on the method of 
maximum likelihood have been treated theoretically 
(Choo 1983; Ginzburg 1983; Haseman and Elston 1972; 
Hill 1975; Jayakar 1970; Lander and Botstein 1989; 
Weller 1986; Zhuchenko et al. 1978). However, recombi- 
nation estimates involving a QTL based on experimental 
data have been reported only for tomato (Paterson et al. 
1988; Weller 1986, 1987; Zhuchenko et al. 1978, 1979). 

The present paper describes a maximum likelihood 
method to estimate recombination frequencies between 
marker genes and a QTL, as well as the effects and segre- 
gation ratio of the linked QTL. The method is applied to 
a QTL controlling single kernel weight in chromosome- 
doubled monoploid barley material. 

Materials and methods 

A total of 198 chromosome-doubled monoploid barley lines 
produced by the bulbosum method (Jensen 1976) from the F 1 



.20 generation of three crosses, Riso 'Mutant 5678'• 'Foma', Riso 
'Mutant 6018' x 'Foma', and 'Mutant SR7' • 'Carlsberg II', were 
studied. 'Mutant 5678' and 'Mutant 6018' were induced in the 
variety 'Carlsberg II' and carry the barley powdery mildew resis- 
tance mutant genes ml-o5 and ml-o6, respectively; 'Mutant SR7' 
was induced in the variety 'Foma' and has the resistance mutant 
allele ml-olO (cf. Jorgensen 1976). The ml-o locus is located on 
chromosome 4. The ml-o genes have the following pleiotropic 
effects, depending on gene background: necrotic leaf spotting, 
lowered grain yield, and reduced single seed weight (Schwarz- 
bach 1976). 

The chromosome-doubled monoploids are supposed to rep- 
resent a random sample of the genomes from the female gametes 
of the F I. Apart from undetected mutations possibly induced 
simultaneously with the ml-o genes, the chromosome-doubled 
lines segregated only for the difference in the ml-o locus, in 
addition to differences between the genomes of the homozygotic 
varieties 'Foma' and 'Carlsberg II'. 

'Carlsberg II' has long rachilla hairs and is resistant to the 
insecticide DDT. The characters are controlled by marker genes 
S and ddt, respectively. 'Foma' has genes s and Ddt and, further- 
more, has a lower single-kernel weight than 'Carlsberg II'. Loci 
s and ddt are both located on the linkage map of barley chro- 
mosome 7 at positions 0 and 61.8 centimorgans, respectively 
(Jensen 1981). 

From each cross 36 resistant and 30 susceptible lines were 
randomly selected. The lines as well as the parents were grown 
in three replicates in field plots, each of size 5.3 m 2. 

The single-kernel weight was determined by weighing 
400 500 kernels taken at random from each plot. The length of 
rachilla hairs was determined by visual inspection. The reaction 
to DDT was found by applying DDT to seedlings grown in a 
greenhouse (Jensen 1979). 

The single-kernel weight of each plot was adjusted for sys- 
tematic effects caused by the position of the plot in the field, as 
well as for the effect of the alleles in the ml-o powdery mildew 
resistance locus, and for the effect of the three crosses (ascribed 
to accidental mutations). 
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Fig. 1. The distribution of single-kernel weight of lines having 
long and short rachilla hairs is shown in the histograms, above 
and below the horizontal single-kernel weight axis, respectively. 
The normal distributions A, a, B, b, and the mixed normal dis- 
tributions C and c are calculated from the estimated parame- 
ters 

Results 

Detection o f  associations 

Single kernel weight was found statistically significantly 
associated with the character length of rachilla hairs de- 
termined by alleles of locus s (X6zds = 16, testing the inde- 
pendence of segregation of locus s and a grouped distri- 
bution of single kernel weight). The histograms in Fig. 1 
show the association. The mean single-kernel weights of 
lines with allele s and S were 42.88_+ 0.25 mg and 44.18 
_ 0.28 mg, respectively. 

The association indicates either that the alleles in 
locus s have a pleiotropic effect on single kernel weight, 
or that locus s is linked with a quantitative trait locus 
(QTL) named Kwl  (kernel weight). The alleles of Kwl ,  
assumed to occur in 'Carlsberg II '  and 'Foma ' ,  are desig- 
nated C and F, respectively. Single-kernel weight has 
previously been reported associated with locus s (Bal 
et al. 1959); it has been suggested that it is controlled by 
a locus designated Kw (Robertson et al. 1965) like the 

single-kernel weight loci on chromosomes 1 and 2 (Smith 
1951; Robertson et al. 1955). The segregation for locus 
ddt was not statistically significantly associated with 
single-kernel weight. 

Estimation o f  recombination frequency and gene effect 

The recombination frequencies between the assumed 
locus for single-kernel weight, Kwl ,  and loci s and ddt 
were estimated as follows: the expected frequency of the 
eight different genotypes in terms of the recombination 
frequencies P l ,  P2, and P3 between Kwl  and ddt, ddt and 
s, and K w l  and s, respectively, are shown in Table 1. 
Furthermore,  a parameter h, which expresses the propor- 
tion of lines with the K w l C  allele, is included in order 
that the segregation ratios for locus K w l  can be tested. 
It is assumed that the single-kernel weights of the two 
groups of lines having alleles K w l C  and K w l F  are nor- 
mally distributed with mean values M c and M r and stan- 
dard deviations Sc and SF, respectively. The likelihood 



function L can then be written as: 

L=l~[~- - [ I i~ i= l  '= e x p (  2 \  S~ J J 

+(1 - h ) g i +  4 f 1 f x i j - M v ' ~ z ] 7  

Sv e x p ) , - 2  t ~ -) ;J 
where A i is the number of  lines of  the i =  1, 2, 3, and 4 
marker gene genotypes d d t , S ;  dd t , s ;  D d t , S ,  and D d t , s ,  

respectively (S Ai=  198), and X~,j is the observed single- 
kernel weight of  line no. j within lines having marker gene 
genotype no. i. 

The likelihood function is maximized with respect to 
the eight parameters by Fisher's method of  scoring for 

Table 1. The expected frequencies of gametes of chromosome- 
doubled monoploid genotypes 

Gamete type Expected frequency 

K w  l C, ddt, S 
K w l C ,  ddt, s 
K w l C ,  Ddt,  S 
K w l C ,  Ddt,  s 
K w l F ,  ddt, S 
K w l F ,  ddt, s 
K w l F ,  Ddt,  S 
K w l F ,  Ddt,  s 

gx = h (2-Px -P2--P3)/2 
92 = h ( - P l  +P2 +P3)/2 
g3 = h (Pl +P2 -P3)/2 
94 = h (Px -P2 +P3)/2 
95 = (1 -h )  (Pl -P2 + p3)/2 
96 = (1 -h )  (Pl +P2 --P3)/2 
97 = (t - h ) ( - P l  +P2 +P3)/2 
9s = (1 -h )  (2-p1 --P2 --P3)/2 
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parameters using the observed amount  of  information 
(Bailey 1961). A small general program for a microcom- 
puter was written in BASIC to perform the necessary 
calculations, including the single and double partial dif- 
ferentiation of  the function by simple numerical meth- 
ods. The program interactively allows for maximizing a 
likelihood function for a variable subset of  parameters by 
keeping the remaining parameters constant. The function 
was maximized for each of  the different parameters a 
number of  times in order to obtain convergence when 
using poor  starting values in the iteration procedure. In 
that way reasonable starting values were obtained for the 
final iteration of  all parameters at once. 

Due to rounding errors, the number of  significant 
digits in the estimated parameters and their covariances 
or standard deviations may only be, respectively, about 
half and a quarter of  those with which the computer 
works. In the present study the computer worked with 16 
digits. 

The parameters estimated are shown in Table 2. The 
proport ion (h) of  lines having the K w l C  allele is estimat- 
ed as 43% -+ 8%. This value does not deviate significantly 
from the expected 50% of a single-gene segregation ratio. 
The recombination frequency of  26%_+9% between s 
and the hypothesized locus K w l  is significantly different 
from zero. It is therefore unlikely that pleiotropic effects 
of  the alleles in locus s are responsible for the associa- 
tions. However, the possibility exists that alleles in locus 

Table 2. Parameters estimated by the likelihood function. Extra decimals are provided in order to enable the reader to check later 
calculations 

Recombination frequency K w l  ~ ddt 
ddt ~ s 
K w l  ~ s 

Proportion of lines with allele C of locus K w l  

Pl 0.423740• 
P2 0.313131 • 
P3 0.262310• 

h 0.424976• 

Single-kernel weight (mg) 

Mean Standard deviation 

M c 45.033118 Sc 2.578596 
• • 

M e 42.328541 S e 2.095417 
• • 

Covariance/correlationMatrix a 

Pl P2 P3 h M c M F S c S F 

Pl +0.005150 +0.000528 +0.003532 -0.000123 +0.010196 -0.006958 -0.003531 
Pz +0.22 +0.001086 -0.000032 0.000000 0.000000 0.000000 0.000000 
P3 +0.53 -0.0t  +0.008530 -0.002821 +0.039515 -0.015937 -0.018657 
h -0.02 0.00 -0.38 +0.006550 -0.030451 -0.002497 +0.009307 
M c +0.22 0.00 +0.66 -0.58 +0.418500 -0.107671 -0.162682 
M F -0.27 0.00 -0.48 -0.09 -0.46 +0.129887 +0.076427 
S c -0.13 0.00 -0.54 +0.31 -0.67 +0.56 +0.141273 
S e -0.37 0.00 -0.46 -0.03 -0.38 +0.53 +0.30 

-0.006027 
0.000000 

-0.009520 
-0.000534 
-0.054911 
+0.043094 
+O.O2566O 
+O.O5O446 

a Covariance, variance and correlation coefficient, respectively, above, on and below the diagonal 
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s together with one or more linked genes on chromo- 
some 7 have effects on single-kernel weight. 

It is also seen from Table 2 that the recombination 
frequency between K w l  and ddt is the largest one; how- 
ever, statistically it is no larger than the recombination 
frequency between ddt and s. The most likely locus order, 
ddt-s-Kwl, therefore needs further confirmation. 

The recombination percentage of  31.3% +3 .3% be- 
tween ddt and s could have been calculated in a much 
simpler way from the direct observations; however, the 
more complex method used also gives its covariances 
(Table 2) with the other parameters. The covariances, or 
correlation coefficients, are low to the two other recom- 
bination frequencies and, as expected, zero to the remain- 
ing parameters (h, M c, MF,  Sc,  and St).  Based on the 
estimated recombination frequencies, the coefficient of  
coincidence is calculated as 0.92. This is of  an order that 
could be expected in barley when dealing with three 
single genes. The mean single-kernel weight of  lines with 
genes K w l C  and K w I F  differs by 2.7 mg. This is three 
times the difference between the single-kernel weights of  
the two parents, 'Carlsberg II '  and 'Foma ' ,  which were 

Table 3. Comparison of directly calculated statistics (obs) with 
expected values (exp) calculated on the basis of the Kwl model, 
with parameters as estimated parameters from the likelihood 
function 

Total aggregate statistics values 

Mean (mg) M r = M c h + M r ( 1 - h )  obs=exp=43.48 
Variance between V b =(Mc--Mr)2h exp= 1.7875 

genotypes + (M r _ Mr )2 (1 - -  h) 
(C and F) 

Variance within V w =S~h+S~(1-h) exp= 5.3505 
genotype 

Sum of variances V r = ~ + V  w obs=exp= 7.1380 

Within marker gene genotypes 

i No. of lines Mean value of single kernel 
weight (mg) 

Genotype obs expa obs b exp c 

1 ddt, S 61 63 .3  44.20+0.29 44.13___0.34 
2 ddt, s 32 33.4 42.71 +0.45 42.85___0.42 
3 Ddt, S 30 28 .6  44.14+0.59 44.22-t-0.51 
4 Ddt, s 75 72 .7  42.95+0.29 42.91-t-0.29 

a The expected number of lines is calculated as 198 (#i+gi+4) 
b These means and their standard deviations are from a grouped 
analysis of variance 
c The expected means and standard deviations are calculated 
similarly to the total aggregate statistics, but h and 1 - h  are 
replaced by 9i/(9~+g~+4) and 9i+4/(9i+9i+~), respectively, and 
the sum of variances for each genotype is divided by the expected 
number of lines (see footnote a) and the square root is taken to 
obtain the standard deviation 

45.0 + 0.24 mg and 44.1 _ 0.18 mg, respectively, when ad- 
justed for external effects (plot location, etc.). This sug- 
gests segregation for additional, independently inherited 
genes. 

Histograms showing the distribution of  single-kernel 
weight of  the lines with short and long rachilla hairs are 
given in Fig. 1. The figure further shows both the normal 
density distributions based on the estimated parameters 
as well as the mixed density distributions. The latter dis- 
tributions look rather normal and have only one mode, 
which should also be expected when the difference be- 
tween the means relative to the standard deviations is as 
small as here (Behboodian 1970). 

Table 3 gives various expectations calculated on the 
basis of  the estimates given in Table 2. The expectations 
are checked against the corresponding values obtained 
from an analysis of  variance (exp versus obs). The ex- 
pected total mean value of  single-kernel weight and total 
variance is exactly the same as found by the analysis of  
variance. However, it is possible to divide the variance 
into: (a) between alleles ( K w l C  and KwlF)  and (b) within 
alleles. The first value accounts for 25 % of  total variance. 
For  each of  the four marker gene genotypes, the observed 
and expected values for (1) number of  lines, (2) means of  
single-kernel weights, and (3) their standard deviations 
did not deviate much, indicating a good fit of  the model 
and a good precision of  estimates. 

Discussion and conclusion 

The recombination percentage of  26 between s and K w l  
corresponds to a map distance of  29 centimorgans (cM). 
This suggests that locus K w l  is located close to locus r 
(rough awn) which is located on the chromosome 7 map 
at 30 cM from locus s (Jensen 1981). The K w l  locus may 
be the same locus as the one which Bal et al. (1959) 
associated with locus s. 

The estimated recombination percent between s and 
K w l  has a rather high standard deviation, 9.24. How- 
ever, if the genotypes at locus Kw!  could have been clas- 
sified exactly, 198 lines and a recombination percent of  
26.2 give a standard deviation of  only 3.13. In other 
words, the exactness of  the estimates corresponds to 
what could have been obtained with only 23 lines, if 
single-kernel weight was a qualitative character. This il- 
lustrates that the actual number of  lines used, 198, with 
the present experimental design is near to the lower limit 
of  the necessary number. The variance of  the single 
kernel weight of  the lines and the coefficient of  variation 
were only 0.35% and 1.4%, respectively. The variance 
measured on a spaced single plant basis is about 25 times 
as high (unpublished), indicating the advantage of  using 
chromosome-doubled monoploid lines in replicated field 
plots. 
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The fact that the estimated segregation ratio 43 : 57 
for locus K w l  did not deviate significantly from the ex- 
pected 1 : 1 ratio indicates that no serious bias in trans- 
mission or viability is associated with Kwl .  It indicates 
further that the alleles in locus K w l  do not interact with 
alleles in other segregating loci. However, it does not tell 
us that the lines segregate for only one locus associated 
with s that affects single kernel weight. It is not  possible 
to find out if locus K w l  consists of  a block of  linked loci. 
But a large block is expected to give a low coincidence 
coefficient, and a coincidence coefficient higher than ex- 
pected at the Kosambi level was obtained (0.9 > 2 • 0.432). 
Even for a qualitative character, it may be difficult to 
determine if it is controlled by a single locus or by a block 
of  linked loci. 

Kernels with long rachilla hairs (S) probably weigh 
somewhat more than kernels with short hairs (s) due to 
the weight of  the hairs. However, hair weight accounts 
for probably less than 1% of  the estimated allele effect. 
The lines probably segregate for many other loci with 
similar small allele effects. 

It is reasonable to assume that loci exist that contain 
alleles with all grades of  effects, many with nearly no 
effect and a decreasing number with increasing effects. 
Furthermore, it is reasonable to assume that alleles segre- 
gating for a quantitative character are randomly distrib- 
uted in the two genomes in a diploid organism. Table 3 
shows that the alleles in locus K w l  account for 25% of  
the variance between lines. This does not leave much 
room for the lines to segregate for loci with major  effects 
on single-kernel weight that are not located on chromo- 
some 7. However, such loci are much more likely to occur 
than two such linked loci on chromosome 7. 

We have assumed that for each K w l  allele the single- 
kernel weight was normally distributed. However, if a 
secondary locus placed on a chromosome different from 
chromosome 7 segregated for alleles with major  effects 
on single kernel weight, the requirements of  normal dis- 
tributions would not be fulfilled. I f  the effects of  unlinked 
QTLs are smaller than those of  the linked QTL, the 
deviation from normality will probably have little effect 
on the estimates; this has to be studied further. 

The parents of  the crosses studied were not very 
closely related, but morphologically they are very similar 
and agronomically they are well adapted. I f  one uses 
completely unrelated and very dissimilar parents, segre- 
gation at many loci is expected. With an increasing num- 
ber of  segregating loci the probability of  interacting loci 
and of  linked loci with reduced viability also increases. 
Such problems occur in studies of  conventional marker 
gene loci, and it may also be a serious problem in the 
study of  QTL. 

A verification of  the efficiency of  the method of  esti- 
mation and of  the results obtained was made by applying 
the estimation method separately to each of  the three 

replicates. The estimates for each replicate were all in 
good agreement with the results given above based on the 
mean single-kernel weight for each line. The method of  
estimating recombination frequency to a QTL has also 
been tested on simulated data. In addition, the computer 
program was tested on the data of  ash content of  peat 
from a bog given by Hall (1952). Estimates identical to 
those obtained by Hasselblad (1966), who also used a 
maximum likelihood method on the data of  Hall, were 
obtained. 

The iteration procedure to solve the maximum likeli- 
hood equations requires considerably more computer 
power when one of  the loci is a QTL; nevertheless, the 
computat ion can still be made without too much effort 
on a microcomputer  programmed in an interpretive 
language like BASIC. This is in contrast to the view of  
Weller (1986), who thought that it was too cumbersome 
and time-consuming to obtain iterative solutions of  the 
maximum likelihood equations; however, he was work- 
ing with F 2 populations. Instead, Weller proposed an 
approximate maximum likelihood method which he 
nevertheless still thought required a significant invest- 
ment in computing time of  a mainframe computer. 
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