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Summary. The development of molecular markers has 
recently raised expectations for their application in 
selection programs. However, some questions related 
to quantitative trait loci (QTL) identification are still 
unanswered. The objectives of this paper are (1) to 
develop statistical genetic models for detecting and 
locating on the genome multi-QTL with additive, 
dominance and epistatic effects using multiple linear 
regression analysis in the backcross and F, generations 
from the cross of two inbred lines; and (2) to discuss 
the bias caused by linked and unlinked QTL on the 
genetic estimates. Non-linear models were developed 
for different backcross and F. generations when both 
epistasis and no epistasis were assumed. Generation 
analysis of marked progenies is suggested as a way of 
increasing the number of observations for the estimates 
without additional cost for molecular scoring. Some 
groups of progenies can be created in different genera- 
tions from the same scored individuals. The non-linear 
models were transformed into approximate multivari- 
ate linear models to which combined stepwise and 
standard regression analysis could be applied. Expres- 
sions for the biases of the marker classes from linked 
QTL were obtained when no epistasis was assumed. 
When epistasis was assumed, these expressions in- 
creased in complexity, and the biases were caused by 
both linked and unlinked QTL. 
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Introduction 

Because classical methods of artificial selection have 
resulted in rapid genetic progress in plant and animal 

breeding for more than 100 years, most breeders rely 
on these methods and will presumably continue to do 
so until a new technology proves to be more efficient 
than the old. Futhermore, genetic gains in different 
crops (Fehr 1984) confirm that the theory underlying 
classical selection methods is still valid. 

Recently, expectations for the application of molec- 
ular genetic markers to selection programs have risen. 
The theoretical basis for the identification of quanti- 
tative trait locus (QTL) effects associated with indi- 
vidual marker loci (Jayakar 1970; McMillan and 
Robertson 1974; Soller and Beckman 1983; Edwards 
et al. 1987; Cowen 1988) and flanking marker loci 
(Lander and Botstein 1989; Knapp et al. 1990) has been 
developed. However, examples of application of marker- 
assisted selection theory to crop selection programs are 
still scarce. Some questions related to QTL identifica- 
tion are still unanswered; e.g., (1) how can digenic 
epistatic interactions between single QTL be esti- 
mated? (2) how will linked QTL affect the estimation 
of gene effects? (3) how can different breeding strategies 
and statistical analyses of data improve the power of 
the genetic models? Some of these questions could be 
answered if an appropriate theory was developed. 
Some statistical techniques which have been developed 
to estimate QTL gene effects with markers are (a) the 
comparison of marker class means (Soller and Beckman 
1983; Edwards et al. 1987; Cowen 1988), (b) the 
maximum likelihood estimation (Weller 1986; Lander 
and Botstein 1989; Luo and Kearsey 1989, 1991; 
Knapp et al. 1990) and (c) multiple linear regression 
(Cowen 1989; Knapp et al. 1990). Advantages and 
shortcomings of these methods have been discussed by 
Arus and Moreno-Gonzalez (1993). Since association 
between markers and QTL occurs mainly in linkage 
disequilibrium generations, the use of these genera- 
tions is an advantage in these types of analysis. 



436 

The objectives of this paper are (1) to develop 
statistical genetic models for detecting and locating on 
the genome multi-QTL with additive, dominance and 
epistatic effects using multiple linear regression analysis 
in the backcross and Fn generations from the cross of 
two inbred lines, and (2) to discuss the bias caused by 
linked and unlinked QTL on the genetic estimates. 

Genetic models 

Definitions 

Assume two inbred lines P1 and P2 with marker geno- 
types M I M x  . . .  M i M  i and m l m l . . ,  mimi (i = 1, 2 , . . . ,  n), 
respectively, and QTL genotypes Q1 Q1 . . .  QtQt and 
q l q l . . ,  qtqt ( t e T ) ,  respectively. Each pair of adjacent 
or flanking markers defines a marker chromosome 
segment S; e.g., markers Mi/mi  and M~+ 1/mi+ 1 define 
segment Sv The putative QTL lying in segment S~ is 
named QJqi. Not all marker segments carry a QTL. 
T is the set of subcripts of marker segments carrying 
a QTL. The F1 cross between P1 and P2 has the 
following chromosome array: 

Mi rli Qi rzi Mi+l 
o / / / 

0 / / / 

ml q~ q~ + 1 

where rl~ and r2i are the recombination frequencies 
between loci M i and Qi and between Qi and Mi+ 1, 
respectively. Because the chance of a double-crossover 
is at most 1~o and 0.25~o for 20 and 10 cM marker map 
distances, respectively, and much less if interference 

occurs as expected within small map distances (Strick- 
berger 1985), only the no-double-crossover situation 
will be considered in this model (Knapp et al. 1990). 

Let the QTL genotypes QiQi, Qiqi and qiqi be 
assigned the genotypic values + a~, d~ and - a~, respec- 
tively, where a and d stand for additive and dominance 
values, respectively (Falconer 1989); ri = r l i + r zi, where 
r~ is the recombination frequency between M, and 
Mi+ 1; Pi = rii/ri (Knapp et al. 1990). 

Generations 

The following generations were studied using this 
model. 

1) Backcrossing of the F1 cross (further, F1 backcross 
generations B 1 and B/), F 2 or advanced generations to 
both parents 

If the F 1 cross, or random pollen from the F z or 
advanced (either random mating or selfing) genera- 
tions is backcrossed, then individuals from the back- 
cross generations can be scored for one of the eight 
marker classes in each marked segment (Table 1). 
Expected genetic values for the marker classes are 
shown in Table 1. When using pollen from the F2 or 
advanced generations the recombination frequency 
between markers will increase relative to using pollen 
from the F1 cross. Selfed families from scored indi- 
viduals in the backcross generations can be used in 
replicated trials to reduce the environmental error 
component of the trait. 

2) North Carolina Design III (NCIII) (Comstock and 
Robinson 1952) 
Random individuals from the F2 or advanced genera- 
tions are scored and backcrossed to both parents. Nine 
marker classes for each segment can be distinguished 

Table 1. Marker classes, expected frequency and expected genotypic values in the F 1 backcross generations B1 and BE for a flanking 
marker model with no double-crossover 

Backcross Marker Coded Expected Expected 
generation class class frequency" genotypic value" 

B1 MiMiMi+ 1Mi+ 1 1 �89 -- ri) at 
a (1 -- p~)ai + pidi MiMiMi+ lmi+ 1 2 ~ri 

MimiMi+ 1Mi+ 1 3 lri Pial + (1 - pi)di 
MimiMi+ lmi+ 1 4 �89 - ri) dl 

B2 MimiMi + 1 mi + 1 5 1(1 - ri) di 
Mimimi+ lmi+ i 6 �89 (1 - p)di -pai 

m~miMi+ imp+ i 7 �89 pidi -- (1 - pi)ai 
mimimi+ i mi+ 1 8 1(1 -- ri) --ai 

" Pi = raf/ri where rl = rxi + r2i; rli, r2i and rl are the recombination frequencies between M~ and Q~, Q~ and M~+I and Mi and M~+ x, 
respectively. If pollen from the F2 or advancing generations is used, the recombination frequency between markers will increase 
relative to using pollen from the Fa cross 
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Table 2. Marker classes, expected frequency and expected genotypic value in the F2 population and expected genotypic values of 
backcrosses from a design for a flanking marker model with no double-crossover 

F 2 population Expected genotypic values of backcrosses 
from a NCIII design 

Marker Coded Expected Expected 
class class frequency genotypic value a B~ B 2 

MiMiMi+xMi+ 1 1 �88 a a i a i d i 
MiMiMi+lmi+ 1 2 �89 ( l - p i ) a i + p i d  i (1-�89189 i - �89 di 
MiMimi+lmi+ 1 3 ~r 2 ( l _2p i )a i+2p i ( l_p i )d  i ( l_p i )a i+pid  i _p ia i+( l_p i )d i  
M~m~M~+ ~M~+ 1 4 �89 p~a~+(1-p~)d~ �89 + p~)a~+(1-p~)d~] � 8 9  + p~)d J 

MimiMi+lmi+ 1 5 � 8 9  2 ( l  2Oi(1-pi)rz'~d i l(ai+di) �89 
1 - 2ri + 2r 2 J 

Mimim~+ lrn~+ l 6 �89 - p i a ~ + ( 1 -  p i ) d ~  �89 + pi)di] 1 ~[ - (1 + pi)a~ + (1 - pi)di] 
mim~Mi+aMi+ 1 7 ~r 2 _ ( l _2p i )a i+2p i ( l _p i )d i  p ia i+( l_p i )d  ~ _ ( l_p i )a i+p id i  
mimiMi+~mi+ 1 8 �89 - ( 1 - p i ) a i + p i d  i x 1 1 1 ~piai + (1 -- ~p i)di - (1 - ~pi)ai + ~pidi 
mimirni+ imi+ ~ 9 l(1--rl)2 - a i  di - a i  

a pl = rii/r~ where r i = rl~ + r2i; rl~, r2~ and r~ are the recombination frequencies between M~ and Qg, Q~ and M~+ 1 and M~ and M~+ 1, 
respectively 

in the scored individuals from the F z or advanced 
generations. The relative frequencies of F 2 genotypes 
and their expected genotypic values when backcrossed 
to both parents are shown in Table 2. Expected genetic 
values of the sum and difference of the two backcrosses 
can be easily obtained from the last two columns in 
Table 2. The backcross sum is more powerful for 
estimating additive values, while the backcross differ- 
ence is more powerful for dominance values. Since 
replicated backcross families can be tested with this 
mating design, it will reduce the environmental error 
component. 

3) F ,  generations 
Scored individuals from the F 2 or advanced genera- 
tions can be used in the analysis. Selfed families from 
these scored individuals will reduce the error compo- 
nent. 

M a t h e m a t i c a l  models 

Using the notation of Falconer (1989) and Mather and 
Jinks (1971), similar models to those of Knapp et al. 
(1990) can be developed. 

1) No epistasis is assumed 
From Tables 1 and 2, the following mathematical 
model for individuals from the F1 backcross genera- 
tions and NCIII  can be written: 

Pjk -~ }1o d- Z k + ~.  (aix  i + diy  i + piaiui -k- pidlvi) -+- ejk 
i=1 

(1) 

where Pjk is the phenotypic value of individual or 
family j ( j=  1, 2,. . .  f )  in the backcross generation k 
( k = l  or 2); #o includes the contribution of non- 
segregating QTL genes along with the average mean 
of all possible homozygous genotype combinations 
from segregating QTL that are included in the model; 
zk is a class variable that accounts for the average mean 
effect of all genotypes in the backcross generation k 
from segregating QTL that are not included in the 
model; it also may include the environmental effect of 
generation k when tested separately; ai and di are the 
additive and dominance values of the QTL associated 
with the marker segment St (i = 1, 2 . . . .  n); x~, y,, u~ and 
v~ are dummy variables associated with ai, di, p~a~, and 
pfl~, respectively; values of xi, Yi, ui and vi for the 
marker classes of the F1 backcross generations and 
NCIII backcrosses are shown in Table 3; ejk is the 
residual effect, which includes the environmental error 
effect, associated with individual or family j in gen- 
eration k. 

From Table 2, the following model for individuals 
from the F 2 generation can be derived: 

Pj = l~o + ~ (aixi + d~yi + piaiu i + pidivi 
i= l  

+ p~diwi) + ej (2) 

where pj is the phenotypic value of individual j 
( j=  1,2 . . . .  f )  in the F z generation; #o includes the 
contribution of nonsegregating QTL genes, along with 
the mean of all possible homozygous genotype combi- 
nations from segregating QTL in the model and the 
average mean of all genotypes in the the F2 generation 
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Table 3. Values of the dummy variables xi, y~, u~ and vi in the flanking marker genetic model with no double-crossover and non epistasis 
of Eq. 1 a for the marker classes of the backcross generations B~ and B 2 from the Fi cross and from NCIII 

Generation Coded 
marker 
class b 

Backcross from the F~ cross Backcross from NCIII 

Xt Y i  Ui Vi Xi Yl Ui Vi 

B1 

B2 

1 1 0 0 0 
2 1 0 - 1  1 
3 0 1 1 - 1  
4 0 i 0 0 
5 
6 
7 
8 
9 

1 
2 
3 
4 
5 0 1 0 0 
6 0 1 - 1  - 1  
7 - 1  0 1 1 
8 - 1  0 0 0 
9 

1 0 0 0 
1 I 1 0 - ~  

1 0 - 1  1 
I 1 1 I 

i i 0 0 
1 1 I I 

0 1 1 --1 
1 1 0 1 ~ --~ 

0 1 0 0 

0 1 0 0 
1 t 0 1 - ~  - ~  

0 1 - 1  - 1  
I 1 1 I 

i i 0 0 
1 i 1 1 

--1 0 1 1 
1 1 - 1  0 ~ 

- 1  0 0 0 

a Yjk = #0 + Zk -1" Z(aixi + Ed~y~ + Z&alu~ + ZpflivO + ejk 
b According to Tables 1 and 2 

f rom Q T L  no t  in the model ;  wi is a d u m m y  var iab le  
assoc ia ted  with  p~di; remain ing  var iables  and  pa-  
ramete rs  have  a l r eady  been defined; values of  xi, Yi, u~, 
vi and  w~ for the m a r k e r  classes of  the F2 genera t ion  
are  shown in Table  4. 

Values  of  var iables  Yi, vi and  wi will be mul t ip l ied  
by (1/2) t in Eqs. 1 and  2 if the tested families were 
der ived  by  selfing the ini t ia l  ind iv idua ls  o r  families in 

Table 4. Values of the dummy variables xi, yi, ui vi and wl in the 
flanking marker genetic model with no double-crossover and 
non epistasis of Eq. 2 a for the marker classes of the F2 generation 

Coded marker xt y~ us v~ w~ 
class 

1 l 0 0 0 0 
2 1 0 - - t  1 0 
3 1 0 - 2  2 - 2  
4 0 1 1 - 1  0 
5 0 1 0 - b 0  bi c 
6 0 t - 1  - 1  0 
7 - 1  0 2 2 - 2  
8 - I  0 1 1 0 
9 - 1  0 0 0 0 

" y~ = #o + E (aixi + d~yi + p~aiui + pid~vi + p~dtwl) + ej 
b According to Tables 1 and 2 

b~ = 2ri2/(l - 2ri + 2r~); r~ is the recombination frequency be- 
tween flanking markers in segment St 

the backcross  or  F 2 genera t ions  dur ing  t generat ions .  
I f  the  n u m b e r  of  m a r k e r  segments  is n, then the non-  
l inear  mode l s  of  Eqs. (1) and  (2) have  a m a x i m u m  of  
3 n + 2  and  3 n + l  pa rame te r s  to  be es t imated,  res- 
pectively.  

2) Epistasis  
Digenic  in te rac t ions  a m o n g  loci  are  assumed.  The  
fol lowing equa t ion  can  be wr i t ten  for the  backcross  
generat ions:  

Pjk =ItO q- Zk + ~.~ (aixl + diyl + Piaiui --k p~ivi) 
i = 1  

+ ~ . E  Ai..(xi + plui)(x.. + p..u..) 
i< ra 

+ ~ Z A D i . . ( x i  + p,ui)(y.. + p.v. . )  
i ~  m 

+ ~ Di.(yi + plvi)(ym + pmV.) + ~jk (3) 
i < m  

where  Aim, ADim and  Dim are  the  addi t ive  x addi t ive ,  
addit ive x dominance  and  the dominance  x dominance  
gene in te rac t ion  be tween loci i a n d  m as defined by 
M a t h e r  and  J inks  (1971), respectively.  

F o r  the F2 generat ion,  the equa t ion  will be: 

Pj = #o + ~ (aixi + dlyl + pla~ui + &divi + P~dWi) 
/ = 1  



+ ~ Z  A,=(xi + piui)(x,. + DmUm) 

+ ~ Z  AOi,,(xi + piui)(Ym + pmVm + p2Wm) 
i:/:ra 

+ EZo,=(y ,  + + 
i<m 

"(Ym + flraVm q- p2,,W,,) + ej. (4) 

Equations 3 and 4 will estimate a maximum ofn(n-  1)/2 
additional parameters for the A's and the D's, respec- 
tively, and n ( n -  1) paramaters for the AD's. 

Marked progeny generation analysis 

The generation mean analysis as suggested by Hayman 
(1958, 1960) and Mather and Jinks (1971) can estimte 
additive, dominance and epistatic effects. One major 
disadvantage of this method is that estimates of positive 
and negative single gene effects are pooled through the 
genome in such way that they may cancel each other. 
In fact, estimates of additive effects for maize grain 
yield as indicated by Moreno-Gonzalez and Dudley 
(1981) were much less than expected because of the 
inherent limitations of the method. 

A different approach is suggested. Additive, do- 
minance and digenic epistatic gene effects directly 
associated with single marker segments could be esti- 
mated by applying a generation analysis to progenies 
that are molecularly marked. Since molecular scoring 
is more expensive than testing, individuals are first 
scored for molecular markers, and then selfed or 
backcrossed progenies are derived from them for 
testing of the phenotypes. Thus, the number of obser- 
vations increases without additional cost for molecular 
scoring. Some examples of groups of progenies that can 
be created in different generations from the same 
scored individuals are (1) the F3 progenies, the two 
groups of backcross families in NCIII and the second 
and reciprocal backcross family from each NCIII 
backcross family that can all be derived from origi- 
nal F 2 individuals; (2) the selfed progenies and the 
second and reciprocal backcross families derived from 
individuals in the F1 backcross generations B1 
and B 2. 

The following complete model can be written for 
fitting the data collected from testing marked pro- 
genies in different generations. 

Pjk = ]20 -Jr- Zk -~ 2 (aixi + diyi + piaiui + pidivi + p2diwi) 
i 

+ ~ " A i m ( X  i q- fllUl)(Xm -~- PmUm) 
i<m 

+ ~ , A D i m ( X i  + Piui)(Ym + pmVm + p2Wm) 
i~: m 
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+ ZY D,=(y, + + 
i<m 

2 w "(Ym + pmVm+P,, m)-~-gjk (5) 
where the k subscript indicates the particular genera- 
tion and the Zk term accounts for the mean ofgenotypes 
in generation k from segregating QTL not in the 
model, along with the environmental testing effect of 
generation k. Values of the w dummy variable are zero 
for the backcross generations. Values of the x, y, u and 
v dummy variables for the marker classes of the second 
and reciprocal backcrosses or any other generation can 
be easily obtained. 

Statistical analysis 

Some statistical computer program packages have 
now iterative subroutines that can fit non-linear models 
such as Eqs. 1-5 by an iterative least-square approach. 
They require specification of the fully expanded expres- 
sion of the model, the names and starting values of the 
parameters and in some cases the first and second 
partial derivatives for each parameter in the model. If 
many parameters are included in the non-linear model, 
this kind of solution becomes extremely tedious and 
computer-time consuming. 

To simplify the estimation procedure, an aproxi- 
mate method is suggested. Make the following change 
of variables in the models: 

X' i = X i @ piui for Eqs. 1-5; 

Y'i = Yl + pivi for Eqs. 1, 2; 

Y'i = Yi + pivi + P2i for Eqs. 3-5. 

The parameter Pi is the probability that a recom- 
binant gamete, say Mirni+ 1, carries the q~ allele. How- 
ever, a particular recombinant gamete really carries 
either the Q~ or the q~ allele. Since individuals are fitted 
to the expected genotypic values of the recombinant 
marker classes, which depend on &, but not to their 
real genotypic values, then the parameter estimates will 
have an additional inherent error due to the recombin- 
ant marker classes even if p~ were known. 

Because p is unknown and varies from 0 to 1, we 
assign an initial value of 0.5 to p~ for each i (i = 1, 2,..., n). 
This initial asumption will affect the expected value of 
the recombinant marker classes 2, 3, 6 and 7 in the F 1 
backcross generations and classes 2-4, 5 (not very much) 
and 6-8 in NCIII. Thus, they will bias the a and d 
estimates. The lower the recombination frequency, ri, 
between flanking markers, the lower the bias will be, 
because a lower proportion of individuals affected by 
Pl will be involved in the estimates. 

The non-linear models of Eqs. 1-5 will be changed 
to the following approximate multivariable linear 
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Table 5. Values of the dummy variables x' and y' for marker 
classes of backcross-derived families when p = �89 and no epistasis 
is assumed 

Coded 
marker 
class 

Families 

Selfing Second Reciprocal 
backcross backcross 

x' y' x' y' x' y' 

1 0 1 0 0 1 
0.5 0.25 0.75 0 .25 -0.25 0.75 
0.5 0.25 0.75 0 .25 -0.25 0.75 
0 0.5 0.5 0.5 -0.5 0.5 
0 0.5 -0.5 0.5 0.5 0.5 

-0.5 0 . 25  -0.75 0.25 0.25 0.75 
-0.5 0 .25  -0.75 0.25 0.25 0.75 
-1  0 -1  0 0 1 

model: 

Pjk = #o + Zk + Z (aix'i + diY'i) + E Z  Ai,.x'iX'm 

+ Z Z  ADi,,xlY',, + E E  Oiy'iy" + ejk. (6) 

The stepwise regression analysis (Draper and 
Smith 1981) available in some statistical packages can 
be performed on the model in Eq. 6. Cowen (1989) 
suggested stepwise multiple linear regression for ana- 
lyzing RFLP-associated QTL data. The values of the 
dummy variables x' and y' when p~ = 1/2 are shown as 
an example in Table 5 for the selfing, second and 
reciprocal backcross families from the F1 backcross 
generations. Likewise, appropriate values can be ob- 
tained for other sets of generations. If many parameters 
are to be estimated in the complete model, it will be 
advisable to leave out the interaction parameters A, D 
and AD and to perform a first analysis with the a and 
d parameters. On the basis of simulation studies, an 
value of 0.005 seems to be a reasonable significance 
level to protect against high rates of false positives 
(experiment-wise type I errors) and large type II errors 
when 60 and 120 markers are studied. 

Bias from linked and unlinked Q T L  

Several marked segments are usually available in the 
same chromosome for the analysis of the QTL effects. 
These segments likely do not segregate independently. 
Since the stepwise linear regression analysis incorpo- 
rates sequentially, one by one, variables into the model, 
some of the questions to be asked are: (1) are the 
estimates of QTL effects which are included in the 
model biased by linked and unlinked QTL not yet in 
the model? (2) will a QTL already in the model prevent 
the entrance of a linked QTL not in the model? (3) are 
QTL effects influenced by other QTL when all are in 

the model? Attempts to answer these questions await 
further developments. 

No epistasis 

Four bias expressions affecting the marker classes of a 
linked QTL in the F 1 backcross generations were 
found (Appendix) when no epistasis was assumed: 

G i = ~,, a~(1 - 2Rij)(1 - 2pjrj) 

G' i = ~ a j(1 - 2Ri~)(1 - 2r~ + 2pjr~) 

Hi = ~ d j(1 - 2Ro)(1 - 2pjr~) 

H' i = ~ dj(1 - 2gij)(1 - 2rj + 2p jr j) (7) 

where Gi and H i are the biases for the marker classes 
of QTL i, which is in the model, due to the additive and 
dominance effects from those linked QTL that are not 
in the model and placed at one side (say, left-to-right 
DNA reading) of segment Si, respectively; definitions 
of biases G' i and H' i are the same as G i and Hi, 
respectively, but they are due to linked QTL j at the 
other side (say, reverse DNA reading) of Si; subscript j 
refers to the linked QTL not included in the model; Rij 
is the recombination frequency between the closest 
flanking markers of segments S~ and Sj. 

These biases affect the estimates of gene effects and 
may prevent the entrance of linked QTL in the model 
when applying the stepwise linear regression analysis. 
Estimates of gene effects from linked QTL when first 
entering in the model are biased. They account for its 
own variation and part of that of linked QTL. The 
subsequent entrance of a linked QTL into the model 
would add little variation to the sum of squares already 
explained by the model. Therefore, it might be rejected. 
The biases can be included in the following model: 

a / , , ,  

Pjk = #0 + Zk + ~ ( iXi + dlYi + Gigi + Gigi 
i 

+ Hihi + H'ih' i) + ejk (8) 

Table 6. Values of the dummy variables associated to the biases 
of the marker classes of QTL i, that is included in the model, 
from linked QTL not included in the model for the F1 backcross 
generations when no epistasis is assumed 

Backcross Coded Dummy variables 
marker 
classes gi g'i hi h~ 

B1 

B2 

1 1 1 --1 --1 
2 -1  1 1 --1 
3 1 --1 --1 1 
4 - 1  --1 1 1 

5 1 1 1 1 
6 -1  1 --1 1 
7 1 --1 1 --1 
8 - 1  - 1  --1 --1 
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where subscript i refers to QTL in the model; 9i, g'~, hi 
and h'~ are dummy variables associated to G~, G' i, Hi and 
HI, respectively. Their values for the marker classes of 
the F1 backcrosses are shown in Table 6. Appropriate 
linear regression strategies would be able to estimate 
unbiased gene effects and to allow the entrance of 
linked QTL in the model. 

Epistasis 

Marker classes of QTL i, which is in the model, are 
biased with epistatic effects from both linked and 
unlinked QTL j, which are not included in the model. 
The following eight biases were found (Appendix): 

Ai = 1 2 a~j; 
2 j  

A D I = 1 2  2 j ADij; 

DAi = 1 ~  DAIj; 
2 j  

D~=12~D~j; 

At / = 1 y, Aij (1 - 2Rij)(1 - 2rjpj); 
2 j  

ADt/= 1- Z ADij(1 - 2Rij)(1 -- 2rjpj); 
2 j  

DA,jI1- 2r p ); D At/ = 

Dt/= 1 ~, Dij( 1 _ 2R/j)(1 - 2rjpj); 
2 j  

where A~, AD~, DAi and D~ are the pooled biases on 
QTL i from additive x additive, additive x dominance, 
dominance x additive and dominance x dominance 
gene interactions between locus i and remaining loci 
(linked and unlinked), which are not yet present in the 
model, respectively; ALl, aDt/, DAI: and Dt/ have 
similar definitions, but they are only caused by those 
linked loci not present in the model and placed at one 
side of marker segment Si. Four additional biases, 
�9 A'i L, AD'i L, DA'i L and D'i L, caused by linked loci that are 
placed at the other side of the Si marker segment, exist. 
They have, respectively, the same expressions than for 
At/, aDt/, DA~ and D~, but with pj replaced by (1 - pfl. 

The biases can be included in the following com- 
plete model: 

Pjk = #o + zk + Z (aix'i + dly',) + Z Z  A,mx'iX'm 
i i < m  

+ ~ ADi~x'iY'~ + ~ Di,.Y'iY'~ 
i ~  m i<  m 

+ Z (G,g~ + G;g i + Hih, + H'ih ;) 
i 

+ ~(Aigi + ADiri + DAis~ + Dih) 
i 

- - ~ L  tL  + E (At/q~ + ADt/rt/+ DAt/sf + Dt/t~ + A i qi 
i 

tL  tL  tL  pL tL  tL  +Di ti ) + e j k  + AD i r i + DA i s i (9) 
p tL  tL  and tL  where q,, ri, si, ti, @, rt/, st~, t,, q'i L, r i , s i t i are 

dummy variables associated to A i, AD~, DAi, D~, A~, 
ADt/, DAt/, Dt/, A; L, ADI L DA'~ L and D'i L, respectively. 
Their values for the marker classes of the F1 backcross 
generations can be obtained from Table A2. 

Discussion 

The models proposed in this paper are similar to those 
developed by Knapp et al. (1990). However, some 
strategical modifications allow the proposed models to 
cope with different genetic situations: multiple QTL, 
epistasis, linkage and combined analysis of generations. 

If no epistasis is assumed, Eq. 6 becomes 

Plj = #o + Zk + ~(aix '  i + diy'3. (10) 

Two and three parameters for each QTL are 
estimated in the proposed model [Eq. 10] and the 
Knapp et al. (1990) model, respectively. Thus, degrees 
of freedom of the residual sum squares are higher for 
Eq. 10 than for the Knapp et al. model when more than 
two QTL are estimated. This seems to suggest a greater 
power for the proposed model. However, additional 
computation for estimating the p, is required in this 
model. The analysis of different generations (e.g., B1 
VS. B2) will also allow a higher contrasting difference 
between parameters and a greater resolution power of 
the model. 

The transformed linear models [Eqs. 6 and 10] will 
simplify the computational analysis for estimating 
genetic parameters. The transformation is based on 
assigning a value of 0.5 to &. Simulation studies from 
Moreno-Gonzalez (1993) illustrate how these models 
could be applied to datasets of individual plants and 
replicate selfed families using the SAS procedure STEP- 
WISE (SAS 1985). The initial assignment (Pi = 0.5) did 
not cause a large shift in the residual mean square of 
the regression analysis nor a large bias in the parameter 
estimates (Moreno-Gonzalez 1993). However, the 
precision of the analysis would improve if estimates of 
true p~ values were obtained. A computer program for 
fitting data to the transformed models should be 
compiled using available regression subroutines. The 
following combination of stepwise and standard regres- 
sion is suggested. When a significant QTL enters in the 
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model after performing a step in the stepwise regres- 
sion, then standard regression analyses are performed 
in the new model by assigning values, in the range 0 to 
1, to Pi- Values ofp~ which have the smallest error mean 
square when fitting the model will be selected and 
retained for following steps. New values ofthedummy 
variables for the recombinant marker classes will be 
computed using the Pi estimates. A final linear regres- 
sion analysis then can be performed with a model that 
could include the interaction terms. 

Epistasis and linked QTL increase the complexity 
of the models. Equation 9 is hard to manage since it 
includes too many parameters. Estimation of all of 
them may be impractical and meaningless. The re- 
searcher must make reasonable assumptions and decide 
which parameters should be retained and which ones 
left out in the model for each specific linear regression 
analysis. 
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Appendix 

N o  epistasis 

Let the QTL i be included in the model. The expected contribu- 
tion of QTL j, that is not included in the model and placed at 
one side of segment Si (say, left-to-right DNA reading), to the 
marker classes of linked QTL i in the F 1 backcross generations 
are derived from Table A1. Since the term �89 of the 
expected contribution is constant for marker classes 1-4 of 
backcross BC1, it will be absorbed in the stepwise regression 
analysis by the parameter z~ of Eq. 1. Similarly, the term - �89  
( a j - d j )  of marker classes 5-8 of BC 2 will be absorbed by z2. 
The expressions for a QTL j not included in the model and 
placed at the other side of segment Si (say, reverse DNA reading) 
will be similar to the above expressions, but pj changed by 1 - p j .  
Then, four biases Gi, G' i, Hi and H i, as defined in a previous 
section of the paper, were found. 

Table A1. Expected contribution of QTLj ,  not included in the model, to the marker classes of linked QTL i, which is already in the 
model, for the F1 backcross generations when no epistasis is assumed 

Backcross Coded QTL j not included in the model 
marker 
class of Coded Conditional frequency 
QTL i a marker on the marker 

class class of QTL i 

Expected genotypic 
value 

Expected contribution 
of QTL j to the marker 
class of QTL i b 

BC~ 1 

BC2 

1 (1 - R i j ) ( 1  - rj) aj 
2 (1 -- Rij)r j (1 -- pj)aj + p f l j  
3 Rijr  i pjaj  + (1 - aj)dj 

4 Rij(1 - rj) dj �89 + d j) + �89 - dj)c 
2 1 Rij(1 - r j) a i 

2 Rijrj  (1 - pj)ai + p f l j  
3 (1 -- Rij)r j pjaj  + (1 - pj)dj 

4 (1 -- Rij)(1 -- rj) dj 
�89 + d j) - �89 - dj)c 

3 �89 + dj) + �89 - dj)c 

4 �89 + dj) - �89 i - dj)e 

5 - � 8 9  dA + �89 + dj)e 
6 - �89 -- d j) - �89 + dj)c 

7 5 (1 -- Rij)(1 -- rj) dj 
6 (1 - Rij)r j (1 - pj)dj - pjaj  

7 Rijr  j p f l j  - (1 - pj)aj 
8 R i ~ ( l  - r j )  - a~ 

- �89 - dj) + �89 + dAe 
8 5 Ro(I - r j) d r 

6 Rqr j  (1 - pj)dj - pjaj  
7 (1 -- Rij)rj pjdj  - (1 - pj)aj 
8 (1 - Rij)(1 - rj) - a j  

-- �89 -- d j) - �89 + dj)c 

a The derivation ofthe expected contribution of Q T L j  for marker classes 3, 4, 5 and 6 of QTL i is similar to that for classes 1, 2, 7 and 8 
b C = (1 -- 2Rij)(1 -- 2rjpi), where Rij is the recombination frequency between the closest flanking markers of segments S i and Sj 
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Epistasis 
The expected coefficients of the biases on the marker classes of 
QTL i, included in the model, caused by additive x additive (Aij), 
additive x dominance (ADO, dominance x dominance (DA 0 and 
dominance x dominance (D 0 digenic interaction between QTL 
i and QTL j, not in the model, were derived in Table A2. Each 
interaction has two components. One component is caused by 
any kind of QTL j (linked or unlinked to QTL i); it does not 
involve the coefficient c=(1-2R~j) (1-2rjpj), where R~j is the 
recombination frequency between the closest flanking markers 
of segments S~ and Sj. The other additional component is only 
caused by a QTLj linked to QTL i; it does involve the coefficient 
e. For deriving the coefficients in Table A2, it was assumed that 
the linked QTL j was placed to one side of marker segment i 
(say, left-to-right DNA reading). If linked QTLj is placed to the 
other side of segment i (say, reverse DNA reading), the coefficients 
will be the same than in Table A2, but changing in the expression 
for c, pj by (1 -pj) .  
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