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Summary. When heritability of the trait under investiga- 
tion is low, replicated progenies can bring about a major 
reduction in the number of individuals that need to be 
scored for marker genotype in determining linkage be- 
tween marker loci and quantitative trait loci (QTL). Sav- 
ings are greatest when heritability of the trait is low, but 
are much reduced when heritability of the quantitative 
trait is moderate to high. Required numbers for recombi- 
nant inbred lines will be greater than those required for 
a simple F 2 population when heritabilities are moderate 
to high and the proportion of recombination between 
marker locus and quantitative trait locus is substantial. 
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Introduction 

Theoretical studies of marker-based mapping of quanti- 
tative trait loci (Soller et al. 1976; Soller and Beckmann 
1983; Beckmann and Soller 1986; Lebowitz et al. 1986) 
and experimental investigations based upon them (Ed- 
wards et al. 1987; Kahler and Wehrhahn 1986; Nienhuis 
et al. 1987; Paterson et al. 1988; Weller et al. 1988) have 
generally considered individual plants in simple F 2 or 
backcross populations. Such analyses are limited in that 
they cannot estimate marker-QTL linkage for many im- 
portant yield traits that are measured on plots rather 
than on individual plants. For this purpose, it would be 
useful to utilize marker-QTL linkage analyses based on 
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defined lines or families that can be replicated in large 
numbers as necessary for plot evaluations (for conve- 
nience, both lines and families will henceforth be referred 
to as "lines"). A further advantage is that by scoring the 
quantitative trait on replicated progenies of each line, the 
standard error of line means can be reduced relative to the 
standard deviation of individuals. Consequently, the re- 
quired number of lines for given power can be less than 
the required number of F 2 individuals. Since marker 
genotype of a line can often be determined on the basis of 
a single individual, the use of replicated progenies should 
allow a corresponding reduction in the number of indi- 
viduals scored for markers. This will, of course, be at the 
expense of a larger number of individuals scored for the 
quantitative traits. 

Statistical aspects of replicated progenies were briefly 
considered by Beckmann and Soller (1986) and examined 
in some detail by Ellis (1986), Burr et al. (1988), and 
Cowen (1988). These analyses are further extended in the 
present study. 

Theory 

Considered here are four types of lines derived from the 
F 2 of a cross between two inbred lines: F 3 families, pro- 
duced by selling individual F z plants; F4 families, each 
produced by bulk-selfing of numerous F 3 individuals 
derived from a single F2 plant; vegetative clones; and 
recombinant inbred lines (RIL). A fifth type, doubled 
haploid lines, have the same statistical features as RIL, 
when the proportion of recombination between marker 
and QTL is zero and, hence, will not be specifically con- 
sidered in this analysis. In the case of F 3 and F4 families, 
only the F 2 parent of each family would be scored for the 
markers. In the case of vegetative clones or RIL, only a 



206 

single individual from each line would be scored. In all 
cases a number of individual from each of the progeny 
groups are evaluated for the quantitative traits. 

Linkage between a marker-locus and a QTL in the F z 
of a cross between two inbred lines, or in the replicated 
F2 derivatives, is detected as a significant difference in 
quantitative trait value between alternative homozygous 
genotypes at the marker locus (Soller et al. 1976). The 
number of F 2 offspring or of replicated lines per marker 
class (N) required for given power (1 - fl) and Type I error 
(c 0 will equal: 

N = V(z=/2 -~- zfl)2/[2 (1 - 2 r) 2 d2] ,  (1) 

where r is the proportion of recombination between 
marker locus and QTL, 2 d is the difference in quantita- 
tive trait value between alternative homozygous geno- 
types at the QTL, V is the variance between the individ- 
ual's means of all lines that share the same homozygous 
marker genotype, z~/2 and zp are the ordinates of the 
standard normal curve correspondig to c~/2, and fl, repec- 
tively. 

As compared to the F2 population or to one another, 
the various types of lines will differ in three factors: 

(i) The proportion of all lines that fall into the infor- 
mative (homozygous) marker classes. If T is the total 
number of lines scored for markers, then N = T/4 for 
vegetative clones, F 3 and F 4 families, and N = T/2 for 
RIL. 

(ii) The proportion of recombination between mark- 
er and QTL. In particular, (Haldane and Waddington 
1931) since the repeated selfing required in order to gen- 
erate RIL allows additional rounds of recombination to 
take place as compared to the other types of lines, the 
proportion of recombination in RIL tends to R = 2r/  
(1 + 2 r) in the limit. This will not affect vegetative clones, 
F 3 and F4 families since, in these cases, it is the F z linkage 
relationships that determine marker-associated quantita- 
tive effects due to linked QTL. 

(iii) The variance (V) between the means of lines 
sharing the same homozygous marker genotype. This 
variance has two genetic components: VA, due to recom- 
bination between marker and QTL (Ellis 1986) and VB, 
due to segregation of loci not in linkage to the marker; 
and a residual component, Vw, due to random error. The 
effect of progeny replication on V can be derived as fol- 
lows. Let, 

gijk = bl d- ai j  ..I- bit + ei jk ,  

where Y~jk = is the value of the k tl~ replicate of the fh line 
having the ith marker genotype (i = 1, 2 depending on 
whether marker genotype is MM or mm; j = 1, . . . ,  N 
lines per marker genotype; and k = 1, . . . ,  n replicates 
per line. The replicates can represent individual progeny 
of the lines or individual plots each comprising many 
progeny); u is the overall mean. 

a~j is the expected genetic value of the jth line having 
the i th marker genotype, with respect to the QTL in link- 
age to the marker. The a~j will have a multinomial distri- 
bution, taking on various values, according to whether 
genotype at the QTL in the original F 2 parent from which 
the line is derived was AA, Aa, or aa, with probabilities 
depending on: marker genotype, the proportion of re- 
combination between marker and QTL, and the type of 
line involved. In particular, in the F z population itself 
among individuals having the MM genotype, the propor- 
tion of individuals or lines having expected values d, h, 
and - d  (corresponding to QTL genotypes AA, Aa, and 
aa, respectively will be (1 - r )  2, 2 r(l - r ) ,  and r E, respec- 
tively. The same will hold for vegetative clones derived 
from this F 2 population. For F 3 and F 4 the proportions 
will remain the same, but the expected values of lines 
derived from F a individuals having AA, Aa, and aa geno- 
types will be, respectively, d, hi2, - d  for F a families, and 
d, hi4, and - d  for bulk F 4 families. Within any marker 
genotype, V A, the variance of the a~j, will depend on the 
main (d) and dominance (h) effects associated with the 
linked QTL and on the proportion of recombination (r) 
between marker and QTL. Depending on the proportion 
of recombination between marker and QTL, V A will be 
only a fraction of the overall genetic variance attributable 
to the QTL in linkage to the marker. 

b~ is the net genetic value in the fh line of the ith 
marker genotype, with respect to all other segregating 
quantitative loci affecting the trait. The b~j will be approx- 
imately normally distributed with mean zero and vari- 
ance V B , which is equal to the overall genetic variance 
between lines, V~, less the variance associated with the 
QTL linked to the marker. It follows from the above that 
VA + VB ___ V~. 

eij k is a random error effect associated with the k th 
replicate of thej  th line within the ith marker genotype. The 
e~j k will be normally distributed with mean zero, and 
variance Vw. 

Taking, as an approximation, VA + V~ = V G, the vari- 
ance between means of individual replicated lines within 
marker genotypes (Yq) will be closely approximated by 

v ( ~ )  = vG + V~/n, 

where n is the degree of replication of the individual line. 
Note that the genetic component of variance between 

means of replicated lines (VG) is not reduced by increas- 
ing the degree of replication (n). This can be reduced only 
by increasing N, the number of lines having a given mark- 
er genotype. That is, the standard error associated with 
the mean of N lines having a given marker genotype 
(Y~..), each line value itself being a mean value for n 
replicates, will be: 

SE (Y~..) = V ~ / N  + V w / N n .  
The genetic variance between lines (V~) and the vari- 

ance within lines (Vw) for various classes of progenies 
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derived from and F 2 popula t ion  are given in Mather  and 
Jinks (1971) in terms of the additive (D) and dominance 
(H) port ions of the genetic variance between lines and the 
environmental  variance (E) within lines. These variances 
are summarized in Table 1 for the various progeny types 
considered here, with modifications and addit ions as nec- 
essary for cases not  considered explicitly in Mather  and 
Jinks (1971). 

On the assumption of codominance at all QTL (in- 
cluding QTL not  l inked to the marker)  F z genetic vari- 
ance, as a p ropor t ion  of total  F 2 phenotypic  variance, will 
equal the narrow-sense heritabil i ty (h 2) of the trait  in the 
F 2 populat ion,  while F a environmental  variance will 
equal ( 1 -  h2). On this assumption,  Table 2 shows the 
expected variance between replicated progenies sharing 
the same marker  genotype for the various types of lines 
in terms of the heri tabil i ty (h 2) and environmental  (1 - h 2) 

components  of variance of the simple F2 populat ion.  
Note  that  the genetic variance between progenies for RIL  
is twice the F 2 genetic variance, while for F 3 and F4 fam- 
ilies, the variance within progenies includes a genetic 
component  as well as an environmental  component .  

Table 2 also gives expressions for the relative number  
of lines required for given power, as compared  to the 
number  of F 2 individuals required for the same power, 
taking into account the propor t ion  of informative lines, 
recombinat ion between marker  and QTL, and effect of 
replicat ion on the variance between lines sharing the 
same marker  genotype. Note  that  the expression for RIL  
also includes a factor involving the propor t ion  of recom- 
binat ion between marker  and QTL. This is due to the fact 
that, as noted above, recombinat ion between marker  lo- 
cus and QTL for RIL  will be equal to R = 2 r/(1 + 2 r) 
rather  than r and, hence, required numbers for RIL  will 
be p ropor t iona l  to 1 / ( 1 -  2 R) 2 rather  than 1 / ( 1 -  2 r) 2 
(Haldane and Waddington  1931). 

Considerat ion of Table 2 shows that  except for RIL, 
the relative number  of lines required for given power, as 
compared  to the number  of F 2 individuals required for 
the same power, tends to h a as n increases. Fo r  RIL, the 
relative number  tends to h 2 [1 - 2 r]2/[1 - 4 r/(1 + 2 r)] 2. 
The approach  to the limit is rapid, being propor t iona l  to 
1/n for vegetative clones, F 3 and F~ families and to 1/2 n 
for RIL. Thus, relatively little is to be gained by replica- 
t ion for traits having modera te  to high heritabilities, and 
virtually all of the statistical benefits of replication will be 
obtained by n = 10. Benefits of RIL  decrease rapidly with 
r. In fact for r = 0.2 and heritabil i ty of 0.5 or more, the 
uti l ization of RIL, even at maximum replication, will be 
less effective than a simple F 2 populat ion.  This can be 
avoided by increasing the number  of markers  so as to 
reduce the average spacing between marker  and QTL, 
but  this will, of course, require an increase in the number  
of markers  required for marke r -QTL mapping in RIL  as 
compared  to the other types of lines. 

Table 1. Genetic variance between means of lines (V~) and vari- 
ance within lines (Vw) for various types of replicated progenies, 
in terms of additive (D) and dominance (H) portions of genetic 
variance between lines and environmental variance between 
replicates within lines 

Type of progeny V G V w 

F z D/Z+H/4 E 
F3 a D/Z + H/16 D/4+ H/g + E 
F4 b D/2 + 1t/64 3D/8 + 3H/32 + E 
RILc D E 

a V~ =V1F 3 and V w =V2F 3 in Mather and Jinks (1971), not 
including environmental terms 
b V~ =V1F 4 and V w =V2F 4 +V3F 4 in Mather and Jinks (1971), 
not including environmental terms 

Calculated according to procedure of Mather and Jinks (1971) 

Table 2. Expected variance between and within lines, and num- 
ber of replicates required for given power relative to the number 
of F 2 individuals required for the same power, for the various 
classes of replicated progenies. Values are given in terms of the 
heritability (h 2) and the environmentally determined (1-h 2) com- 
ponents of variance of a simple F 2 population and the degree of 
progeny replication (n)a 

Progeny Variance component Required no. of pro- 
type genies relative to F2 b 

Between Within 
progenies progenies 

F 2 h 2 (1 - h  2) 1 .0  
F 3 h 2 (1 - h2/2)/n h 2 + (1  - -  h2/2)/n 
F 4 h 2 (1 - hZ/4)/n h 2 + (1 - h2/4)/n 
Vegetative h 2 (1 - -  hZ)/n h 2 + (1 -- h2)/n 

clones 
RIL 2 h 2 (1 - hZ)/n [h 2 + (1 - h2)/2 n] 

It -2r]2/ 
[1 - 4 r/(1 + 2 r)] 2 

DHL c 2h 2 (1-h2)/n h2+(1 -h2)/2n 

a It is assumed that alleles at all QTL are codominant 
b Taking into account that all RIL are informative for all mark- 
ers, but for the other types of lines, only half of the lines will be 
informative for any particular marker 
c Doubled haploid lines. Values are equal to those for RIL with 
proportion of recombination, r = 0 

D i s c u s s i o n  

The total  number  of replicated progenies required for 
statistical significance and good power in marke r -QTL 
mapping can be quite large. Appl icat ion of Eq. (1) to an 
F 2 populat ion,  assuming 2 d/a = 0.3, r = 0.05, shows that  
1,260 individuals would be required to provide Type I 
error  0.01 and power 0.80. Thus, depending on heritabil-  
ity, many hundreds of lines can be required for equivalent 
power. This may be feasible for vegetative clones, F3, or 
F 4 families but  does not  seem practical  for RIL  or dou- 
bled haploids.  

The decision as to whether to use replicated progenies 
for marke r -QTL linkage studies and the type of replicat- 
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ed progeny to use will depend on many agrotechnical 
factors. Prominent  among these will be the ultimate uti- 
lization of the information - as part of a breeding pro- 
gram, or as a basis for genetic studies of the quantitative 
trait. A discussion of these considerations is beyond the 
competence of the authors, and this study is consequently 
intended only to clarify the statistical aspects that can 
assist the breeder or geneticist in arriving at a decision. 
Nevertheless, it may be useful to point out that a major 
technical advantage of vegetative clones, doubled haploid 
lines, and RIL, independent of any effect of replication on 
required numbers, lies in the fact that the lines can be 
reproduced indefinitely and continually evaluated with 
respect to additional quantitative traits and markers, 
with all of the information cumulative (Burr et al. 1988). 

Thus, in contrast to F z populations, which can be 
scored for quantitative traits at only one time and in only 
one place, once a set of vegetative clones, doubled hap- 
loid lines, or RIL have been throughly mapped with re- 
spect to markers, additional quantitative traits can be 
mapped by simply raising additional replicates of each 
line and evaluating these with respect to the quantitative 
trait alone; it will no longer be necessary to score the lines 
for markers. In this context, it should be noted that F 3 
and, particularly, Fa families share this advantage to a 
great extent. Although they cannot be replicated indefi- 
nitely, many seeds can be obtained from a single F 2 plant, 
and even more from an entire F 3 family. These can be 
stored for long periods. Since most of the advantage of 
replication is obtained with rather small replicates 
(n ~ 10), a set of F 3 or F 4 seeds could serve for evaluation 
of quantitative traits on many different occasions, even 
for traits measured on plots rather than individuals. 
Thus, from a purely statistical and technical point of 
view, F 3 and bulk F4 families would appear to provide 
many of the advantages of doubled haploid lines or RIL 
for marker-QTL linkage studies, while being much easier 
to produce in large numbers. 
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