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Summary &mdash; Factors influencing the detection of quantitative trait loci (QTLs) via molecular markers are discussed in
the case of recombinant inbred lines. The importance of the residual genetic variance present is emphasized and an
expression for the minimum detectable effect is presented, which only depends on the design (trait heritability and
number of lines studied); for relatively realistic situations, this minimum effect may be as high as 20 to 30% of the ge-
netic SD. Therefore only QTLs with relatively large effects, and that are sufficiently closely linked to the marker, are
likely to be detected. Increasing the genetic distance between parents can increase the probability of finding crosses
in which significant (ie large-effect) QTLs are found, at the expense of decreasing the probability of detecting existing
small-effect QTLs. Epistasis can diminish QTL detectability. Its possible importance has been discussed, and appears
to be difficult to demonstrate. It has been shown that for a complex character, detected QTLs can at most only consti-
tute a small subset of the existing QTLs. Furthermore, the occurrence of numerous small-effect QTLs regularly distrib-
uted over a chromosomal fraction in a directional manner has been shown to lead to the artefactual detection of a

QTL by a centrally located marker.
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Résumé &mdash; Mise en évidence, nombre et effets de QTLs pour un caractère complexe. Les facteurs affectant la
mise en évidence des loci à effets quantitatifs (QTLs) par l’utilisation des marqueurs moléculaires sont discutés dans
le cas des lignées recombinantes. L’importance de la variance résiduelle est soulignée et l’effet minimal d’un QTL
pour qu’il soit révélé est déterminé : il ne dépend que du dispositif (héritabilité du caractère et nombre de lignées étu-
diées) ; pour des situations assez réalistes, cet effet peut être assez élevé : 20 à 30% de l’écart-type génétique. II

n’est donc possible de mettre en évidence que les QTLs à effet assez fort, ce qui implique aussi que les marqueurs
soient assez fortement liés au QTL. La distance génétique entre parents peut augmenter la probabilité d’avoir des
croisements avec des QTLs significatifs (à forts effets), mais elle ne peut que diminuer la probabilité de mise en évi-
dence de QTLs à effets faibles. La présence d’épistasie affecte aussi la détectabilité des QTLs. Son importance pos-
sible est discutée ; elle paraît difficile à mettre en évidence. Il semble que, pour un caractère complexe, les QTLs ré-
vélés ne puissent être qu’un petit sous-ensemble des QTLs en cause. De plus, des QTLs nombreux, à faible effet,
régulièrement répartis sur un segment chromosomique, mais de façon directionnelle, peuvent conduire à des effets
détectables, comme un seul QTL par un marqueur situé au centre de ce segment.
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INTRODUCTION

Determining the number of loci involved in a

quantitative character (QTLs) constituted one of
the first developments in quantitative genetics,
with approaches examining diallelic populations
(F2) (Castle, 1921; Wright in Castle, 1921; Math-
er, 1949; Wright, 1968, 1977; Mather and Jinks,
1982). However, hypotheses put forward to de-
termine the number of genes, prudently called
"effective factors", were too stringent to lead to
realistic estimations for it is necessary to assume

gene effects to be nearly constant for different
loci so that:

where al represents the half-difference between
the value of 2 homozygous genotypes at locus I,
n is the number of loci at which the parent differ,
and cva is the coefficient of variation of the distri-
bution of the effects of the QTLs in the genome.

&Sigma;la2l can be estimated via the breakdown of the

genetic variance, but &Sigma;lal may be estimated from

a study of the means only when one of the par-
ents has all favorable alleles, and as a conse-
quence, the other all the unfavorable alleles; in

the general case where there is a distribution of
favorable alleles among both parents, &Sigma;lal will

be underestimated. A similar expression, estab-
lished for the dominance effects, has the advan-
tage of not being biased by the distribution of the
favorable alleles between the parents if domi-

nance is in 1 direction only.
Therefore the effective number of genes can

only be an underestimation of their true number.
As a matter of fact, in the experiments in which
this number has been estimated, it has always
been found to be rather small, even for complex
characters such as yield. Adopting the terminolo-
gy of Mather and Jinks, one deals with "effective
factors", ie in fact, segments of chromosomes.
Linkage interferes strongly with the demonstra-
tion of effective factors (Zeng et al, 1990); at the
limit, their number is of the same order as the

number of chromosomes. Darlington (in Colom-
bo, 1992) has proposed the index N = nc + x that
relates N, the number of chromosome segments
cut following meiosis, to the number of chiasma-
ta observed in the anaphase, x, nc being the
number of chromosomes; as a matter of fact,
this index gives the number of effective factors
as detected by quantitative genetics techniques.
Colombo (1992) proposed a refinement of this

index to take into account the variation in chro-

mosome length. The distribution of gene effects
also influences this number. Thus Lande and

Thompson (1990) have shown that this low esti-
mated number could result from the L-shape of
this distribution. In fact, Castle’s formula and its

derivatives (Park, 1977; Lande, 1981) may well
determine only the number of "major" factors.

Nowadays, with the possibility of tagging
genes through molecular markers, determining
gene number involved in a quantitative character
is a current issue, with an experimental approach
that appears to be feasible. Results are accumu-

lating that demonstrate that it suffices to look for

QTLs to find some of them: in other words, one

only needs enough markers to locate genes with
quantitative effects for any complex character.
Does this mean that there are a large number of
QTLs? Preliminary results seem to show that in-
deed there are few QTLs with strong effects, but

many medium- or even small-effect QTLs, thus

confirming the hypothesis of an L-shaped distri-
bution of locus effects, as already assumed by
Castle (1921) and Sax (1923). The problem is

that it is difficult, perhaps even impossible, to de-
tect small-effect QTLs notably because of the

limits to experimental precision. This raises the
question of whether they are a reality or only a
figment of the imagination.

Finally, the breeder would find it invaluable to

know what the magnitude of the epistatic effects
is between the detected or experimentally detect-
able QTLs. The absence of epistatic effects

would make his work easier, as QTLs that are fa-
vorable in a given genetic background would
also be favorable in another background, in such
a way that he could accumulate favorable QTLs
within one genotype through several cycles of
crossing followed by selection. Various results

suggest that epistasis may be limited (Paterson
et al, 1991). Does this mean that there is no epis-
tasis or that it is small with regard to the individu-
al effects of the QTLs? If this is the case, then

why, without undue restrictive hypotheses, do
quantitative genetics methods demonstrate fairly
often that there is epistasis for per se values in
populations of the F2 type, ie in populations of
the same type as those used to localize QTLs
(Bauman, 1959)?
The present paper reconsiders and discusses

various elements associated with the detection,
the number and the effects of detectable or de-

tected QTLs in an effort to answer some of the

questions addressed in this introduction, based



both on the test principle for the presence of

QTLs via the use of markers, and on the experi-
mental results published on the subject.

DETECTING QTLs

For a given cross between 2 lines, and to un-
cover QTLs using markers, the first condition is

that polymorphism exists both for the marker lo-
cus and for the QTL. Once this is the case, the

problem can be stated in statistical terms. To
make the presentation simpler, this will be made
through a comparison of the means for an experi-
ment with recombinant inbred lines. This is equiv-
alent to the 1-factor analysis of variance (ANO-
VA) approach. Lander and Botstein’s (1989)
method or related methods simultaneously using
several markers will not be adopted here. This is
justified because experimentally, Stuber et al

(1992) have shown that both methods provide
the same result and theoretically, and Rebai et al
(1993) have shown that interval mapping is only
slightly more powerful than ANOVA for intervals
< 30 cM. However, the use of several markers
ANOVA or multiple regression will be discussed
briefly later. In the case under consideration, for
a polymorphic locus there will be only 2 geno-
types, M1M1 and M2M2. There will be one or sev-
eral QTLs detected in the vicinity of the marker
locus if the means Y11 and Y22 of M1M1 and

M2M2 are significantly different, that is in statisti-
cal terms if:

or in expectation, considering the situation with
random effects (Gallais and Charcosset 1993):

where ts is the value of Student’s t-test for the
level of significance chosen; n1 and n2 represent
the numbers of M1M1 and M2M2 lines, with n1 +

n2 = N, the total number of recombinant lines, &sigma;2R
is the (intra-class) variance of the distribution of
M1M1 and M2M2 individuals (we assume these 2
variances to be equal, which is true in the ab-

sence of epistasis and if there is independence
between the various QTLs; see Annex). a* is the
half-difference between the true values of the

M1M1 and M2M2 classes; the variance explained

by the marker locus is directly written as a func-
tion of this parameter: &sigma;2g* = a*2.

The intra-class variance &sigma;2R is the sum of a
genetic intra-class variance, that due to the

other QTLs (&sigma;2G - &sigma;2g*), (&sigma;2G = &Sigma;la2l being the to-
tal genetic variance), and of the environmental
variance (&sigma;2e).

Expression [3] exhibits the various factors that
influence the detection of the marker-QTL asso-
ciation:

- the value of the residual variance that depends
both on the environmental variance (&sigma;2e) and on
the residual genetic variance (&sigma;2G - &sigma;2e), which
depends on the genetic distance between the
parents;
- the number of lines under study: increasing
this increases the power of the test;
- the actual value of the difference between the
means of the marker genotypes, that is a direct
function of the distance between the marker and

the QTL, and of the effect of the QTL;
- the level of significance. Which level to

choose? Taking into account the large number
of markers, some associations will be found sig-
nificant by chance (type I risk); it is preferable to
deal with the risk at the level of the whole ge-
nome and therefore to choose a per locus risk
threshold that is more stringent than usually se-
lected: this, however, strongly increases the risk
to conclude that there is no difference (no QTL)
while indeed there is some (type II risk). This
problem will not be discussed here.

The experimental limit

For a complex character, owing to its polygenic
control and to its sensitivity to the environment,
the residual variance &sigma;2e is expected to be very
high. Therefore it is obvious that the probability
of detecting an effect of a given QTL which is
assumed to be polymorphic will be higher the
smaller &sigma;2R (ie the smaller &sigma;2e, or &sigma;2G - &sigma;2g* or,

even better, if both are smaller at the same

time), and the larger N. As a matter of fact, intro-
ducing m2 = &sigma; 2g* / &sigma;2G for the proportion of the
genetic variance explained by the marker, q2 =

&sigma;2g / &sigma;2G for that due to the QTL (with &sigma;2G = &Sigma;la2l),
and with h2 = &sigma;2G / (&sigma;2G + &sigma;2e) for the heritability,
expression [3] becomes:



(when N is sufficiently large > 40) or, with m2 =

&lambda;2q2 (Soller and Beckman, 1983; Cowen, 1988),
&lambda; being the linkage parameter of Schnell (1961),
&lambda; = 1 - 2C, and C is the recombination rate at
the level of the lines, with C = c, or C = 2c / ( 1 +

2c), according to whether the lines are doubled
haploid lines or recombinant inbred lines ob-

tained by SSD (Haldane and Waddington, 1937):

When all QTLs have the same effect, which is

artificial, expression [5] becomes:

where l is the number of polymorphic QTLs (m2
becoming equal &lambda;2/l).

These expressions make it possible to illus-

trate the limit of the QTL detection tool (tables I,
II). Suppose N = 200, which is already high. With
h2 = 0.50, which is relatively realistic for a char-
acter such as yield in maize, it is then possible at
the 0.05 level to detect a QTL that explains at
least 4% of the variance, ie 20% of the genetic
SD (see tables I, II). With &lambda; = 1 (absolute link-

age), formula [6] shows that it would be neces-

sary that there be no more that 25 QTLs for all of
them to be revealed (and only 12 if &lambda; = 0.70).
With only 100 recombinant lines, only QTLs ex-
plaining at least 8% of the variance, ie 28% of

the SD will be detected.

Thus, even with important means it will be dif-
ficult to detect QTLs with effects on the SD
<20%. That is to say that it is possible to detect
only QTLs with a rather strong effect on the SD.
Indeed, for the plant breeder it is much more

with regard to the SD that one must judge the
impact of the QTL than vis à vis the variance.
Moreover, the number of detected QTLs will be
limited. In order to detect a QTL that explains
10% of the SD, ie 1 % of the variance (m2 =

0.01), and again with h2 = 0.50, N ought to be
equal to 800, which is simply impossible with
family evaluation. The same type of conclusion
would be reached for other types of progenies
(F2s, etc). (In these types of progenies, it is more

usual to express the results through the square
of the correlation between marker and pheno-
typic value; r2 = &sigma;2g* / &sigma;2P; with r2 = 0.30, h2 =
0.50, this means that m2 = 0.60). Therefore fail-
ure to detect QTLs explaining < 10 to 20% of the

genetic SD cannot be taken as evidence against
their existence; this may simply be due to the ex-
treme difficulty in uncovering them. In other

words, and whatever the situation, the precision
of the experiment, as measured by h2 , is a first
major factor in determining the size of the mesh
in the net used to fish for QTLs.

When testing families (here recombinant in-

bred lines), under fixed experimental means in

terms of the number of plants that it is possible to
study, the question of optimizing the design can
be raised. Is it better to study many families, and
few plants per family, or fewer families with more
plants and therefore a better precision in the

evaluation of family values? Is there an opti-
mum? Let Nt be the total number of plants that
can be studied, n the number of plants per line,
and Nl the number of lines: Nt = n*Nl. Assuming
full randomization of the plants of a line, which
ensures maximal efficiency for a fixed n, condi-

tion [3] will be written thus:



For fixed values of Nt, h2, m2, the calculated val-
ue of k2s is maximal for n = 1, ie one plant per
line. For instance, with Nt = 1 000, h2= 0.10, and
20 plants per family, it will be possible to detect
only those QTLs that explain at least 10.7% of
the variance, while with only 1 plant, this thresh-
old will be 3.98%. The problem remains that with
only 1 plant per family, one has to study the
markers on n times the number of families.

Effect of the choice of parents
and the size of the QTL

The percentage of genetic variance explained by
the markers is a second important factor in the
detectability of QTLs. Actually other QTLs with ef-
fect on the quantitative character that are not

linked to the marker decrease the probability of
detecting the QTLs under consideration. To de-
tect a particular QTL, it is better to choose 2 par-
ents that are not too different from each other,
provided that there is polymorphism between

these 2 parents, for this QTL or else they would
also differ for many other QTLs.

Thus, in fact, 2 factors are to be taken into

consideration:

- the within-progeny variance that increases with
the distance between the parents, thus diminish-
ing the power of the test;
- the difference between the means of the 2
marker genotypes that is likely to be more signifi-
cant when it is large, even with a large within-
progeny variance. With distant parents, it is more

likely to detect QTLs with large effects in each

cross, simply due to the number of sampled
QTLs being larger than in crosses between close
parents. This can compensate for the unfavora-
ble effect of the increase in the residual variance.

The masking effect of the QTLs with
large effect

Through their large contribution to the residual

genetic variance, large-effect QTLs can "mask"
QTLs with lesser effects. Thus let us assume that
detectable QTLs explain p2 % of the genetic vari-
ance &sigma;2G of a cross. Let us imagine that it is pos-
sible to conceive another cross in which these

QTLs would no longer be polymorphic, as they
would be homozygous: the genetical variance

would then become (1-p2) &sigma;2G, and the residual
variance would be smaller. Expression [3] then
becomes:

heritability being that defined for the large base
cross, in order to make comparisons possible. It

becomes now possible to bring to light QTLs
that were previously masked.

Table III shows that the gain in sharpness of
the analysis once some QTLs with strong effects
are fixed as highly significant for high heritabili-
ties. Thus, with h2 = 0.80, which is realistic, and
still with N = 200, it is possible to pass from a
threshold m2 or 2.5%, ie 15.8% of the SD, to
0.6%, ie 7.7% of the SD, when 95% of the vari-
ance has been eliminated (as in the case of a

cross between related lines). Thus a marker that
explains only 0.5% of the variance of a trait from
a large base-cross will be detectable if it is the

sole source of variation, making up 100% of the
variance for the narrow base cross under con-

sideration.

This example shows that percentages of vari-
ation explained by a marker do not mean any-
thing if one does not specify the genetic base
over which they are defined. It is impossible to
conclude that there is a large effect before this
has been referred to a common larger genetic
base. 100% explained variance can be associat-
ed with a small effect. Another possible expres-
sion for the effects is by reference to the mean
instead of to the genetic variance or SD, the
connection between the 2 being made through
the genetic or the phenotypic coefficient of varia-
tion. It can be shown that the effect in terms of
the mean, a*/&mu; is equal to the product of the ge-



netic coefficient of variation, cvG by m = &sigma;g* / &sigma;G.
Table IV shows the correspondence between the
3 possible expressions of the effect of a QTL for
a given value of the genetic coefficient of varia-
tion. With cvG = 0.15, a QTL explaining 4% of
the genetic variance corresponds to 20% of the
SD and to only 3% of the mean. A more logical
expression of the effect of a QTL at the homozy-
gous level would be the ratio a*/&Sigma;lal. The prob-
lem is that &Sigma;lal, the difference between the line
with all favorable alleles, and that with all the un-
favorable alleles, is difficult not to say impossible
to estimate.

The previous argument also allows it to be

shown that for a given cross, with relatively dis-
tant parents, it is possible to detect only "large"
QTLs. To reveal "small" QTLs is would be advis-
able to study them in narrow base-crosses be-

tween related parents, the ideal situation being
when parents differ only by that QTL under con-
sideration. In any case, an experimental limit to
the detection will always remain.

Minimum detectable effect and

always detectable effect

It is thus possible to look for the minimum detect-
able effect, when it is known that this QTL is the

only source of variation. In this case, assuming
to simplify that there is total linkage between the
marker and the QTL, which will approximately be
the case with a very dense marking of the ge-
nome, it is sufficient that:

h2 being the heritability &sigma;2G / &sigma;2P, at the level of
the large genetic base. This threshold also corre-
sponds to values given by [7] with 1 - p2 = m2. In
addition, it is possible to determine the effect of a
QTL that will always be detectable whatever the
remaining QTLs in the genetic base. This corre-
sponds to values given by [7] for p2 = 0; then:

For example, with h2= 0.50, N = 100, k2s = 4, m2inf
= 0.040, and m2sup = 0.077. This means that in all

crosses from the genetic base that involve a QTL
the m2 of which is larger than 0.077, one will con-
clude that there are indeed QTLs. Let us now
consider crosses involving various QTLs drawn
from the genetic background. If the effect of the

strongest QTL is inferior to m2inf , no QTL will be
detected; if it is comprised between m2inf and

m2sup, then the results will depend on the sample
of QTLs drawn, and if the sample contains at

least 1 QTL the effect of which is superior to

m2sup, then the test for the presence of QTLs will
be positive, whatever the sample of remaining
QTLs drawn. In such a situation, which supposes
only the presence of QTLs with diverse effects, if

there are QTLs with effects inferior to m2inf, that
are relatively numerous, but at the same time

QTLs with effects superior of the m2sup threshold,
a wide genetic base will be likely to rather sys-
tematically include these latter, and will more of-
ten lead to significant results than a narrow ge-
netic base. On the average, the degree of

significance of the "positive" crosses will go de-
creasing, while the number of positive crosses
will go on increasing.

Detecting QTLs with small effects
through analysis of variance or regression

As a consequence of the aforementioned, 1-way
ANOVA (the classification according to the mark-
er genotype for the locus under consideration)
will detect only QTLs with a sufficiently strong ef-
fect, ie for which m2> m2inf. But if several marker
loci are considered at the same time, one of

which is closely linked to a QTL with a strong ef-
fect, that will mask the other associations in 1-

way ANOVA, and then multiple-way ANOVA will



permit detection of some of these associations.
Assuming that statistical independence exists be-
tween the marked QTLs, the residual from the
ANOVA will be decreased from the variation that
is explained by each marker locus that is intro-

duced into the analysis. The non-significant 1-

factor test will then eventually become significant.
This approach, which is equivalent to a multiple
regression of the character on the marker loci, is

all the more interesting as it permits testing
whether there are epistatic effects among the

marked QTLs taken 2 at a time.

Effect of the dispersion and the linkage
among QTLs

What is marked is not a locus, but a chromosome

segment (QTS, for quantitative trait segment;
Rives, 1991). In such a segment, there may be
loci with favorable or unfavorable alleles: the re-

sults of Paterson et al (1990), with "fine mapping"
clearly show that on 3cM, this may be the case.
Such a situation may lead to a zero resultant ef-

fect of the segment, or to identical values in the 2

parents, whereas the genotypes at the individual
loci are different. Thus, on 1 segment, the differ-
ence between homozygous markers can be writ-
ten as: a* = &Sigma;jai&lambda;i with &lambda;i = 1 - 2ci, where ci is the

percentage recombination (ai can be positive or
negative). With dispersion of the favorable

genes, the existence of QTSs will decrease the

probability of detecting elementary QTLs, the

more so the looser the marking.
An interesting situation to consider is that of a

large number of QTLs with small effects, uniformly
distributed throughout the genome. In this case,
one can show (see Annex 2) that if for 1 chromo-

some all the favorable alleles come from the

same parent, then the effects of 1 marker on that

chromosome will possibly represent 3% (if it is

distal) to 5% (if central) of the mean (computation
made for a 150 cM chromosome from a 1 500 cM

genome). With a genetic coefficient of variation of
20%, this corresponds to explained percentages
of variance of 2.25 and 6.25 (see table IV): this
will be experimentally detectable, at least for the
markers with a central position on the chromo-
some. There is therefore a risk to conclude on

the presence of QTLs with significant effects,
while there is no gene with a detectable effect.
This risk increases in importance the more the
values of the parents differ.

As a consequence, if QTLs with small effects,
that are individually impossible to detect are nu-

merous and regularly dispersed on 1 chromo-

some or distributed in "segments", it will be pos-
sible to find associations with the markers due to

these QTLs; in this case, one should find a defi-
cit of QTLs at the chromosome extremities. One

way to attempt to differentiate them from strong-
effect QTLs is to study the associations with dif-
ferent sufficiently closely spaced markers. If

there is a QTL with a sufficiently strong effect, its
correlation with the marker should decrease with

its distance to the marker. If there are, however,
several markers with a relatively strong effect on
the same chromosome, and these are evenly
distributed, then it will be difficult to sort out the 2

situations, except at the price of very expensive
experiments, such as those of Paterson et al

(1990) "fine mapping". Then QTL or QTS? The
debate is still open. And apart the fact that it

risks being lengthy, the search for a gene that is
supposed to lie in the neighborhood of a marker
through "chromosome walking" will not always
be successful.

The existence of QTSs could well be at the or-

igin of apparent superdominance observed in

maize by Edwards et al (1987, 1992) for kernel
weight and various characters that are associ-
ated with it, as has already been demonstrated
by Comstock and Robinson (1952) using the
"quantitative genetics" approach.

Effect of the distance between marker

and QTL

As the difference between means of 2 homozy-
gous marker genotypes can be written ai&lambda;i, it is

obvious that if &lambda;i is small, ie if c is close to 1/2,
then it will not be possible to detect the QTL,
even if its effect is large. Figure 1 shows that ex-
periments will detect only QTLs that are suffi-

ciently closely linked, ie c < 0.30, and with a suf-

ficiently strong effect.

Effect of epistasis

Epistasis between the QTLs or QTS can rein-

force the similarity of action of homologous
blocks and thus decrease the probability of de-
tecting the effects of such blocks. However, the
main effect of the presence of epistasis will be to
decrease the significance of principal effects:
with strong epistasis, these effects no longer
have meaning. As a matter of fact, with epistasis



and with a random effect model that can be

shown to be preferable (Charcosset and Gallais,
1993), the ANOVA test of QTL effects should not
be made with the residual but with the interaction

mean square. Some significance of the main ef-
fects of QTLs must therefore have been overesti-
mated.

ON THE PRESENCE OF EPISTASIS

Absence of epistasis between marked QTLs

Various results (Paterson et al, 1991) tend to
show that there is little epistasis between
marked QTLs, ie with strong effects. Given what
has been said, this result should not be surpris-
ing: epistasis when present can decrease the
probability of detecting individual effects, or then
they lose any meaning. Thus, in most cases, de-
tected QTLs with the strongest effect are likely to
be those that show the least epistasis. To check

on this, it is necessary to study epistasis be-
tween markers which individually taken detect

nothing significant. In addition, to obtain a suffi-

ciently precise test of the existence of epistasis
between 2 QTLs requires more means, ie more

experimental recombinant lines than for the test of
additive QTLs. For a given size of experiment,
however, the test for epistasis will always be less
precise than that of the individual effects of the
QTLs. Finally, a hypothesis that is difficult to reject
is that of epistasis integrated within some QTSs.

However in maize, Zehr et al (1992) found a
relatively strong epistasis for QTLs affecting
grain yield in top-cross. Epistasis will be more dif-
ficult to detect relative to top-cross values than to
per se values, as a consequence of the "dilution"
of effects by the tester, their variance being divid-
ed by 16 (Gallais, 1991).

It is to be noted that: a) Paterson et al’s (1991)
experiment deals with interspecific crosses (wild
x cultivated tomato); therefore it is likely that

those QTLs that were detected are QTLs of do-

mestication, ie the QTLs with sufficiently strong
action that differ between wild and cultivated

genotypes. As a matter of fact, it is known that

such QTLs with relatively strong effects generally
influence morpho-physiological traits with a rela-
tively simple genetic control, hence exhibit little

epistasis. In this interspecific experiment the

sampling of the QTLs was therefore likely to be
biased and it is difficult to draw general conclu-
sions relevant to the intraspecific situation from
this experiment. The case of the maize x teosinte
cross (Doebley et al, 1990, 1991; Szabo, 1991)
was better analyzed from the point of view of ev-
olution and is in favor of this interpretation; b) Pa-
terson et al (1991) considered their results to be
coherent with those obtained through the quanti-
tative genetics approaches. It is true that investi-

gations of variances in populations rarely con-
clude on an important epistasis; but, with a few
exceptions (Gallais, 1990, 1992), their power to
detect epistasis is very low. On the contrary,
some rare investigations, eg those of Bauman

(1959) or Mather and Jinks (1982), were well
adapted to detect epistasis and indeed they rath-
er frequently detected some interaction; c) the
test of epistasis between effective (ie linked to
QTLs) linked markers can be misleading. Indeed,
it can be shown that when there is only 1 QTL
between 2 markers, this generates apparent
epistasis (see Annex 3).



Epistasis between unmarked QTLs

The preceding discussion, which indicates that

epistasis could prevail for QTLs undetected by
their direct effects, is essentially statistical. From
the biological point of view, however, the more a
gene, even with a very important role, is involved

in a network of actions and interactions, the more
difficult it will be to detect. This does not mean

that all QTLs with small effects must include epis-
tasis: they can have small additive effects, or

small strong interacting effects.
It is probably this type of epistasis that is re-

vealed by quantitative genetics methods, which
could explain the apparent disagreement be-

tween the 2 types of analysis. These studies

therefore retain their interest, especially when
they make use of a design that is well adapted to
detect epistasis: this is the case with the lines ob-
tained by haplodiploidization (Choo et al, 1980;
Gallais, 1990), or the study of top-cross proge-
nies (Gallais, 1991). It would be especially inter-
esting to perform both types of analysis on an F2.
This requires only at least 2 HD lines or 2 F3
plants (to be crossed to the tester) to be obtained
per F2 plant. It is also possible to study the struc-
ture of the total genetic variance with other de-
signs such as Bauman’s (1959), or the "triple test
cross" as presented by Mather and Jinks (1982).

Occurrence of epistasis between QTLs
and the genetic background

If there are interactions between the variable

QTLs and the QTLs that are fixed (genetic back-
ground), and this is difficult to exclude, then they
will not be detected. Hence, not to find epistasis
in a given cross cannot mean that there is no

epistasis among the QTLs for the trait under con-
sideration: epistatic effects may appear when

certain QTLs will be introduced into genetic back-
grounds in which they have not been studied. A
functional epistasis could well exist: QTLs being
additive when far from the saturation of the func-

tions and interactive, ie non-additive, when close
to saturation of functions (Dillmann, 1992).

Experimental proof of epistasis vis-à-vis the

genetic background is shown when QTLs detect-
ed for the value in top-cross are not always a
subset of those detected for own-value (Pioneer
HY, 1989; Stuber, 1989; Baud, 1992). If there

were only additivity, QTLs detected in top-
crosses should be the same as for own-value, or

be a subset of these. With dominance but with-

out epistasis, they would necessarily be a sub-
set of these. But this is not the case, as top-
cross specific QTLs have been observed. Char-
cosset and Causse (1993), studying recombi-

nant inbred lines from 3 connected crosses,

have also observed interactions between QTLs
and genetic background in spite of the absence
of interactions between detected QTLs.

In conclusion, some experimental results

already show the occurrence of epistasis involv-
ing the QTLs, and in any case, for different rea-
sons, its importance is bound to be underesti-

mated. The genome cannot be reduced to a

string of genes; this is all the more so the more

closely associated with selective value the traits
are.

ON NUMBER, NATURE AND DISTRIBUTION
OF DETECTED QTLs

Restriction in causes of variation permits
the detection of QTLs

The genetic base

The fact of finding for a given cross in a given lo-
cation only a limited number of QTLs is evidence
that in this location there are some important lim-
iting factors: it is obvious that there cannot be a

large number of factors with relatively strong ef-
fects. In order to detect them, it may be neces-

sary to diminish the influence of all that can blurr
or dilute their effects. Now why should these lim-
iting factors always have strong effect ? Why
cannot situations exist with a large number of
"limiting" factors with small effects, which would
hence be still more dificult to detect?

The study of various crosses reveals common
and specific QTLs: according to the cross, these
can be very different if the crosses are made be-

tween distant parents. It is necessary to note at

this point that if only a very limited number of
QTLs appear in the wild x cultivated tomato
crosses (Paterson et al, 1990), this may be due
to the fact that "big" detected QTLs (QTLs of do-
mestication) could have masked QTLs with

smaller effects, not specifically involved in do-

mestication. The existence of "hot points" in the
genome (Helentjaris, 1991), ie of points in the

genome that are frequently involved in QTLs, is

not surprising and is in good agreement with a
kind of L-shaped distribution of effects, the most



readily detected QTLs being those with strong
effects, hence often the same ones. It can how-

ever, also indicate problems associated with the
frequency of the alleles at the QTL; it is sufficient
that in the population, 2 relatively different alleles
be equally frequent to give the illusion of hot

points. On a set of crosses, one will repeatedly
find the QTL corresponding to the highest fre-
quency among the heterozygous genotypes. If

there are QTLs in which multiallelism is more fre-

quent, then these QTLs will appear more often,
for in a population of crosses, the probability of
heterozygosity will be higher for those QTLs than
for the other in which there is only diallelism. The
"polyallelism" that is obvious in QTSs with rather
strong effects associated with each cross can

also generate this situation which will be asso-
ciated, however, with an apparent "superdomi-
nance".

Environment of the test and

nature of the traits

Changing the environment of the test reveals

common QTLs but also specific ones (Paterson
et al, 1991). This indicates that in a given envi-
ronment, there cannot be many limiting factors,
but, insofar as the detected QTLs change with
the environment, hence with the nature of the

limiting factor, this indeed means that there are
numerous QTLs. These will be easier to detect if

one studies for each of them the component ele-
mentary trait which they control.
The probability of detecting a QTL is higher in

a well-controlled environment, and at the level of

elementary characters, components or factors of
the complex trait. Environment control ought to
eliminate random variations that increase the ex-

perimental error; observing elementary charac-
ters amounts to reducing the number of loci in-

volved, hence to obtaining a better precision.
An important problem is whether QTLs detect-

ed by the markers are dependent on the environ-
ment. In contrast to Paterson et al (1991) results,
Stuber et al results (1992) show only common
QTLs. The problem is whether the genotype x
environment interaction is important. If it is, spe-
cific QTLs can be expected, provided that there
are only some genes controlling adaptation to
particular environments. If specific QTLs cannot
be detected this could mean that their effects are
too small, due to their number. However another

explanation is possible; i) it has been observed

that genotype x environment interaction is more

controlled by specific than general effects (Rojas
and Sprague, 1951); ii) specific effects can be
due to epistasis; and iii) the presence of epistasis
can mask the detection of the QTLs. The detect-
ed QTLs could then be non-epistatic and non-
interactive with environments in spite of the gen-
otype x environment interaction.

QTLs for a complex trait such as yield
are likely to be numerous

Evidence from long-term selection
experiments

The simplest hypothesis for explaining the re-

sponse to 70 generations of selection for protein
or oil content of the maize kernel is indeed that it

is controlled by a large number of QTLs (Dudley,
1974). Other hypotheses exist such as transposi-
tions, mutations etc, but they seem to lack foun-
dation. It is particularly difficult to explain the im-
mediate response to reverse selection after 45

generations by anything other than the occur-
rence of many QTLs in the starting material, the
favorable and unfavorable alleles of which are

relatively dispersed. This implies a "reserve vari-
ability" through linkage and linkage disequilibrium
created by selection; this is "Bulmer’s effect"

(Bulmer, 1976, 1980) that can be easily ex-

plained with a large number of loci.

Evidence from simulations

Simulation experiments of Zhang and Smith

(1992) show that response to long-term selection
can only be explained through the occurrence of
a large number of independent QTLs, this num-
ber being smaller if there is interaction: a simple
model with a limited number of non-interactive

QTLs leads relatively quickly to a selection pla-
teau through the exhaustion of the available vari-
ability.

Evidence from changing
the test circumstances

The fact that detected QTLs change with the ge-
netic base, with the environment, or with the trait
speaks in favor of a large number of detectable
QTLs: many physiological traits must have an im-
pact on a character such as yield.



Evidence from the effect of undetected QTLs

In addition, one must count all QTLs that are not
detected due to the experimental limit or because
of epistasis. Various results provide evidence of
their existence. In addition to those already men-
tioned in this paper, 2 selection experiments with
markers were especially demonstrative in this re-
gard.

In Stuber’s (1989) experiment, individual phe-
notypic selection and genotypic selection restrict-
ed to the markers, applied to yield, gave the
same results over 1 selection cycle. But the vari-
ation in frequency of the (favorable) markers was
far larger for genotypic selection than for pheno-
typic selection. In the latter selection, progress
must have been made from other sources of vari-

ation than those associated with the marked

QTLs. In this experiment, however, the marking
of the genome was not very dense.

In Paterson et al’s (1991) experiment as well, it

is apparent that phenotypic selection was more
efficient than marker-assisted selection for fruit

weight, a relatively heritable trait; this shows that
the remainder of the variation undetected through
the markers had a strong impact on the response
to selection.

On the importance of effects and
their distribution law

The large size of the r2 values (square of the cor-
relation between trait and marker) should not be
misleading: significance is tested vis-à-vis zero,
but the confidence interval can be relatively large
and asymmetrical towards high values. More-

over, r2 is relevant to a rather narrow genetic
base, and to one cross only. Thus, with only one
locus, m2 = 1, so r2 is equal to the heritability of
the trait under study. Hence for the same QTL, it

is possible to pass from a high r2 , equal to h2, to
a very small r2 , simply by increasing the number
of polymorphic QTLs. As a consequence it is not

possible from the results obtained on 1 cross to

make an inference on the level of the population.
To predict the explained variance in the popula-
tion from these results it is necessary to assume
that there is no epistasis and to take into account
the probability of the genotypes.

On the L-shaped distribution

The fact that there ought to be few genes with
strong effects and many with small effects seems

rather evident and always has be present in the
mind of quantitative geneticists (Wright, 1921, in
Castle, 1921; Sax, 1923; Wright , 1968, 1977).
The problem is to determine:
- from which threshold do we establish that a

gene has a strong effect? What do we call a ma-
jor gene? A major gene has visible effects on
the distribution of phenotypes; the QTLs that are
under investigation in general have no visible ef-
fect on the distribution. The effect will be consid-

ered strong if it is easily detected: in the exam-

ple taken above, a QTL that explained < 4% of

the genetic variance, ie 20% of the SD appeared
very difficult to detect: 4% is small, but 20% is

"big"! Hence one has to pay attention to the ref-
erence used: SD or means as a reference seem

biologially more correct; but then the additivity
properties of the contributions are lost, whereas
they exist with variance if there is no epistasis.
- what proportion of the genetic variance is ex-

plained by the detected QTLs? This has mean-
ing only for the cross under consideration and it

is difficult to extend to the population level.

The first experimental results on plants (Ed-
wards et al, 1987; Paterson et al, 1990) and on
Drosophila (Shrimpton and Robertson, 1988) in-
deed show this L-shaped distribution, however
truncated for smaller effects. It is necessary to

remark that its shape can have been accentuat-
ed by the occurrence of false positive; the distri-
bution of errors on r2 is of necessity disymmet-
ric; as a consequence, the L-shaped distribution
is expected even with small and little variable (or
even uniform) effects of the QTLs.

On the nature of detected QTLs

Genes that affect a quantitative trait have no

reason whatsoever to be of a different nature to

those affecting a qualitative character. They can,
however, be involved in interaction networks, es-

pecially for traits associated with selected value.
The problem is then more that of breaking down
the complex trait into elementary characters.

From this point of view, it is remarkable that ex-

perimental results on maize (Edwards et al,
1992) show the existence of QTLs for height in
zones of the genome where dwarf mutants are

already known to exist. As has been proposed
by Thompson (1975), detected QTLs could be
alleles of major genes. While this may be a

worthwhile trail to look for QTLs starting from
some major genes affecting a quantitative trait



(one only has to retain markers that are close to
these major genes; this is supported by studies
on mice and man; Hilbert et al, 1991) the prob-
leme is that not all "major" genes are known (this
is especially true of yield genes).

Reviewing the hypotheses
of quantitative genetics

Quantitative genetics has made the hypothesis
of a large number of genes with small effects
only to provide a genetic basis for the theory of
long-term natural or artificial selection. This was
necessary for analyzing the concentration of se-
lection cycles, or making possible a statistical

approach to the decrease in genetic variance. By
the same token, Mather and Jinks (1982) intro-
duced the hypothesis of a uniform distribution of
effects, without necessarily implying a large
number of loci (but where does "large number"
begin?) to be able to estimate the number of ef-
fective factors. This, by definition, can only be in-
ferior to the true number of loci and could, ac-

cording to Lande and Thompson (1990), be

equal to the number of large-effect QTLs.
At this point it may be useful to draw a clear

definition of and a distinction between the con-

cepts that are described by the words: ie be-

tween QTLs, effective factors or "QTSs" (for quan-
titative trait segments). Some confusion arises in
many papers because QTLs are alternatively and
indifferently taken either as true loci (ie, at least

implicitly; coding sequence plus regulating ele-

ments expressed as a protein-enzyme) or as

chains of loci, ie QTSs or effective factors. A very
important consequence, in addition to the opera-
tive one that QTSs offer no perspective of being
able to be cloned and transferred, is that interac-
tions can occur within QTSs, while not occurring
between the QTSs, which means that recombi-
nation can alter and possibly destroy QTSs and
their effects (or build new ones, which is the goal
of recurrent selection), whereas QTLs would re-
main intact, except for mutations (and rare within
locus recombination).

If one is not interested in selection, however,
nor in estimating the number of genes involved,
ie if one is interested only in gene effects and

their variance, quantitative genetics does not

make strong hypotheses on gene numbers and
their effects: the analysis of variance is indeed

little sensitive to deviations from normality. The

very difficulty in assigning a sufficiently logical
and simple law to the L-shaped curve is the main
reason why it has so far rarely been introduced
into the models. Lande and Thompson (1990)
have introduced it in a discontinuous way from a

geometric series, and Zhang and Smith (1992)
did consider a &gamma;-type law. If one considers, how-

ever, that genes with the larger effects can be
subject to "tagging", then the remaining genes
are closer to the classical hypotheses of quanti-
tative genetics. Combining tagging and quantita-
tive genetics ought to give more power to the
analysis of the sources of genetic variation and
to their utilization in selection.

ON THE DIRECTED BUILDING

OF GENOTYPES

One of the main advantages of gene tagging is

the possibility of controlling recombinations to ob-
tain more efficient transgressions. This argument
is fully justified and the packing together of favor-
able QTLs into one and the same genotype will
be the easier as epistasis will not be present. If

there were epistasis, it would be necessary to

test and identify the most favorable associations,
which would be heavier and would require more
investments, but still justify the use of tagging.
The more troublesome epistasis is that resulting
from the interaction of the marked QTLs with the

genetic background without possibility of identify-
ing the relevant QTL(s). This is mainly what im-
pairs gene transfer programs. A typical example
of this type of situation is afforded by the

opaque-2 gene in maize: this gene has a very

strong effect on the protein composition of the

kernel, but unfavorable pleiotropic effects on

yield, and many other important traits, when it is

introduced by back-crossing into normal geno-

types. It is now known that these effects of ap-

parent pleiotropy are due to epistasis, ie unfavor-
able interactions with the remainder of the

genome; modifier genes have been selected that

correct the main defects of opaque-2. As a mat-
ter of fact, opaque-2 is both pleiotropic and epis-
tatic, or rather pleiotropic through epistasis, and
a truly constitutive epistasis for what matters, as
opaque-2 has been shown to be a regulation
gene controlling the expression of many other

genes at the same time through the operation of
a protein that binds to the regulatory elements
upstream from their TATA box (Burr, 1990).



CONCLUSION

From this discussion, there emerge 3 important
conclusions vis-à-vis the genetic study of quanti-
tative traits with the help of markers:

- finding a marker-trait association does not
necessarily mean that there is only one QTL;
there may be several; the marker marks a seg-
ment (QTS) and the difference between QTS and
QTL can be difficult to demonstrate;

- it is not easy to conclude on the number of

QTLs for a given quantitative character. The limit
in experimental precision will always make it diffi-
cult to detect small-effect QTLs or QTLs that are

involved in an interaction network; the failure to
detect QTLs does not mean that there are none.
A solution will be to reduce the sources of varia-

tion due to the genetic background and to envi-
ronment. One should not forget that 4% non-

explained variance leads to differences of 20% at
the level of the SD, which is considerable for the
breeder.

- it is difficult to conclude on the importance of
epistasis.

It is clear that the identification of QTLs with

sufficiently strong effect and if possible indepen-
dent of the genetic background, will permit a bet-
ter analysis of the physiological bases of a quan-
titative trait and will facilitate certain "genetic
manipulations", such as transfer of favorable

genes through back-crossing, or genetic engi-
neering, increasing their frequency through
crossing followed by selection, directed build-up
of favorable genotypes, etc.

To use all the sources of variation, ie to use

the variation associated with the small-effect

QTLs that are undetected because undetectable,
it will always be necessary to resort to classical
quantitative genetics, defined as the art of per-
forming genetics without identifying the genes. It

is evident that combining the 2 approaches, tag-
ging and biometrical genetics, will render selec-

tion more efficient. The possibility of marking
chromosome fragments, even without detectable
QTLs, ought to permit the development of a new
quantitative genetics with a more powerful predic-
tive value than the former and thus the construc-

tion of a new theory of selection that should lead
to new, still more efficient selection methods.

ANNEX 1

Homogeneity or heterogeneity
of the variance of the genotypic classe
of the marker in the case

of recombinant inbred lines

The case when there is epistasis
between 2 QTLs

Let there be 2 QTLs with at locus 1, alleles A

and a and at locus 2, B and b with a polymorphic
marker (M and m) linked to A (M in coupling to
A). Following Mather’s notation, the coded geno-
typic values of the recombinant inbred lines will
be:

With linkage between loci 1 and 2, the mean of
the marker genotypes MM and mm is not affect-
ed by epistasis:

On the contrary, the intra-class variance is af-

fected:

The case of linkage disequilibrium
between QTLs without epistasis

In this case loci 1 and 2 and the marker locus

are supposed to be on the same chromosome.
To simplify, let us assume that crossing-overs
are independent. In this case, 2 parameters are
sufficient to describe recombination probabilities,
c1, the recombination rate between locus 1 and

the marker, and c2 that between locus 2 and the

marker.

The mean of the 2 marker genotypes will be

(&lambda;1 being the linkage parameter between locus 1
and the marker, and &lambda;2 that between locus 2

and the marker):



Variances are not affected by linkage disequilib-
rium:

It is easily seen that this result can be extrapolat-
ed to n loci linked to the marker:

and:

The linkage disequilibrium creates a covariance
between the 2 QTLs which is found again in to-
tality at the inter-class level:

It can indeed be verified that:

As a consequence, without epistasis between
QTLs, the variance homogeneity hypothesis is

justified. It is to be recalled that, in F2 or F3, this
hypothesis will no longer be justified, because of
dominance. This is a disadvantage of F2s as op-
posed to recombinant inbred lines for detecting
QTLs through analysis of variance methods.

ANNEX 2

Working out the effect of a chromosome
or a chromosome region detected by
markers, when there are a large number
of genes with very small effects

In Annex 1, we have shown that when the favor-
able genes on a chromosome are all originated
from the same parent, the effect associated with
the marker can be written:

Let Lc be the length, in Morgans of the chromo-
some and L the total length of the genome. As-
suming a large number of genes with small ef-
fects, all equivalent, and using a transformation
introduced by Dekkers and Dentine (1991), it is
possible to write:

Sa representing &Sigma;&lambda;iai over the whole of the ge-
nome, and &Delta;x the (very small) distance between
2 consecutive QTLs; replacing ci in &lambda;i = 1 - ci by
Haldane’s (1919) function, c = 1/2 (1 - e-2x), for
a marker located at Lc1 and Lc2 Morgans of the
chromosome extremities (Lc1 + Lc2 = Lc), one ob-
tains:

This ratio can be considered as a superior limit
for a* / &mu;, the effect of the QTL as a function of
the mean.

Example: with L = 15 Morgans, Lc = 1.5 Mor-

gans, and Lc1= Lc2, a* / &Sigma;a = 0.051.

ANNEX 3

Effect of linkage among markers on the
detection of epistasis between QTLs linked
to those markers

Consider a QTL Q, with alleles Q1 and Q2 be-

tween 2 linked markers M with alleles M1 and M2
and N with alleles N1 and N2. With the assump-
tion of independence between cross-overs, and
with alleles with the same subscript originate
from the same parent, they are 8 types of recom-
binant inbred lines, M1 Q1 N1, M1 Q1 N2, M1 Q2
N1, M1 Q2 N2, M2 Q1 N1, M2 Q1 N2, M2 Q2 N1,
M2 Q2 N2 with respectivement frequencies c1 c2/
2, c1 c2/2, c1 c2/2, c1 c2/2, c1 c2/2, c1 c2/2, c1 c2/
2, c1 c2/2, with c1 = 1-c1, c2 = 1-c2, c1 and c2
being the recombination frequencies between M
and Q and between Q and N.

At the level or markers they are only 4 classes
with the following mean values around the gener-
al mean:

with &lambda;1 = 1 - 2 c1 , the Schnell’s linkage parame-
ters with the property &lambda;1&lambda;2 = &lambda;3, c3 being the re-
combination frequency between M and N, a is half
of the difference between the 2 homozygous geno-



types for the QTL. The average effect of marker M
is obviously &lambda;1a, and that of N &lambda;2a. It is clear that

due to the linkage between M and N (&lambda;3 &ne; 0) the
main effects of M and N are not additive for deter-

mining the value of the 4 genotypes. This means
that the linkage among markers "generates" a

pseudo-epistasis.
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