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ABSTRACT

The genetic basis of body weight in the mouse was investigated by measuring frequency changes of
microsatellite marker alleles in lines divergently selected for body weight from a base population of a
cross between two inbred strains. In several regions of the genome, sharp peaks of frequency change at
linked markers were detected, which suggested the presence of single genes of moderate effect, although
in several other regions, significant frequency changes occurred over large portions of chromosomes.
A method based on maximum likelihood was used to infer effects and map positions of quantitative
trait loci (QTLs) based on genotype frequencies at one or more marker loci. Fleven QTLs with effects
in the range 0.17-0.28 phenotypic standard deviations were detected; but under an additive model,
these did not fully account for the observed selection response. Tests for the presence of more than
one QTL in regions where there were large changes of marker allele frequency were mostly inconclusive.

ODY weight in mice is a typical polygenic trait that

has been extensively studied as a model mamma-

lian quantitative trait, but its genetic basis is poorly un-
derstood. The number, locations and effects of the indi-
vidual genes contributing to natural variation in the
trait are all unknown. Mutations of major effect at sev-
eral loci alter some aspect of growth or lead to obese
phenotypes (LYyoN and SEARLE 1989; FRIEDMAN and
LEIBEL 1992), but it is unknown whether alleles of
smaller effect at these loci contribute to quantitative
genetic variation. The development of dense genetic
maps based on molecular markers now provides oppor-
tunities to resolve quantitative genetic variation into
individual regions of the genome influencing traits
[quantitative trait loci (QTLs)]. This approach is not
new (Sax 1923; THODAY 1961), but earlier studies de-
pended on visible genetic markers which were limited
in number and potentially affected the traits under in-
vestigation. Now, there are dense genetic maps in many
species based on neutral genetic markers. The standard
strategy for detection of QTLs is to cause the segrega-
tion of QTLs and marker loci in crosses where there
is linkage disequilibrium between markers and QTLs
(usually an F; or backcross population derived from
inbred or widely differing strains) and to detect statisti-
cal associations between the trait value and marker ge-
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notypes. Information from two or more linked markers
may be used simultaneously to estimate QTL effects
and map positions (LANDER and BOTSTEIN 1989; HALEY
and KNOTT 1992; JANSEN and STAM 1994; ZENG 1994).
In plants and experimental animal species, it is also
possible to infer QTL locations from segregation pat-
terns of markers in sets of recombinant inbred lines;
this has been applied in several recent studies of the
genetic basis of behavioral traits in mice (reviewed by
CRABBE et al. 1994).

An alternative experimental strategy, the basis of the
present study, is to follow frequency changes at marker
loci in selection lines (DUMOUCHEL and ANDERSON
1968; GARNETT and FALCONER 1975; KEIGHTLEY and
BULFIELD 1993; NUZHDIN ¢t al. 1993). It is possible to
estimate linked QTL effects from changes of frequen-
cies of marker alleles after several generations of artifi-
cial selection on the quantitative trait of interest, and
the task is made easier if the base population allele
frequencies are known and the population is initially in
a state of complete linkage disequilibrium (e.g., derived
from a cross between inbreds). The approach should
reveal only tight linkage between markers and QTLs
because loose associations will tend to become quickly
broken down by recombination. In this paper, the ge-
netic basis of the response to selection on body weight
at 6 wk in mice is investigated using a set of replicated
lines divergently selected for 21 generations whose base
population was a cross between the inbred strains
C57BL/6] and DBA/2]. At the end of this period, allele
frequencies were measured at marker loci, the map
locations of which were inferred elsewhere (DIETRICH
et al. 1992, 1994). The presence of QTLs is indicated
where regions of the genome show large differences in
allele frequencies between high and low selection lines.
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A method based on maximum likelihood (ML) is used
to estimate effects and map positions of QTLs relative
to the markers based on genotype frequencies at one
marker locus (KEIGHTLEY and BULFIELD 1993) and ex-
tended to allow interval mapping with several markers
at a time.

MATERIALS AND METHODS

Mouse strains: The base population (generation 0) was an
F, of the inbred strains C57BL/6] and DBA/2] obtained from
the Jackson Laboratory, Maine in 1985. Selection was carried
out on a within family basis on 6 wk weight for 21 generations.
Six high and six low lines of eight pairs of parents each were
maintained. A statistical analysis of the data from the selection
experiment is described in detail elsewhere (HEATH ef al
1995).

Animals: Genomic DNA samples from a total of 93 animals
were obtained from the low line replicates, and these consti-
tuted nearly a complete set of parents. Samples from 34 indi-
viduals from the high lines were available. In this case, the
replicate assignments had to be inferred by a phylogenetic
analysis based on marker genotypes (KEIGHTLEY 1994). The
number of animals in the six high line replicates ranged from
3 to 9. The likelihood analysis takes account of the different
numbers of individuals in the high and low line replicates.
Although relatively few individuals are genotyped, the power
to detect QTLs is comparable to a large experiment of a more
conventional design (KEIGHTLEY and BULFIELD 1993).

Microsatellite marker locus typing: Individuals were typed
at a total of 124 microsatellite marker loci (HEARNE et al. 1991;
DIETRICH et al. 1992, 1994). PCR products were visualized
under UV light with ethidium bromide staining after separa-
tion on 20 cm polyacrylamide gels. For each marker, the three
genotypes could be distinguished unambiguously.

Likelihood analysis: A method based on Monte Carlo simu-
lation was used to evaluate likelihood of observed genotype
frequencies at one or more linked markers as a function of
effect and map position of one or more QTLs. This extends
to multiple loci a method to estimate QTL effects from fre-
quency changes of markers under the assumption of complete
linkage between a marker and a QTL (KEIGHTLEY and BUL-
FIELD 1993). Haldane’s mapping function (HALDANE 1919)
was used to relate recombination probability to map distance.
The procedure modeled directional selection at a QTL in
order to generate the expected frequency distribution of
linked marker genotypes. The within family selection prac-
tised in the experiment was approximated by modeling fer-
tility selection in an idealized population. This was compu-
tationally more efficient and made the likelihood more
straightforward to calculate. The accuracy of this approxima-
tion is investigated in RESULTS. To generate Nprogeny, N pairs
of parents were sampled with replacement. The probability of
sampling an individual was proportional to its relative fitness,
which was 1 or 1 + sif homozygous or 1 + s/2 if heterozygous.
One offspring was generated per sample pair thus generating
a Poisson distribution of family size. The selection coefficient
s may be converted to a scale in units of the trait by applying
the formula

a=2s0p(1 — %/3, (1)

where a is the effect on the trait measured as the difference
between the homozygotes, i is the intensity of selection, ¢ is
the correlation of phenotypic values of members of the same
family and o is the phenotypic standard deviation. This cor-
rects a slight error in the formula given by KEIGHTLEY and

BULFIELD (1993), which included a term = for family size, as
this is implicit in the selection intensity term. In order to
generate the appropriate amount of genetic drift of allele
frequencies at QTLs and linked markers as expected for the
selection lines, the population size was set to 23, the mean
effective population size of the selection lines obtained from
the pedigree by computing the mean relationship between
individuals within lines at generation 20. For within family
selection with equal representation among families, the effec-
tive population size is expected to be about 32, i.e., twice the
actual population size (FALCONER 1989), but was observed to
be less than this due to the failure of some matings.

The simulation was started from an initial state with allele
frequencies of 0.5, complete linkage disequilibrium and a
QTL of effect s at some position relative to the markers and
run for 20 generations with N = 23. The simulation was then
run for one further generation, and a large number of prog-
eny generated, from which a vector p of probabilities of the
kmarker genotype classes (where k= 3™, and mis the number
of markers) was computed. The likelihood of an observed
vector X of numbers of individuals in the k genotype classes
was computed for the simulation replicate junder the assump-
tion of a multinomial distribution: L(X; = x,, <« - X, = x)
= (nl/x! -+ x)pp ¢+ pix, where n is the number of indi-
viduals. The likelihood for each of the selection lines in the
experiment was the average of L; over a large number (typi-
cally 5 X 10* of simulation runs, and the overall log likeli-
hood of the data was the sum of log likelihoods for individual
independent replicates. Divergent selection of equal intensity
in the high and low replicates was built in by assuming an
opposite sign for s when computing likelihoods for high and
low line replicates. The algorithm was computationally de-
manding at the time of writing, especially with data from more
than one marker. The analysis was carried out for autosomal
loci only as marker alleles on the X chromosome showed only
small divergences in frequency between the high and low
lines. In the analysis, map positions were assumed to be known
with certainty, as there was no information available in the
experiment to estimate these.

RESULTS

Marker allele frequency changes: Within family se-
lection on body weight at 6 wk was carried out in six
replicates in each direction. The high and low lines
differed by about 9 g at generation 21 [four phenotypic
standard deviations (SD)] or 45% of the mean of the
inbreds, which hardly differ for body weight; and the
realised heritability estimate was 22% (HEATH et al.
1995). Allele frequencies were measured at a total of
124 microsatellite marker loci (Table 1). Initially, mark-
ers were chosen for analysis from the ca. 4000 loci avail-
able (DIETRICH et al. 1994) such that there would be an
even spacing of about 20 cM throughout the genome.
Subsequently, whenever alleles at one or several mark-
ers in a region showed a frequency divergence (A,)
between the high and low lines of greater than about
0.4, further loci were typed in order to locate peaks in
A,. A genetic map with allele frequency changes along
with log likelihood ratios for an analysis in which com-
plete linkage between individual markers and a QTL
was assumed is shown in Figure 1. The log likelihood
ratio is the difference between the natural log maxi-
mum likelihood and the log likelihood for the QTL
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TABLE 1

List of the microsatellite marker loci typed

Marker Map position Marker Map position Marker Map position Marker Map position
DIMitl18 4.3 D6Mit86 0.0 DI12Mit46 12.4 D18Mit14 10.2
DIMi213 26.4 D6Mit183 13.5 Di12Mit2 15.7 D18Mit17 14.8
DIMit7 43.7 D6Mit17 20.2 DI2Mit158 32.7 DI18Mit9 27.1
DIMit48 55.6 D6Mit9 28.0 DI2Mit7 45.0 DI18Mit7 36.2
DIMit191 69.8 D6Mit39 40.5 DI2Mit79 50.7
DIMit30 76.6 D6Mit55 42.9 D12Nds2 60.1 DI9Mit61 11.0
DIMit265 80.0 D6Mit14 61.1 D19Mit13 22.9
DIMit57 86.7 D13Mit3 2.2 D19Mitl 43.2
DIMit155 116.6 D7Mit57 6.8 D13Mit91 15.6

D7Mit55 12.3 DI3Mit9 25.7 DXMit89 1.1
D2Mit32 13.4 D7Mit193 22.8 DI13Mit149 39.2 DXMitl 29.9
D2Mit6l1 35.4 D7Mit82 25.1 DI3Mit77 55.3 DXMit117 45.8
D2Mit14 48.9 D7Mit84 26.7 DI13Mit35 61.3
D2Mit17 56.7 D7Mit62 32.9
D2Mi285 72.3 D7Mit66 45.4 DI14Mitl 1.1
D2Mit200 96.2 D7Mitl12 65.3 D14Nds1 1.1
D14Mit50 5.0
D3Mit54 4.6 D8Mit63 10.4 D14Mit5 24.6
D3Mit21 14.7 D8Mit31 32.2 DI14Mit7 46.5
D3Mit51 27.1 DEMit200 56.0 DI14Mit95 58.0
D3Mit189 38.3 D8Mit56 70.6
D3Mitl7 51.7 DI5Mitl3 0.0
D3Mit19 68.6 D9Mit67 11.8 DI5Mit5 18.3
D9Mit4 22.6 DI5Mit29 34.0
D4Mit101 4.1 D9Mit146 40.6 DI5Mit34 53.9
D4Mit55 17.3 D9Mit20 56.0 DI5Mitl6 61.7
D4Mit139 23.0 DI9Mit18 65.3
D4Mit142 25.2 DI6Mit122 6.8
D4Mit81 26.3 DI10Mit3 124 DI16Mit88 10.2
D4Mit185 29.7 DI0Mit42 38.6 DI16Mit4 27.1
D4Mit76 46.3 DI0Mit11 47.6 D16Mit5 34.9
D4Mitl6 49.0 D10Mit180 63.4 DI16Mit50 41.7
D4Mit54 60.3 DI16Mit70 52.1
D5Mit227 5.6 DI11Mit63 2.2 D17Mit46 2.2
D5Mitll 18.1 D11jT4 10.0 DI17Mitl6 6.7
D5Mitl8 34.0 DI1IMit20 18.0 DI7Mitl1 10.0
D5Mit24 47.5 D1jT3 30.0 DI17Mit49 13.4
D5Mit136 55.3 DIINds] 39.0 D17Mit66 19.2
D5Mit95 59.9 D11Nds16 47.0 DI7Mit3 35.2
D5Mit65 59.9 D11JT147 53.0 DI17Mit41 47.6
D5Mit98 68.8 DI11Nds8 59.0
D5Mit99 75.7 DI11Mit]132 62.2
D5Mit222 78.2 DI11Mit48 81.3

Map positions (cM) are from 1994 release of the Research Genetics database (see DIETRICH e al. 1994), with the exception
of markers on chromosome 11 with label JT which were obtained from HEARNE et al. (1991). Markers which were included after
the initial mapping phase in order to saturate a region are underlined.

effect set to zero. Peaks of A, ranging from about 10
cM (e.g., chromosome 4) to most of the chromosome
(chromosome 9) are present. The estimated QTL ef-
fects associated with the 11 regions where log likelihood
ratios exceed 3, along with the identities of the markers
involved, are shown in Table 2. Many loci of moderate
effect apparently contributed to the selection response,
but the additive genetic variance contributed by each
locus was small. Four QTLs on chromosomes 4, 7, 9
and 11 previously detected by allele frequency changes

at coat color and endogenous retrovirus markers
(KEIGHTLEY and BULFIELD 1993) are also detected by
linked microsatellite markers.

Expected distribution of effects under a null hypoth-
esis: The presence of genetic linkage and an unknown
distribution of QTL effects makes the setting of a likeli-
hood ratio threshold at which to accept or reject a QTL-
marker association a difficult problem in QTL mapping
studies. Too stringent a threshold implies that many
QTLs will be missed (type II statistical errors); and this
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FIGURE 1.—Map showing the mean difference in allele fre-
quency (A,) averaged over replicates between high and low
selection lines at microsatellite marker loci on 20 mouse chro-
mosomes. A A, value of 1.0, for example, would mean that
the high lines were all fixed for the DBA/2] alleles and the
low lines were fixed for the C57BL/6] alleles. The order of
the markers along the chromosomes is the same as in Table
1. The natural log likelihood ratios for a model of complete
linkage between a QTL and individual markers are indicated.

may be as undesirable as setting too low a threshold,
which will tend to generate false positives (type I er-
rors). To attempt to address this problem in the context
of the present study, Monte Carlo simulation of the
drift in frequency of alleles at a neutral marker was
used to generate data sets with the same structure as
the experiment. These data sets were analyzed to infer
the distribution of effects associated with unlinked
markers with zero effect on the trait (Figure 2). Also
shown is the observed distribution for markers at least
10 ¢M apart and includes markers corresponding to
peaks in A,. There is clearly a large excess of markers
associated with effects in the tails of the distribution.
The distribution under the null hypothesis suggests
strong support for the presence of QTLs with effects
greater than 0.2 phenotypic SD in six regions (chromo-
somes 5, 7, 9, 11, 13 and 17), whereas the expected
number of effects exceeding this magnitude is about
0.3. There is rather weaker support for the presence of
QTLs on chromosomes 4, 5, 6 and 14. The presence
of QTLs on chromosomes 4 and 9 had previously been

TABLE 2
QTL effects identified

Log likelihood Effect Heritability

Marker ratio (SD) (%)
DIMu30 3.3 -0.17 0.3
D4Mit81 3.3 0.18 0.4
D5Mit18 3.2 0.18 0.4
D5Mit65 4.3 —0.21 0.5
DoMit17 4.0 0.19 0.4
D7Mit82 6.9 —0.28 0.9
DY9Mit146 4.4 -0.21 0.5
DI11INdsi6 5.7 0.24 0.6
DI3Mit35 4.1 -0.20 0.4
DI14Mitl 3.0 0.17 0.3
DI17Mit49 49 0.22 0.7

Natural log likelihood ratios, effects in phenotypic standard
deviation units and heritabilities associated with microsatellite
marker loci which showed the highest divergences of allele
frequency. Estimates of heritabilities associated with markers
included a term for the sampling variances of the estimates
obtained from the rate of change of likelihood near the maxi-
mum (KEIGHTLEY and BULFIELD 1993).

inferred from consistent changes of allele frequencies
at the brown and dilute coat color loci over the course
of the selection experiment (KEIGHTLEY and BULFIELD
1993).

In order to investigate the effect of background varia-
tion for the trait, background variation in fitness was
modeled with 32 unlinked genes of equal effect such
that the heritability for fitness would be similar to that
induced by artificial selection in the experiment. In this
case, the population size was set to 32, a value which
accounts for the expected reduction in effective popula-
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FIGURE 2.—Curve showing the expected distribution of ML,
estimates of effects (in phenotypic SD units) associated with
neutral markers, generated by Monte Carlo simulation. The
histogram shows the observed distribution of ML estimates of
effects associated with a subset of quasi-independent markers
at least 10 c¢M apart. The figures inside the histogram refer
to the chromosome in which the putative QTLs are located.
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FIGURE 3.—Natural log likelihood ratio for data of chromo-
some 7 evaluated at various positions for one QTL flanked
by pairs of marker loci based on interval mapping. The map
locations of the markers are indicated by M.

tion size as a consequence of genetic variance in fitness.
This figure was derived by applying a formula of SANTI-
AGO and CaBALLERO (1995). Likelihoods computed
with the inclusion of background variation for fitness
were found to be essentially the same as for the absence
of background variation but with the smaller popula-
tion size.

Interval mapping: The presence of a number of
sharp peaks in the change of marker allele frequency
(Figure 1) suggests that single genes of moderate effect
on the trait may be present. A variant of the interval
mapping approach (LANDER and BOTSTEIN 1989) was
used to generate support limits for the location of QTLs
near these peaks. For example, with data from chromo-
some 7, likelihood ratios for the presence of one QTL
flanked by pairs of markers were computed at different
points along the chromosome for pairs of markers (Fig-
ure 3). If a drop in natural log likelihood of 2 from
the ML is taken as the support limit (asymptotically
equivalent to a 95% confidence limit), the support lim-
its for the position of the QTLs are 23 and 33 cM relative
to marker D7Mit82 (map position 25.1 cM). Support
intervals for several QTLs are in the region of 10 cM,
but some (e.g., chromosome 9) include most of the
chromosome (Table 3). Note that the ML estimates of
QTL map positions tend to be close to the positions of
markers showing the greatest change of allele fre-
quency.

Because of the high computing requirements, only
limited analyses could be carried out in which three
markers were fitted simultaneously. For example, likeli-
hood surfaces as a function of the effect and map posi-
tion of one QTL for regions of chromosomes 9and 17
covered by three markers are shown in Figure 4. In the
case of chromosome 17, there is a peak in the likelihood
surface close to the marker D17M;it49 (which shows the
highest change in allele frequency), but the support
interval for QTL position is not much different from
that computed by interval mapping (Table 3). In the
case of chromosome 9, there is a long saddle in the

likelihood surface covering a large part of the chromo-
some, with peaks in likelihood between the markers
and dips at the markers themselves.

More than one QTL in a region: The computing re-
quirements for comparison of likelihoods of one or two
QTLs in a region were still higher than the above, but
limited analysis was nonetheless possible. The downhill
simplex algorithm (NELDER and MEAD 1965) was used
to maximize likelihood as a function of two (rather than
one) QTL effects and map positions with data of the
three chromosome I7markers shown in Figure 4A. The
likelihood appeared to converge to a similar value to
the ML value for a single QTL, and the positions of
each QTL converged to the assumed map position of
the marker DI17Mit49, where the highest change in
marker allele frequency occurs. For chromosome 9,
where there is a significant divergence of allele fre-
quency over much of the chromosome, likelihood was
computed for a model with two QTLs and markers as
shown in Figure 4B. As in the analysis of chromosome
17 data, a difference between the likelihoods of the one
and two QTLs models was not detected. The highest
likelihood occurs with QTLs midway between markers
DI9Mit67 and D9Mit146, where there is a plateau in the
change of marker allele frequency. For chromosome 35,
where there is a switch in the direction of change of
marker allele frequency across the chromosome, a
model with two QTLs of opposite sign located at the
markers showing peaks of A, gave a significantly better
fit than single QTL at either marker (log likelihood
ratios were 3.5 and 4.4).

Candidate genes: A class of loci intimately involved
in growth control is connected with the somatotropic
axis (FROESCH et al. 1985). There are also loci known
primarily for their major effects on growth or level of
obesity (LYON and SEARLE 1989). Map positions of some
of these candidate genes were inferred relative to the
microsatellite map from data of COPELAND et al. (1993),
who mapped a number of microsatellite loci on a gene-
based map, derived from the typing an interspecies
backcross (COPELAND and JENKINS 1991). Information
on map positions of the candidate genes relative to the
markers was also obtained from the reports of single
chromosome committees (The Encyclopaedia of the
Mouse Genome, Release 3). Although the absolute map
locations of the microsatellite markers provided by DiE-
TRICH ef al. (1992, 1994) do not in general agree with
the above sources, the relative positions are in reason-
able agreement. Log likelihood ratios for the presence
of a QTL flanked by microsatellite markers flanking
candidate genes of the somatotropic axis and other can-
didate loci are shown in Table 4. Igflr (the insulin-
like growth factor 1 receptor locus), on chromosome
7, maps to a region strongly associated with body size
in the selection lines, as does another linked locus af-
fecting size, tub. On chromosome 6 an interval con-
taining the /it locus also shows a significant association.
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TABLE 3

Support intervals for QTL map positions

Support limits

Reference Map Log likelihood
Chromosome marker position ML QTL position Lower Upper ratio
1 DIMit30 76.6 76 46 84 34
4 D4Mit81 26.3 26 24 30 3.3
5 D5Mit65 59.9 60 57 64 4.2
5 D5Mitl8 34.0 35 22 45 3.4
6 D6Mitl7 20.2 22 15 26 4.3
7 D7Mit82 25.1 25 23 33 6.8
9 DO9Mit146 40.6 32 12 50 6.3
11 DIINds16 47.0 45 29 49 6.2
13 DI13Mit35 61.3 59 29 Telomere 4.7
14 DI14Mitl 1.1 0 0 22 2.8
17 D17Mit49 13.4 14 11 18 48

Maximum likelihood estimates of map positions (cM) of QTLs relative to microsatellite markers, along with

support intervals.

0.5
0.4
0.3  Effect (SD)
02

0.1

1 o

Effect (SD)

Map Position (cM)

FIGURE 4.—Surfaces showing the likelihood ratio for data
with three markers fitted simultaneously as a function of map
position (cM) and QTL effect (in phenotypic SD units). Map
positions of the markers are indicated by M. (A) Chromosome
17. Markers ficted: D17Mit11, D17Mit49, D17Mit66. (B) Chro-
mosome 9. Markers fitted: D9M;it67, D9Mit146, DOMit20.

Other candidate loci do not show significant associa-
tions. Note that the likelihood ratio for the region fitted
on chromosome 7is higher than obtained for the single
marker analysis (Table 2) or from interval mapping
(Figure 3), presumably because, in this case, data from
relatively widely spaced markers both showing large
changes of frequency were analyzed. A similar effect
occurs in the analysis of chromosome 9 data with three
markers at a time (Fig. 4b).

Performance of fertility selection approximation: The
maximum likelihood estimation of QTL effects was car-
ried out under a fertility selection model, whereas within
family selection was practised in the experiment. The ac-
curacy of this approximation was tested by simulating data
sets using within family selection or fertility selection with
equivalent effective population sizes and selection coeffi-
cients [assuming (1)], then analyzing the data under the
fertility selection model. Mean estimates of selection coef-
ficients and log likelihood ratios for a range of simulated
selection coefficient values as a function of the overall
change of marker allele frequency are shown in Figure
5. There is a slight tendency for the within family selection
data sets to lead to higher estimates of selection coeffi-
cients and log likelihood ratios. The reason for this ap-
pears to be a higher level of heterozygosity for within
family selection with equal contributions, leading to a
higher change of allele frequency even in the initial gener-
ations. Likelihood ratios are very similar for a given
change of allele frequency.

DISCUSSION

The data suggest that a large number of genetic dif-
ferences between two inbred strains contributed to a
substantial response to artificial selection on body
weight. This genetic variation was hidden in the base
population, as the inbreds hardly differ for the trait.
There is strong support for the presence of seven QTLs
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TABLE 4

Candidate genes

Chromosome Candidate gene Flanking markers Log likelihood ratio
4 db D4Mit76, D4Mit16 0.6
6 ob D6Mit86, D6Mit183 1.6
6 lit D6Mit183, D6Mitl7 4.2
7 Igflr D7Mit82, D7Mit62 9.6
7 tub D7Mit62, D7Mit66 5.2
7 Igf2 D7Mit]12¢ 0.7
7 ad D7Mit12" 0.7

10 hg D10Mit42, D10Mitl1 0.0
10 Igf1 DI10Mit42, D10Mitl1 0.0
11 Gh D11Mit132, D11Mit48 0.8
15 Ghr DI5Mit13 0.6
16 dw DI16Mit5, D16Mit50 0.2
17 Igf2r DI7Mit46° 0.3
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Candidate genes, flanking markers, and natural log likelihood ratios for the presence of a QTL in the

interval between the markers.

“Interval from marker to telomere; one marker fitted only.
® Marker and candidate gene at same position or very close: one marker fitted only.
“Interval from centromere to marker: one marker fitted only.

with moderate effects and rather weaker support for
the presence of an additional four. In only one case is
there strong evidence of more than one QTL on a
chromosome. Surprisingly, the QTLs identified ac-
count for only about one-quarter of the genetic varia-
tion in the base population. If genetic variance esti-
mates associated with these and all the other markers
at least 10 cM apart are summed (which presumably
accounts for some of the variance associated with lesser
QTLs), only about one-third of the genetic variance in
the base population is accounted for. There are several
possible explanations for this underestimation. It is pos-
sible that some peaks of change in allele frequency have
been missed; but a serious effort has been made to
cover the genome, and simulations suggest that QTLs
of large effect are unlikely to have been missed
(KEIGHTLEY and BULFIELD 1993). A more likely explana-
tion is that the additive model under which effects are
estimated is inadequate. If genes act in a nonadditive
manner, which can be inferred due to the presence of
heterosis in the F, and changes of variance that do not
fit with an infinitesimal model (HEATH et al. 1995), the
additive model could underestimate the variances asso-
ciated with the markers. An attempt was made to esti-
mate dominance effects of markers, but likelihood as
a function of degree of dominance was found to be
nearly flat. There is also the possibility of coupling be-
tween QTL with effects in the same direction, which
would give the appearance of large amounts of genetic
variance in the base population, but changes of allele
frequencies at marker loci would be less than expected
from the selection response. This appears to be contrary
to observation of an increase in genetic variance as a
consequence of directional selection in these lines
(HEATH et al. 1995). Some regions of the genome cov-

ering large parts of individual chromosomes (e.g., chro-
mosomes 9 and 1I) showed changes in frequency in
the same direction that were greater than would be
expected under a drift model, but there is inadequate
power to distinguish the presence of one or several
QTL. A finer scale mapping strategy is required to an-
swer this question.

The analysis assumes that the base population marker
allele frequencies are known (i.e., 0.5 in the F), and
frequency changes occur subsequently only due to drift
or by hitchhiking to QTL alleles under selection. The
phenomenon of segregation distortion can occur in
mice (SILVER 1993) and could also lead to directional
changes of marker allele frequencies; but its presence
would not seriously affect the results of the analysis as
most of the information to estimate QTL effects comes
from differences in frequencies between high and low
selection line replicates.

As many as one-quarter of catalogued mouse mutants
have a pleiotropic or main effect on some aspect of
growth (KEIGHTLEY and HiLL 1992). In contrast to bris-
tle number in Drosophila, for which the number of can-
didate genes is more limited (LONG et al. 1995), num-
bers of candidate genes for growth in mammals is large.
Tests carried out to determine if any of the QTLs map
close to candidate genes of the somatotropic axis (Igfl,
Igflr, Igf2, Igf2r, Gh, Ghr) or map close to other candi-
date genes for which mutants of large effect are known
in mice suggest that one QTL on chromosome 7, which
changes body weight by about 3%, maps close to Igflr
and tub, while a QTL of rather smaller effect maps close
to lit. The regions in question cover about 20 cM, so
mapping to a much finer scale is necessary to determine
if a variant at the candidate is causal. The need for fine
scale mapping is illustrated by a recent case of mapping
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FIGURE 5.—Performance of the fertility selection approxi-
mation. Replicated data sets of genotype frequencies for one
marker completely linked to a QTL were generated under
models of fertility selection or within family selection. Gene
effects for the trait under within family selection as a function
of swere obtained assuming equation (1). The mean selection
coefficient associated with the marker § and log likelihood
ratios were estimated with the fertility selection model and
are plotted against the observed change of allele frequency
to generation 20. The initial gene frequency was 0.5, and
selection coefficient values were 0, 0.05, 0.1, 0.15 or 0.2. The
fertility selection model used 32 parents, and the within family
selection model used eight pairs of parents (N = 16; N, ~
32) and 48 progeny per generation (i = 0.848). For each
simulation data set, 12 sublines were generated. +-——+,
within family selection; O O, fertility selection.

of a mutation with a large positive effect on growth in
mice, the high growth gene (hg) (BRADFORD and Fa-
MULA 1984). This mutation originally mapped to a re-
gion on chromosome I0 close to the Igfl locus, but
subsequent fine scale mapping showed that the hgmuta-
tion is not an allele at the IgfI locus (HORVAT and ME-
DRANO 1995). The candidate gene approach, however,
shows promise in identifying variants responsible for
genetic variation in bristle score of Drosophila in natu-
ral populations (MACKAY and LANGLEY 1990; LAI et al.
1995; LONG et al. 1995).

It can be concluded that the QTLs identified in the
present study are mostly alleles of genes whose func-
tions are as yet unknown. Furthermore, different QTLs
tend to be involved in different populations. Associa-

tions have been found between growth in mice and the
Gh and Igf2 loci (WINKELMAN and HODGETTS 1992),
neither of which show associations in the present study.
In a preliminary report of a mapping study for QTLs
involved in 10 wk body weight and fatness in mice, a
QTL of major effect on chromosome 2 was found
(Pomp et al. 1994), where there is clearly no major effect
in the present study. A further QTL on chromosome
11 (PoMmP et al. 1994) may map close to that detected
in the present population.

If selection lines are available, mapping of QTLs by
following frequencies of marker alleles is a powerful
approach, as QTLs with relatively small effects can be
detected by genotyping small numbers of individuals.
The availability of microsatellite markers that can be
easily typed for large sample sizes makes this less of an
advantage, however. The method does not necessarily
depend on knowing the base population gene frequen-
cies, because in principle, these can be estimated simul-
taneously in the model. Most of the information to
detect QTLs comes from the divergence of allele fre-
quency between selection lines. The mapping is on a
relatively fine scale because there are many more oppor-
tunities for recombination between markers and QTLs
compared to conventional designs, but this is not neces-
sarily an advantage for an initial scan of the genome.
The ultimate molecular identification of the genes in-
volved will require mapping strategies that bridge the
gap between physical maps of the mouse genome cur-
rently under construction and the 10—-20 c¢M resolution
achieved by the present method.
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