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Quantitative Trait Loci That Modify the
Severity of Spotting in piebald Mice

William J. Pavan,'-** Susanna Mac,' Mickie Cheng,’
and Shirley M. Tilghman'-?

'Department of Molecular Biology and 2The Howard Hughes Medical Institute, Princeton University,
Princeton, New |ersey; 3Laboratory of Genetic Disease Research, National Center for Human Genome
Research, National Institutes of Health, Bethesda, Maryland

Mice homozygous for the recessive mutation piebald (s) exhibit a white-spotted coat caused by the defective
development of neural crest-derived melanocytes. The severity of white spotting varies greatly, depending on
the genetic background on which s is expressed. A backcross between two inbred strains of s/s mice that
exhibit large differences in the degree of spotting was used to identify six genetic modifiers of piebald spotting
on chromosomes 2, 5, 7, 8, 10, and 13. The loci differed in their spatial contribution to spotting on the dorsal
versus ventral surfaces of mice; nonadditive interactions were observed between loci on chromosomes 2 and
5. This study underscores the power of using genetic analyses to identify and analyze loci involved in
modifying the severity of phenotypic traits in mice.

A classic approach to the identification of inter-
acting genes in a pathway has been to screen for
suppressors and enhancers of a phenotypic trait.
Although such mutagenesis screens are theoreti-
cally feasible in mice, the large genome size, cou-
pled with the relative inefficiency of mutagens,
requires that large numbers of animals be gener-
ated (Rinchik and Russell 1990; Rinchik et al.
1990). An alternative approach to identifying
genes that are involved in a specific phenotype is
to identify loci that modify its severity using nat-
urally occurring variations in existing inbred
strains (Hilbert et al. 1991; Rise et al. 1991; Todd
et al. 1991; Jacob et al. 1992; Dietrich et al. 1993;
Ghosh et al. 1993; Agui et al. 1994; Berrettini et
al. 1994). Because the genetic contributions to
these traits are often caused by a combination of
effects at multiple loci as well as epigenetic fac-
tors, these traits are termed complex or quantita-
tive genetic traits.

One example of a quantitative trait is the se-
verity of white spotting observed in piebald (s)
mice. Mice homozygous for this recessive muta-
tion exhibit a pigmented and white-spotted coat
caused by a lack of the melanin-producing mel-
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anocytes in the white areas (Silvers 1956). The
work of Dunn and Charles in the 1930s demon-
strated clearly that the severity of white spotting
in piebald mice was dependent on the contribu-
tion of multiple genes having quantitative effects
(Dunn 1937; Dunn and Charles 1937). By selec-
tively breeding for s/s mice that exhibited large
variations in the severity of white spotting, a set
of modifiers was described, termed the k-complex.
Although the genetic studies of Dunn and
Charles were extensive, it was not technically
possible at the time to map or identify the genes
comprising the k-complex of modifiers.

The analysis of complex genetic traits, such
as piebald spotting, requires a comprehensive ge-
netic map. By measuring the frequency with
which a set of genetic markers is inherited with
the phenotype of interest, linkage can be estab-
lished to the loci involved in modifying that phe-
notype. With the advent of simple sequence re-
peat DNA markers that are distributed through-
out the entire genome (Dietrich et al. 1992, 1993,
1994), it is now possible to rapidly map the loci
that contribute to complex genetic traits. This
study describes our efforts to localize k-complex
modifiers in the mouse genome and demon-
strates the power of this approach to analyze
gene interactions involved in complex genetic
traits in experimental organisms.
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RESULTS
Phenotype Analysis of piebald Spotting

In an effort to identify genes involved in melano-
cyte development, we set out to map loci that are
responsible for modifying the severity of white
spotting in piebald mice. The two strains of mice
used in this study display different amounts of
white spotting on their coats (Fig. 1). The C3H s/s
mice have a white patch of hair on the head and
abdomen with very few white patches on the
dorsal surface, whereas the Mayer strain of s/s
mice exhibits extensive white spotting on both
the dorsal and ventral surfaces.

A cross between these two strains of mice
yielded F; mice that exhibited a low degree of
spotting, indistinguishable from the C3H s/s
strain. Male and female F, s/s animals were back-
crossed to the Mayer s/s mice, and 291 backcross
(BC,) offspring were generated. For ventral spot-
ting, the BC, animals were normally distributed
with few animals exhibiting the phenotypes of
the extreme and the majority of animals exhib-
iting intermediate phenotypes (Fig. 2). This dis-
tribution is characteristic of a trait that is caused
by multiple, additive loci. In contrast, the dorsal
spotting in these animals was skewed toward low
spotting indicating that genetic determinants
may have different effects on the dorsal and ven-

Figure 1 The two strains of s/s mice used in this
study. The Mayer s/s mouse (left) exhibits a high
degree of spotting with a sharp delineation between
the pigmented and nonpigmented areas of the
coat. The C3H s/s mouse (right) exhibits a reduced
amount of spotting on both dorsal and ventral sur-
faces.
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tral surfaces. Alternatively, a threshold may exist
for dorsal spotting, such that BC,; animals with
less than the minimal number of modifiers do
not overcome this threshold and thus do not ex-
hibit an increase in spotting on the dorsal sur-
face. As expected, the total spotting, the average
of the dorsal and ventral pattern of each animal,
demonstrated a fairly normal-shaped distribu-
tion that is slightly skewed because of the contri-
bution of dorsal spotting. Examination of a scat-
ter plot comparing the correlation between dor-
sal and ventral spotting reveals a general trend
whereby dorsal and ventral spotting are corre-
lated; however, a wide range of scatter was ob-
served (r = 0.635).

From the distribution of spotting in the BC,
animals, a lower estimate of three loci that con-
tribute to spotting in Mayer s/s mice was calcu-
lated (Table 1). Because this formula relies on a
normal-shaped distribution and an equal and ad-
ditive contribution from each locus, it is likely to
be a minimum estimate (Wright 1952; Lander
and Botstein 1989).

Linkage Analysis

To identify the regions of the genome that con-
tain modifying loci, 21 of the whitest animals of
the first 150 BC; animals were genotyped using
70 microsatellite markers distributed at ~30-cM
intervals throughout the mouse genome (Table 2;
Fig. 3). Markers were chosen based on three cri-
teria: (1) that together, they provide a 20-cM
sweep radius of the genome; (2) that they were
polymorphic between the two s/s strains; and (3)
that they were detectable without employing the
use of radioisotopes. Markers that were homozy-
gous for the Mayer s/s allele in at least 15 of those
21 animals were considered good candidates for
loci that modify the severity of white spotting (P
< 0.05). From this analysis, six loci that showed
potential linkage to increased white spotting
were identified on chromosomes 2, 5, 7, 8, 10,
and 13 (Fig. 4).

As a second-level screen, the six positive
markers, along with additional microsatellite
DNA markers surrounding them, were typed for
homozygosity in the 60 whitest animals and for
heterozygosity in the 30 darkest of the 291 BC,
animals (Fig. 5). Linkage was tested at each locus
using a X? analysis with the null hypothesis that
homozygosity for a marker is not linked to high
spotting and heterozygosity for a marker is not
linked to low spotting. Rejection of this null hy-


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

A Parental Strains B

C Dorsal Spotting D

las:

([T

E Dorsal vs Ventral Spotting

f animals per clas

f animals per

—

Dorsal % White

Ventral Spotting

lotal Spotting

TR

Legend

s/s C3H
m s/s Fl
m s/s Maver
m s/s BC1 |

GENETIC INTERACTIONS IN pieBatp SPOTTING

The markers D10Mitl2 and
D8Mit47 exhibited significant link-
age (P < 0.001), irrespective of
whether the calculation was per-
formed with the whitest or darkest
mice alone or in combination, sug-
gesting that homozygosity at these
loci contributes to white spotting
and heterozygosity contributes to the
- lack of spotting. In contrast, for
D2Mitl and D7Mit57, the signifi-
cance of linkage declined when the
darkest animals were included, sug-
gesting these loci contribute to in-
creased spotting when homozygous
for the Mayer allele but only in com-
bination with other loci (see below).

While this second-level screen
confirmed the likelihood of linkage
to the six loci identified in the initial
screen, both analyses utilized only
those animals at the extremes of the
phenotype spectrum and therefore
were biased by any variations in that
subgroup. For a more stringent deter-
mination of linkage, the markers that
exhibited the highest critical values
in the second-level screen were typed

_: -.’ J..'.':
3 = % . piihs
L
! 0) L

Figure 2 Distribution of white spotting in the parental s/s strains, F,,
and backcross progeny. The severity of white spotting on the surfaces
of mice was expressed as a percentage of the surface lacking pig-
mented hair. These data were placed into 5% increments of spotting
and plotted against the number of animals in each class. (4) Spotting
in C3H s/s and Mayer s/s parental strains and F, hybrids. (B-D) Distri-
bution of spotting in 291 backcross progeny on the ventral, dorsal,
and total surfaces, respectively. (£) Correlation analysis of spotting on
the dorsal and ventral surfaces in backcross progeny (correlation co-

efficient, r = 0.635).

pothesis implicates linkage of the marker to in-
creased spotting. The critical value (calculated us-
ing the X? equation with one degree of freedom)
for each marker tested is plotted relative to the
recombination distance between markers (Fig. 5).
All six loci maintained their linkage to total spot-
ting (P < 0.05), although in several instances the
inclusion of surrounding markers refined the
map position of the modifier. For example,
D5Mit23, D8Mit47, and D13Mit8 showed tighter
linkage to the modifier than the original markers
used.

in all 291 BC, animals. Linkage was
assessed using a Mann-Whitney U
test (Table 2) which compares the
ranks of spotting values between the
heterozygotes and homozygotes
rather than comparing the actual per-
centage of spotting. This test does
not require a normal distribution of
the phenotypes and is not greatly in-
fluenced by extremes in the sample
population. Loci on chromosomes 2,
5, 8, and 10 demonstrated a strong
correlation with linkage (P < 0.001),
whereas the loci on chromosomes 7
and 13 resulted in weaker correlations (P < 0.02
and P < 0.06, respectively), consistent with the
findings in Figure 5.

The Mann-Whitney U test analysis of the six
linked marker loci did not allow us to determine
the map position of the modifier loci relative to
the linked markers. Relative order was deter-
mined by genotyping all 291 BC progeny with
additional linked markers and determining the
probability that the modifier was located be-
tween two adjacent markers (Fig. 6). The recom-
binant animals were scored as being homozygous
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Table 1. Phenotypes of s/s strains and progeny of crosses

Spotting (%)°

Strain or cross N ventral dorsal total

s/s C3H 17 25.77 + 5.61 2.89+1.21 14.96 £ 3.25

s/s Mayer 28 67.73 +6.78 38.17 £10.35 53.50+6.24

(s/s Mayer x s/s C3H)F, 12 31.26 £ 7.88 2.99 +3.01 17.30£5.85

s/s BC, total 291 4896 +12.24 15.22 +13.37 32.09 £11.57
(s/s Mayer x s/s C3H)F, x s/s Mayer 182 49.44 £ 12.66 15.95+13.58 32.69+£11.88
s/s Mayer x (s/s Mayer x ss C3H)F, 109 48.18 £ 11.51 14.00+12.98 31.09 £11.02

Estimate of number of modifiers® 3.8 1.9 33

3(N) The number of animals analyzed in each strain or cross.
bSpotting is represented as mean percent white on the body surface + the s.D.
“Determined using the formula of Wright (1952; see Methods).

or heterozygous for the Mayer modifier allele
based on the severity of total spotting. Recombi-
nant progeny in the whitest 125 animals were
scored as homozygous for the Mayer allele, and
those in the darkest 125 animals were scored as
heterozygous for the Mayer allele. Results of the
Mann-Whitney U test are plotted relative to the
recombination distance along the chromosome.
The likelihood that a modifier locus was between
two markers was determined by comparing the
difference in probability (P value) of the locus
residing in each interval (Fig. 6). The modifiers
on chromosomes S, 7, 8, 10, and 13 (indicated by
M) are at least one order of magnitude more
likely to reside at the indicated positions than at
adjacent intervals. Repetition of this analysis us-
ing only the recombinant animals resulted in
similar conclusions.

Genetic Interactions among Modifier Loci

The data in Figure 5 and Table 3 suggest that the
six piebald modifiers are not equivalent in their
effects on spotting, either in terms of the magni-
tude of their effects or on their ability to act
alone. To assess the possibility that nonadditive
interactions occur among the modifier loci, a six-
factor ANOVA was performed using the 291 BC,
animals typed with the marker demonstrating
the strongest linkage to each modifier. If two loci
act independently and additively, then the de-
gree of spotting will be lowest in those animals
that are heterozygous for both loci (open squares
in Fig. 7), intermediate in the animals that are
homozygous for one of the pair (half-filled

%2 @ GENOME RESEARCH

squares), and highest in the animals homozygous
for both loci (solid squares). Such an effect is ob-
served with D5Mit23 and D8Mit47 (Fig. 7A). In
contrast, nonadditive interactions were observed
between only two loci, D2Mitl and DSMit23,
where mice that were homozygous for only one
but not the other modifier demonstrated very lit-
tle increase in spotting over animals that were
heterozygous for both modifiers (Fig. 7B). Only
when animals were homozygous for both
D2Mit1 and D5Mit23 did a significant increase in
either dorsal or ventral spotting result (P < 0.01).
Neither D2Mitl or D5Mit23 demonstrated this
effect when in combination with any other mod-
ifier locus. This finding suggests that the modifi-
ers defined by D2Mitl and D5Mit23 must func-
tion in concert as recessive alleles to affect piebald
spotting.

The Effects of piebald Modifiers on Dorsal and
Ventral Spotting

To determine whether the modifier loci increased
spotting in a spatially restricted pattern, the ef-
fect of each locus on dorsal versus ventral sur-
faces was analyzed (Table 4). To determine the
effects on the dorsal relative to the ventral sur-
faces, the absolute values of percent spotting
were converted to increase in percent spotting, a
value that can be compared between the two sur-
faces. Increase in percent spotting on each sur-
face of each mouse homozygous for a given
marker was calculated as the difference from the
mean of animals heterozygous for that marker.
The distributions of these values obtained for the
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Table 2. Microsatellite markers used for this study
Marker cMm? Rx" Marker c¢M* Rx® Marker cM*  Rx® Marker cM?  Rx?
D1Mit1 4.7 1 D6Mit1 35 2 D1ONDS1 2.3 1 D15Mit5 18 2
D1Mit10 57 1 D6MiIit29 28 2 D10Mit3 14.5 1 D15Mit31 36 2
D1Mit14 83 1 D6Mit36 39.7 2 D10Mit10 496 1 D15Mit42 58 2
D1Mit17 112 1 D6Mit25 50.5 2 D10Mit12 51.8 1 63.6*
118* D6Mit14 60.8 1 D10OMit103 745 2 D16Mit9 39 2

D2Mit1 0 1 64.4* 74.5* D16Mit4 269 1
D2Mit115 1.1 2 D7Mit21 25 2 D11Mit2 22 1 55*
D2Mit7 26 1 D7Mit75 34 2 D11Mit20 18 2 D17Mit21 10 1
D2Mit13 49.5 1 D7Mit56 45 2 D11Mit38 44 2 D17Mit7 284 1
D2Mit30 56.2 1 D7Mit57 6.7 2 D11Mit14 61 1 D17Mit38 449 2
D2Mit51 79 2 D7Mit55 123 2 D11Mit12 755 1 52*

97* D7Mit54 134 2 83.6* D18Mit14 10.2 2
D3Mit3 16.7 1 D7NDS1  29.3 1 D12Mit35 223 2 D18Mit9 276 1
D3Mit10 383 1 D7Mit40 439 2 D12Mit4 30 2 D18Mit7 36.1 2
D3Mit17 516 1 D7NDS4 705 1 D12Mit8 574 2 45.3*
D3Mit45 595 2 70.9* 60* D19Mit16 13.8 2

68.6* D8Mit4 79 1 D13Mit17 22 2 DioMmit11 273 2
D4Mit39 10.3 2 D8Mit8 306 3 D13Mit64 145 2 59*
D4Mit9 315 1 D8Mit57 389 2 D13Mit8 244 2 DXMit16 388 2
D4Mit12 47.5 1 D8Mit11 41.7 1 D13Mit11 244 2 73*
D4Mit13 62.2 1 D8Mit47 50.7 2 D13Mit9 255 1

73.4* D8Mit42 68.2 2 D13Mit37 356 2
D5Mit13 158 2 70.9* 61*
D5Mit15 27.7 2 D9Mit4 225 1 D14Mit14 89 2
D5Mit23 384 2 D9MIt11  41.7 1 D14Mit39 31.3 2
D5Mit26 474 2 D9MiIt12 50.2 1 D14Mit35 464 2

87* DIMIit19 65 1 64.8*

69.7*

®Chromosome positions are extracted from MIT genome data base (Dietrich et al., 1992). The centimorgan (cM) distances are
inferred relative to the most proximal (0 cM) and distal (*) molecular markers typed on each chromosome.
PPCR reaction cycling conditions (see Materials and Methods): (1) 94°C for 20 sec, 54°C for 20 sec, and 72°C for 40 sec; (2) 94°C
for 30 sec, 54°C for 30 sec, and 72°C for 45 sec; and (3) 94°C for 30 sec, 54°C for 30 sec, and 72°C for 30 sec.

dorsal and ventral surface of each mouse were
then compared using a Wilcoxon Signed Rank
test and a Paired Sign test (Table 4). Of the six
modifier loci analyzed in this way, only the locus
mapping to chromosome 10 demonstrated a sig-
nificantly greater influence on spotting on the
dorsal as opposed to the ventral surfaces of pie-
bald mice.

DISCUSSION

Quantitative trait loci (QTL) analysis (Lander and
Botstein 1989) was employed to identify the six
loci that modify the severity of spotting in two
strains of piebald mice that exhibit vastly differ-
ent amounts of both dorsal and ventral spotting.
The gene for piebald has been identified recently

by Hosada and colleagues (1994), who showed
that a targeted disruption in the endothelin-B re-
ceptor (EDNRB) gene failed to complement a se-
vere allele of piebald, known as piebald lethal. The
endothelins are a group of three small peptide
ligands that were originally identified as power-
ful vasoconstrictors in mammals (Warner 1993).
They act through two different cell surface recep-
tors of the G-protein-coupled, seven-
transmembrane receptor family, one of which is
the piebald gene product. The mice used in this
study carry the hypomorphic s allele of piebald
that expresses ~25% of wild-type levels of EDNRB
mRNA in adult tissues of 129/] mice, most prob-
ably caused by a defect in RNA processing or sta-
bility (Hosada et al. 1994). Although the s allele
in the Mayer s/s strain was presumed to be iden-
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Figure 3 Distribution of microsatellite markers in the first level screen.
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rich et al., 1992; see Table 2).
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Figure 4 First level screen for modifier loci. The 21 whitest of the first
150 BC, animals were genotyped with the microsatellite markers shown
in Fig. 2. The percentage of these mice that were homozygous for the
Mayer allele (y-axis) was determined for each marker grouped by chro-
mosome (x-axis). The six markers identified were homozygous for the
Mayer allele in >72% of these progeny.
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tical to that in the C3H s/s strain,
the breeding records were not com-
plete, and it was possible at the out-
set that the difference in severity of
spotting was caused by different
mutations at s. However, three
lines of evidence argued against
this possibility. First, the degree of
spotting in the BC, animals showed
a normal distribution with a mean
value between the two parental
means. If the phenotypic variation
between the parental strains was
entirely the consequence of two
different s alleles, a bimodal curve
with the peaks located over the pa-
rental means would have been ob-
served. Second, Southern blot hy-
bridization using EDNRB as a probe
did not detect any restriction frag-
ment length polymorphisms be-
tween the two strains (H. Rhim and
W.]J. Pavan, unpubl.). Third, no
markers on mouse chromosome 14,
where s maps, were linked to in-
creased white spotting. Instead,
strong linkage was established be-
tween increased spotting and loci
on chromosomes 2, 5, 8, and 10;
weaker linkage was also observed
on chromosomes 7 and 13. Taken
together, our findings demonstrate
that the Mayer strain of s/s mice ex-
hibit a more severe spotting pattern
caused by the presence of multiple
recessive modifiers unlinked to pie-
bald.

The identification of the modi-
fiers was accomplished by restrict-
ing the initial genotype analysis of
the BC, animals to only the whitest
animals. This approach has been
exploited successfully in quantita-
tive trait analysis in plants (Pater-
son et al. 1988; Lander and Botstein
1989). A PCR-based screen of the 21
whitest backcross progeny with mi-
crosatellite markers spanning the
mouse genome in a 20-cM sweep
radius identified six loci that dem-
onstrated potential linkage to in-
creased spotting. By limiting the
genotype determination to only 21
of the 291 BC, animals, the
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Figure 5 Second-level analysis of the six candi-
date maodifier loci. Linkage was assessed by typing
the 60 whitest and 30 darkest backcross progeny
with the markers indicated. The critical values from
the X? analyses and corresponding P values (y-axis)
are plotted against the microsatellite markers (x-
axis). The relative order and recombination dis-
tances between markers (indicated between mark-
ers in cM) were determined from these 90 animals.

amount of PCR typing was reduced by 10-fold.
The limitation of this approach is that fluctua-
tions that can occur at the extremes of the distri-
bution may have resulted in the identification of
false-positive modifier loci, and regions contain-
ing modifier loci may have been rejected. How-
ever, four of the loci (chromosomes 2, 5, 8, and
10) identified in the primary screen maintained
their strong linkage when the entire BC, panel
was tested; the remaining two loci (chromosomes

GENETIC INTERACTIONS IN pieBap SPOTTING

7 and 13) demonstrated strong linkage upon ex-
amining the likelihood of linkage using recombi-
nant animals (Fig. 6). The 26 BC, animals that
were homozygous for the Mayer allele for loci on
chromosomes 2, 5, 8, and 10 exhibited a mean
value for spotting (49 £ 10%) that was very sim-
ilar to the parental Mayer strain (53 + 7%). That
is, these four loci account for 92.4% of the in-
crease in spotting observed in the Mayer strain
relative to the C3H strain. Furthermore, the eight
BC, animals homozygous for the Mayer allele at
all six identified loci exhibited a mean value for
spotting of 53.9 £ 10%, indistinguishable from
the parental Mayer strain.

The strongest modifier identified in the back-
cross was linked to D10Mit12 on chromosome
10. A highly plausible candidate gene for this
modifier is Mgf, encoding mast cell growth factor
(Anderson et al. 1990; Copeland et al. 1990;
Huang et al. 1990; Nocka et al. 1990; Williams et
al. 1990; Zsebo et al. 1990; Flanagan et al. 1991),
which has been placed on the composite mouse
genetic map distal to D10Mit12 (Copeland et al.
1993; Taylor et al. 1993). This growth factor,
which is also referred to as Steel (SI) factor because
of the identity between Mgf and the $I locus, is
the ligand for the tyrosine kinase receptor, c-kit,
the product of the W gene (Chabot et al. 1988;
Geissler et al. 1988). Mutations in S/ have pleio-
tropic effects that include anemia, sterility, and
disruption of melanocyte development, resulting
in spotting (Bennett 1956). The SI gene product is
thought to be involved in the survival and sec-
ondary migration of melanoblasts (Steel et al.
1992). We have shown recently that piebald acts
earlier than Steel, before embryonic day 10.5
(e10.5), by affecting the number of melanoblast
precursor cells (Pavan and Tilghman 1994).

Should Mgf prove to be the piebald modifier
on chromosome 10, it would resolve a long-
standing mystery regarding the cell-autonomous
action of piebald. Mayer used his highly spotted
strain of s/s mice in transplantation experiments
in which wild-type and s/s embryonic neural
crest were grown in the presence of embryonic
skin from the same sources (Mayer 1967a,b). He
found that the neural crest from s/s mice was de-
ficient in supporting the development of mel-
anocytes, even in the presence of wild-type skin,
suggesting a defect in the neural crest cells. How-
ever, skin from e11.0 to e€15.5 s/s embryos ap-
peared to contain an inhibitor that affected mel-
anocyte development from s/s neural crest but
not wild-type neural crest. He suggested that the
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than on ventral spotting. The neural
crest precursors to melanocytes arise
at the dorsal edges of the neural

-2

T VALUE
&

0.0001

0.0001

folds and migrate in a dorsal-to-
ventral pattern during embryogene-
sis (Rawles 1947). One explanation
for the restricted action of this mod-
ifier is that the expression of the
[ gene product may be required only

0.0001

Z-VALUE
&

1 | el

CHROMSOME 7

CHROMOSOME 10

3

-D10Mit10

~
rD10Mit12

E meithS

25

CHROMSOME 13

on the dorsal surface. This scenario
would be difficult to reconcile with
the phenotype of weak SI alleles,
which affect the ventral surfaces
more severely than the dorsal sur-
faces (Silvers 1979). Alternatively,
M the gene product may be required
throughout the skin, but the allele in
g Mayer'’s strain may affect the timing
§ig of expression or spatial distribution,

0.0001 1
-4 4

-2.5
-2.5 +

104 -3}

0.001
-3.51

-3.5 ¢

0.0001

0.0001 —
-4

M

Figure 6 Chromosome position of modifier loci. The 125 whitest and
125 darkest BC, progeny were genotyped using linked markers near
each candidate locus. The probability that the modifier loci (M) are
positioned at or between each marker was determined using Mann-
Whitney U test. The Z values of the Mann-Whitney U test (y-axis) are
plotted against the microsatellite markers typed (x-axis). The recombi-

nation distances are indicated between markers in cM.

s gene product acted both in the neural crest and
the skin, or that modifier loci were acting in the
skin. Our study supports the latter conclusion.
The fact that SI has been shown not to have a
cell-autonomous action in the skin between
€12.5 and el$ increases the likelihood that it is
responsible for the modifier effect on chromo-
some 10 (Mayer and Green 1968; Mayer 1970).
The modifier on chromosome 10 was the
only one that showed a spatially restricted mode
of action, with a greater effect on dorsal spotting
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g
such that its expression is delayed or
decreased on the dorsal surface. Such
an explanation could accommodate
more readily S! as the modifier.

The next strongest modifier seg-
regates with D8Mit47 on chromo-
some 8. The composite map of that
chromosome places D8Mit47 near
the e, or extension, locus, which en-
codes the melanocyte-stimulating
hormone (MSH) receptor (Robbins
et al. 1993). Null mutations at e re-
sult in a decrease in the ratio of eu-
melanin to phaeomelanin in mel-
anocytes, leading to a reddening or
yellowing of the coat color. Consis-
tent with e as a modifier, interac-
tions between s and e loci have been
suggested by the observation that
piebald mice containing mutations
in e had a reduced amount of spot-
ting in comparison with those with a
wild-type allele (Lamoreux and Rus-
sell 1979). Like the piebald gene
product, the MSH receptor is a member of the
G-protein-coupled, seven-transmembrane recep-
tor family (Robbins et al. 1993). Should the e lo-
cus be confirmed as a modifier of piebald spot-
ting, it would suggest an interaction among these
gene products.

The third modifier for which candidate genes
are suggested by map position is located between
D5Mitl15 and D5Mit23 on chromosome 5.
D5Mitl5 maps within 1 ¢cM of a cluster of three
dominant spotting mutations, W (c-kit), Patch
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Table 3. Statistical analysis of candidate modifier loci encoding

melanoma

Contribution to growth stim-

Ventral® Dorsal® Total® total spotting® (%) | ulatory activ-

ity, maps be-

D2MIT1 0.001 0.004 0.001 12.4 tween the

D5MIT23 0.0001 0.001 0.0001 15.5 two markers

D7MIT56 0.02 0.03 0.02 9.1 Seldi 1

D8MIT47 <0.0001 0.0003 <0.0001 18.2 (Seldin et al.

D10MIT12 <0.0001 <0.0001 <0.0001 39.8 1990). Mela-

D13MIT8 0.02 0.18 0.06 7.2 noma growth

stimulatory

*The Mann-Whitney U test was used to calculate the likelihood of linkage of the markers indicated to an activity, also

increase in dorsal, ventral, and total spotting, based on the analysis of the 291 backcrossed animals. referred to as

®The contribution to total spotting was calculated as the difference between the means of animals homozy- GRO protein
gous and heterozygous for that locus, divided by the difference between the means of the Mayer and F, s/s p

strains x 100. or macroph-

age inflam-

(platelet-derived growth factor receptor), and
Rump white, whose gene defect has not been iden-
tified (Kozak and Stephenson 1993; Nagle et al.
1994; Stephenson et al. 1994). In addition, Mgsa,

A. D5Mit23 & D8Mitd7 B. D2Mitl & D5Mit23

matory pro-
tein, is a
member of the chemokine superfamily of growth
and inflammation regulators. Although the levels
of MGSA/GRO are low is adult melanocytes, they
are elevated in melanoma cells (Bordoni et al.
1990; Rodeck et al. 1991). Its expression during
embryogenesis has not been reported.
Nonadditive interactions were observed only
between the modifiers on chromosomes S and 2,
for which no candidate genes are suggested. Mice

40 that were heterozygous for one of those modifiers
1 did not show any increase in spotting over ani-
36 mals that were heterozygous for both loci. Only

Total % white

i
14

Figure 7 Genetic interactions among modifier
loci. (A) The mean percent of white spotting of 77
animals who were heterozygous for both D5Mit23
and D8Mit47 (open square), the 69 animals ho-
mozygous for D5MiT23 and heterozygous for
D8Mit47 (left half-filled square), the 71 animals het-
erozygous for D5Mit23 and homozygous for
D8Mit47 (right half-filled square), and the 74 ani-
mals homozygous for both loci (solid square) are
indicated. (B) The average percent of white spotting
of 75 animals who were heterozygous for both
D2Mit1 and D5Mit23 (open square), the 68 animals
homozygous for D2Mit1 and heterozygous for
D5Mit23 (left half-filled square), the 72 animals het-
erozygous for D2Mit1 and homozygous for
D5Mit23 (right half-filled square), and the 76 ani-
mals homozygous for both loci (solid square) are
indicated. The error bars represent the 95% confi-
dence interval.

animals that were homozygous for both modifi-
ers demonstrated a significant increase in spot-
ting. This observation may explain the lower val-
ues for linkage observed with these loci. The find-
ing of nonadditive interactions between loci
suggest that they act together to affect melano-
cyte development. This could result from a direct
interaction between the two gene products or re-
dundant functions in the same pathway.

Mice carrying the hypomorphic s allele rare-
ly develop aganglionic megacolon because of an
abnormal development of the neural crest-
derived enteric ganglia in the distal bowel. How-
ever, piebald lethal mice, which are null for the
gene, are fully penetrant for this trait (Lane
1966). A congenital disorder in humans, Hirsch-
sprung disease, is characterized by aganglionic
megacolon and hypopigmentation, and the hu-
man EDNRB gene has been implicated in a subset
of families with the disorder (Puffenberger et al.
1994). Although the highly spotted Mayer strain
does not exhibit an increased incidence of mega-
colon, further analyses need to be performed to
determine whether any of the modifier loci alter
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Table 4. Spatial effects of modifier loci

that exhibits a
high degree of

Increase (%)?

spotting was
kindly provided
by Dr. Thomas

Dorsal # ventral

ventral dorsal P P Mayer at Rider
D2MIT1 410 5.00 0.6811 0.6254 | {98 Ve
D5MIT23 6.30 5.00 0.0801 0.0962 | girain was gen.
D7MIT56 3.20 3.20 0.0777 0.4555 | erated by se.
D8MIT47 7.00 6.30 0.245 0.1655 | lecting highly
D10MIT12 9.10 19.60 <0.0001 <0.0001 spotted s/s mice
D13MIT8 3.40 2.00 0.0602 0.1362 | onan unknown

of animals homozygous and heterozygous for that locus.

of animals heterozygous for that locus.

aThe increase in either dorsal or ventral spotting was calculated as the difference between the mean spotting

B<The statistical significance of the differences between dorsal and ventral spotting attributable to a single
locus was calculated using either the Paired Sign test® or the Wilcoxon Signed Rank test®. For either method,
the values for dorsal and ventral spotting for each mouse were represented as the difference from the mean

genetic back-
ground. These
mice have been
bred selectively
for a high per-
centage of
white spotting

the development of the neural crest-derived en-
teric nervous system.

In summary, this study illustrates the power
of QTL analysis to identify genes that contribute
to the severity of spotting in piebald mice. It is
conceptually analogous to suppressor and en-
hancer screens in more genetically tractable or-
ganisms such as Saccharomyces cerevisiae, Droso-
phila melanogaster, and Caenorhabditis elegans.
One limitation of QTL, however, is that the num-
ber of modifiers that can be identified depends
on the number of allelic differences among the
strains. That is to say, genes that are identical in
the two strains will not be revealed by this cross.
For example, one might have anticipated that the
lethal spotting (Is) gene might have been identi-
fied, as it codes for endothelin-3, whose disrup-
tion leads to a phenotype identical to that of pie-
bald (Greenstein-Baynash et al. 1994). Neverthe-
less, localization of new and existing genes that
contribute to melanocyte development through
interactions with piebald is an important step in
fully defining the melanocyte genetic pathway.

METHODS
Strains of s/s Mice

Two strains of s/s mice were used for these studies (Fig. 1).
The strain C3HeBFe] Le a/a s/s (C3H s/s) exhibits a low
percent of spotting on its dorsal and ventral surfaces
and was provided by Dr. Nancy Jenkins (Frederick Na-
tional Cancer Institute, Frederick, MD). The C3H s/s
mice were generated by crossing s onto C3HeBFeJ/Le a/a
for 16 backcross generations and has been maintained
subsequently by intercrossing. A second strain of s/s mice
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for >20 years.

Phenotypic Analyses

Backcross and control animals were killed by CO, asphyx-
iation at 5-8 weeks of age. Then, photographs were taken
of their dorsal and ventral surfaces, and tail clippings and
liver samples were removed for DNA analyses. Photo-
graphs were enlarged 200% using a photocopy machine; a
planimeter was used to determine the total and spotted
areas on the surfaces of each mouse. To control for varia-
tions in size among animals, the percent of white (the
white area/the total area x 100) was calculated for the dor-
sal and ventral surfaces of each animal. Total spotting was
calculated as the average of spotting of the dorsal and ven-
tral surfaces.

Descriptive statistics and analyses of variance calcu-
lations were generated using the STATVIEW statistical
analysis program (Abacus Concepts, Inc.). For graphic rep-
resentations of the data in Figure 2, mice were placed into
5% incremental categories by percent of white. However
for all calculations and genotype determinations, exact
values were used. An estimate of the minimum number of
modifiers involved in the severity of spotting in this cross
was determined using the formula of Wright (1952):

n=(myg - mp)*/4(\Vscy — Vi)

where 7 is an approximation of the minimum number of
loci; m; and m, are the mean percent of white of the back-
cross progeny and F; hybrids respectively; Vpe; — Vi, are
the variances of the backcross progeny and F; hybrids,
respectively. This value is most likely an underestimate of
the number of loci modifying this trait in that this equa-
tion makes several assumptions, including the assumption
that each modifier locus contributes equal and additive
effects.

Genotypic Analysis

Genomic DNA for PCR analyses were prepared from mouse
tail clippings. A 1-cm piece of tail was incubated in 800 ul
of buffer made of 10 mm Tris-HCI (pH 8), 100 mm NaCl,
100 mM Na,EDTA (pH 8), 0.5% SDS, and 0.2 mg/ml of


http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlip.org on June 4, 2026 . Published by Cold Spring Harbor Laboratory Press

proteinase K at 55°C for 48 hr with occasional vortexing.
Proteins were extracted with 400 ul of buffered phenol/
chloroform (3:1) and centrifuged at 10,000g for 5 min. A
600-ul aliquot of the aqueous supernatant was transferred
to a microcentrifuge tube containing 1 ml of 95% ethanol.
The tubes were inverted several times and centrifuged im-
mediately at 10,000 for 4 min to collect the precipitated
DNA. The supernatant was decanted, and the DNA pellets
were dried and resuspended in 100 pl of buffer made of 10
mM Tris-HCI (pH 8.0) and 1 mM Na,EDTA.

Aliquots of DNA were diluted 1:150 with H,O, and 5
ul (~5-50 ng) was used in a 20-ul reaction containing 1.5
mM MgCl,, 50 mm KCl, 10 mm Tris-HCl (pH 8.3), and 6.6
mM each of a pair of primers, 2.5 mm each of the four
deoxynucleotides, 0.5 units of AmpliTaq (Perkin-Elmer
Cetus). Reactions were incubated in a Perkin-Elmer 9600 as
indicated in Table 2. The PCR products were resolved by
PAGE using 10% acrylamide, nondenaturing gels, and the
DNA products were stained using ethidium bromide. The
genotype of each animal was scored by comparison with
PCR control reactions using DNA from C3H s/s, Mayer s/s,
and F, s/s animals (see Table 1).
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