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ABSTRACT
We have compiled the reverse mutation rate data to the white bellied agouti (A") allele in heterozygous
A/a mice and shown it to be increased by a factor of at least 350 in comparison to the reverse mutation
rate in homozygous a/a mice. Employing tightly linked flanking restriction fragment length polymor-
phism DNA markers, we have shown that reversion to A" is associated with crossing over in the vicinity
of the agouti locus. The non-agouti (a) allele has been recently shown to contain an 11-kb insert within
the first intron of the agouti gene. Together with our present results, these observations suggest possible

mechanisms to explain the reversion events.

HE agouti locus on chromosome 2 of the mouse is
characterized by an extensive series of phenotypi-
cally distinct mutant alleles (SILvERs 1979). The agouti
gene controls the switch from eumelanin to phaeomela-
nin pigment expression in the developing hair in a tissue
and developmental time-specific manner. The locus was
identified very early in mouse genetic studies and is an
anchor locus for chromosome 2 linkage studies.
Much is known about the mutational events at the
agoutilocussince it has been included in the marker loci
assayed in the mouse germ cell specific-locus mutation
test (RusseLL 1951). Such studies were designed to assay
forward mutations which occur spontaneously or follow-
ing irradiation or chemical mutagen treatment. One in-
teresting observation has been the occurrence of reverse
mutations from the recessive non-agout: (a) allele.
ScHLAGER and DIckiE (1971) have presented a compila-
tion of extensive breeding results from The Jackson
Laboratory production stocks (mostly inbred strains)
and have shown the non-agouti allele to be relatively
unstable and capable of mutating to a number of alter-
native alleles including wild-type white bellied agouti
(A¥). We have also shown that irradiation as well as
ethylnitrosourea (ENU) treatment increases the reverse
mutation rate from non-agouti to white bellied agouti by
a factor of approximately 15 (FAVOR et al. 1987a, 1991).
Both the spontaneous mutation rates estimated by
ScHLAGER and Dickik (1971) and our results for irradia-
tion and chemical mutagen treatment were for animals
homozygous a/a. However, in extensive breeding stud-
ies of heterozygous A /a animals we noted a considerable
occurrence of white bellied agouti mutations. Here we
present an estimation of the spontaneous mutation rate
to A”in breeding experiments of A/a mice and show the
observed mutation rate to be drastically increased in
comparison to the spontaneous mutation rate to A in
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homozygous a/a mice. Further, employing flanking
DNA markers closely linked to the agouti locus we show
that the mutations to A” in heterozygous A/a mice are
associated with crossing over in the vicinity of the agouti
locus. These results taken together with the recent mo-
lecular characterization of the A%, A and @ mutant alleles
(BULTMAN et al. 1992; MILLER et al. 1993) suggest pos-
sible mechanisms for the observed instability of the
agouti locus.

MATERIALS AND METHODS

Estimation of mutation rates to A*: Mice screened for A
mutations all originated from crosses of presumed recessive
specific locus, dominant visible and dominant cataract mu-
tants which were recovered in a series of ENU (Favor 1983,
1986; FavOR et al. 1990) or radiation experiments (J. FAVOR,
unpublished) as well as the historical control of the laboratory
from 1974 to present. For these groups, mutagenically treated
or untreated wild-type male (102 X C3H)F, hybrid mice were
mated to untreated tester stock females. The tester stock
females were homozygous recessive non-agouti (a/a), brown
(b/b), chinchilla—pink eyed dilution (c®—p/c*—p), dilute—
short ear (d—se/d—se) and piebald (s/s). Resultant offspring
were expected to be heterozygous at the tester stock marker
loci and homozygous wild type at dominant visible and domi-
nant cataract loci. F, offspring were examined for phenotypic
variants characteristic of mutations occurring at the marker
loci as well as dominant visible and dominant cataract loci.
When recovered, F; mice expressing a phenotypic variant in-
dicative of a recessive specific locus, dominant visible or a
dominant cataract mutation were subjected to a genetic con-
firmation test as well as a characterization for viability by out-
crossing to homozygous wild-type (102 X C3H)F, hybrid mice.
Confining our interests to the agoutilocus all such crosses are
of the type A/a X A/A and all resultant offspring should be
phenotypically agouti.

A series of experiments were carried out in our laboratory
in which we screened for specific locus and dominant cataract
mutations following irradiation (FAVOR et al. 1987a) or ENU
treatment (FAavoRr ef al. 1991) but we deviated from the stand-
ard experimental design by varying the genotype of the mu-
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tagenically treated male. We include here the offspring of pre-
sumed specific locus, dominant visible and dominant cataract
mutations in the DBA/2 experimental series. For these ex-
periments male strain DBA/2 mice were irradiated or treated
with ENU and crossed to tester stock females, and offspring
were screened for recessive mutations at tester stock marker
loci as well as dominant visible and dominant cataract loci.
Since strain DBA/2 is homozygous non-agouti (a/a), brown
(b/b) and dilute (d/d) the resultant offspring of the cross
DBA/2 X tester stock would also be expected to be homozy-
gous a/a b/b d/d. Focusing on the agouti locus, outcrosses of
presumed specific locus, dominant visible or dominant cata-
ract mutations to (102 X C3H)F, hybrid mice is of the sort a/a
X A/A. All resultant offspring are expected to be heterozygous
A/aand to be phenotypically agouti. Further outcrosses of the
resultant F, mice are of the sort A/a X A/A and the offspring
should all express the agouti phenotype.

Since A" is dominant to both the a and the A alleles, the
occurrence of A” mutations would be evident in all offspring
originating from the genetic confirmation crosses as well as the
outcrosses of F, offspring in the DBA/2 experiments. A” mu-
tations were genetically confirmed by an allelism test to the
agouti locus. Briefly, presumed mutants were outcrossed to
homozygous a/a mice and at least 20 offspring were classified
for transmission of the mutant white bellied agouti phenotype.
Resultant presumed A®/a mice from these outcrosses were
then backcrossed to homozygous a/a mice and at least 20 off-
spring were classified to determine the segregation of the A”
or a alleles. The confirmed A” mutations were maintained by
crossing to either homozygous non-agouti or homozygous
agouti mice. The homozygous non-agouti mice used for such
crosses were derived from the tester stock. The homozygous
agouti mice used for such crosses were (102 X C3H)F, hybrids.
All tester stock, inbred strains and F, hybrids of inbred strains
were obtained from stocks maintained in Neuherberg.

Mutants: A total of 40 independent A* mutations occur-
ring in outcrosses of presumed specific locus, dominant vis-
ible or dominant cataract mutations from control or mutage-
nicity experiments conducted at Neuherberg were included
for analysis. The crosses in which the 40 A¥ mutations oc-
curred were all of the sort A/a X A/A. Also included for
analysis were two independent A® mutations recovered in
the offspring of the DBA/2 mutagenicity experiments (i.e.,
from the cross DBA/2 X tester stock) (FAVOR et al. 1987a,
1991) and an A® mutation which occurred in the stock of
strain C57BL/6 maintained at Neuherberg. In addition, an
A” and an &' mutation which also occurred in strain
CH7BL/6 mice at Neuherberg, as well as two a*, and one
each of d/, a’ and ¢« forward mutations which were induced
in mutagenicity experiments conducted at Neuherberg (i.e.,
from the cross (102 X C3H)F, X tester stock) were included
for analysis.

Laboratory procedures: High molecular weight genomic
DNA was extracted from mouse spleen, liver or kidney, as
described elsewhere (Favor et al. 1987b), or by employing
the AutoGen 540 DNA extractor (AutoGen Instruments,
Inc., Beverly, Massachusetts) after proteinase K treatment of
homogenized tissue. Genomic DNAs were digested to
completion with 5-10 units restriction endonuclease/pg
DNA under conditions recommended by the suppliers
(Boehringer Mannheim, Appligene). The DNA samples
were size fractionated on 0.8% agarose gel in TEA buffer at
300-400 V-hr. The DNA fragments were transferred to a
Zeta probe membrane (Bio-Rad) in 10 X SSC and hybrid-
ized according to manufacturer’s instructions. The DNA
probes used for hybridization were **P-labeled by nick trans-
lation (specific activity of ca. 10° cpm/pg).

TABLE 1

Mutation rate (MR) to A” observed in the offspring from
A/A, a/a and A/a parental mice

Cross® Mutations Offspring MR X 107
A/A X A/A 0 67,395
a/a X a/a 10 8,167,854 0.1
Afa X A/A 6 17,556 34.2

” The first two entries are data from SCHLAGER and Dickik (1971).

The DNA probes employed included the pKECS/PCS
clone, which contains an 0.8-kb HindIll/ Kpnl fragment from
the 5’ flanking region of the Psp gene (MADSEN and HjORTH
1985), and the pRI subclone, which contains a 1.1-kb EcoRI
fragment from the 3'-flanking region of the Emv-15 insertion
site (LOVETT et al. 1987). The Psp locus is located proximal to
the a locus while the Emv-15locus is distal to a. The estimated
genetic distances between loci are as follows: Psp—a, 1.1 cM;
a-Emuv-15, 0.6 cM (SirRacusa AND ABBOT 1992; SIRACUSA et al.
1987, 1989). The estimates of the corresponding physical dis-
tances between loci are: Psp—a, <500 kb; a—Emv-15, >600 kb
(BarsH and EpsTEIN 1989).

RESULTS

Estimation of the mutation rates to the A” allele: Mice
have been systematically screened for mutations to the
A allele in control (SCHLAGER and DIckik 1971) as well
as radiation or mutagen treated parental generation
mice (FAVOR et al. 1987a, 1991). These observations
were all based on crosses of homozygous parental geno-
types and the mutation rate to the A” allele was relatively
low and observed to occur only in the a/a parental mice.
In contrast, we observed in offspring from the cross A/a
X A/A a drastically increased mutation rate to the A”
allele (Table 1). These initial results were observed in
outcrosses of A/a F, offspring derived from ENU ex-
periments. In comparison to the spontaneous mutation
rates to the A" allele observed by SCHLAGER and DICKIE
(1971) for homozygous parental genotypes, the present
results for the cross A/a X A/A indicate a mutation rate
at least 350 times higher. If we consider that only the a
allele is capable of reversion, then on a per allele basis
our present results indicate an increased reversion rate
in heterozygotes of at least 1400 in comparison to the
results for crosses of a/a homozygous mice. One expla-
nation of the present results might be that mutagenic
treatment in the parental generation of our mutagenic-
ity experiments resulted in an increased mutation rate
to A” first observed in the outcross generation. This phe-
nomenon could be due to delayed mutations which re-
quire additional rounds of DNA synthesis before the in-
duced DNA lesions were fixed as mutations. To test this
hypothesis, additional offspring for the cross A/a X
A/A, in which the heterozygous animals were descen-
dant from control or mutagen treated parental animals
were screened for mutations to the A allele. Table 2
summarizes the results. There was a consistent increase
in the mutation rate to the A* allele regardless of
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TABLE 2

Mutations to A” observed in the offspring from the cross
A/a X A/A or a/a X A/A parental mice

Group* Mutations Offspring MR® X 107°

Hybrid F,

(A/a X A/A)

Control 9 7483 120.0

ENU 3 6832 439

Radiation 2 2708 73.9
DBA/2 F,

(a/a X A/A)

ENU 0 3917

Radiation 0 2247
DBA/2 F,

(A/a X A/A)

ENU 4 2303 173.7

Radiation 2 4627 43.2

“ Parental genotypes of the cross from which offspring were de-
rivgd are given in parentheses.
MR = mutation rate.

whether the F, mice were derived from control, ENU- or
radiation-treated parental mice. These observations
confirm our initial results and furthermore indicate that
there is no association between mutagenic treatment of
parental generation mice with an increased mutation
rate to the A" allele in confirmation crosses with F, gen-
eration offspring. Table 2 also includes observations of
confirmation crosses from a series of mutagenicity ex-
periments in which homozygous a/a DBA/2 mice were
mutagenically treated and crossed to tester stock mice
also homozygous a/a. There was no increased mutation
rate to the A" allele in genetic confirmation crosses of
the sort a/a X A/A in the F, generation offspring. This
observation does not support the hypothesis that A” al-
leles result from delayed mutations following ENU treat-
ment. However, in further outcrosses of the subse-
quently recovered F, heterozygous A/a mice an
increased mutation rate to the A" allele was observed.
Together, the results indicate a consistent association of
an increased mutation rate to the A" allele when mice
were heterozygous A/a at the agouti locus.

Genetic confirmation of the A” mutations: All A" re-
versions occurred as single events for a particular mat-
ing, where the minimal number of offspring observed
per mating was 20. Each newly occurring presumed A"
reversion expressed the normal white bellied agouti
phenotype. There was no indication that the A* muta-
tions occurred as mosaics based upon the phenotype
expressed by the mutants. This was supported by the
segregation data observed in the outcrosses of presumed
A"/A heterozygotes to homozygous a/a mice. At least 20
offspring were observed for each presumed A” mutation
and there was no significant deviation from the expected
ratio of 50% A“/a : 50% A/a offspring. Finally, the pre-
sumed A" mutations were confirmed as alleles at the
agoutilocus by backcrossing the presumed A*/a mice to
a/a homozygotes. At least 20 offspring were classified
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FIGURE 1.—Southern blot analysis of the HindIII restriction
fragments hybridizing to the pRI probe and their association
with various mutant alleles at the agouti locus. The 2.4-kb frag-
ment (Emuv-15) is associated with the A allele-bearing chro-
mosome as well as mutations derived from the A allele (a""/,
a"?, a°). The 5.0-kb fragment (Emuv-15°) is associated with the
a-bearing chromosome from the tester stock (here designated
a) as well as from strain C57BL/6 (here designated a*). Mu-
tations derived from the a allele (A*®) or the a* allele (A”,
A"?) also exhibit the 5.0-kb fragment. The A*” and A*?? mu-
tations were recovered from the cross A/a X A/A and are
linked to Emv-15¢

from the backcross of each presumed A mutation. For
each presumed A” mutation tested only two phenotypic
classes segregated in the progeny, white bellied agouti
and non-agouti, and there was no significant deviation
from the expected ratio of 50% A*/a : 50% a/a. It was
therefore concluded that all recovered mutants were in-
deed A" alleles.

Molecular analyses of the mutational events: Employ-
ing the pRI probe linked to the Emv-15 proviral inser-
tion site on chromosome 2 we distinguished the chro-
mosome carrying the A allele derived from strains 102
or C3H and the chromosome bearing the a allele from
the tester stock according to the methods of LOVETT et
al. (1987) and SIRACUSA et al. (1987). Briefly, restriction
fragment length polymorphisms (RFLPs) between the
parents of the mutants, (102 X C3H)F, or DBA/2 and
tester stock, were detected by Southern blot analysis fol-
lowing digestion with HindIIl, Kpnl or Pstl. Only the
HindlII pattern is shown (Figure 1). Taking advantage
of this RFLP, we analyzed a number of mutants at the
agouti locus, which arose spontaneously in inbred
strains or were induced by radiation or chemical treat-
ment. The restriction fragment patterns identified
could be correlated with the known strain and allelic
origin of each specific mutation at the agouti locus (Fig-
ure 1; Table 3). The 2.4-kb HindIII fragment which hy-
bridizes to the pRI probe (which we here designate Emv-
15%) is specific to the chromosome bearing the agouti
(A) allele and to mutations which were derived from the
Aallele (a*’, a"?, d', a‘, a); the 5.0-kb HindIII fragment
(which we here designate Emv-15%) is specific to the
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TABLE 3

Characterization of mutations at the agouti locus of the
mouse for RFLPs in the vicinity of the Psp locus and
the Emy-15 insertion site

Allele®? Haplotype
a (Tester stock) Psp a Emuv-15°
a* (C57BL/6) Psp? a* Emv-15°
a (DBA/2) Psp a Emv-15°
A (102XC3H) F, Psp? A Emv-15¢
A"' (DBA/2) Psp? A Emu-15
w2l (DBA/2) Psp AY Emy-15°
A'”” (C57BL/6) Psp® A" Emu-15’b’
A" (C57BL/6) Psp® A Emv-15
' (C57BL/6) Psp® a' Emv-15°
j’iz (102 X C3H)F, Psp® a Emy-15°
“2 (102 X C3H)F, Psp* a Emy-15°
a (102 X C3H)F, Psp a Emv-15
a® (102 X C3H)F, Psp® a’ Emv-15°
a” (102 x C3H)F, Psp® a’ Emv-15°
40 independent A"
(A/a X A/A) Psp® AY Emv-15°

“ Parental genotypes in which the mutations arose are given in
parentheses.

The results on line two indicate the haplotype of strain C57BL/
6-Neu, which carries the a allele, to differ from the haplotypes of
tester stock and DBA/2 (also a-bearing strains). In order to avoid
confusion we designate the non-agouti allele in strain C57BL/6-Neu
as a* throughout text, tables and figures, but do not imply an inde-
pendent origin of the non-agouti alleles carried by tester stock,
C57BL/6-Neu or DBA/2.

“Mice were typed at three loci, Psp, agouti and Emv-15. RFLP
alleles at the Psp locus were determined by Rsal digestion of genomic
DNA and hybridization to the 0.8-kb HindIIl/ Kpnl fragment of the
5'-ﬂanking region of the Psp gene (MapsEN and HjorTH 1985).
Psp® = 1.7kb restriction fragment normal for the A-bearing chro-
mosome of strains 102/E1 and (‘3H/El as well as the a-bearing
chromosome of strain C57BL/6-Neu. Psp = 0.5- and 1.0-kb restric-
tion fragments normal for the a-bearing chromosome of tester stock
and DBA/2 mice. RFLP alleles at the Emv-15 locus were determined
by HindIIl digestion of genomic DNA and hybridization to the 1.1-kb
EcoRI fragment from the 3'-flanking region of the Emv-15 insertion
(LOVETT et al. 1987). Emv-15% = 2.4kb restriction fragment normal
for the A- bearlng chromosome in strains 102/E1 and C3H/E1l. Emv-
15" = 5.kb restriction fragment normal for the a-bearing chromo-
some of tester stock and strains DBA/2 and C57BL/6-Neu.

chromosome carrying the non-agouti (a) allele in the
tester stock and strains C57BL/6 and DBA/2 as well as
for the mutations (A*%, A*?!, A*?> A", a') which arose
by mutation of the non-agouti allele. It is interesting to

note that the a*/a mice carry both the Emv-15* and

Emuv-15"alleles, indicating that the & deletion does not
involve the DNA sequences immediately surrounding
the proviral integration site.

We analyzed the 40 independent A” mutants which
arose spontaneously in heterozygous A/a animals, tak-
ing advantage of the fact that the A allele bearing chro-
mosome derived from the (102 X C3H)F, parental mice
could be distinguished from the a allele-bearing chro-
mosome derived from the tester stock or strain DBA/2.
For each A" mutation, heterozygotes over both the A
and a alleles (the a allele derived from the tester stock)
were bred and analyzed by Southern blot analysis. The
A" mutation in all cases was linked to the Emv-15° allele
associated with the A allele-bearing chromosome (Table

,x\t ‘«\P ‘.1\’ &\P & Js\\; S ‘,u\" *‘fn\’ ,a\\* i‘1\' J\\P‘ ‘p\‘ &P W

@
(=g

5.0.“ LY - - - P -
a»

24 .“.U- - .- O e s e
-

FIGURE 2.—Southern blot analysis of the HindIII restriction
fragments hybridizing to the pRI probe for the series of A"
mutations recovered in the offspring of the cross A/a X A/A.
For each A¥ mutation A¥/A and A" /a heterozygotes were bred
and analyzed. All A¥ mutations derived from the cross A/a X
A/A are associated with the 2.4-kb fragment (Emv-15°) nor-
mally associated with the A-bearing chromosome.

3, Figure 2). This result is surprising, since previous re-
ports indicate A mutations occur only from the a allele
(ScHLAGER and DickiE 1971; Siracusa et al. 1987). To
explain this contradiction we postulated crossing over as
a possible mechanism for mutation to the A" allele in
heterozygous animals. The evidence for this hypothesis
was provided by a new set of Southern blot analyses uti-
lizing a genetic marker flanking the agoutilocus relative
to the Emv-15 insertion site.

An RFLP distinguishing the A- and a-bearing chro-
mosomes, utilizing as hybridization probe a DNA frag-
ment containing the 5'-flanking region of the Psp gene,
was identified after genomic DNAs were tested with 18
restriction enzymes: a 1.7-kb Rsal fragment was shown
to be associated with the chromosome bearing the A
allele (which we designate Psp®) while for the chromo-
some bearing the a allele arestriction pattern of 0.5-and
1.0kb fragments (which we designate Psp’) was ob-
served (Table 3; Figure 3). The change in restriction
fragment pattern is likely due to the presence of an ad-
ditional Rsal site specific to the chromosome bearing
the a allele carried by tester stock mice which is within
the 1.7-kb fragment associated with the A-bearing chro-
mosome. Interestingly, strain C57BL/6, which is also ho-
mozygous non-agouti, carries the Psp® allele. To avoid
confusion in the tables and figures, we have designated
the C57BL/6 non-agouti allele (a*). It should be em-
phasized that we do not mean to infer an independent
origin of the non-agouti allele in the tester stock and in
our C57BL/6 strain.

We performed Southern blot analyses on DNAs iso-
lated from mutants at the agouti locus which arose ei-
ther spontaneously or were induced by mutagenic treat-
ment and for which the allele from which the mutation
arose was known. Again, in all cases the mutation was
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FIGURE 3.—Southern blot analysis of the Rsal restriction
fragments which hybridize to the Psp probe. The A-bearing
chromosome as well as mutations derived from the A allele

(a", a"?, a’, a', a’) are associated with the 1.7-kb restriction

fragment (Psp®). The a-bearing chromosome as well as mu-
tations derived from the a allele (A*®) are associated with the
0.5- and 1.0-kb restriction fragments (Psp’). The a*-bearing
chromosome from C57BL/6 and mutations derived from the
a* allele (A“?’) are associated with the Psp* allele. Mutations
(A"?, A*??) recovered in the offspring of the cross A/a X A/A
are associated with the Psp® allele.

shown to be linked to the same Psp allele carried by the
chromosome from which the mutant agouti allele origi-
nated (Table 3, Figure 3).

We next subjected the 40 independent A" mutations
which arose in heterozygous A/a mice to Southern blot
analysis to characterize the A*-bearing chromosome in
the Psp region. The RFLP pattern of each A mutation
was determined for heterozygotes over either A or a (the
a allele derived from tester stock). A clear pattern could
be discerned. Of the 40 A* mutants which arose in A/a
heterozygotes all were shown to be linked to the Psp’
allele (Table 3; Figures 3 and 4). Taken together the
results indicate that all A mutations which arose in the
cross A/a X A/A are linked in the proximal direction to
the Psp” allele associated with the a-bearing chromo-
some; in the distal direction the A mutations are linked
to the Emv-15“allele associated with the A-bearing chro-
mosome. Thus, in all cases the A” mutations which arose
in the cross A/a X A/A are associated with a crossover
event between the Psp locus and the Emuv-15 integration
site in the vicinity of the agouti locus.

The overall distance between the Psp locus and the
Emv-15 insertion site is estimated to be 1.7 cM (SIRACUSA
et al. 1989). To test for an unusually high rate of crossing
over within the region, normal segregant offspring car-
rying the A or a alleles derived from the cross of het-
erozygous A/a mice to homozygous a/a mice were ana-
lyzed for their RFLP patterns at the vicinity of the Psp
locus and the Emuv-15 insertion site. Two crossovers were
identified in 80 offspring analyzed (Table 4), which is
not at deviance with the genetic distance expected. The
crossover events observed were both the haplotype Psp*-
a-Emv-15". Based on the Psp and Emv-15 flanking mark-
ers, these crossovers are the reciprocal crossover hap-
lotypes to the crossover haplotypes associated with A"

q‘,\e\‘* .\'»\ ,;»\ &\o J“V .\\o 1\r Rlig 0\?\ P o

f“.‘-.-oa— -‘

FIGURE 4.—Southern blot analysis of the Rsal restriction
fragments hybridizing to the Psp probe for the series of A"
mutations recovered in offspring of the cross A/a X A/A. All
A" mutations derived from the cross A/a X A/A are associated
with the 0.5- and 1.0-kb restriction fragments (Psp’) normally
associated with the a-bearing chromosome.

TABLE 4

Analysis for crossover events in the vicinity of the agouti
locus of the mouse in the cross A/a X a/a employing
RFLP markers for the Psp locus and the Emv-15
insertion site

No. of offspring Haplotype *
Non-crossovers
40 Pvp A Emv-15°
38 Psp a Emy-15°
Crossovers
0 Psp® A Emv-15°
2 Psp® a Emy-15°

“ Mice were typed at the three loci, Psp, agouti and Emv-15. South-
ern blot procedures and designations of the Psp and Emv-15 RFLP
alleles are as given in Table 3.

mutations recovered in the crosses of A/a heterozygotes
to homozygous A/A mice (Table 3; Figures 2 and 4). It
will be interesting to determine in future studies if these
are truly reciprocal crossover products, which might in-
dicate a hotspot for crossing over within the agouti re-
gion of chromosome 2.

DISCUSSION

Stability and structure of mutant alleles at the agouti
locus: Our results indicate a greatly increased reverse
mutation frequency to the A" allele in the offspring of
A/a heterozygous mice and all A" revertants are asso-
ciated with a crossover event in the vicinity of the agouti
locus. An extensive series of phenotypically distinguish-
able mutant alleles has been isolated at the agouti locus
(see SILVERS 1979; GREEN 1989). Most mutant alleles were
isolated in laboratory breeding colonies. In wild popu-
lations of the house mouse the A" allele predominates,
although there are subpopulations carrying the a or A
alleles. We interpret these observations to indicate the
A" allele to be wild type and that both the a and A alleles
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are mutants derived from the A allele. The fact that
reversion to A” was observed only in offspring of a/a
mice and never in offspring of A/A mice would imply
that the original forward mutation A” to a is associated
with a DNA alteration at the agouti locus capable of
reversion. In contrast, the original forward mutation A*
to A is associated with a DNA alteration which is not
capable of reversion to A” or occurs at such a low fre-
quency that reversion has not yet been observed in labo-
ratory breeding colonies.

The agouti gene has been isolated recently (BuLTMAN
et al. 1992; MILLER et al., 1993). The normal gene prod-
uct is an mRNA of approximately 0.8 kb, and the trans-
lation product predicted from the open reading frame
is 131 amino acids. A structural domain within the ag-
outi gene product suggests that it functions as a signal,
which in view of the phenotypes resultant from agouti
mutant alleles, affects the synthesis of eumelanin and
phaeomelanin pigment. The expression pattern of the
agouti gene product in a/a, A/A and A*/A* homozy-
gotes has been characterized. There was no agouti gene
expression in either dorsal or ventral skin samples of a/a
mice. In A/A and A”/A” mice there were comparable
levels of mRNA expression in the dorsal skin samples,
whereas in ventral skin samples there was a higher level
of expression of the normal gene productin A¥/A* mice
as compared to the A/A mice. These observations in-
dicate that the level of agouti gene expression correlates
with the degree of phaeomelanin expression in the
hairs. Further, it indicates that the A mutant allele is
sufficiently intact to allow normal gene expression, at
least in the dorsal skin region. The DNA alteration re-
sulting in the A allele likely resides in the 5'-regulatory
region of the agouti gene and results in reduced levels
of the normal mRNA transcript in the ventral skin.
BULTMAN et al. (1992) have further characterized the
genomic gene structure of several agouti mutant alleles
including < and A. In comparison to the A allele, the a
allele contains an extra 11-kb DNA segment within the
first intron of the agouti gene. Unfortunately the A
allele was not characterized. However, Northern blot
studies indicate the A and A alleles both express a nor-
mal sized agouti gene product (MILLER et al. 1993),
which would indicate that the A mutant allele is not due
to a large rearrangement within the agout: gene. We
propose that the extra 11-kb DNA sequence in the first
intron of the agouti gene to be the DNA alteration re-
sulting in the non-agouti mutant allele. This proposal is
compatible with the observed instability of the a allele,
since the reversion of the a allele could be envisaged to
be due to the loss of the extra DNA sequence. In fact,
this proposal is partially supported by the molecular
characterization of an ¢‘ mutation which arose sponta-
neously in the cross SEC/E X C57BL/E, both strains
being homozygous a/a (BULTMAN et al. 1992). Thus, the
a' mutation arose from the q allele and the authors have

shown that the extra DNA insert associated with the a
allele is altered to a 5.5-kb insert within the first intron
of the agouti gene in the a' mutant allele.

Mechanisms of reversion to the A* allele in crosses of
A/a heterozygotes: We premise our considerations for
the reversion to A” in A /a heterozygotes on the assump-
tion that the DNA alteration resulting in the A mutation
isin the 5'-regulatory region of the agoutilocus and that
the extra 11-kb DNA sequence in the first intron of the
agouti gene results in the ¢ mutation. Our present re-
sults indicate that all reversions to the A allele in crosses
of A/a heterozygotes are associated with homologous
crossing over. We propose that the site of crossing over
is within the agouti locus between the site of the DNA
alteration resulting in the A mutation and the insertion
site of the 11-kb sequence associated with the a allele.
The proposed mechanism of reversion to A”in A/a het-
erozygotes is schematically diagrammed in Figure 5.
With a single crossover event between the mutational
sites of the A and a alleles, a crossover product would be
recovered with the wild-type 5'-regulatory sequence de-
rived from the ¢ mutant allele as well as a normal first
intron derived from the A allele. Thus, a fully functional
agouti gene would be expected. Further, the proposed
crossover event would be expected to carry the Psp’ al-
lele associated with the a-bearing chromosome in the
proximal direction to the agoutilocus as well as the Emuv-
15% allele associated with the A-bearing chromosome in
the distal direction to the agouti locus. The reciprocal
crossover product would result in a chromosome bear-
ing the mutated 5'-regulatory sequence derived from
the A mutant allele as well as the 11-kb insert within the
first intron of the agouti gene. This proposed “double
mutant” allele at the agouti locus would be expected to
be functionally identical to the non-agouti allele. In fact
we observed two reciprocal crossover products and both
were associated with a non-agouti allele and had the
haplotype Psp“a™-Emv-15° (Table 4). Thus, a postu-
lated single crossover event within the agouti locus fully
explains the results in offspring of A/a mice which we
have observed.

The present results also may be used to estimate the
genetic distance between the mutational sites of the A
and a alleles. The A” reversions in offspring of A/a mice
represent crossovers within this region. The reciprocal
crossover product is expected to be associated with a
non-agouti allele and in the cross A/a X A/A would not
be detected. Therefore, the best estimate of the genetic
distance between the A and a mutational sites is twice
the frequency of A" reversions in these crosses. The fre-
quency of A” offspring observed in the cross A/a X A/A
is 26/41,509 (Tables 1 and 2). Thus, the best estimate
of the genetic distance between the A and ¢ mutational
sites is 2 X 0.00063 = 0.0012, i.e., 0.1 cM.

Mechanisms of reversion to the A" allele in crosses of
a/a homozygotes: We premise our considerations for
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FIGURE 5.—Schematic representation of the structure of the
agouti gene of the mouse (BULTMAN et al. 1992) and the pro-
posed crossover events which we observed to be associated with
A” mutational events in the cross A/a X A/A. The agoutilocus
is comprised of 5'-regulatory sequences (hatched box) and
four exons (E1-E4). The parental haplotype Psp*-A-Emuv-15°
is assumed to be associated with a forward mutation to A in the
5'-regulatory sequences of the agouti locus resulting in the
misregulation of expression of the agouti gene in ventral skin.
The parental haplotype Psp’-a-Emv-15" is associated with the
forward mutation a due to the extra 11-kb sequence in the first
intron of the agouti structural gene. A single crossover be-
tween the mutational sites of the A and « alleles would result
in a fully functional agouti gene carrying the 5'-regulatory se-
quences from the a-bearing chromosome and a normal agouti
structural gene from the A-bearing chromosome and should
result in reversion to the A" allele. This crossover should also
be associated with crossing over of the flanking markers and
result in the haplotype Psp’-A“-Emv-15°, which we observed in
all 40 independent A” mutations recovered in the crosses A/a
X A/A (Table 3). The reciprocal crossover product is expected
to carry the mutated b5'-regulatory sequences from the
A-bearing chromosome, the 11-kb insertion within the first
intron of the agouti structural gene from the a-bearing chro-
mosome and be functionally identical to the a allele. This
crossover product would be the haplotype Psp®-a-Emv-15".
Two such haplotypes were observed in the analysis of 80 off-
spring in the cross A/a X a/a (Table 4).

the mechanisms of instability of the non-agouti allele on
the assumption that the extra 11-kb DNA sequence con-
tained in the first intron of the agouti gene is the mu-
tational event resulting in the non-agouti mutation.
There are a number of precedents for unstable forward
mutations due to the insertion of extra DNA in the vi-
cinity of an affected gene and include tandem duplica-
tion, transposon insertion and possibly amplified short
nucleotide repeat sequences.

The best characterized example of tandem duplica-
tion associated with an unstable forward mutation is Bar-
eyed in Drosophila (STURTEVANT 1925). The Bar-eyed mu-
tation has been shown to be due to an extensive
duplication observable at the cytogenetic level (see
TSUBOTA et al. 1989), is unstable and reverts to wild type
via unequal crossing over. The reciprocal crossover

product yielding a triplication of the sequence is also
recovered as the mutation Double-Bar, and this product
is also associated with crossover of flanking markers. In
the mouse, the most unstable mutant allele recovered to
date, pink-eyed unstable (p"") has also been shown re-
cently to be due to a tandem duplication of approxi-
mately 70 kb (GOoNDO et al. 1993). Reversion of the p""
allele is associated with complete loss of the duplicated
70-kb sequence yielding a single, unduplicated 70-kb se-
quence, which the authors interpret to be due to ho-
mologous unequal crossing over. Since the first intron
of the agouti gene is larger than 11 kb (BULTMAN ef al.
1992), it is possible that the « allele is due to a tandem
duplication of an 11-kb sequence within the first intron
and that the instability of the a allele in a/a homozygotes
is due to unequal crossing over which results in the loss
of one of the copies of the duplicated sequence.

An alternative mechanism to explain the instability of
the a allele would be the proposal that the a allele is due
to the insertion of a transposable element within the first
intron of the agouti gene. The original dilute (d”) mu-
tation carried in a number of inbred strains of the house
mouse including strain DBA/2 has been shown to be
due to the insertion of an ecotropic specific proviral
sequence (JENKINS et al. 1981). Reversion of the d” allele
in d’/d’ homozygotes has been shown to occur at a fre-
quency similar to the reversion rate to A" in a/a ho-
mozygotes (SCHLAGER and DIckIE 1971). Reversion of d’
occurs via intrachromosomal homologous crossing over
between the proviral long terminal repeat (LTR) se-
quences (HUTCHISON et al. 1984; FAVOR et al. 1987b)
resulting in the excision of the proviral sequence, al-
though a single LTR sequence remains at the insertion
site. Since the insertion resulting in the a allele is within
the first intron of the agouti gene, it would not be pre-
carious to propose that insertion of the entire 11-kb se-
quence disrupts normal function of the agouti gene
whereas the proviral excision leaving a single relict LTR
within the first intron is associated with reversion to an
allele with normal gene function.

Finally, the genome of all eukaryotes so far studied is
replete with amplified short nucleotide repeat se-
quences [see for example JEFFREYS et al. (1985), HAMADA
et al. (1982) and STALLINGS et al. (1991)] including the
mouse (DIETRICH et al. 1992). Such sequences normally
reside in non-coding DNA sequences of the genome and
exhibit a high frequency of somatic and germinal mu-
tation (JEFFREYS el al. 1988). The mutational process is
not solely due to unequal homologous crossover al-
though results are conflicting and may be due to specific
differences of the particular amplified sequences stud-
ied or the particular minisatellite sites considered
(CHANDLEY and MITCHELL 1988; WOLFF et al. 1989). To
date minisatellites in general have not been shown to be
associated with mutation of neighboring genes, al-
though if a sequence were to be greatly amplified up to
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11 kb, an effect on the function of a neighboring gene
could be expected. For the special case of trinucleotide
repeats, five examples of an association with mutation
have been demonstrated recently, fragile X syndrome
(Fu et al. 1991), Huntingtons’s disease (Duyao et al.
1993), myotonic dystrophy (BROOK et al. 1992), spino-
bulbar muscular atrophy (La Spapa et al. 1991), and
spinocerebellar ataxia type 1 (ORR et al. 1993). The se-
quences may be relatively short, variable and were shown
to be contained within the open reading frame of the
affected gene. The wild-type allele contains a small num-
ber of trinucleotide repeats and when amplified results
in a highly unstable mutation (IMBERT e¢ al. 1993). Fur-
ther amplification of the repeated sequence results in
more severe forms of the mutant alleles. If the « allele
were to be due to an amplified short nucleotide se-
quence, one would expect a high level of instability both
within and between strains carrying the a allele. This
should be easily testable now that appropriate molecular
access to the agouti locus is possible.

Frequency of reversion to the A” allele: Our results
indicate a reversion frequency to A” in A/a mice at least
350 times the reversion frequency observed in a/a mice,
and all reversions to A” in A/a heterozygotes are asso-
ciated with crossover of flanking markers. These obser-
vations are compatible with a proposed mechanism of
reversion to A” in A/a heterozygotes following a single
crossover within the agouti locus between the muta-
tional sites of the A and a alleles. By contrast, reversion
to A in a/a homozygotes is proposed to be associated
with the loss of the 11-kb insertion within the first intron
of the agouti gene which is responsible for the a allele.
As outlined above, a proposed mechanism to explain the
loss of the 11-kb sequence associated with the a allele in
a/a homozygotes depends upon the nature of the 11-kb
inserted sequence, i.e., unequal crossing over if the
11-kb sequence is a tandem duplication, excision of a
transposable element, or instability of an amplified short
nucleotide sequence. In any event, the mechanism in-
volved in reversion to A" in A/a heterozygotes is likely
different than the mechanism of reversion to A” in a/a
homozygotes. Thus, the observed differences in the fre-
quencies of reversion to A in A/a heterozygotes as com-
pared to the reversion frequency in a/a homozygotes
likely resides in differences in the mechanisms by which
the reversions occur.

Conclusions: Although speculative, our proposed
mechanisms of instability of the agoutilocus in A/a het-
erozygotes and a/a homozygotes are now testable since
molecular access has been made possible by the cloning
of the agouti gene. We have a large collection of 4
revertants as well as other mutant alleles at the agouti
locus. Future studies will be able to determine an asso-
ciation of DNA structural changes associated with mu-
tant alleles of the agouti locus. These analyses should
also be useful in associating DNA structural changes with
an alteration in gene function. Finally, a characteriza-

tion of the nature of the 11-kb insertion associated with
the a allele may be informative to determine why the
forward a mutation is unstable in homozygous a/a mice.

We would like to acknowledge the expert technical assistance of
ELsA ALBRECHT, BiaNCA HILDEBRAND, HEIDI SEIDL and IRMGARD Zaus. For
the kind provision of molecular probes used in these studies we thank
G. BarsH (pRI) and J. P. HjortH (pKECS/PCS). Research supported
in part by Contract FI3P-CT92-0055 from the European Communities
Radiation Protection Programme.

LITERATURE CITED

BarsH, G. S., and C. J. EpstEIN, 1989 The long-range restriction map
surrounding the mouse agouti locus reveals a disparity between
physical and genetic distances. Genomics 5: 9-18.

BrooK,]. D., 1992 Molecular basis of myotonic dystrophy: expansion
of a trinucleotide (CTG) repeat at the 3’ end of a transcript en-
coding a protein kinase family member. Cell 68: 799-808.

Burtman, S. J, E. J. MicHaup and R. P. Wovchik, 1992 Molecular
characterization of the mouse agouti locus. Cell 71: 1195-1204.

CHANDLEY, A. C., and A. R. MiTcHELL, 1988 Hypervariable minisatel-
lite regions are sites for crossing-over at meiosis in man. Cyto-
genet. Cell Genet. 48: 152-155.

DieTrICH, W., H. KaTZ, S. LincoLN, H. SHIN, J. FRIEDMAN ef al., 1992 A
genetic map of the mouse suitable for typing intraspecific crosses.
Genetics 131: 423—447.

Duvao, M., C. AMBROSE, R, MYERS, A, NOVELLETTO, F. PERSICHETTI ¢t al.,
1993 Trinucleotide repeat length instability and age of onset in
Huntington’s disease. Nat. Genet. 4: 387-392.

FAVOR, ]., 1983 A comparison of the dominant cataract and recessive
specific-locus mutation rates induced by treatment of male mice
with ethylnitrosourea. Mutat. Res. 110: 367-382.

FAVOR, J., 1986 The frequency of dominant cataract and recessive
specificlocus mutations in mice derived from 80 or 160 mg eth-
ylnitrosourea per kg body weight treated spermatogonia. Mutat.
Res. 162: 69~-80.

FAVOR, J., A. NEUHAUsER-KLAUS and U. H. EHLING, 1987a Radiation-
induced forward and reverse specific locus mutations and domi-
nant cataract mutations in treated strain BALB/c and DBA/2
male mice. Mutat. Res. 177: 161-169.

FAVOR, J., P. G. STrRAUSS and V. ErrLE, 1987b  Molecular characteriza-
tion of a radiation-induced reverse mutation at the dilute locus in
the mouse. Genetical Res., Camb. 50: 219-223.

FAVOR, J., A. NEUHAUSER-KLAUS and U. H. EHLING, 1990  The frequency
of dominant cataract and recessive specificlocus mutations and
mutation mosaics in F, mice derived from post-spermatogonial
treatment with ethylnitrosourea. Mutat. Res. 229: 105~114.

FAVOR, J., A. NEUHAUSER-KLAUS and U. H. EHLING, 1991  The induction
of forward and reverse specific-locus mutations and dominant
cataract mutations in spermatogonia of treated strain DBA/2
mice by ethylnitrosourea. Mutat. Res. 249: 293-300.

Fu, Y-H., D. P. A. KuHL, A. Przzuti, M. PIERETT], J. S. SUTCLIFFE et al.,
1991 Variation of the CGG repeat at the fragile X site results in
genetic instability: resolution of the Sherman paradox. Cell 67:
1047-1958.

GONDO, Y., ]. M. GARDNER, Y. NAKATSU, D. DURHAM-PIERRE, S. A. DEVEAU
et al., 1993 High-frequency genetic reversion mediated by a
DNA duplication: the mouse pink-eyed unstable mutation. Proc.
Natl. Acad. Sci. USA 90: 297-301.

GREEN, M. C., 1989 Catalog of mutant genes and polymorphic loci,
pp. 12-403 in Genetic Variants and Strains of the Laboratory
Mouse, edited by M. F. Lyon and A. G. SEARLE. Oxford University
Press, New York.

Hamapa, H., M. G, PETRINO and T. TAKUNAGA, 1982 A novel repeated
element with z-DNA-forming potential is widely found in evolu-
tionary diverse eukaryotic genomes. Proc, Natl. Acad. Sci. USA 79:
6465—6469.

HurcHisoN, K. W., N. G. CopeLanp and N. A. JENKIns, 1984  Dilute-
coat-color locus of mice: nucleotide sequence analysis of the d*%
and d"#° revertant alleles. Mol. Cell. Biol. 4: 2899-2904.

IMBERT, G., C. KrETZ, K. JOHNSON and J.-L. MANDEL, 1993  Origin of the
expansion mutation in myotonic dystrophy. Nat. Genet. 4: 72~76.

JEFFREYS, A. L., V. WiLsoN and S. L. THEIN, 1985 Hypervariable ‘mini-
satellite’ regions in human DNA. Nature 314: 67-73.



A¥ Reversions in A/a and a/a Mice 1087

JEFFREYS, A. J., N. J. RovLE, V. WiLsoN and Z. WONG, 1988 Spontaneous
mutation rates to new length alleles at tandem-repetitive hyper-
variable loci in human DNA. Nature 332: 278-281.

JENKINs, N. A., N. G. CoPELAND, B. A. TavL.orR and B. K. Leg, 1981  Dilute
(d) coat colour mutation of DBA/2] mice is associated with the
site of integration of an ecotropic MuLV genome. Nature 293:
370-374.

LaSpapa, A. R, E. M. Wison, D. B. Lusann, A. E. HarpiNG and H.
FIscHBECK, 1991  Androgen receptor gene mutations in X-linked
spinal and bulbar muscular atrophy. Nature 352: 77-79.

Lovett, M., Z. CHENG, E. M. LaMELLA, T. Yokor and C. J. EpstEIN,
1987 Molecular markers for the agouti coat color locus of the
mouse. Genetics 115: 747-754.

Mabsen, H. O, and J. P. HjorTth, 1985 Molecular cloning of mouse
PSP mRNA. Nucleic Acids Res. 13: 1-13.

MILLER, M. W., D. M. J. DUHL, H. VRIELING, S. P. CoRDES, M. K. OLIMAN
et al., 1993 Cloning of the mouse agouti gene predicts a se-
creted protein ubiquitously expressed in mice carrying the lethal
yellow mutation. Genes Dev. 7: 454—467.

ORR, H. T., M. CHUNG, S. BanF, T. J. KwiaTROWSKI, JR., A. SERVADIO et
al., 1993 Expansion of an unstable trinucleotide CAG repeat in
spinocerebellar ataxia type 1. Nat. Genet. 4: 221-226.

RusseLL, W. L., 1951  X-Ray-induced mutations in mice. Cold Spring
Harbor Symp. Quant. Biol. 16: 327-356.

SCHLAGER, G., and M. M. Dickig, 1971 Natural mutation rates in the
mouse. Estimates for five specific loci and dominant mutations.
Mutat. Res. 11: 89-96.

SiLvers, W. K., 1979  The Coat Colors of Mice. Springer Verlag, New
York.

Siracusa, L. D., and C. M. AssorT, 1992 Mouse chromosome 2.
Mamm. Genome 3: S20-543.

Siracusa, L. D., L. B. Russerr, N. A. Jenkins and N. G. CopeLAND,
1987 Allelic variation within the Emv-15 locus defines genomic
sequences closely linked to the agouti locus on mouse chromo-
some 2. Genetics 117: 85-92.

Siracusa, L. D., A. M. Buchserc, N. G. CopELanp and N. A. JENKINS,
1989 Recombinant inbred strain and interspecific backcross
analysis of molecular markers flanking the murine agouti coat
color locus. Genetics 122: 669-679.

STALLINGS, R. L., A. F. Forp, D. NELsoN, D. C. Torney, C. E. HILDEBRAND
et al., 1991 Evolution and distribution of (GT), repetitive se-
quences in mammalian genomes. Genomics 10: 807-815.

STURTEVANT, A. H., 1925 The effects of unequal crossing over at the
Bar locus in Drosophila. Genetics 10: 117-147.

TsuBOTA, S. 1., D. ROSENBERG, H. SzosTAK, D. RuBIN and P. ScHEDL,
1989 The cloning of the Bar region and the B breakpoint in
Drosophila melanogaster. evidence for a transposon-induced re-
arrangement. Genetics 122: 881-890.

WoLrfF, R. K., R. PLAETKE, A. J. JEFFREYS and R. WHiTE, 1989  Unequal
crossingover between homologous chromosomes is not the major
mechanism involved in the generation of new alleles at VNTR
loci. Genomics 5: 382-384.

Communicating editor: R. E. GANscHOw



