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ABSTRACT

The agouti locus (A) of the mouse determines the timing and type of pigment deposition in the
growing hair bulb, and several alleles at this locus are lethal when homozygous. Apparent instances
of intragenic recombination and complementation between different recessive lethal alleles have
suggested that the locus has a complex structure. We have begun to investigate the molecular basis
of agouti gene action and recessive lethality by using a series of genetically linked DNA probes and
pulsed field gel electrophoresis to detect structural alterations in radiation-induced agouti mutations.
Hybridization probes from the Sr¢ and Emv-15 loci do not reveal molecular alterations in DNA
corresponding to the a‘, a*, and a' alleles, but a probe from the parotid secretory protein gene (Psp)
detects a 75-kilobase (kb) deletion in DNA containing the non-agouti lethal allele (a’). The deletion is
defined by a 75-kb reduction in the size of BssHII, Notl, Nrul and Sacll high molecular weight
restriction fragments detected with the Psp probe and is located between 25 kb and 575 kb from Psp
coding sequences. Because the genetic distance between A and Emv-15 is much less than A and Psp,
there may be a preferred site of recombination close to Psp, or suppression of recombination between
A and Emv-15. The o' deletion has allowed us to determine the genotype of mice heterozygous for
different recessive lethal alleles. We find that three different recessive lethal complementation groups

are present at the agouti locus, two of which are contained within the a' deletion.

HE mouse agouti locus controls the develop-
mental timing and type of pigment granule syn-
thesis in follicular melanocytes (SEARLE 1968; SILVERS
1979). In mice of the genotype A/A, a back and forth
switch between eumelanin and phaeomelanin produc-
tion results in the characteristic agouti phenotype of
black dorsal hairs with a subapical yellow band. There
are more than 20 alleles at the agouti locus, and
several have additional phenotypic effects such as
obesity (HESTON and VLAHAKIS 1961), variability of
expression (WOLFF and P1ToT 1973; WOLFF, ROBERTS
and GALBRAITH 1986), and/or embryonic death in
the homozygous state (ROBERTSON 1942; PAPATOAN-
NOU and MARDON 1983; LyoN, FisHER and GLENIS-
TER 1985). Despite recent efforts to produce a high-
resolution genetic map surrounding the agouti locus
(SIRACUSA et al. 1987a, b), it is not known whether
these additional effects, in particular—homozygous
lethality—result from altered expression of the coat
color genes or of other closely linked genes.

Four recessive lethal alleles, A’ (lethal yellow), a*
(lethal non-agouti), a’®” (non-agouti-16H), and a'
(non-agouti lethal) have been well characterized from
a phenotypic, genetic and embryologic perspective
(EaTON and GREEN 1963; CALARCO and PEDERSEN
1976, PapaloANNOU and MARDON 1983; LyoN,
FISHER and GLENISTER 1985). A fifth recessive lethal
allele, o' (jet lethal), has not yet been fully investigated
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(S1RACUSA ef al. 1987b). The combinations A’/a”, A’/
a’®, and a'®/a' are fully viable, but the combination
A’/a' is lethal.

With respect to coat color, alleles associated with
phaeomelanin production tend to be dominant over
those associated with eumelanin production, and mice
homozygous for the “null” alleles a° (extreme non-
agouti) or a*” (non-agouti-4H) are entirely black (as-
suming the + allele is carried at the & locus). Mice
carrying the A’ allele opposite to a‘ or a*” are entirely
yellow, those carrying the o' allele are entirely black,
and those carrying the a* or a’®” alleles have an
intermediate or umbrous phenotype—black dorsal
and pinna hairs with dark agouti flanks and ventral
hairs (RUSSELL, MCDANIEL and WOODIEL 1963; LYON,
FISHER and GLENISTER 1985).

The agouti locus is located on mouse chromosome
2, closely linked to the morphologic markers bp (bra-
chypod) and k7 (kreisler). Like mutations at the ¢
(albino) and d (dilute) loci (DISTECHE and ADLER 1984;
RINCHIK et al. 1986), the pleiotropic effects of some
radiation-induced agouti alleles may be due to large
deletions that affect multiple transcriptional units. We
have attempted to define the physical position of the
agouti locus by using a series of genetically linked
DNA probes and pulsed field gel electrophoresis to
detect structural rearrangements in the radiation-in-
duced agouti mutations a‘, a* and a’. The endogenous
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ecotropic murine leukemia virus, Emv-15, maps within
0.55 ¢cM (95% confidence limits of 0.01-3.4 ¢M) of
the A’ allele (COPELAND, JENKINS and LEE 1983; SIRr-
ACUSA et al. 1987b) and probes from the Emv-15
insertion site have been previously used to study the
agouti locus (LOVETT et al. 1987; SIRAcCUSA et al.
1987b). Additional DNA probes in this region include
the parotid secretory protein (Psp) and cellular Rous
sarcoma (Src) genes (OWERBACH and HJorTH 1980;
BLATT et al. 1984). We now report that a probe from
the Psp gene detects an approximately 75 kilobase
(kb) deletion in DNA containing the a' allele. In
combination with a recently identified restriction frag-
ment length polymorphism (RFLP) at the Emv-15
locus (LOVETT et al. 1987), this deletion has allowed
us to test further the complementation relationships
between different homozygous lethal agouti alleles.
We find that the o' allele contains two distinct reces-
sive lethal complementation groups, as defined by the
a* and A? alleles, and that the a’?” allele represents a
third complementation group.

MATERIALS AND METHODS

Mouse strains and mutations: The strains, C57BL/6]-
A*7 and AE]/GnLe-a*/A*/, of agouti genotypes A*//A*J
and a‘/A*/, respectively, were obtained from The Jackson
Laboratory, Bar Harbor, Maine. The black offspring of
AE]J/GnLe-a*/A*/ intercrosses were used as a source of
homozgous a‘/a® animals. Mice carrying the a” allele were
provided by L. B. RusSELL and have been repeatedly back-
crossed to C57BL/6]-a/a mice in our laboratory. Mice car-
rying the &’ and a’ alleles were provided by M. LyoN and
have been propagated in our laboratory as a balanced lethal
stock.

Pulsed field gel electrophoresis: DNA was prepared
from a single cell suspension of homogenized spleen tissue
after embedding the cells in blocks of low melting temper-
ature agarose at a concentration of 5 X 10° cells/ml (VAN
OMMEN and VERKERK 1986). After equilibration with the
appropriate digestion buffer, 40 ul blocks of agarose were
incubated for 8 hr with 5-10 units of the indicated restric-
tion enzymes (conditions according to the manufacturer,
New England Biolabs). Digestion was terminated by washing
the blocks in a solution of 50 mM EDTA, 50 mM Tris (pH
8), after which the blocks were melted at 70° and gently
pipetted into the wells of a 1% agarose gel.

For field inversion gels, electrophoresis was performed at
240 V (7 V/cm) in half-strength Tris-borate-EDTA buffer
(45 mm Tris, pH 8, 45 mM boric acid, 1 mM EDTA) and
0.5 ug/ml ethidium bromide, with recirculation of buffer
through a heat exchanger to maintain the gel temperature
at 13° (CARLE, FRANK and OLsoON 1986). The electric field
was periodically inverted by two computer-controlled relays
according to a program that increased the forward interval
exponentially from 10 to 60 sec during a 4-h cycle, such
that half of the increase in forward switching time had been
achieved by 40% through the cycle. The reverse interval
was maintained at one third of the forward interval, the
field was interrupted between each inversion by a period
equal to 2% of the forward interval, and total electropho-
resis time was 16 hr.

For orthogonal pulsed field gels, fractionation was per-
formed on a commercial apparatus (LKB Pulsaphor) at 330

V (10 V/em) and 10° for 40 hr. A switching time of 60 sec
was used for fragments between 200 and 900 kb, and a

switching time of 100 sec was used for fragments up to 1500
kb.

DNA blotting, hybridization and probes: Limited acid
hydrolysis, capillary transfer, and hybridization in the pres-
ence of 10% dextran sulfate to probes radiolabeled by
random priming were all performed according to standard
procedures.

DNA probes from the Emv-15 insertion site were either
a 0.5-kb Pstl or a 1.1-kb EcoRI fragment from the 5’ or 3’
flanking region of the Emw-15 insertion site, respectively
(LOVETT et al. 1987). The DNA probe from the Src gene,
kindly provided by NANCY QUINTRELL, was a 1.5-kb Xbal-
BamHI fragment located immediately 3’ to coding se-
quences. The DNA probe from the Psp gene, kindly pro-
vided by PHILIP SHAW, was a 2.1-kb BamHI fragment iso-
lated from the bacteriophage A psp I (SHAW and SCHIBLER
1986) containing 5’ flanking and coding regions.

RESULTS

High molecular weight restriction fragments in
mice carrying radiation-induced agouti mutations:
Factors that suggest a particular agouti mutation
might represent a large deletion are failure to observe
reversion or instances of similar spontaneous muta-
tions, phenotypic consequences beyond effects on coat
color (e.g., recessive lethality), and a history of induc-
tion by X-irradiation. Reversions of the radiation-
induced alleles a’, a* and a’, have never been ob-
served, and both «* and &' are lethal when homozy-
gous. We hypothesized that a deletion in one of these
alleles would alter the mobility of high molecular
weight restriction fragments fractionated by pulsed
field electrophoresis and that such fragments (which
would presumably contain the agouti locus) might be
detected by one or more of the genetically-linked
DNA markers, Emv-15, Psp and Sre.

To search for deletions of the agouti locus, we
initially focused on Emv-15 because it is very closely
associated with the A” allele (SIRACUSA et al. 1987h).
DNA from A*//A*/ (white-bellied agouti), a‘/a’, a*/
a, and a’®"/a' mice was digested with a series of rare-
cutting restriction enzymes, fractionated by field in-
version gel electrophoresis, and transferred to a nylon
filter. Mutltiple restriction fragments between 150 kb
and 1000 kb were detected by the Emv-15 insertion
site probe, but no structural rearrangements were
apparent in any of the DNA samples. We then ex-
panded our hybridization experiments to include
probes from the Psp and Sr¢ genes. In mice of the
agouti genotype A*//A*/ the Psp probe detects frag-
ments of 675, 1000, 850, 950, 900, and 200 kb,
produced by the restriction enzymes BssHII, Miul,
Notl, Nrul, Sall, and Sfil, respectively (Figure 1).
Fragments of 675 kb and 575 kb were generated by
Sstll, probably due to incomplete digestion as a con-
sequence of partial methylation (BIrpD 1987). DNA
from a®/a‘ and a*/a mice produces a pattern identical
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to that of DNA from A*//A*/ mice. By contrast, DNA
from a " /a' mice produces 675- and 600-kb BssHII
fragments and 850- and 775-kb Notl fragments (Fig-
ure 2a). For both enzymes, the upper band is identical
to that seen in DNA from all other samples examined
to date and thus represents the wild type, whereas the
lower band represents an apparent agouti mutation.
The a’ allele appears to contain a 75-kb deletion:
To determine whether the altered BssHII and Notl
restriction fragments corresponded to a' or a’®, we
followed their segregation pattern through successive
generations. In a cross of a’®/a' X a‘/a‘, 10 of 18

813

Sstll

FIGURE 1.—Field inversion gel electrophoresis and
blot hybridization of A*//A*/ DNA with a Psp probe.
(a) Ethidium bromide-stained pattern of high molecular
weight DNA from spleen cells of a C57BL/6]-A*7
mouse digested with the indicated “rare-cutting” restric-
tion enzymes. The two left-hand lanes contain yeast
chromosomes from the strain AB 1380 (BURKE, CARLE
and OLsoN 1987) or Hindlll-digested X DNA used to
estimate molecular weights of the mouse genomic frag-
ments. (b) Hybridization pattern to genomic Psp se-
quences. See text for discussion.

FIGURE 2.—Blot hybridization of a
Psp probe to DNA from mice carrying
radiation-induced agouti mutations. (a)
Lanes 1, 2 and 3 in each panel corre-
spond to DNA from a'*/a’, a*/a, and
AE]J/Gn a‘/a® mice, respectively. Sam-
ples in the left panel were digested with
BssHII, and those in the right panel
were digested with Notl. (b) Lanes 1 and
2 in each panel contain DNA from a'/
a“ and a'*/a* mice, respectively. These
animals were identified on the basis of
their phenotypic similarity to a'/a™ :
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a'/a™ mice (LYON, FISHER and GLEN-
ISTER 1985); the a* allele is genetically
and phenotypically similar to the a*
allele but of independent origin. The
samples in the left panel were digested
with BssHII, and those in the right panel
were digested with Notl. Estimation of
fragment sizes was based on AB 1380
chromosomes as in Figure 1.
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progeny had black pinna and dorsal hairs, and um-
brous or dark agouti flanks and ventral hairs; these
animals were therefore identified as a’®/a® (LYON,
FISHER and GLENISTER 1985). The remaining eight
progeny were entirely black and were therefore iden-
tified as a'/a‘. Comparison of DNA from a'/a* and
a'/a‘ mice shows that the altered BssHII and Notl
restriction fragments segregate with the a’ allele (Fig-
ure 2b).

Field inversion electrophoresis can produce a non-
monotonic relationship between mobility and molec-
ular weight under some conditions (CARLE, FRANK
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FIGURE 3.—Orthogonal pulsed field electrophoresis and blot hybridization of DNA from a’*/a“ and a'/a‘ mice to the Psp probe. Spleen
cell DNA was prepared and digested with the indicated enzymes as described in MATERIALS AND METHODS. For each enzyme, lanes 1 and 2
contain DNA from a’/a* and a'/a* mice, respectively. For the enzymes BssHII, Notl, Nrul, and Sacll, DNA from a'/a® mice produces a
fragment 75 kb shorter (arrows) than DNA from a’*/a“ mice. The position and size in kb of yeast chromosomes from the strain HY-1
(BURKE, CARLE and OLsON 1987) are indicated on each side of the autoradiograph. (a) Fractionation at a pulse time of 60 sec. For BssHII
and Sacll, lower molecular weight fragments of 400-kb and 575-kb respectively, are identical between lanes 1 and 2. In the case of Sacll,
this “normal” 575-kb fragment migrates very close to the “deleted” 600-kb fragment. (b) Fractionation at a pulse time of 100 seconds after
digestion with Notl. (c) Fractionation at a pulse time of 100 sec after digestion with Nrul.

and OLSON 1986). To ensure that the a’-associated
restriction fragments of increased mobility truly rep-
resented a decline in molecular weight, we compared
the hybridization pattern of DNA from a‘/a‘ to a'/a*
mice after fractionation by orthogonal field alterna-
ting electrophoresis. High molecular weight DNA was
digested with BssHII, Mlul, Notl, Nrul, Sall or Sacll,
and fractionated with a 60-sec pulse time, which sep-
arates fragments between 200 kb and 900 kb. Hybrid-
ization to the Psp probe detected a’-specific 600-kb
BssHII and 600-kb SaclI fragments, each shorter than
their a‘-specific counterpart by 75 kb (Figure 3a).
Under these conditions, the 850-kb NotI fragment is
not separated from the bulk of higher molecular
weight fragments, and the distance between the allelic
775-kb and 850-kb Notl fragments is greater than the
distance between the allelic 600-kb and 675-kb BssHII
fragments because orthogonal pulsed field electropho-
resis produces a region of compression in the middle
third of the gel and a region of expansion in the upper
third of the gel (VOLLRATH and Davis 1987). How-
ever, fractionation at a pulse time of 100 sec resolved
the 775-kb and 850-kb Notl bands from the bulk of
higher molecular weight DNA, and also revealed a
950-kb and 875-kb Nrul doublet (Figure 3b). Hybrid-
ization of the same filters to the Emv-15 insertion site

probe and the Src probe resulted in identical patterns
of DNA from a‘/a‘ compared to a'/a‘ mice (data not
shown), excluding the possibility that increased mo-
bility of DNA corresponding to the a' allele is a
general phenomenon and showing that the altered
BssHII, Notl, Nrul and Sacll restriction fragments are
only detected with the Psp probe.

Although it is theoretically possible that the a'-
specific restriction fragments result from polymorphic
point mutations, we have failed to observe similar
fragments in more than fifteen other agouti alleles
and inbred strains, including C57BL/6J-A’/a, A”/a
(viable yellow), A®/a (intermediate yellow), A”/a
(sienna yellow), A*//A*/, A’'/a (intermediate agouti),
a'/a’', YBR/Ki-A’/a, C3H/He], and BALB/c] mice.
Instead, because the a' mutation was produced by X-
irradiation and because the sizes of the a'-specific
fragments generated by BssHII, Notl, Nrul and Sacll
are all reduced by the same amount, the molecular
lesion most likely responsible for the altered restric-
tion fragments in a’ DNA is a deletion of approxi-
mately 75 kb. The deletion does not appear to contain
a cluster of rare-cutting restriction sites because all of
the rare-cutting restriction enzymes we have tested on
a' DNA generate either a normal fragment or one
that is shortened by 75 kb. Furthermore, the maxi-
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mum distance between Psp and the deletion is deter-
mined by the smallest fragments that contain the
deletion: 675-kb BssHII and 675-kb Sacll fragments.
If sites for these enzymes were immediately adjacent
to Psp, the proximal deletion endpoint could lie no
farther away from the Psp gene than 600 kb. We have
attempted to further define this limit by searching for
rare-cutting restriction sites close to Psp in two cos-
mids recovered from chromosome walking experi-
ments. However, using probes distributed along 95
kb of cloned DNA surrounding the Psp gene, we have
not found cleavage sites in genomic DNA for any of
the restriction enzymes shown in Figure 3.

Complementation relationships of the a* allele:
Among the four well-characterized homozygous lethal
agouti alleles—A”,a%a’®", and a', the combinations
A’/a* A’/a'®, and a'®"/a' are viable, and A’/a’ is
lethal (PAPAIOANNOU and MARDON 1983; LYON,
FISHER and GLENISTER 1985). To determine the status
of the combinations a*/a %" and a*/a’, we crossed a*/
a with a’®”/a’ animals and distinguished the a*/— from
the a/— progeny by following the segregation of Mspl
and HindIll RFLPs at the Emv-15 locus (LOVETT et
al. 1987). The a*, a’®”, and a' alleles are associated
with a 1.7-kb Mspl fragment detected with a probe
from the 5’ region of the Emv-15 insertion site and
with a 2.6-kb HindIIl fragment detected with a probe
from the 3’ region of the Emv-15 insertion site. The
a allele, however, is associated with 1.2-kB Mspl and
5.4-kB HindIll fragments in the same regions. A
diagram of the breeding experiment and a represent-
ative autoradiograph from seven progeny are shown
in Figure 4. Of 41 progeny from this first cross shown
in Figure 4a, eight were homozygous for the 1.7-kb
Mspl and 2.6-kb HindIII fragments and had, there-
fore, inherited the a* allele from their parent (Table
1). In general, agouti alleles that lead to phaeomelanin
production tend to be dominant over those that lead
to eumelanin production. In accord with this obser-
vation, 33 a/— mice had yellow pinna hairs character-
istic of non-agouti allele, and the eight a*/— mice had
black pinna hairs. Dorsal and ventral coat color pat-
terns of a/a’® and a/a' are more difficult to distin-
guish, and genotypic identification of the a/— mice
therefore could not be made unambiguously on the
basis of phenotype. Nonetheless, the deviation of the
observed segregation ratio from 0.5 (P < 0.01), ex-
pected if all potential combinations from the cross
were viable, suggested that both a/a’®" and a/a’ ani-
mals were represented among the 33 progeny with
yellow pinna hairs and that either the a*/a’%" or the
a*/a' combination was lethal and therefore would be
not present among the eight progeny with black pinna
hairs.

To investigate the identity of the allele or alleles
opposite a” in the eight ¢*/— animals, we determined

whether the Psp probe would detect the a'-specific
775-kb Notl and 600-kb BssHII restriction fragments.
All of the a*/~ progeny were homozygous for the
850-kb Notl fragment (Figure 4c) and 675-kb BssHII
fragment (Figure 4d), identifying their genotype as
a*/a’®". These identities have been confirmed genet-
ically in the three of the eight animals that were test
bred to a‘/a‘ homozygotes (Table 1). Viability of a'**/
a* mice thus defines a third recessive lethal comple-
mentation group represented by a’*?, and our failure
to recover any a*/a’ mice (P < 0.01) suggests that the
a'-deletion includes sequences of both the A” and a*
complementation groups (Figure 5). Of four a/— an-
imals tested in a similar fashion, one carried the a“
specific high molecular weight restriction fragments
and three did not (Table 1). When test bred to an a°/
a® mouse, the presumptive a/a’ mouse produced four
of 13 progeny with an extreme non-agouti phenotype.

DISCUSSION

The agouti locus is one of the oldest known and
most well studied mouse coat color genes (CUENOT
1905; SILVERS 1979). Some alleles exhibit intricate
tissue—speciﬁc patterns of expression; others are sus-
ceptible to position effects (PHILLIPS 1966) and herit-
able variability of expression (WOLFF and PItOoT
1973). These and other observations have prompted
many investigators to speculate about the “complex”
structure of the locus (SILVERs 1979; SIRACUSA ¢t al.
1987a). In this regard, most intriguing are the exist-
ence of recessive alleles that arrest embryonic devel-
opment long prior to the time when agouti gene action
is thought to effect a switch in melanosome synthesis.
Although extensive breeding experiments have sug-
gested occasional instances of intragenic complemen-
tation (WALLACE 1954) and pseudoallelism (WALLACE
1965), viability has not been genetically separated
from an effect on coat color in any of the recessive
lethal agouti alleles.

We have found a DNA alteration that is likely to
represent a 75-kb deletion in the a' (non-agouti lethal)
allele. In the Psp hybridization pattern of a' DNA,
high molecular weight restriction fragments gener-
ated by the “rare-cutting” enzymes BssHII, Notl,
Nrull and Sacll are each shorter than their normal
counterpart by 75 kb. Although formal proof that
these changes are due to a deletion will require isola-
tion of deleted sequences, it is difficult to otherwise
explain the altered hybridization pattern. Because
there are no sites for “rare-cutting” enzymes within
25 kb on either side of the Psp gene, and because the
smallest a’-specific fragment is 675 kb (for BssHII and
Sacll), the deletion endpoints must lie between 25 kb
and 575 kb away from Psp. The absence of rare-
cutting restriction sites either close to Psp or within
the deleted sequences suggests that these regions may
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FIGURE 4.—Complementation analysis of homo-
zygous lethal agouti mutations using molecular mark-
ers at the Emv-15 and Psp loci. (a) Breeding diagram a
as described in the text. The “A” RFLP corresponds
to a 1.7-kb Mspl and 2.6 kb HindlIII fragment from

Genotype

123 465 67

Emv-15 RFLP

the 5" and 3’ regions of the Emv-15 insertion site,
respectively (LOVETT et al., 1987). The “B” RFLP
corresponds to a 1.2-kb Mspl and 5.4 kb HindIII
fragment in the analogous regions. (b) Lanes 1-7
represent the first seven progeny recovered in the
experiment. Tail DNA was digested with Mspl, blot-

ted, and hybridized to a radiolabeled 0.5-kb PstI frag-
ment from the 5’ flanking region of the Emv-15 inser-

tion site. An Mspl partial cleavage product specific for

the “B” RFLP comigrates with the 1.7-kb band specific

for the “A” RFLP, which accounts for the reduced
intensity of the 1.2-kb band relative to the 1.7-kb
band in the “A/B” heterozygotes. Putative “A/A” ani-
mals that lacked the 1.2-kb MspI band were tested for

the absence of a 5.4-kb HindIIl fragment during a
second hybridization with a 1.1-kb EcoRI fragment
from the 3’ flanking region of the Emv-15 insertion

site. (¢) Lane 1 represents a known a'/a* animal and c
lane 10 represents a known a’*//a“ animal. Lanes 1-

9 represent a*/— animals from the initial cross. Spleen o
cell DNA from each animal was digested with Notl N
and fractionated by orthogonal pulsed field electro- 9
phoresis as described in MATERIALS AND METHODS. L
The Psp probe detects a characteristic 775-kb Notl
fragment in DNA from a'/a‘ aniaml (arrow). (d) Lane  s00-
3 represents a known a'/a‘ animal and lane 10 repre-

sents a known a’®”/a‘ animal. Lanes 1, 2 and 4-9

represent a*/— animals from the initial cross. Spleen ~ 800—

cell DNA from each animal was digested with BssHII
and fractionated by orthogonal pulsed field electro-
phoresis as described in MATERIALS AND METHODS.
The Psp probe detects a characteristic 600-kb BssHII
fragment in DNA from the a'/a* animal (arrow).
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TABLE 1

F, progeny of a/a* X a'*"/d'

Emv-15 RFLP® No. of tested F, mice by genotype
Total tested
No. of B/A (a/allw or A/A (a*/a"*" or for a' geno-
Coat color phenotype* F, mice a/a) a*/a") type’ a/a’" a/a' a*/a'™" a*/a’
Yellow pinna hairs, 33 33 4 3 1(1)* 0 0
black dorsum, non-
agouti ventrum
Black pinna hairs, black 8 8 0 0 8(3) 0

dorsum, non-agouti
ventrum

“ Phenotypes as determined at the time of weaning. The non-agouti ventrum appeared similar to that of C57BL/6J-a/a mice, and was
sli%hlly paler than the extreme non-agouti ventrum of AEJ/Gn-a‘/a” mice.
The “A” RFLP represents a 1.7-kb Mspl fragment and a 2.6-kb HindI1I fragment; the “B” RFLP represents a 1.2-kb Mspl fragment and
a 5.4-kb HindIII fragment (LOVETT et al. 1987). See the legend to Figure 4 for details.
‘ Mice were tested for the presence of the a' allele by pulsed field gel electrophoresis of spleen cell DNA after digestion by BssHII or Notl

and hybridization to the Psp probe. See Figure 4 for examples.

¢ The number in parentheses refers to those mice tested for the a' allele by test breeding to a’/a’ animals. Absence of the a'-allele was
inferred if more than seven offspring were produced and none exhibited an extreme non-agouti phenotype.

be relatively devoid of CpG islands, frequently found
at the 5 ends of many mammalian housekeeping
genes (BIRD 1987; GARDINER-GARDEN and FROMMER
1987).

The a' allele was found among the offspring of an
X-irradiated C3H/HeH X 101/H F, female (of agouti

genotype A/A”) mated to a male of agouti genotype
a/a, and the “null” coat color phenotype was recog-
nized concordantly with homozygous lethality (PHIL-
LIps 1961; Lyon, FISHER and GLENISTER 1985). It is
possible that coincidental molecular lesions other than
the 75-kb deletion could be responsible for one or
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FIGURE 5.—Complementation relationships among the recessive
lethal agouti alleles. (a) Viability is indicated with a + sign, and
embryonic lethality with a — sign. Previous classical genetic analysis
has suggested that a' only partially complements a " (LvoN, FISHER
and GLENISTER 1985); the limited number of animals generated in
our experiment did not allow us to address the issue of partial
complementation. (b) Complementation map based on the data in
panel a; see text for discussion.

more aspects of the a' phenotype. However, the dele-
tion, embryonic lethality, and the “null” coat color
have remained associated through many generations
of breeding, and it therefore seems likely that a dele-
tion of 75 kb is sufficient to 1) inactivate agouti coat
color gene action completely; and 2) block embryonic
development when in combination with either of the
two complementary recessive lethal alleles, A” and a™.

Much effort has been devoted to analyzing the
relationship between the Emy-15 provirus and the A’
allele (COPELAND, JENKINS and LEE 1983). Despite
their close genetic linkage (SIRACUSA et al. 1987b),
altered expression of a transcriptional unit at the
proviral insertion site (LOVETT and EPSTEIN 1987),
and the precedent of a proviral insertion inducing a
coat color mutation at the dilute locus (COPELAND,
HuTtcHISON and JENKINS 1983), it is now clear that
the Emv-15 insertion is not causally related to yellow
coat color (LOVETT et al. 1987). In a conventional
backcross (SIRACUSA et al. 1987a), A’ did not recom-
bine with Emv-15 in 1222 progeny, yielding a genetic
distance of less than 0.30 cM (upper 95% confidence
limit between the two loci). But, analysis of recombi-
nant inbred strain distributions and intercrosses be-
tween mice heterozygous for Psp and agouti alleles
has resulted in an estimated genetic distance of 3 cM
(upper 95% confidence limit of 6 cM between these
markers) (OWERBACH and HJORTH 1980). Given that
agouti is more closely linked to Emv-15 than to Psp, it
is interesting that it is the Psp and not the Emv-15
probe that detects the a' deletion. Although the ratio
of genetic to physical distance is sometimes assumed
to be only a function of chromosome length or cen-
tromeric distance, recombinational “hotspots” are
well-established in a variety of organisms. Our results
underscore the difficulty of relating genetic to physi-
cal distance over small areas, and may indicate a
preferred site of recombination between A and Psp,
or a region of recombination suppression between
Emv-15 and A”.

The failure of a’ to complement A? is particularly
intriguing when the coat color phenotypes of these

alleles are considered. The a' allele is at the bottom
of the dominant-recessive hierarchy and in combina-
tion with a homozygous viable “bottom” recessive
allele, such as a° or a*”, produces animals that are
completely black (LyoN, FISHER and GLENISTER
1985). This null phenotype and the molecular evi-
dence of a deletion suggest that zygotes homozygous
for a' are non-viable because they fail to express a
gene required for embryonic survival. In contrast, A’
is dominant over all other agouti alleles, and on most
backgrounds an A’/— mouse is completely yellow (SiL-
VERS 1979). Thus, A’-mediated coat color appears to
be a neomorphic or hypermorphic effect, but A’-
mediated recessive lethality appears to be an amorphic
effect (MULLER 1932). Given these considerations, it
seems unlikely that a single transcriptional unit is
responsible for the effects of the A” mutation on both
coat color and embryonic survival. Indeed, analysis of
a large number of breeding experiments has suggested
that the A’ mutation is genetically separable from
other agouti coat color genes (SIRACUSA et al. 1987a).
Resolution of these questions and an understanding
of agouti gene action should be possible once the
genes that control coat color and embryonic viability
are isolated. Identification of the a’-deletion repre-
sents a first step in this process.
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