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ABSTRACT

Genes of the dilute-short ear (d-se) region of mouse chromosome 9 comprise
an array of loci important to the normal development of the animal. Over 200
spontaneous, chemically induced and radiation-induced mutations at these loci
have been identified, making it one of the most genetically well-characterized
regions of the mouse. Molecular analysis of this region has recently become
feasible by the identification of a dilute mutation that was induced by integration
of an ecotropic murine leukemia virus genome. Several unique sequence cellular
DNA probes flanking this provirus have now been identified and used to inves-
tigate the organization of wild-type chromosomes and chromosomes with radia-
tion-induced d-se region mutations. As expected, several of these mutations are
associated with deletions, and, in general, the molecular and genetic comple-
mentation maps of these mutants are concordant. Furthermore, a deletion break-
point fusion fragment has been identified and has been used to orient the
physical map of the d-se region with respect to the genetic complementation
map. These experiments provide important initial steps for analyzing this devel-
opmentally important region at the molecular level, as well as for studying in
detail how a diverse group of mutagens acts on the mammalian germline.

EVERAL genes that are important for normal development have been

identified within the dilute-short ear (d-se) region of the mouse. The first
gene to be described for the region was the recessive mutation dilute (d) (for
a review, see SILVERS 1979). This is an old mutation of the mouse fancy that
has a single phenotypic effect, a lightening of coat color when homozygous.
This dilution of coat color is associated with a change in melanocyte mor-
phology; wild-type melanocytes possess long, thick dendritic processes, whereas
dilute melanocytes exhibit few or no processes. This morphological change
results in a redistribution of melanin pigment within the melanocyte and hair
shaft, but the amount of melanin synthesized remains normal (MARKERT and
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SILVERS 1956; SILVERS 1979). Several other spontaneous forward mutations to
d have subsequently been identified, but unlike the original 4 mutation, most
of these alleles are associated with a severe neuromuscular disorder in homo-
zygotes, characterized by convulsions and opisthotonus (arching upward of the
head and tail), and homozygous animals usually die by about 3 weeks of age
(SEARLE 1952; SiLvERs 1979; RUSSELL 1971). The recessive short-ear (se) mu-
tation arose spontaneously in mice obtained from a commercial breeder
(LyNcH 1921). Homozygous se/se animals have short, slightly ruffled ears re-
sulting from a defective cartilage framework. In addition, the whole skeleton
is abnormal, being slightly smaller than normal with numerous other defects,
including a reduced or bifurcated xiphisternum; reduced number of ribs and
sternebrae; and reduction or absence of the ulnar sesamoid bone of the wrist,
the medial sesamoid bone of the knee and the anterior tubercles of the sixth
cervical vertebra (GREEN 1981). The d and se loci are closely linked on chro-
mosome 9, 0.16 centimorgans (cM) apart (GATES 1928; RUSSELL 1971).

An important step in the analysis of the d and se genes, as well as of the
chromosomal region around them, was the incorporation of the d and se mu-
tations into tester stocks employed in specific-locus mutagenesis screens (Rus-
SELL 1951). The specific-locus test is used to detect germinal mutations, either
spontaneous or mutagen-induced, among large breeding populations of mice.
Genetically uniform wild-type animals are treated with a potential mutagen
and are then crossed to a multiple-recessive tester stock, homozygous for sev-
eral mutations, including a (non-agouti), b (brown), ¢ (chinchilla), d (dilute), se
(short-ear), p (pink-eyed dilution), and s (piebald spotting). Thus, in the first-
descendent generation, recessive mutations at any of these loci can be identi-
fied. Many hundreds of mutations at these loci have been recovered over the
years with this technique, including several at the d and se loci.

The d-se region mutations that were identified among offspring of mice
irradiated with neutrons, X rays or gamma rays, and among corresponding
control offspring, fall into distinct classes (RUSSELL 1971). Some of the muta-
tions (“d” and “se”) are phenotypically indistinguishable from the old d and se
mutations found in the tester stock, and they may represent spontaneous mu-
tations fortuitously recovered from irradiated parents, as well as representing
radiation-induced mutations. However, several other classes of mutants were
noted: d* (dark dilute, viable), d° (dilute-opisthotonic), d” (dilute-prenatal-lethal),
se™ (intermediate ear, viable), se' (short-ear lethal) and Df (dse) (deficiency dilute
short-ear). The last two classes were not found in controls. The d*/d* mutants
are intermediate in phenotype between dilute and wild type. Similarly, the se*/
se” mutants are intermediate in phenotype between short-ear and wild type.
The d*/d’ animals are dilute in color, but develop a severe neuromuscular
disorder resembling opisthotonus soon after birth and usually die by 3 weeks
of age. [These animals are similar in phenotype to animals homozygous for
the spontaneous mutation d' (dilute-lethal) (SEARLE 1952)]. The mutations of
the d”, se’ and Df (dse) classes are all recessive lethals; embryos homozygous
for these classes of mutations die before birth. The Df(dse) mutations were
identified in animals found to be simultaneously dilute and short-eared, and
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they probably represent large chromosomal deletions that remove at least the
0.16 cM region that spans the d and se loci (RUSSELL 1971). It also is interesting
to note that animals of the d?/d, d*'/d and Df(dse)/d genotypes are indistin-
guishable in phenotype from d/d animals; likewise, a se'/se and Df (dse)/se
mouse cannot be distinguished phenotypically from a se/se mouse (RUSSELL
1971).

The genetic complexity of the d-se region was demonstrated by extensive
complementation analyses, originally undertaken to obtain information about
the chromosomal nature of mutations induced by different types of radiation
treatment. The major assumption of these analyses was that the lack of com-
plementation for a specific phenotype between any two mutations indicates
that those mutants carry overlapping deficiencies covering the functional unit
responsible for that phenotype. More than 800 pairwise combinations of indi-
vidual mutations were analyzed for complementation of the pigment, skeletal,
neurological and lethality phenotypes. Nine functional units were implicated
in these analyses: five factors responsible for lethality (/,~Is), one factor for the
dilute/melanocyte morphology phenotype (d), one for the neuromuscular op-
isthotonic phenotype (op), one for the short-ear phenotype (s¢) and one for
another neurological disorder, Snell’s waltzer (sv), previously mapped by link-
age analysis 2 cM distal to se (DEOL and GREEN 1966). From these data, the
mutants could be subdivided into 16 groups, most of which fitted a linear
arrangement on the assumption that the order of functional units on the
complementation map was centromere-l;—d—op—Iy—Is—se—I,—sv—I;
(RusseLL 1971). (Since d and op had not been separable by complementation,
no conclusion was possible about their order relative to each other).

The molecular analysis of the d-se region was initiated by the discovery that
the original d mutation that is carried in common inbred strains of mice was
associated with the site of integration of an ecotropic murine leukemia provirus
(JENKINS et al. 1981). This ecotropic provirus, Emv-3, cosegregated with d in
all inbred and recombinant inbred strains analyzed. Furthermore, in all germ-
line phenotypic revertants of dilute (d*) examined, reversion to wild-type coat
color correlated with the loss of most of the ecotropic proviral genome (CopPE-
LAND, HUTCHISON and JENKINS 1983). Molecular cloning, restriction enzyme
analysis and DNA sequencing of revertant sites have indicated that exactly one
long terminal repeat (LTR) remains behind in each revertant (COPELAND,
HutcHisoN and JENKINS 1983; HuTcHISON, COPELAND and JENKINS 1984).
These results suggest that the provirus most likely induced the dilute mutation
by integrating into noncoding regions in or around the actual dilute gene,
since revertant animals are phenotypically wild type (intense in color), but still
carry a viral LTR at the d locus. This hypothesis is supported by the fact that
600 base pairs (bp) of DNA sequence immediately surrounding the proviral
integration site contain a nonsense codon on average every 50 base pairs in
all six possible reading frames (HUTCHISON, COPELAND and JENKINS 1984).
Thus, it is important to differentiate between the old d mutation, which is
virally induced and is carried in many common laboratory strains of mice, and
reisolates of d, which are new spontaneous, chemically induced or radiation-
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induced mutations that do not appear to be associated with MuLV DNA se-
quences. For this reason, we propose to designate the virally induced dilute
mutation d* to avoid confusion with other mutations.

In the experiments described here, we have isolated a series of unique-
sequence cellular DNA probes from regions both 5’ and 3’ to the proviral
integration site within the d locus. These probes have been used for deletion-
mapping experiments with a variety of radiation-induced d-se¢ mutations. These
experiments provide a conceptual framework for a detailed molecular genetic
analysis of the d-se region.

MATERIALS AND METHODS

Mice: All mutant mice are maintained as closed-colony, noninbred stocks at the Oak
Ridge National Laboratory Biology Division. The d* allele refers to the mutant allele
of dilute that is virally induced. The d-se region mutants were identified by the specific-
locus method among offspring of irradiated or control parents, and they are maintained
as described (RUSSELL 1971). Briefly, the d” mutants (C series) are maintained by
intercrossing d” +/d” s¢ mice and selecting for dilute, nonopisthotonic segregants with
long ears (d” +/d* se). In each generation, dilute short-ear segregants are discarded,
and dilute opisthotonic, d” +/d* + homozygotes are selected for DNA analysis. The
d? mutants (A series) are maintained by crossing d*' +/+ se to d* +/d® se. Dilute
segregants with long ears (d”' +/d” se) are then crossed to d” +/+ se to regenerate the
d” +/+ se nondilute, long-ear type. The Df(dse¢) mutants (B series) are maintained by
alternate crosses to d” +/d” + and + se/+ se, selecting for dilute and short-ear progeny,
respectively. The s¢' mutants (D series) are maintained by intercrossing + se'/d* +
animals se]ecting for nondilute segregants with long ears (+ se‘/d* +) in each generation.
The + se’/+ se' segregants die in utero, and the d* +/d” + dilute segregants are dis-
carded. For genomic DNA analysis, mutants of the B and D classes, with the exception
of Bb2, were balanced opposite a d” + chromosome; mutants of the A class were
balanced opposite d” se. The C57BL/6] and DBA/2] inbred strains were obtained from
the Jackson Laboratory, Bar Harbor, Maine.

Hybridization probes and phage library screens: The p0.3 probe (see RESULTS),
previously designated the Pst probe, contains 4.5 kb of pBR325 and the 2.6-kb Pszl-
EcoR1 fragment of unique cellular DNA from the 3’ end of A-Emv-3 (COPELAND,
HuTtcHisoN and JeNKINs 1983). The p0.3 probe was used to screen a partial Sau3A
library from the DBA/2] strain in AEMBL3 (kindly provided by H. LEHRACH), using
the plaque-lift method of BENTON and Davis (1977). A single positive plaque was
identified and replated, and phage DNA was isolated. A 1.1-kb HindIII-Sall fragment
from the 3’ end of the DBA/2-derived phage ADSE-RI (D) was subcloned into pBR325
to generate the probe designated pR1.3. The Sall terminus of this insert was derived
from the polylinker in the EMBL3 cloning vector.

A 1.3-kb Pvull fragment from the 5’ end of the Emv-3 clone (COPELAND, HUTCHISON
and JENKINS 1983) was blunt-end ligated to Pvull-digested pBR329 to generate a probe
designated p0.5. This probe, however, contained a moderately repetitive sequence that
detected multiple bands in Southern analysis of genomic DNA. A 200-bp fragment of
the 1.3-kb insert was generated by digestion with Alul and was blunt-end ligated to
Smal-digested pUCS8 to generate the probe p0.7. The derivation of probe p94.1 is
described below.

DNA isolation, restriction enzyme analysis, DNA transfers and hybridization:
High-molecular-weight DNA was prepared as described in JENKINS et al. (1982). The
DNA (5 ug/lane) was digested to completion with an excess of restriction enzyme
(Bethesda Research Laboratories; New England Biolabs). Digested DNAs were electro-
phoresed through 0.8% agarose and were transferred to the nylon membrane Zeta-Por
(AMF-CUNO) in 10 X SSC. Filters were then baked 1 hr at 80° under vacuum, washed
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for 1 hr at 65° in 0.1 X SSC, 1% SDS, prehybridized for 2 hr at 65° in 4 X SSCP,
1% SDS, 1 X Denhardts and hybridized for 18-20 hr at 65° with **P-labeled nick-
translated probe (>2 X 10°® cpm/ug) in 4 X SSCP, 1% SDS, 1 X Denhardts and 10%
sodium dextran sulfate. Filters were washed at 65° (stringent wash was 0.1 X SSC,
0.2% SDS for 30 min at 65°), air dried, and autoradiographed at —70°, using Kodak
XAR-5 X-ray film and DuPont Lightning-Plus intensifying screens.

Cloning of cellular DNA from the Aa2 (d*) mutant: To clone the aberrant 3.3-kb
EcoRI fragment (AfAa2) detected by the p0.3 probe in Southern analysis of genomic
DNA of the Aa2 d* mutant, spleen DNA from an animal of the genotype Aa2 4# +/
d® se was digested to completion with an excess of EcoRI, and fragments of 2.5-4.5 kb
in length were enriched by electrophoresis through low-melting agarose. These frag-
ments were eluted from the agarose, phenol- and chloroform-extracted and passed once
through a NACS-Prepac Column (Bethesda Research Laboratories) according to instruc-
tions provided by the manufacturer. These size-selected fragments then were ligated to
EcoRI arms of AgtWes-AB and packaged in vitro, and recombinant phage were screened
with the p0.3 probe. Positive plaques were replated, and phage DNAs were isolated.
The 3.3-kb EcoRI insert was then subcloned into pBR325 for restriction analysis. A
0.5-kb EcoRI-HindIII fragment of this insert subsequently was subcloned into pBR325
to generate the p94.1 probe.

Densitometry analysis: The hydridization intensity of specific fragments of genomic
DNA after Southern analysis was used to determine genomic copy number of the probe
sequence employed in the hybridization. Genomic DNA from the d-se region mutants
was digested with EcoRI, transferred to Zeta-Por following electrophoresis and probed
with a mixture of the clones p94.1 and pl5.4a. The 1.0-kb EcoRI fragment detected
by the p15.4a probe (see RESULTS) served as a reference band to standardize the amount
of DNA loaded into each lane. The hybridization profiles from autoradiograms were
scanned with a densitometer, and the resultant plots of hybridization intensity were
integrated using arbitrary units. The ratio of the integrated value for the p94.1 band
divided by the valued for the standard pl5.4a band for experimental samples was
compared to that same ratio obtained from various homozygous (two copy) control
DNAs to obtain estimates of copy number for each mutant.

RESULTS

Current complementation map of the d-se region: The complementation
map of the d-se region published by RUSSELL (1971) has been refined by the
analysis of greater numbers of crosses and addition of mutants. Additional
lethal factors have been identified, both of the prenatal (pl) and neonatal (n!)
types. Figure 1 represents the current proposed d-se complementation map for
that subset of radiation-induced mutations that was analyzed in the experiments
described here. The existence of neonatal lethal factors has been hypothesized
to explain why certain crosses between mutants produce a higher than ex-
pected frequency of offspring dying before classification and/or a deficit in
certain classes of offspring (L. B. RUSSELL, unpublished observations). Loss of
these proposed nl functional units may result in decreased fitness of the neo-
nate, a situation similar to that described for a site near the albino (c) locus
that is important for juvenile survival (RUSSELL and DEHAMER 1973; RUSSELL,
MONTGOMERY and RAYMER 1982). Because, to date, none of the dilute radia-
tion-induced mutants shown in Figure 1 have complemented one another for
the dilute or opisthotonic phenotypes, the d and op functions are shown at the
same site. The complementation map is drawn linearly with the order cen-
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FIGURE 1.—Complementation map of the d-se region. Four classes of d-se region mutations
from radiation experiments have been analyzed in these studies. These include d*, Df(dse), d*
and se’, which are referred to as group A, B, C and D mutants, respectively. Members of the same
complementation group are indicated by the same second letter designation, and individual mem-
bers of a complementation group are identified by a numerical designation. Horizontal bars rep-
resent the extent of the presumed deficiency for mutants in each complementation group. The
complementation map is drawn linearly, with the centromere at the left (indicated by 0); no
correlation with physical distance is implied. Functional units include pl-1 through pl-6, prenatal
lethals; nl-1 and ni-2, neonatal lethals; d, dilute; op, opisthotonus; se, short-ear; and sv, Snell’s waltzer.
Since d and op have not, to date, been separable by complementation, they are shown at the same
site. “Skipping” mutations are indicated by dotted lines, and mutations that behave aberrantly in
complementation tests are indicated by an asterisk (see text for further explanation).

tromere-pl-1—pl-2—nl-1—pl-3—d,op—nl-2—pl-4—se—pl-5—sv—pl-6.  No
correlation with physical distance is implied.

Four classes of d-se region mutations from radiation experiments have been
analyzed in these studies. These include d”', Df (dse), d” and se’. These mutants
will subsequently be referred to as group A, B, C and D mutants, respectively.
Members of the same complementation group are indicated by the same sec-
ond-letter designation, and individual members of a complementation group
are identified by a numerical designation. For example, Aal, Aa2 and Aa3
are all members of a single d” complementation group (Figure 1). Previously
published mutant designations are listed in Table 1. Solid lines ending in
vertical bars represent the extent of the presumed deficiency in any comple-



TABLE 1

Summary of the deletions detected in radiation-induced d-se region mutations

Deletion Deletion

detectable detectable

Mutant Mutant Kpnl-tragment with probe with probe

designation® class size (kb)® p0.3¥° p94.1¢

Aal (7G) 4" 9.2, 25 No No
Aa2 (19R145H) & 9.2, 5.4 Yes Yes
Aa3 (19DThWb) ar 9.2, 25 No Yes
Abl (1d) a* 9.2, 25 No No
Ajl (15D°TD) da” 9.2, 25 No No
Acl (3FAFyo) a* 9.2 Yes Yes
Ac2 (197b) d” 9.2 Yes Yes
Acl (9R250M) d*' 9.2 Yes Yes
Afl (BFrS) ar 9.2 Yes Yes
Af2 (21R75M) ar 9.2, 25 No Yes
Af3 (3FR60HC) ar 9.2 Yes Yes
Bal (11R1451.) Df (dse) 9.2 Yes No
Bbl (1R75H) Df (dse) 9.2 Yes No
Bb2 (3R75H) Df (dse) 9.2 ND* Yes
Bcl (13R60L) Df (dse) 9.2 Yes Yes
Bc2 (1R1451H) Df (dse) 9.2 Yes No
Bdl (39FATw) Df (dse) 9.2 Yes Yes
Bd4 (94FBYo) Df (dse) 9.2 Yes Yes
Bd6 (8FR601.) Df (dse) 9.2 Yes Yes
Bd7 (1DTD) Df (dse) 9.2 Yes Yes
Bel (4DTD) Df (dse) 9.2 Yes Yes
Be3 (11FHAYo0) Df (dse) 9.2 Yes Yes
Beh (135a8d) Df (dse) 9.2 Yes Yes
Bf2 (37FBFo) Df (dse) 9.2 Yes Yes
Bf4 (177b) Df (dse) 9.2 Yes Yes
Bf5 (18FA'T'w) Df (dse) 9.2 Yes Yes
Bf6 (23YPSa) Df (dse) 9.2 Yes Yes
Bf7 (10FDFoD) Df (dse) 9.2 Yes Yes
Bgl (2R250M) Df (dse) 9.2 Yes Yes
Bhl (209G) Df (dse) 9.2 Yes Yes
Ce3 (1 FrTh) d°* 25 No No
Ced (3UThb) d” 25 No No
Cet (40K) d* 25 No No
Ce7 (55K) d* 25 No No
Dal (5RD300H) se! 9.2, 25 No ND
Dbl (52C0S) sé' 9.2, 25 No No
Dcl (32DTD) sé! 9.2, 25 No ND
Ddl (10R250H) sé' 9.2, 25 No ND

® Mutant designations are as described in Figure 1. Previously published designa-

tions are given in parentheses for reference.

b Kpnl restriction enzyme fragments were identified as described in Figure 3. All
mutant chromosomes were balanced over d*-containing chromosomes, as diagrammed
in Figure 3, with the exception of d” mutants that were homozygous d”. A 9.2-kb
Kpnl fragment is obtained from the balancer d*-containing chromosome (Figure 2).
A 25-kb fragment is indicative of a chromosome that is wild type in the region
analyzed.

“Loss of a 25-kb Kpnl fragment suggests the presence of a chromosome deleted
w the region defined by probe p0.3.

4 Deletions in the region defined by probe p94.1 were assigned by hybridization
intensity. Fach DNA sample was analyzed an average of three times, and in all cases,
unambiguous typing was possible. The results were confirmed for the Abl, Ajl, Bal,
and Dbl mutants (Figure 6).

“Mutam Bb2 was not available in combination with a balancer d* se or d° +
chromosome. Mutant Bb2 is now extinet and not available for further analysis, ND
= nat determined.

327
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FIGURE 2.—Limited genomic restriction map of the Emv-3 integration site. The Emv-3 integra-
tion site has been assigned position zero. The direction of Emv-3 transcription is indicated. Dis-
tances in kilobases (kb) from the site of virus integration are denoted by minus and plus numbers.
The origins of the probe sequences p0.7, p0.3 and pR1.3, as well as the overlapping A clones, are
described in the text. K, Kpnl; R, EcoRI.

mentation group. Areas of overlap between any two complementation groups
were inferred from the failure of mutants from different groups to comple-
ment for a specific phenotype.

Two unusual d? mutations, Abl and Ajl, are included in Figure 1. These
can be fitted into a linear map only by being designated as “skipping” muta-
tions; Ajl appears to “skip” pl-2, nl-I1 and pl-3, whereas Abl “skips” pl-3. The
regions “skipped” over in these mutants are indicated by a dotted line in Figure
1. Each of two se' “skipping” mutations, Dcl and Dd1, was earlier shown not
to have resulted from independent, recombinationally separable lesions (Rus-
sELL 1971). Other unusual mutations are represented by Bbl and Bb2. Bbl is
prenatally lethal in combination with Ac2 or Ael, and Bb2 is lethal with Aal
or Ael; but neither Bbl nor Bb2 is lethal with any other A-group mutation
that extends through pl-3 (L. B. RUSSELL, unpublished results). The aberrant
complementation of these two mutations, which cannot be explained at present,
is signified by an asterisk in Figure 1.

Limited genomic restriction map around the proviral integration site at
d: Previously, we obtained a X clone of EcoRI-digested DBA/2] (d°/d”) DNA
that contained the entire ecotropic provirus associated with d*, as well as ap-
proximately 9 kb of flanking cellular DNA (CoPELAND, HUTCHISON and JEN-
KINS 1983). This clone is designated A-Emv-3 in Figure 2. Subsequently, a
unique 2.6-kb PstI-EcoRI fragment of cellular DNA from the extreme 3’ end
of A-Emv-3 was identified and subcloned into plasmid pBR325 (COPELAND,
HuTcHIsON and JENKINS 1983). This subclone is designated p0.3 in Figure 2.
Likewise, a 0.2-kb fragment of cellular DNA from the 5’ end of A-Emv-3 has
been identified and subcloned in pUC8 (see MATERIALS AND METHODS). This
subclone has been designated p0.7 (Figure 2). Finally, by screening a A library
of DBA/2] liver DNA with p0.3, we obtained a second X clone, ADSE-RI (D),
which extends approximately 10 kb 3’ of p0.3. A unique 1.1 kb HindHI-Sall
fragment from the 3’ end of ADSE-RI (D) was subcloned in pBR325 and
designated pR1.3 (Figure 2; MATERIALS AND METHODS).

The clones p0.7, p0.3 and pR1.3 were used as probes for Southern analysis
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FIGURE 3.—Representative Southern analysis of genomic DNAs of d-se region mutations. DNAs
(5 ug/lane) from animals of the indicated genotypes were digested with Kpnl and probed with
p0.3 The classification of mutants into A, B, C and D series is presented below each blot. Fragment
sizes are indicated in kilobases. Mutants analyzed include Aal, Ael, Aa2, Ac2, Afl, Af2, Bal,
Bbl, Bcl, Bc2, Bd4, Bd6, Bd7, Ce6, Ce7, Ce3, Ced4, Dal, Dbl, Dcl and Ddl—Ilanes 1-21,
respectively.

of genomic DNAs isolated from C57BL/6] mice that are wild type at d (+/+)
or from DBA/2] mice homozygous for d*. A limited EcoRI and Kpnl restric-
tion-enzyme map for approximately 45 kb of cellular DNA flanking Emv-3 is
shown in Figure 2. In this map, the site of virus integration is considered
position zero. Distances in kilobases (kb) from the site of provirus integration
are indicated by minus and plus numbers signifying 5” and 3’ directions,
respectively, in relation to the direction of viral RNA transcription. The EcoRI
and Kpnl sites from —3 to +18 were determined by restriction analysis of A-
Emv-3 and ADSE-RI (D). The Kpnl sites at positions —16 and +29 were de-
termined by Southern analysis of genomic DNAs hybridized with p0.7 and
pR1.3, respectively. EcoRI sites between —3 to —16 and between +18 to +29
could not be determined in these experiments. In total, approximately 45 kb
of cellular DNA flanking Emv-3 can be screened for deletions, insertions or
rearrangements in mutant d-se chromosomes by Kpnl digestion of genomic
DNA and hybridization with the p0.3 and pR1.3 probes (Figure 2).

Structural confirmation of the deletional nature of many of the radiation-
induced d-se region mutations: To determine if sequences from —16 to +29
were deleted in radiation-induced d”, d”, se' and Df (dse) mutations, we ana-
lyzed DNAs from mice carrying 38 different d-se region mutations (Figure 1;
Table 1). Initially, DNAs were digested with Kpnl and were hybridized with
the p0.3 probe. Representative results are shown in Figure 3, and a summary
of all the data is given in Table 1. A 25-kb Kpnl fragment is representative
of a wild-type chromosome (Figure 2). An aberrantly sized fragment might
indicate a fragment carrying a deletion, insertion or rearrangement. The com-
plete absence of a fragment would be expected for a deletion covering the
sequences included in the hybridization probe.

In the case of d” mutants, it was possible to analyze DNA from d”/d”
homozygotes, because these mice do not die until 3 weeks of age. However,
this was not possible with d”', se' or Df (dse) mice, because these mutations are
all prenatal lethals. This complicates the detection of deletions, since one wild-
type chromosome typically would be present in stocks carrying each of these
mutations, and therefore, if the mutant chromosome carried a large deletion
(including the region corresponding to p0.3), it could only be detected by
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differences in hybridization intensity. To overcome this problem, all d*, set

and Df (dse) chromosomes were balanced over a d” se, or 4 + chromosome.
These constructions mark the balancer chromosome with Emv-3, generating a
9.2-kb Kpnl fragment following hybridization with p0.3 (Figure 2). Therefore,
it was possible to directly screen for deletions in these mutant chromosomes.
The se mutation present in several cases on the balancer chromosome repre-
sents the original spontaneous se mutation that was used to mark genetically
the balancer chromosome. Mice carrying this mutation are wild type within
the region —16 and +29 kb (data not shown), so that the presence of this
mutation does not complicate the interpretation of the results that follow.

All four of the d?/d** DNAs analyzed (Figure 3; Table 1) generated wild-
type 25-kb Kpnl fragments following hybridization with p0.3, suggesting either
(1) that these mutations lie outside of the 25-kb region detected with p0.3 or
(2) that they are induced by single base changes or by deletions or insertions
that are too small to be detected by this analysis.

In contrast, all Df (dse) mutations analyzed were deleted for sequences hy-
bridizing to p0.3, because no 25-kb Kpnl fragments were detected. This was
expected, because these mutations were thought to represent large deletions
covering both d and se. However, the molecular analysis provides the first
formal proof that these were, indeed, deletions.

In the case of the d” mutations, some mutations were deleted for sequences
homologous to p0.3 and some were not. This was consistent with the d*'
mutations being deficiencies intermediate in size between d* and Df (dse) (Fig-
ure 1). In the case of d* mutant Aa2, an aberrantly sized 5.4-kb Kpnl fragment
was detected (Figure 3, lane 3) in addition to the 9.2-kb Kpnl fragment rep-
resenting the balancer chromosome, suggesting that the former may represent
a deletion breakpoint fusion fragment. Further restriction analysis, as well as
hybridization with p0.7, confirmed this interpretation and indicated that the
deletion extends 5’ (in the minus direction) from p0.3 (data not shown).

Finally, all four se' mutants analyzed gave normal 25-kb Kpnl fragments.
This result also was expected, because these mutations do to include d, and se
maps 0.16 cM distal to 4.

All of the results, summarized in Table 1, were confirmed by EcoRI digestion
and hybridization with p0.3, and in every case the results were consistent (data
‘not shown). In addition, all of the mutant DNAs were digested with Kpnl and
hybridized with p0.7 or pR1.3 (data not shown). No aberrantly sized fragments
were detected, suggesting that the deletions identified with p0.3 (Table 1),
with the exception of d” mutant Aa2, spanned the entire 45-kb region (—16
to +29) flanking Emv-3. Furthermore, no new deletion breakpoint fusion frag-
ments were detected with these probes, suggesting that mutant chromosomes
appearing wild type following Kpnl digestion and hybridization with p0.3 had
not suffered large deletions, insertions or rearrangements in the entire 45 kb
of cellular DNA flanking Emv-3.

Molecular cloning of the deletion breakpoint fusion fragment of d*’ mu-
tant Aa2: Molecular cloning of deletion breakpoint fusion fragments and iden-
tification of unique sequence hybridization probes from both sides of the dele-
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tion makes it possible to obtain probes that “jump” over the deleted segment,
which in some cases may represent very large distances. For example, by iden-
tifying a deletion breakpoint fusion fragment that has one end in d and the
other in se, it may be possible to use probes homologous to d-locus sequences
to “jump” into se without the time-consuming process of walking 0.16 cM
(200-300 kb) from d to se. Once in the se region, it should be possible to use
the various se radiation-induced (presumably deletion) mutations to identify the
se gene.

The 3.3-kb EcoRI deletion breakpoint fusion fragment identified in mutant
Aa2 spleen DNA with probe p0.3 was cloned into the EcoRI site of AgtWes.
AB and subsequently subcloned into the EcoRI site of pBR325. This subclone
has been designated pAfAa2. A restriction map of the 3.3-kb pAfAa2 EcoRI
insert is shown in Figure 4b.

Comparison of the restriction enzyme map of the pAfAaZ2 insert (Figure 4b)
with that of the 3’ end of A\-Emv-3 (Figure 4a) indicates that the deletion
breakpoint in mutant Aa2 is located within the 2.6-kb PstI-EcoRI p0.3 se-
quence. One end of the pAfAa2 insert matches the 3’ end of the p0.3 insert,
but lacks the Pstl site that defines the 5’ end of p0.3. The other end of the
pAfAa?2 insert is quite unlike the region normally 5” of p0.3, confirming that
this fragment represents a deletion breakpoint fusion fragment and that the
deletion extends 5’ from p0.3, past both the Emv-3 integration site and p0.7
(Figure 2). The exact size of the deletion is still unknown.

To characterize the organization of DNA located 5’ to the Aa2 deletion, as
well as the corresponding region in wild-type chromosomes, we identified and
subcloned a unique 0.5-kb EcoRI-HindIII fragment (shaded box in Figure 4b)
into pBR325 and used this probe, designated p94.1, for Southern analysis of
both mutant Aa2 and wild-type DNA. A limited restriction enzyme map for
the region 3’ to p94.1 in wild-type chromosomes is shown in Figure 4c. Com-
parison of this restriction map with that of the pAfAa2 insert (Figure 4b)
suggests that the 5’ breakpoint of mutant Aa2 is localized within the 700 bp
Kpnl-EcoRI fragment immediately 3" of p94.1.

The p94.1 probe identifies differences in the extent of many d-se region
deletions: The preceding results suggest that probe p94.1 marks a region of
DNA 5’ to the Emv-3 integration site. Because the deleted segment in the Aa2
mutant could be very large, and since p94.1 may be located in a region
considerably 5’ to d, it was of interest to determine whether this region was
deleted in any of the d-se region mutants. However, testing for a deletion
within this region was difficult, especially for the d?, se' and Df (dse) mutations,
both because homozygotes could not be tested directly and because a marked
balancer chromosome was not available for most of the mutations to be ana-
lyzed. Therefore, deletions could only be identified by reduced hybridization
intensity of probe p94.1 in mutant (presumably deleted) vs. wild-type DNA.
As an internal standard we included a unique sequence probe, pl15.4a, derived
from the region immediately flanking the Emv-15 provirus that is associated
with the A? mutation at the agouti locus on chromosome 2 (COPELAND, JENKINS
and LEg 1983). The pl5.4a probe, which should be present at two copies per
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FIGURE 4.—Comparison of the restriction maps of both ends of the Aa2 ar deficiency. Ps, Pstl;
R, EcoRL; Pv, Pvull; H, HindIIL; K, Kpnl. (a}) A map of the 3’ end of the 18-kb EcoRI fragment
containing the Emy-3 provirus from DBA/2] mice (CoPELAND, HUTCHISON and JENKINS 1983).
The p0.3 sequence is indicated. (b) Restriction map of the 3.3-kb AfAa2 EcoRI fragment. Note
the similarity of the 3’ end of AfAa2 to the 3’ end of the fragment presented in (a). The shaded
box represents the 0.5-kb EcoRI-HindIII p94.1 fragment (see below). The 3’ end of the AfAa2
fragment, defined by hybridization to the p0.3 probe and by similarities with the 3’ end of the
18-kb EcoRI fragment, is indicated. (c) Representative restriction map of the genomic DNA near
the 5’ Aa2 d* deletion breakpoint in wild-type chromosomes. Note that the d# deletion breakpoint
[jagged line in (b)] can be localized to a 0.7-kb KpnlI-EcoRI fragment.
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FIGURE 5.—Probe p94.1 identifies differences in the extent of many d-se region mutations.
DNAs (5 pg/lane) from various mutants were digested with EcoRI and hybridized with a mixture
of probes p94.1 and pl5.4a. The 1.0-kb band (detected with probe pl5.4a) reflects a sequence
not linked to d-se and was used to standardize the amount of DNA loaded into each lane. Panel
(A): Analysis of some A (d*) mutants. Lanes a, Aal; b, Ael; ¢, Aa2; d, Ac2; e, 6RC, a homozygous
control; f, Aa3; g, Afl; h, Af2; i, Af3; j, Abl. Panel (B): Analysis of some B [Df (dse)] mutants.
Lanes k, d* +/d* + homozygous control; |, + se/+ se homozygous control; m, Bal; n, Bbl; o, Bcl;
p. Bc2; q Bd6: r, Bd7; s, Bel. Note the differences in intensity among the 2.3-kb fragments
(detected with probe p94.1). The 3.3-kb EcoRI fragment in lane C represents the deletion break-
point fusion fragment of d” mutant Aa2.

cell in all d-se mutants, identifies a 1.0-kb EcoRI fragment in genomic DNA
(N. G. CopeLAND and N. A. JENKINS, unpublished results). This probe was
useful for identifying intensity differences that were due to varying amounts
of DNA loaded in each lane.

DNAs from the various d-se mutants were digested with EcoRI and probed
with a mixture of p94.1 and pl15.4a. Two representative blots from this series
of experiments are shown in Figure 5. Clearly, some mutants gave a stronger
hybridization signal than others with p94.1 (the 2.3-kb band), whereas the
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pl5.4a probe (1.0-kb band) hybridized to approximately the same degree in
all mutants analyzed. Densitometry tracings confirmed that some mutants pos-
sessed only one copy of the p94.1 sequence, whereas others appeared to possess
two copies. These experiments were repeated several times, and the results are
summarized in Table 1.

In only one case (Figure 5, lane c) did we detect an aberrantly sized EcoRI
fragment with probe p94.1. This result was expected, because this lane rep-
resented mutant Aa2 DNA from which p94.1 was derived. Digestion with Kpnl
and hybridization with p94.1, which generates a 15-kb fragment, again failed
to detect any abnormally size fragments (data not shown). Therefore, no dele-
tion breakpoints other than the one carried by mutant Aa2 were detected in
the 15-kb region immediately flanking p94.1 in any of the mutants analyzed.

In some cases, it was possible to confirm directly by genetic analysis the
densitometry predictions of p94.1 copy number summarized in Table 1. The
Aa2 d? chromosome can be readily distinguished from other mutant chro-
mosomes, because an aberrant 3.3-kb EcoRI fragment is detected following
hybridization with p94.1. Therefore, deletion of the p94.1 sequence in other
deficiencies could easily be ascertained by testing for the presence or absence
of the normal 2.3-kb EcoRI fragment, in addition to the aberrant 3.3-kb EcoRI
fragment, in genomic DNA from F; hybrids that carried the mutation in
question opposite an Aa2 d* balancer chromosome. However, this experiment
could be performed only with mutants Abl, Ajl, Bal, Bbl and Bb2, since
these are the only d”" and Df (dse) mutations analyzed that complement the pi-
3 lethal factor associated with mutant Aa2 (see Figure 1). Therefore, Aa2 mice
(d* +/+ se) were crossed to Abl (d* +/+ se), Ajl (d”" +/d” se) and Bal
[Df (dse)/+ se] mice, and dilute, opisthotonic segregants with long ears [d?' +/
d? + and Df (dse)/d” +] were selected. Unfortunately, the Bbl and Bb2 mu-
tants were not available for this analysis. In addition, Aa2 (d”" +/d" se) was
crossed to Dbl (+ se'/d” +) and wild-type segregants (+ se'/d” +) were ana-
lyzed. A summary of all classes of progeny expected from the Aa2 X Bal cross,
shown as an example, plus the results of EcoRI digestion of spleen DNA from
the appropriate hybrids followed by probing with p94.1, is presented in Figure
6. As predicted, the Abl, Ajl, Bal and Dbl chromosomes were not deleted
for the p94.1 sequence, because a 2.3-kb EcoRI fragment was detected in all
DNAs in addition to the 3.3-kb fragment derived from the Aa2 balancer
chromosome. Thus, these results confirm the densitometry data which indicate
that these mutants carry two copies of the p94.1 sequence.

Correlation of the d-se complementation map with the physical map: The
probes p0.3 and p94.1 have been useful in determining the extent of the d-se
region deletions. These physical data, albeit limited, now permit the orientation
of the genetic complementation and physical maps with respect to one another.
The data also allow for the placement of cloned DNA sequences amid com-
plementation groups and for the discrimination among members of a specific
complementation group based on the extent of their respective deletions.

For example, the Aa2 d” mutant chromosome is believed to be deficient for
both d and op, as well as for pl-3, a prenatal lethal factor immediately proximal
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FIGURE 6.—Genetic confirmation of the presence of the p94.1 sequence in four d-se region
mutations. A cross with expected phenotypes, used to balance the Bal deficiency over the Aa2 d*
deficiency is indicated. The arrowhead shows the class of progeny selected for analysis. Similarly,
Abl, Ajl and Dbl were balanced over Aa2. DNAs from each specific complementing construction
were digested with EcoRI and probed with the p94.1 sequence. Lanes, from left to right: Aa2 (d”
+/d" se); Aa2 X Abl (d* +/d* +); Aa2 X Ajl (d" +/d" +); Aa2 X Bal [d”" +/Df (dse)]; Aa2 X
Dbl (d*" +/+ se'). Fragments sizes are indicated in kilobases.

to d (see Figure 1). The p0.3 probe, which is derived from a region of unique
sequence cellular DNA approximately 3 kb 3” to the Emv-3 provirus, identifies
the 3" end of the Aa2 deletion. This result indicates that either the segment
recognized by the p0.3 probe is distal to d, between (d, op) and nl-2, or is
proximal to d, between nl-1 and pl-3. Note that, in the former case, Emv-3
transcription would be left to right on the complementation map, whereas in
the latter case, transcription would be right to left. The pattern of absence or
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presence of the p94.1 sequence, which is derived from the 5" end of the Aa2
deletion, across the panel of d-se region deficiencies, and, in particular, the
results for the Bal Df (dse) mutant suggest that the p94.1 probe lies between
nl-1 and pl-3, thereby placing the p0.3 probe between (d, op) and nl-2. This
orients the 3" end of Emv-3 toward se, distal to d. The Bal Df (dse) deficiency
includes both d and se (and presumably all DNA between d and se), but not
pi-3. Moreover, the Bal chromosome is not deleted for the p94.1 sequence
(see Table 1) that was confirmed by genetic analysis (Figure 6). One would
expect that, if the p94.1 sequence, which recognizes the 5 end of the Aa2
deficiency, were between (d, op) and nl-2, it would be deleted in the Bal
chromosome. Likewise, the d?' mutant Af2, which deletes pl-2, nl-1, pi-3, (d,
op) and the p94.1 sequence, but not the p0.3 sequence, suggests that p94.1 is
proximal to (d, op), whereas p0.3 is distal to (d, op).

Figure 7 depicts a composite map of the d-se region, reflecting the placement
of the DNA probes p94.1 (with its associated 15 kb of genomic DNA) and
p0.7/p0.3/pR1.3 (with their associated 45 kb) onto the complementation map.
This map position of the p94.1 sequence between nl-1 and pl-3 is consistent
with data obtained from all d-se region mutants but one. All deficiencies that
cover the pl-2, nl-1 and pl-3 groups, such as the Ae, Af, Be and Bf mutants,
are deleted for p94.1. Similarly, mutants not deleted for pi-2, but deleted for
the nl-1 and pl-3 groups, such as the Ac and Bd mutants, are deleted for the
p94.1 sequence. Likewise, the Ajl mutation, which “skips” the pi-2, ni-I and
pl-3 groups, and the Abl mutation, which “skips” the pl-3 group, are not
deleted for the p94.1 probe.

The only mutant not entirely consistent with the placement of p94.1 between
nl-1 and pl-3 on the complementation map is the Bb2 Df(dse) mutant. Re-
peated densitometry analyses indicated that Bb2 is deleted for the p94.1 se-
quence, even though complementation analysis with Ac2 does not implicate a
deficiency of pl-3. However, this mutant does give lethal combinations with
Aal and with Ael, which is in keeping with the proposed placement of p94.1.
The complex results of the complementation analyses may indicate the pres-
ence of a small rearrangement.

The map position of the p0.7, p0.3 and pR1.3 probes between (d, op) and
nl-2 is consistent with all mutants analyzed (Figure 7). As expected, all Df (dse)
deficiencies, which would be expected to delete the DNA between d and se,
also delete the p0.3 sequence (Table 1). Mutants Acl, Ac2 and Ael, which
are deficient for nl-2, are also deleted for p0.3. Moreover, the presence of the
p0.3 sequence in the Dbl se’ chromosome, which carries a deficiency that
includes nl-2 and extends distally past se, strongly suggests that p0.3 and its
associated 45 kb of genomic DNA lie proximal to nl-2 between (d, op) and nl-
2

The p94.1 and p0.3 probes can be used to discriminate among members of
a single complementation group. For example, d? mutant Aal carries two
copies of p94.1, mutant Aa3 has one copy and mutant Aa2 carries the deletion
breakpoint fusion fragment (AfAa2) from which the p94.1 probe was derived
(Table 1). Likewise, mutants Bcl and Bc2 can be distinguished using probe
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p94.1. Both Aal and Aa3 mutants are wild type in the 45-kb region surround-
ing Emv-3 (Table 1; data not shown), whereas mutant Aa2 carries a deletion
breakpoint within the p0.3 probe sequence (Figure 4). Mutants Afl and Af3,
but not Af2, are deleted for sequences hybridizing to p0.3.

DISCUSSION

The incorporation of the old dilute (d°) and short-ear (s¢) mutations into the
murine specific-locus mutagenesis screen (RUSSELL 1951) not only has made it
possible to measure spontaneous and mutagen-induced mutation rates at these
loci but also has provided over 200 radiation-induced and chemically induced
mutations that are invaluable for genetic analysis of the d-se region of mouse
chromosome 9. In fact, RUSSELL (1971) has demonstrated that this region can
be dissected into many functional units responsible for the control of diverse
developmental pathways. This functional dissection was accomplished by ge-
netic complementation analyses employing these radiation-induced mutations.

Molecular cloning of the Emv-3 ecotropic murine leukemia provirus that is
intimately associated with d” (JENKINS et al. 1981; COPELAND, HUTCHISON and
JeNKINs 1983; HuTcHISON, COPELAND and JENKINS 1984) has provided direct
access to the d-se region at the molecular level. We have extended the physical
analysis of the d-se region by studying the genomic structure of wild-type
chromosomes, as well as that of chromosomes carrying the d*, d*, s¢’ and
Df (dse) classes of radiation-induced mutations described by RUSSELL (1971).
Analysis of these mutants has enabled us to orient the physical map of the
dilute region, as it stands to date, with the complementation map. Moreover,
four cloned nonviral DNA sequences can now be mapped to intervals on the
functional (complementation) map.

The entire analysis of the d-se complex described in this report relied on
deletion mapping of several cloned probes with the different classes of d-se
radiation-induced mutations. Many d”* mutants and all Df (dse) mutants tested
did, in fact, delete sequences homologous to a hybridization probe, p0.3, that
was located approximately 3-kb distal to the 3° LTR of the Emv-3 provirus.
This result, in itself, was significant because this was the first direct physical
proof that at least some of the d-se region radiation-induced mutations are,
indeed, deletions. Many of these mutants have been assumed to be deletions
because they were defective in more than one functional unit (RUSSELL 1971).
The present physical data now substantiate this hypothesis.

Analysis of the d” deficiency carried in mutant Aa2 was critical to the
orientation of the d-se region’s physical and complementation maps. The p0.3
probe appeared to recognize sequences immediately 3’ to a deletion that ex-
tended in the 5’ direction past the Emu-3 integration site. Cloning of this
deletion breakpoint fusion fragment, AfAa2, from Aa2 DNA, and comparison
of the restriction map of this fusion fragment with that of the p0.3 sequence
confirmed this hypothesis. A probe derived from the 5 end of AfAa2, p94.1,
was then hybridized to the panel of d-se region mutants, resulting in the
placement of this sequence in the interval between the nl-1 and pi-3 functional
units. The p0.3 probe, which detects the 3" end of the AfAa2 fusion fragment,
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could then be placed between the (d, op) and nl-2 groups. These results were
consistent with the Emv-3 provirus being oriented with the 5’ end proximal
and the 3’ end distal toward se.

The placement of the p94.1 sequence into the nl-1—pl-3 interval has several
important consequences. First, this probe can be used in new chromosomal
walking experiments, thus facilitating the molecular cloning of this region.
Second, since p94.1 maps 5’ to the deletion breakpoint of Df (dse) mutant Bc2,
by identifying and cloning the Bc2 deletion breakpoint fusion fragment it
should be possible to effect another chromosome “jump” into a region distal
to d that is associated with an interesting neurological disorder, Snell’s waltzer
(sv). Third, the p94.1 probe lies amid several prenatal and neonatal lethal
factors defined by complementation analysis. This probe, therefore, will pro-
vide an important step in the analysis of the molecular nature of genes that
appear to be critical for development of the embryo or for survival of the
neonate. The ability of both the p0.3 and p94.1 probes to distinguish among
members of a single complementation group, as well as among members of
closely related complementation groups, is particularly cogent in this context.
Additional cloned probes, which more precisely define the extent of these
deletions, will ultimately allow the determination of the smallest segment of
DNA that must be deleted to produce a specific mutant phenotype. This
information, coupled with the comparison of deficiencies from other comple-
mentation groups, should ultimately allow the exact molecular definition of
the d-se region genes responsible for the dilute, short-ear, neurological and
prenatal/neonatal lethality phenotypes.

Complementation analysis of the Abl, Ajl, Bb2, Dcl and Ddl mutants
suggested that they may result from complex rearrangements, rather than from
simple deletions. For example, the d” mutant Abl complements d* mutants
deleted for pi-3, but does not complement d” mutants deleted for both pi-2
and pl-3. Thus, it appears as if Abl carries two deficiencies, one spanning pl-
2 and nl-1, and the other spanning (d, op) (Figures 1 and 7). Hence, the Abl
deficiency appears to “skip” pi-3. We have confirmed that Abl is, likewise, not
deleted for p94.1, which maps between nl-1 and pi-3. Similarly, the Ajl defi-
ciency, which is hypothesized to skip pl-2 and nl-1 in addition to pl-3, also
carries the p94.1 sequence. Thus, the Abl mutant could carry two deficiencies
or could represent a complex inversion/deletion event in which the segment
of DNA that includes pl-2, ni-1, p94.1 and pl-3 was inverted to give the order
pl-1—pl-3—p94. 1—nl-1—pl-2—(d, op), followed by deletion of nl-1, pl-2 and
(d, op). This inversion/deletion hypothesis would then predict that the p94.1
sequence would be distal to pl-3 [between pl-3 and (d, op)] in the Abl mutant.
The same type of argument could be made for the Ajl “skipping” mutant, as
well as for the Bb2 mutant, the latter of which was shown to be deleted for
p94.1 but not for pl-3. Continued experiments that will enable cloning of other
deficiency breakpoint fusion fragments and examination of the genomic or-
ganization of these classes of mutants will determine if these types of rear-
rangements occur. They have earlier been invoked to explain genetic results
for two “skipping” se’-mutations (RUSSELL 1971).
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Large numbers of dilute and short-ear mutations have also been identified
by specific-locus screening following mutagenesis with a variety of chemical
agents, especially ethylnitrosourea (ENU) (RUSSELL et al. 1979). There is evi-
dence that ENU-induced lesions are much smaller than radiation-induced ones
and that some may be point mutations (RUSSELL 1982; Popp et al. 1983).
Consequently, analysis of the gross organization of the d-se complex in radia-
tion-induced mutations can be followed by analysis of these chemically induced
mutations at the molecular level. These types of experiments not only will
yield a fine-structure map of some of the genes in this complex but also will
provide an understanding of the exact molecular effects on the mammalian
germline of this class of mutagens.

Despite an initial understanding of the physical organization of the d-se
complex, the nature of the effect of the Emv-3 provirus on the dilute pheno-
type remains unclear. Previous studies have indicated that Emv-3 does not
produce the dilute phenotype in d*/d” mice by integrating within the coding
region of the dilute gene (CoPELAND, HUTCHISON and JENKINS 1983; HUTCH-
1SON, COPELAND and JENKINS 1984). Particularly puzzling is the fact that five
of eleven d” mutants and four d” mutants analyzed have no detectable dele-
tions, insertions or rearrangements within the 45 kb surrounding the Emv-3
integration site; and yet d”’/d” and d”/d” animals have a dilute phenotype
indistinguishable from that of d*/d" mice. Several explanations could account
for these observations. First, the nine mutants in question may carry deficien-
cies that are very small and are not detectable with the techniques currently
employed. Second, the Emv-3 provirus could be exerting its mutagenic effect
at some distance away from the dilute gene. Based on our analysis of the d-se
region mutants, we would predict that, if this were the case, the dilute gene
would be located 5’ to Emv-3, at least 16 kb away. There is some precedent
for this type of interaction in which one genetic element influences the expres-
sion of another gene at some distance away (ZACHAR and BINGHAM 1982;
MODELELL, BENDER and MESELSON 1983). Third, the dilute gene may be very
large. Accordingly, deletions may be present that do not include the 45-kb
region surrounding Emuv-3. Continued analysis of the genomic organization of
the numerous d-se region mutants, combined with an elucidation of the nature
of the RNA transcripts derived from both mutant and wild-type chromosomes,
should eventually make it possible to delineate the mechanism(s) by which
integration of the Emyv-3 provirus induced the dilute phenotype, as well as
provide an understanding of how genes in this complex function during de-
velopment of the mouse.

SWEET (1983) recently identified a new recessive gene in the mouse, un-
linked to dilute, that can suppress the mutant phenotype of d/d animals. This
mutation, designated dilute-suppressor (dsu), is the first and only recessive sup-
pressor to be identified in mammals. dsu does not appear to suppress the dilute
phenotype by catalyzing the excision of Emv-3 (N. A. JENkINS and N. G.
CoPELAND, unpublished results). Furthermore, d‘/d’ animals homozygous for
dsu are suppressed for the dilute phenotype but still due of opisthotonous (H.
SWEET, personal comififunication). Experiments are in progress to test the ef-
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fects of dsu on the many chemically induced and radiation-induced dse region
mutations. These experiments afford a unique opportunity to analyze in a
mammalian species the potentially complex interactions that are inherent in
suppressor systems.
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