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Direct Molecular Identification of the Mouse 
Pink-Eyed Unstable Mutation by Genome Scanning 

DNA sequences associated with the mouse pink-eyed unstable mutation were identi- 
fied in the absence of closely Linked molecular markers and without prior knowledge of 
the encoded gene product. This was accomplished by "genome scanning," a technique 
in which high-resolution Southern blots of genomic DNA5 were hybridized to a 
dispersed and moderately repetitive DNA sequence. In this assay, pink-eyed unstable 
DNA was distinguished from the DNA of wild-type and revertant mice by enhanced 
hybridization to one of several hundred resolved firagments. The fragment showing 
enhanced hybridization in pink-eyed unstable DNA was cloned and found to lie within 
a DNA duplication that is located close to, or within, the pink-eyed dilution locus. The 
duplication associated with the mouse pink-eyed unstable mutation may mediate the 
high reversion frequency characteristic of this mutation. 

T HE PINK-EYED UNSTABLE MUTA- 

tion, pun, is one of at least 13 alleles 
of the pink-eyed dilution locus, p (I), 

which, together with the albino locus, c, 
constitutg the first genetic linkage group 
that was identified in mammals (2). On a 
C57BL/6J background, mice carrying the 
wild-type p allele have intensely 
coats and eyes, whereas mice homozygous 
for pun or most other recessive p alleles have 
g r a y  reduced pigmentation in both their 
coats and eyes. Although the pun mutant 
allele apparently affects only pigmentation, 
several other mutant p alleles are associated 
with additional phenotypes, including neu- 
rological problems, male sterility, and deft 
palate (1). 

The pun mutant allele has the distinction 
of displaying the highest rate of reversion 
reported in mammals, revemng at a fre- 

M. H. Brilliant and Y. Gondo, The Institute for Cancer 
Research, Fox Chase Cancer Center, Philadelphia, PA 
19111. 
E. M. Eicher, The Jackson Laboratoty, Bar Harbor, ME 
04609. 

quency at least three to five orders of mag- 
nitude greater than other p alleles or reces- 
sive mutations at other coat color loci (3). 
Approximately 1.8% of the offspring of 
homozygous C57BL/6J pun/pun mice have 
patches of wild-type color in their coats and 
are mosaic revertants (4). Occasionally, an 
all-black mouse is produced from a cross 
between a pun mosaic revertant and a non- 
revertant pun/p"" mouse. These mice can be 

Fig. 1. Genome-scanning Southern blot of Apa 
I-digested DNA from individual mice homozy- 
gous for variousp alleles hybridized to IAP DNA 
(20). An autoradiogram representing a 24-cm 
pomon (0.88 kb to 3.4 kb) of a hybridized filter 
is shown (21). Lane 1, male revertantpU"+'J; lane 
2, female revertant lane 3, male revertant 
pun+"; lane 4, female revercantPun+~; lanes 5 and 
6, female pun; lanes 7 and 8, male pun; lane 9, male 
wild type; lane 10, female wild type. Fragments 
enhanced in female DNA are indicated as bands I 
(3.3 kb), I1 (3.1 kb), and N (2.6 kb). A fragment 
unique to male DNA is labeled V (0.9 kb). The 
fragment displaying enhanced hybridization inp"" 
DNA is band I11 (2.9 kb). Sizes of the indicated 

*To whom correspondence should be addressed fragments were bakd on ;he migration of marker 
+prcxnt addrcss: D~~~~~~~~ of DNA Biol& ~ ~ k ~ i  fragments, two of which are shown: closed man- 
University Medical School, Bokidai, k& K-- gle (comigrating with band nI), 2.9 kb; open 

used to establish homozygous revertant lines 
(5).  

The molecular basis of the high frequency 
of pun reversion has remained an enigma 
until now, although several hypotheses have 
been advanced (4, 6). Only one mouse 
mutation with a detectable reversion fre- 
quency, d (dilute), has been examined in 
detail at the molecular level. The d mutation 
was caused bv the insemon of a murine 
leukemia provirus in the d locus, and rever- 
sion from d to wild type is accompanied by 
loss of this retrovirus (7). However, because 
the reversion frequency ofpun is three orders 
of magnitude greater than that of d, the pun 
mutation and reversion mav be the result of 
a different process. Rates of genetic change 
of the same magnitude as the pun reversion 
frequency are observed for DNA sequences 
repeated in tandem (8, 9), suggesting that 
the pun mutation might similarly involve 
tandem repeats of DNA. 

We have termed the method we used to 
identify sequence alterations associated with 
pun DNA, "genome scanning." This method 
is similar to the DNA fingerprint assay (9) 
and, like DNA fingerprinting, is based on 
Southern hybridization (10) with the use of 
an interspersed repetitive DNA sequence as 
a hybridiition probe. However, because 
our method uses a repetitive DNA probe of 
much higher copy number than that used in 
conventional DNA fingerprinting (- 1000 
copies per genome rather than -60 copies 
per genome), a larger fraction of the genome 
can be scanned for sequence differences re- 
lated to a mutant locus. In this type of 
approach, large net sequence differences 
(such as large duplications or deletions) 
have a greater chance of being detected than 

gawa 259-1 1, Japan. mangle, 2.4 kb. 
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Fig. 2. Resmction map of IAP DNA elements o i 2 3 4 s 6 7 
and clone ~ 2 8 .  (A) F u l l - l e d  t w e  I IAP element 1 : : : : : : I k b  
(11). ~ h e ' b o l d  dars indi&te &e long terminal 
repeat (LTR) sequences of the IAP element. The 
fragment used as a probe in the genome-scanning A 
Southern blots is the -1-kb Sst I-Barn H I  frag- A 

ment indicated by stippling. Restriction sites 
common to most IAP elements are depicted at the A3.0kb p?; 
top: B, Bam HI; Bg, Bgl II; E, Eco RI; H, H i d  
III; P, Pst I; S, Sst I; X, Xba I; and Xh, Xho I. The 

BgHXP PH WA 

Bam H I  site in parentheses is not common to 
b A3.0, 

most IAP elements. (B) Internally deleted type R R.N 

I83 IAP element (1 1). The internal 3-kb deletion is common to this subset of IAP elements. (C) Clone 
p28. The p28 sequence shares IAP sequences common to a type IA3 IAP element and has 0.74 kb of 
non-IAP sequence. R and N, Rsa I and Nde I sites, respectively; the fragment bound by these two 
resmction sites is the 28RN fragment and is identified by an asterisk. A, Apa I site. Details of the 
isolation of p28 are presented in (12). 

small sequence differences (such as point 
mutations). 

Sequence differences between the DNAs 
from homozygous pun and wild-type mice 
(of the same sex) are likely to be related to 
the pun mutation. This is because the pun 
mutation arose spontaneously in, and is 
maintained on, the same (coisogenic) inbred 
C57BL16J background. To look for hybrid- 
ization band variants associated with the pun 
mutation, we chose a hybridization probe 
derived from the sequence family encoding 
the retroviral-like intracisternal A particles 
(IAPs); this family includes -1000 to 2000 
widely dispersed copies per haploid genome 
(11). We detected five prominent variant 
fragments by Southern blot analysis among 
the DNAs of individual coisogenic mice 
homozygous for pun, wild-type, and rever- 
tant alleles, with an IAP DNA probe (Fig. 
1). Four of these five variants were correlat- 
ed with the sex of the mice, but not with a 
particular p allele, and appeared as bands 
displaying female-enhanced hybridization or 
male-specific hybridization. Presumably 
these fragments are located on the X and Y 
chromosomes, respectively. One variant, 
however, was correlated with the pun allele: a 
2.9-kb Apa I fragment displayed enhanced 
hybridization to the IAP probe in DNA 
from C57BL/6J pun/pun mice relative to 

SWXJ RI strains (0120 strains) indicating 
close linkage (14). We also found that the 
28RN sequence was missing from the DNA 
of mice homozygous for the radiation-in- 
duced mutant allele of thep locus, pH (15), 
further demonstrating the close linkage of 
28RN with the p locus and identifjmg p6H 
as a deletion mutation of p (Fig. 3). 

The 28RN probe was able to detect two 
pun hybridization band variants. The first 
variant was a hybridization intensity ratio of 
approximately 2:1, pun DNAwild-type 
DNA, with equivalent amounts of genomic 
DNA digested with a variety of restriction 

. . 

DNA 'OmO~gOus w i l d - ~  Fig. a southern hybridization of 28RN and 
or revertant alleles. A cloned isolate of the Tosine hydrOvlase probes to genofic DNA of 
2.9-kb fragment, p28 (12), was used in mice that are homozygous for pun or p6H alleles. 
subsequent studies; a restriction map of p28 (A) 28RN probe hybridization to Sst I-digested 
showing its overlap with the orignal IAP DNAs (lanes 1 and 2) and Pst I-digested DNAs 

(lanes 3 and 4). Lanes 1 and 3, DNA from probe and U P  sequences is presented in 
p6H,p6H mice; lanes and 4, DNA from 

Fig. 2. mice. (B) Tyrosine hydroxylase probe (22) hy- 
To map the p28 sequence, we isolated a bridization to the same (erased) blot shown in 

unique sequence fragment of clone p28 (A). Cknomic D N A  were isolated, digested, 

(28RN; a 0.39-kb Rsa I-Nde 1 went of elecao~horcsis (gel bed length, 21 
cm), and transferred to filters (21). The filters 

non-IAP sequence, identified the were hybridized and washed under relatively low 
in Fig. 2C). Restriction fragment length s-ncy conditions (28RN probe, 61°C hy- 
polymorphisms (RFLPs) detected by 28RN bridization, washing with 2 x  SSC and 0.1% SDS 
hybridization were used to map the p28 at 59°C; pHR3.0 probe, 63°C hybrihtion, 

washing with 1 x SSC and 0.1% SDS at 62°C) to sequence in recombinant inbred (RI) strains ,,, detection of all possible hybridization sig- 
(13). No crossovers were observed between n&. sizes of mena are shown kilobase 
28RN and the p locus in the NX129 and pairs. 

enzymes. The second variant detected by the 
28RN probe was an additional Sst I frag- 
ment in pun DNA that was not found in 
wild-type or revertant DNA (Fig. 4). 

The occurrence of restriction fragments 
displaying a 2: 1, pun DNAwild-type DNA, 
hybridization intensity ratio suggests a du- 
plication of this region in pun DNA. This 
duplication was confirmed by restriction 
analyses of the two Sst I fragments of pun 
DNA, the same 2.9-kb Apa I fragment 
(p28) is found within both Sst I fragments. 
Both Sst I fragments share at least 8.8 kb of 
sequence (between common Sst I and Sca I 
sites) (Fig. 4C). However, because the Sst I 
fragments also contain nonoverlapping se- 
quences, a boundary of the pun duplication 
must exist within the region of nonoverlap- 
ping sequences (within the 6.2-kb Sca ISs t  I 
segment of the 15-kb Sst I fragment). The 
minimum length of the pun duplication is 
17.8 kb (8.8 kb of duplicated sequence shared 
by the Sst I fragments plus 9 kb of duplicated 
sequence not included in the Sst I fragments) 
(Fig. 4C). 

IAP elements are associated with genomic 
sequence changes, including transpositions 
(11) and a DNA duplication in certain 
mouse strains at the renin locus (1 6). How- 
ever, because the p28 IAP element was 
found within the same sequence milieus in 
pun, wild-type, and revertant DNAs (Fig. 4), 
it must have been present at the p locus 
before the pun duplication. This indicates 
that the pun duplication did not arise from a 
simple or novel transposition of this IAP 
element. Rather, the IAP probe detected the 
pun-enhanced fragment only because it was 
duplicated along with a much larger seg- 
ment of DNA in the mutational process 
leading to the pun mutation. 

The hallmarks of the pun duplication 
detected by the 28RN probe (the twofold 
increase in hybridization intensity signals 
and the novel 15-kb Sst I fragment) were 
eliminated in three independently derived 
revertants of pun; 28RN hybridization to 
revertant DNA and wild-type DNA were 
indistinguishable (Fig. 4B). Therefore, the 
loss of the duplication was coupled with 
the reversion of the pun phenotype to wild- 
type phenotype. The pun duplication may 
disrupt the coding sequences of thep locus. 
Alternatively, the pun phenotype could be 
the result of a dosage effect, a position 
effect, or a disruption in regulatory se- 
quences. In all cases, removal of one of the 
duplicated copies restores the linear array 
of genetic information at the p locus and 
leads to a reversion of phenotype. The 
future isolation of the coding sequences of 
this locus will be necessary to determine 
precisely how the pun duplication results in 
the mutant phenotype. 
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The coupling of the loss of the pun dupli­
cation with a reversion event that occurs at 
high frequency suggests a tandem head-to-
tail orientation of the duplication. Tandem 
head-to-tail duplications (but not inverted 
duplications) allow for the loss of one of the 
duplicated copies by homologous, but un­
equal, crossing-over between the duplicated 
copies without the generation of chromo­
somal inversions. Examples of high-frequen­
cy genetic changes mediated by homolo­
gous, but unequal, crossing-over between 
head-to-tail repeated DNA sequences in­
clude the reversion of the Drosophila Bar 
mutation and changes in the unit number of 
tandem-repetitive minisatellite sequences in 
human and mouse DNA (detected as both 
meiotic and mitotic events) (8, 9). Extensive 
restriction map and sequence analyses of the 
pun duplication are consistent with a tandem 
head-to-tail orientation of the duplication 
(17). 

The aim of reverse genetics is the identi­
fication of a mutant gene starting from the 

mutant phenotype, "without reference to a 
specific protein or without any reagents or 
functional assays useful in its detection" 
(18). Most current reverse genetic schemes 
begin with the identification of molecular 
markers closely linked to the locus of inter­
est, followed by chromosome jumping or 
linking procedures to get to the site of the 
mutation. We have directly identified the 
site of the pun mutation in the absence of 
closely linked DNA markers and without 
chromosome jumping or linking proce­
dures. An advantage exploited in our study 
was the availability of coisogenic inbred 
mouse strains; the only expected sequence 
differences between the DNAs we compared 
were those relating to either the sex of, or 
the p allele carried by, an individual mouse. 
We were able to detect female-enhanced 
fragments and the ^""-duplicated fragment 
because the method is sensitive enough to 
detect a 2:1 difference in hybridization sig­
nal strength. Similar analyses comparing 
coisogenic strains bearing wild-type and ra­

diation-induced alleles (potential deletions) 
may reveal the site of other mutations. 
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sealed plastic bags, incubated at room temperature 
with 4 x  SSPE [ Ix  SSPE is 0.18 M NaCI, 10 mM 
NaPO, (pH 7.7), and 1 mM EDTA] for 30 min and 
then at 65°C in 0.5 M NaPO, (pH 7.1), 2 rnM 
EDTA, 7% SDS, and 0.1% sodium pyrophosphate 
[G. M. Church and W. Gilbert, Proc. Natl. Acad. Sci 
U . S A .  81, 1991 (1984)l for 4 m 8 hours, and 
hybridized at 65°C in a fresh sample of the latter 
buffer containing 2 X lo6 to 4 X lo6 cpm of DNA 
probe per milliliter for 24 to 36 hours. The filters were 
then sequentially washed (twice; 20 min per wash) in 
800 ml of the following: 2x  SSC (standard saline 
dmte) at room temperahue; 2x  SSC containing 
0.1% SDS at 65°C; I X  SSC containing 0.1% SDS at 
65°C; 0 . 5 ~  SSC containing 0.1% SDS at 65'C; and 
0 . 2 ~  SSC containing 0.1% SDS at 65°C. The filters 
were blotted dry, wrapped in plastic wrap, and ex- 
posed for 24 to 36 hours to XAR-5 film (Kodak) with 
a Lighmlng Plus intenslfylng screen (Du Pont) at 
- 70°C. 

22. A plasmid clone, pHR3.0, containing 3 kb of therat 

tyrosine hydroxylase gene {previously mapped to 
the distal region of mouse chromosome 7 [M. H. 
Brilliant, M. M. Neimann, E. M. Eicher, J. Nnrro- 
genet. 4,  259 (1987)l; provided by D. M. 
Chikaraishi and E. J. Lewis) was labeled with 32P by 
nick-translation [P. W. J. Rigby, M. Diekman, C. 
Rhodes, P. J. Berg, J. Mol. Biol. 113,237 (1977)l 
to a specific activity of >lo8 cpm/pg. The 28RN 
probe (Fig. 2) was labeled with 32P by the random 
primer method (19) to a specific activity of 1 x 10' 
to 5 x 10' cpm/pg. 
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Birkenrneier, E. L. Kuff, K. K. Lueders, R. W. 
Melvold, B. Mintz, A. M. Skalka, J. C. Stone, and 
H. G. Wolfe for helpful discussions. Supported by 
NIH grants GM43840, CA06927, and RR05539, 
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Pennsylvania (The Institute for Cancer Research), 
by NIH grants CA34196, GM20919, and 
RR01183, and by American Cancer Society grant 
IN155 (The Jackson Laboratory). 
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Determination of Primary Motoneuron Identity in 
Developing Zebrafish Embryos 

The developmental determination of primary motoneurons was investigated by 
transplanting identified motoneurons in embryonic zebrafish to new spinal cord 
positions. Some cells moved fiom the new positions in which they were placed back to 
their original positions, thus it was S c u l t  to evaluate whether they were determined. 
Among cells that remained in their new positions, those transplanted about 1 hour 
before axogenesis developed axonal trajectories that were appropriate for their original 
soma positions, whereas those transplanted 2 to 3 hours before axogenesis developed 
morphologies appropriate for their new soma positions. These results suggest that 
motoneuronal identity is determined before axogenesis. 

N ERVOUS SYSTEMS CONSIST OF 

many different types of neurons 
that have characteristic shapes and 

patterns of synaptic connectivity. In some 
organisms, including many invertebrates (1) 
and the embryos of some fishes (2), certain 
neurons can be uniquely identified on the 
basis of morphological criteria such as 
soma position and axonal trajectory. When 
do the individual identities of these neu- 
rons become determined (3 )  so that their 
developmental potentials are restricted and 
are independent of their positions? To 
address this question, I transplanted iden- 
tified motoneurons from their normal spi- 
nal cord positions in donor embryonic 
zebrafish to new spinal cord positions in 
host embryos (4). Transplanted motoneu- 
rons were considered undetermined if their 
axonal trajectories were appropriate for 
their new soma,positions and determined if 
their trajectories were appropriate for their 
original.soma positions. These studies sug- 
gest that the identities of individual pri- 
mary motoneurons are determined before 
axogenesis. 

The segmentally arranged axial muscles of 
the zebrafish trunk are innervated by a seg- 
mentally repeated set of three or four pri- 
mary motoneurons (5, 6) .  Even before axo- 
genesis, each motoneuron within this set is 
individually identifiable by the axial position 
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of its soma within the spinal cord. More- 
over, the growth.cone of each motoneuron 
selects a -different pathway as it extends 
directly to the muscle territory appropriate 
for its adult function (Fig. 1). Thus, within 
each set of motoneurons; each cell develops 
a unique morphology. 

Previous studies have shown that individ- 
ual primary motoneurons can be precisely 
identified and ablated with laser irradiation 
before axogenesis (5, 7, 8). To venfy that 
individual primary motoneurons could be 
identified for trans~lantation with the same 
precision, I removed one or more specific 
primary motoneurons from trunk segments 
6 to 10 of 16- to 18-h (hours after fertdk- 
tion at 28.5"C) embryos. In trunk segments, 
Cap and Mil? primary motoneurons typical- 
ly undergo axogenesis around 17 h and 18 
to 19 h, respectively; therefore, these exper- 
iments were performed -1 hour before 
axogenesis. Embryos were allowed to devel- 
op until 25 h and were then tixed, and the 
remaining primary motoneurob were la- 
beled with the zn-1 monoclonal antibody 
(7). 
that 
(9) .  

In every case, the primary motoneirons 
: had been removed were absent (Fig. 1) 

. . In all but one instance, all of the other 
primary motoneurons in the spinal segment 
were present at 25 h. 

To investigate whether the individual 
identities of primary motoneurons were de: 
terrnined before kgenesis, I transplanted 
identified motoneurons isochronically from 
the Cap and Mil? positions -1 hour before 
axogenesis (Figs. 1 and 2) (10). No attempt 
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