
"some crosses were made between sub
lines and several new subline, [were)
established" (4). If the trio rescued by
Strong in 1921 were not highly inbred in
the modem sense" and if the sublines
that were crossed in 1929 originated not
long thereafter, some residual gene dif
ferences may well have been transmitted
to the two new sublines. The two DBA
substrains are undoubtedly closely relat
ed, but we believe that the coefficient of
kinship used by Fitch and Atchley is too
high. A lower coefficient of kinship would
lower the intercept of the curve in their
figure 3 and result in a lower fixation rate.

Second, and more important, we be
lieve that Fitch and Atchley have under
estimated the extent to which unreported
unvarying loci may be a source of bias.
The loci listed by Staats that form the
basis for their calculations cannot be
taken as a random sample of loci that
might or might not show variation. By
definition, these were loci for which vari
ants had been found. Numerous antigens
and proteins are known, but their genes
do not acquire allelic designations until a
variant is discovered. The proportion of
variant loci to the total is probably quite
low. Elliott (5), for example, used two
dimensional electrophoresis to look for
protein variants between BALB/c and
C57BU6 strains and found eight variants
out of about 250 protein spots revealed
by this method. These were proteins of
unknown function. Among genes for
proteins of known function for which no
variants have been found, it is more
difficult to determine the nwnber exam
ined. However, the chromosome loca
tion of some of these has been found by
use of somatic cell hybrids. Twenty-one
such loci were listed by Davisson and
Roderick (6), and there were undoubted
ly many more whose chromosome loca
tion had not yet been found and which
Davisson and Roderick, therefore, did
not list. The proportion ofloci unreport
ed, that is, not listed by Staats, may very

- well be high enough so that, if taken into
account, the rate of mutation necessary
to produce the observed degree of diver
gence would be close to normal. If so, it
is not necessary to account for the pre
ponderance ofloci with only two alleles,
since the degree of divergence can be
explained largely by fixation of alleles
present in the original population from
which the strains were derived.
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Our original research article (1) had
two primary aims: (i) to test various
methods of reconstructing ancestral rela
tionships with data from taxa whose an
cestral relationships were largely known
rather than inferred; and (ii) to infer
something about the ancestral popula
tion structure and divergence of these
taxa. Accordingly, 97 loci for ten inbred
strains of mice were studied with respect
to the first aim and the data proved so
robust that five reconstructive tech
niques all obtained the same (correct)
answer.

It is with respect to the second aim
that our work has generated the greater
interest, for we observed that the aver
age degree of divergence for these loci
among major stocks (approximately 45
percent) was greater than could readily
be explained by a combination of the
customary genetic mechanisms and the
then known facts about these strains. It
seemed to us that science is not well
served when disconcerting data are ex
plained away by plausible but unproved
or unprovable folklore remedies, such as
bias and contamination. Both of these
processes often apply and probably are
even present in our inbred mice data;
however, it would require considerable
special pleading to explain all ofour data
by bias and contamination. That left
such standard genetic processes as muta
tion rates and the segregation of residual
heterozygosity to account for our obser
vation of 45 percent divergence. But we
then had to choose between a mutation
rate that was abnormally high and an
ancestral heterozygosity that seemed too
low to permit observing the large diver
gence. We showed how selection could
double the ancestral heterozygosity of 9
percent, but a fivefold increase in genetic
divergence is not an anticipated result of
this standard genetic process.

Since the known facts appeared op
posed to those standanl genetic mecha
nisms and we knew of no other alterna
tives, we presented the results to the
scientific community saying that "we are
less concerned that one of the alterna
tives be proved correct than we are that
an explanation for the documented di
vergence be sought that does not rely on

the too facile explanation ofcontamina
tion." This brings us tD die comments of
Johnson et al. and Green et at

Johnson et al. state that we "conclud·
ed that an extraordinarily increased mu
tation rate occurred," and they assert
that a "biased sample of loci was used" .
and "appropriate consideration was not
given to mutation rates determined by
direct observation." The facts show that
these assertions of Johnson et al. are
either wrong or irrelevant.

Never did we conclude there was an
extraordinarily increased mutation rate.
At one point, we stated, "because evi
dence appears to be against both bias
and contamination explaining these data.
the fixation rate may be equal to the
mutation rate and, thus, there may be a
high mutation rate in these strains (but
see below)." That is as close as we ever
came to espousing a high mutation rate.
The "below" reference referred to an
entire section labeled "Evidence against
a high mutation rate." Therein we cited
the work ofJohnson et al. (2) and clearly
pointed out that their directly observed
"mutation rate is two orders of magni
tude below our fixation rate." To de
scribe our observations, we deliberately
used the term "fixation rate." not "mu
tation rate," since fixation is a term
divorced from any implication of genetic
mechanism to 'acCOunt for the large di
vergence.

Lest anyone doubt that we preferred
the mutation rate data of Johnson et al.

. (2) over our estimated fixation rate, two
paragraphs later we said, "Surely if mu
tations are occurring at a rate greater
than 10-3 per locus per generation, many
new mutations should have been ob
served in the generation of their initial
occurrence." Johnson et al. (2) observed
no new mutations in their study of inbred
mouse strains that we cited.

The conversion hypothesis was con
sidered because of the observation that
there were only 2.01 alleles per locus,
clearly inconsistent with a simple muta
tion mechanism. Recognizing that the
experimental design of Johnson et al. (2)
was particularly appropriate for provid
ing evidence against the conversion hy
pothesis, we stated that "we know of no
evidence that the mutation rate is in
creased in inbred mouse strains."

Later, when comparing the gene con
version hypothesis to the residual het
erozygosity hypothesis, we returned to
the data of Johnson et al. (2) to evaluate
the hypothesis and stated, "In view of
the low mutation rates observed in a
study of inbred mice, this [mutation hy
pothesis] is probably the weaker of the
two hypotheses." In the absence of a
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defiitive explanation for the observed
divergence, we were reluctant to deny
flatly any possible explanation.

Thus, we clearly did not conclude that
there was "an extraordinarily increased
mutation rate," nor did we fail to ad-
dress the available refuting evidence.

In their comment, Johnson et al. as-
sert that the data are biased. They con-
tend the heterozygosity in these 97 loci is
much larger than the average heterozy-
gosity over all loci. They give several
reasons, including (i) that our data
source excluded monomorphic loci; (ii)
that the H-2 locus is atypically polymor-
phic; and (iii) that 2-D gel electrophore-
sis shows much less polymorphism. We
accept all of these facts. However, these
facts are irrelevant with respect to ex-
plaining the great divergence observed.
At most, these statements imply that the
45 percent divergence we observed may
be atypical of the genome in general.
The average locus in the genome may

be less polymorphic than the ones in our
data set, as 2-D gels suggest, but the
divergence in our 97 loci must be ex-
plained in terms of their own ancestral
het,erozygosity. Our estimate was ob-
tained from these 97 loci (our original
figure 3) and therefore was the most
appropriate estimate of this heterozygos-
ity available despite a large confidence
interval. We did not obtain significantly
different results when we separated the
data into protein and immunological loci,
just larger standard errors. Thus, agree-
ment with other values in the literature
for similar protein sets was supportive of
our conclusions. If one were to assume
that the ancestral heterozygosity of our
loci was 2 percent, as Racine and Lang-
ley (3) found using 2-D gels with a single
sample of 25 wild mice, then the 45
percent divergence among our major
stocks is not five times, but more than an
order of magnitude greater than the an-
cestral heterozygosity, and therefore the
divergence is even more difficult to ex-
plain by selection for heterozygosity.
Johnson et al., sometimes with addi-

tional data, mostly cover ground that we
covered. The only explanation they prof-
fer for our observations is that "small
samples from nature with subsequent
inbreeding sufficiently explain the high
level of apparent parallel (or back) sub-
stitution observed by Fitch and Atch-
ley." Yet their comments do not indicate
that they support our preferred hypothe-
sis.
Green et al. make more relevant sug-

gestions, although they too assert that
we espoused a high mutation rate. They
provide additional historical information

about the DBA stocks. But Green et al.
''speculate' that inbreeding "may" not
have meant systematic brother x sister
mating before the 1920's. This is a plausi-
ble explanation for the DBA results. It is
even more difficult to refute or prove
than the colony-contaminating mouse.
As such, it is more likely to dissuade one
from seeking a simple, testable explana-
tion of the divergence on the basis of
determinable facts.
Green et al. suggest that our value for

the coefficient of kinship may be too high
for the DBA stocks. If inbreeding before
1921 were not obligatory brother x sister
mating, what would be an appropriate ci,
one minus the coefficient of kinship, for
the DBA's in 1929? What would be the
effect of assuming they were not like
identical twins (co = 0.0), but rather had
a value cU = 0.25? Reanalysis of our
data shows that, for co = 0.25 for the
DBA's, the least-squares regression of
do, the fraction of loci different onto co is

do = 0.148(±0.040) + 0.098(±0.059)cu
for which the estimated ancestral hetero-
zygosity is 0.11 (rather than 0.09) and the
fixation rate is 1.3 x 10-3 (rather than
1.4 x 10-3). Thus, a major change in the
coefficient of kinship for the DBA strains
produces only a minor effect on the
estimates of ancestral heterozygosity or
rate of fixation.
Green et al. cite divergence at the H-2

locus in the DBA stocks as a basis for
believing that our coefficient of kinship
was too great. But varying Co has an
insignificant effect on estimates of the
two genetic parameters. However, their
suggestion of a potential H-2 locus effect,
stimulated us to consider the conse-
quences of linkage to the H-2 locus.
The H-2 region has a locus t (for

tailless) at which all known homozygotes
are lethal. Heterozygosity at that locus is
therefore assured. Moreover, the t locus
suppresses crossing over in that region.
Thus, there might be a hitchhiking effect
on loci closely linked to the t locus. In
our data, there are six closely linked loci
in this region: H-2, Qa-2, Qa-3, Qed-1,
Ce-2, and Tla. Four of these loci are
different in the DBA/1 and the DBA/2
strains. To remove the potential effects
of such linkage, we recalculated diver-
gence between DBAI1 and DBA/2, ex-
cluding these six sites, and reevaluated
the regression line in figure 3. The esti-
mate of percent divergence between
DBA/1 and DBA/2 is then based on 86
loci and is 0.08. The ancestral heterozy-
gosity is then estimated as 0.17 or 0.19,
depending upon whether co for the
DBA's was 0.0 or 0.25. The rate of

fixation in either case remains just below
10-3. Although these values for ancestral
heterozygosity and fixation rate lie with-
in the 95 percent confidence limits of our
earlier estimate, they are perhaps more
accurate, as they corroborate an inde-
pendently derived estimate of ancestral
heterozygosity made by another method
described below.

Just before publication of our research
article, Bishop et al. (4) reported that all
six of the strains they tested that were
among our ten possessed Y chromosome
(male)-specific DNA sequences that are
diagnostic of Mus musculus musculus.
This should be considered in the context
of the observation by Ferris et al. (5) that
the mitochondria (female-derived) of our
strains all came from M. m. domesticus,
probably from an English female mouse.
This is strong evidence that the "old"
inbred lines, such as those examined in
our research article, arose by a cross ofa
domesticus female and a musculus male.
Such a cross could easily produce aver-
age heterozygosity values considerably
greater than estimates for the wild-type
populations of 0.09 for loci of the kind in
our study.
We tested this hypothesis by using the

data of Sage (6) and considering the
expected heterozygosity of a cross be-
tween a mouse from Abingdon, England,
and a mouse from Bratislava, Czechoslo-
vakia. The result was a heterozygosity of
0.21. This is the value that the estimates
for our data (minus the H-2 region) sup-
port. While this is only half the diver-
gence value to be explained, we noted in
our original research article how one
might double the genetic divergence by
inbreeding. Thus, there is now evidence,
not just speculation, to support the idea
that the ancestral heterozygosity was 0.2
or more and that inbreeding accompa-
nied by selection for heterozygosity can
account for the remainder of the docu-
mented divergence.
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