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SUMMARY

The shape of the mandible in nine sublines of C57BL/Gr, seven other
strains of ‘C57 ancestry’ and four unrelated strains was studied by
multivariate techniques. The generalized distance function was used to
classify individuals in the groups which they most closely resembled. The
degree of misclassification depended on the pedigree relationship between
strains and sublines. The generalized distance between pairs of subline
centeroids was also highly correlated (r = 0-60) with the number of
generations between them. A canonical variate analysis was used to
reduce the dimensionality so that a graphical display of the relation-
ships between strains and sublines could be made. The results agreed
closely with the classification analysis. It was concluded that the shape
of the mandible could be used for subline identification though the
accuracy of this technique depends on how closely the sublines are related.

1. INTRODUCTION

The shape of the mandible is a highly heritable trait, and Festing (1972) has
shown that it can be used as a means of identifying different inbred strains of
mice. A knowledge of the rate of subline divergence for mandible shape is there-
fore of practical importance as well as providing additional information on the
rate of subline divergence of metrical characters. Subline divergence in mice has
been extensively studied for quasi-continuous or threshold variables (see Grewal,
1962; Yong, 1972), but less widely studied for metrical characters, though Bailey
(1959) examined subline differentiation of a number of skeletal measurements in
BALB/c and C57BL/6 mice. Recently Griineberg (1970) has reviewed the data
on rates of subline divergence in inbred strains of mice, and has questioned
whether the relatively high rates can be accounted for by mutation alone. Taylor
(1972) studied the relationship between different inbred mouse strains, including
different sublines of the same strains, using 16 identifiable genetic loci. He was
able to show that strains with a known common ancestry had many genes in
common. However, he had to discard some sublines from the study because they
were similar at all 16 loci. The purpose of this investigation is to study the relation-
ship between different strains and sublines as evaluated from the shape of the
mandible.
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2. MATERIALS AND METHODS

The history of the sublines of C57BL,/Gr used in these studies has been given by
Yong (1972) and Deol et al. (1957), so only brief details are given here. According
to Staats (1966) all of the ‘C57 strains of mice originated in the USA in about 1920.
C57BL/Gr was imported into the UK in 1932, and has been maintained in the
UK since that time. The relationships between the nine sublines studied are shown
in Fig. 1 (from Yong, 1972). Although all mice were 60 days old at the time of the
papain preparation of the skeletons, it should be noted that collection of the
material covered a period of 20 years and there is no assurance that the environ-
ment remained constant during this period.

For comparative purposes data was also obtained on eleven additional strains
maintained at the Medical Research Council Laboratory Animals Centre (i.e. in
a different laboratory). The origin of these strains has been described by Parrott &
Festing (1971) but they include another British subline of C57BL, an American
branch of C57BL now known as C57BL/10ScSn, and four ‘congenic resistant’
lines (B10.LP-a, B10.D2, B10.A and B10.BR) based on this latter strain.
Congenic resistant lines are developed by repeated backcrossing with forced in-
compatibility at one of the histocompatibility loci. Usually the equivalent of about
12 backcross generations are involved, with subsequent brother x sister mating.
Strains C57BR and C57L were inbred independently from C57BL but came from the
same original stock. Finally, four unrelated strains were included (A, A2G, C3H-
mg and NZB). The ages of the mice in this latter group of strains varied from 50
to 100 days within each group. Unpublished studies show that there is little
growth in the size or change in shape of the mandible after 50 days of age. Only
male mice were studied.

A total of 13 measurements were taken on each right mandible as described by
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Fig. 1. Sublines of C57BL/Gr used in the study.
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Fig. 2. Measurements used. Note that measurements nos. 1-7 are vertical andj8-13are
horizontal distances, respectively. The figure also shows the mandible shape in strains
C3H, A and C57BL/Gr, sublines I and IX.

Festing (1972). These measurements are shown in Fig. 2 (for four different strains).
The method was to place the mandible over a sheet of 0-25 mm graph paper
touching two glass slides in a standard way. The measurements shown in Fig. 2
were then read off directly to the nearest 0-125 mm under a 10X monocular micro-
scope. It should be noted that there is an unknown bias associated with these
measurements due to inaccuracies in fixing the glass slides to the graph paper.
Such a bias will not influence strain comparisons since all measurements were done
on the same apparatus, but the strain means are given in arbitrary units rather
than in units of 0-125 mm because of this bias.

3. STATISTICAL ANALYSIS

The volume of the data and the presence of significant correlations between the
variables make a conventional univariate analysis impractical. Accordingly, the
vector of 13 measurements for each individual was considered to be a single
multivariate character which defines the ‘shape’ of the mandible (where ‘shape’
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also includes size), and a multivariate analysis was carried out in order to discover
how closely the shapes of the mandibles resembled each other in the sublines, the
related strains and the unrelated strains. Three techniques were used. First,
a classification analysis was carried out as described by Cooley & Lohnes (1971,
chapter 10). Secondly, the ‘generalized distances’ were calculated between each
pair of the sublines in order to gain some idea of the rate of subline divergence.
Thirdly, a canonical variate or discriminant function analysis was carried out in
order to reduce the dimensionality of the problem so that the results could be
displayed graphically. This latter technique is described by Cooley & Lohnes (1971,
chapter 9) and Blackith & Reyment (1971, chapter 8), who give computer pro-
grams for these analyses, though a different computer program (BMDO07M)
was used in the present studies. The technique has also been used by Delany &
Whittaker (1969) to study natural populations of Apodemus sylvaticus. As the
techniques are described fully in the references given above, only a brief descrip-
tion will be given here.

1. The classification analysis.

It is assumed that the vector of observations of the ith individual of the jth
strain X;; follows a multivariate normal distribution. In this case each individual
can, conceptually, be located in n-dimensional space by treating the measurements
as co-ordinates of a single point in space (n being the number of measurements per
individual). The multivariate normal swarm of points representing a single strain
will therefore fall within a hyper-ellipsoid in n-dimensional space which may be
elongated in some directions due to correlations between traits. The problem is
to find out what proportion of individuals lie at various distances from the group
centroid so that the probability that an individual belongs to a given swarm can
be calculated.

The generalized distance (also known as the Mahalanobis distance) is defined as:

d? = (in_mj)’ D_I(in—mj)

where m; is the vector of means of the jth population and D is the pooled within-
group variance-covariance matrix. The generalized distance is distributed approxi-
mately as a chi-squared variable with » degrees of freedom, and can therefore be
used to assess the probability of the hypothesis H; given observation vector X,
(i.e. Pr(H}/X;),72 =1,2,... N,j = 1,2, ... g) that an individual belongs to the
jth group (assuming g groups and equal a priori probabilities of group membership).

2. The generalized distances between each pair of sublines of C57BL/Gr were
calculated in order to study the rate at which sublines diverge. The distance d2
between each pair of sublines was therefore graphed against the known pedigree
relationship between the sublines.

3. The aim of a multiple discriminant function or canonical variate analysis
was to reduce the dimensionality of the problem so that the results could be shown
graphically. The statistical methods are described elsewhere, but the principle is
to extract a linear function of the set of observations which gives ‘best’ discrimina-
tion between strains. ‘Best’ in this case means the function which will maximise
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the ratio of the among-groups sum of squares to the within-groups sum of squares,
so that among-group differences will be large relative to within-group scatter.
This is the first canonical variate, and it usually accounts for a high proportion
of the total variation between strains. A second canonical variate is then extracted
in such a way as to be independent of the first, but giving next best discrimination
between strains. Using these two functions, the strains can be located in a dis-
criminant plane. Additional canonical variates can be calculated up to n— 1, but
the first two or three usually account for a very high proportion of the variation
between strains.

4. RESULTS

Means for each of the 13 traits in the 20 different strains or sublines are given
in Table 1. There were no significant differences between sublines of C57BL/Gr
for traits Nos. 8, 9 and 10, but there were significant differences between all other
traits.

Some of the differences between strains were so pronounced that they could be
detected by the naked eye. For example, the coranoid process in C3H was very
short so that there was virtually no difference between measurements Nos. 9 and
10. In strains of C57 ancestry, the condaloid process (measurement No. 13) was
always considerably longer than the angle process (measurement No. 12), whereas
in other strains the two processes were more equal in length. The overall length
of the mandibles of NZB (say measurement No. 13) was greater than for any other
strain, though the total height (measurement No. 7) was not much above average.
Some idea of the type of variation observed is given in Fig. 2.

Mandibles of the C57BL/Gr sublines tended to be smaller than average, but
it is not known whether this was due to genetic or environmental causes. The latter
is a possibility since these sublines were maintained in a different laboratory from
the rest of the strains.

The results of the classification analysis are given in Table 2. Correct classifica-
tions are given on the main diagonal. In general, the degree of misclassification
between the sublines and strains corresponded very closely with the known rela-
tionships between groups. Thus there was considerable overlap between closely
related sublines such as I to IV, V to VII and VIII to IX, but less overlap between
more distantly related groups. For example, there was no overlap between sublines
I to IV and VIII to IX, which were separated by 51 to 79 generations. Three
individuals of the C57BL/Gr sublines were misclassified as belonging to one of the
other groups of C57 ancestry, and one C57BR was misclassified as being of subline
VIII. Overall, 63 9%, of the C57BL/Gr individuals were correctly classified to the
strain and subline.

There was less misclassification of the other strains of C57 ancestry, as might
be expected. Overall 85 9, of individuals were correctly classified, bubt all of these
misclassifications were amongst strains of C57 origin. Finally, only a single
individual of the remaining four strains was misclassified, giving 99 %, correct
classification. It must be concluded therefore, that the classification analysis gives
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Fig. 3. Generalized distance and pedigree relationship between the sublines.

results which are in close agreement with the known genetic relationships between
strains and sublines.

The rate of subline divergence in the nine sublines of C57BL/Gr is shown graphic-
ally in Fig. 3 which gives the generalized distance between pairs of strains as
a function of the number of generations apart. The correlation between the two
was 0-60 (959, confidence interval 0-31-0-74). A linear regression line has been
fitted to the data, though as the rate of divergence presumably depends on the
chance occurrence and fixation of new mutations, a close fit to the regression line
could not be expected. The results do suggest, however, that subline divergence
occurs as a result of the fixation of many mutations each having a minor effect.

The effects of environment should also be considered. Yong (1972) concluded
that environmental factors had had a relatively small influence on the subline
data, and these results give some support to this conclusion. Although the subline
data was collected over a 20-year period, the overall sizes of the mandibles did
not change, yet the similarities in shape were apparently dependent on the pedigree
relationships. It would be difficult to think of any environmental factor which
could produce changes in shape without associated changes in size, though the
converse would not necessarily be true.

The results of the canonical variate analysis are shown graphically in Figs. 4
and 5, and the coefficients of these canonical variates are given in Table 3. No
obvious interpretation can be placed on these figures. There is no evidence, for
example, that there is a general size factor which is useful in discriminating be-
tween strains. Fig. 4 shows that the canonical variate analysis gives good dis-
crimination between strains of C57 origin and the other four strains. (Lines have
been drawn roond the groups in Figs. 4 and 5 to clarify the relationships, but these
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Table 3. Coefficients for the canonical variables

Coefficients
~ A N
Variable No. 1st 2nd 3rd
1 —0-39 0-79 0-78
2 0-67 0-70 —-1-18
3 —0-93 1-51 1-09
4 1-03 —0-44 -0-08
5 0-13 —0-68 —0-22
6 —-0-37 1-04 —0-13
7 —0-49 0-16 0-01
8 —0-49 —0-23 0-26
9 —0-15 0-09 -0-29
10 0-48 -0-03 —-063
11 0-01 —-0-61 0-44
12 —0-91 —0-06 —0-16
13 0-65 0-04 —0-27
Proportion of total 0-67 0-19 0-07
dispersion
/——\
6 % CSTL * B10.D2
Strains of ‘C57’
viimr IX ancestry
4+ B10.BR *
* % C57BL
BI0A * %B10.LP-a
2 2+
£ % CSTBR
g v
= % 3 VII
2 v
[«
i=1
S
2
~t
Other strains
1 1 1 1 | | |

-2 0 2 4 6 8 10

1st canonical variate

Fig. 4. First and second canonical variates.

129

lines have no statistical meaning. The canonical variates have been standardized
to give unit variances.) Moreover, the sublines fall into three distinct groups, as
in the classification analysis, covering approximately seven standard deviation units

of the first canonical variate.

The third canonical variate graphed against the first gives good separation of
the C57BL/Gr sublines from the other strains of C57 ancestry. Thus, in general,
the canonical variate analysis gives graphical results which are in good agreement
with the classification analysis. The results of the canonical variate analysis are
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Fig. 5. First and third canonical variates.

also remarkably similar to those of Taylor (1972), whose study was based on 16
identifiable genetic loci. In both these studies strains of C57 ancestry were shown
to have many features in common. It is reasonable to conclude that a multivariate
analysis of thirteen measurements defining the shape of the mandible may be
used to identify different sublines of the same strain, though the accuracy will
depend on how closely the sublines are related.

5. DISCUSSION

Although the subline data were collected over a long period, and the eleven
other strains were reared in a different laboratory from the sublines, there is some
indirect evidence that environmental factors have had relatively little influence
in the interpretation of these results. The means of traits 8, 9 and 10 did not
differ significantly between sublines, and it is unlikely that environmental factors
could cause changes in shape without influencing overall size. Moreover, there was
a linear relationship between the generalized distance between pairs of strains and
the pedigree relationship between them. If environmental factors were of any
great importance it is unlikely that they would have a linear trend. The small size
of the subline mandibles compared with those of other strains of C57 ancestry
may have been caused partly by environmental influences. However, the analyses
tended to emphasize the similarities of all the strains of C57 origin in spite of
these size differences, so the interpretation would not have been very different if
account had to be taken of environmental influences.

The purposes of this investigation were to study the rate of subline divergence
for a metric character and to discover the accuracy of predicting which strain an
individual belongs to from the shape of the mandible when closely related sublines
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are involved. Previous studies of subline divergence have tended to emphasize that
inbred strains do not remain genetically stable over long periods when propagated
by continued brother x sister mating. These results confirm this finding in that
after only 51 generations there was no overlap at all between over 100 individuals
of sublines I-IV on the one hand and VIII to IX on the other. However, even
after more than 40 years separation (probably well over 100 generations) different
sublines of C57 origin are still quite similar to one another, at least in the shape
of the mandible, and they differ markedly from other unrelated strains. Moreover,
changes tend to occur in small discrete steps, giving an overall linear trend, in
separation between lines as a function of the number of generations apart though
chance obviously plays an important part in controlling the rate of divergence. It is
probably worth noting that if long-term stability rather than complete homo-
zygosity is the objective in maintaining inbred strains, then a random mating
system based on a large effective population size rather than continued brother x
sister mating should be used.

The predictability of group membership, which is of practical importance if
mandible shape is to be used as a method of strain identification as suggested
by Festing (1972), depended on how closely related the strains and sublines were
to each other. Unrelated strains were sufficiently dissimilar for there to be little
chance of incorrect identification of individuals. Sublines separated for over 50-60
generations were also sufficiently different for there to be less than about 59,
overlap, though in large groups of related sublines and congenic lines based on
the same inbred strain and reared in the same environment, the misclassification
rate of individuals appeared to be about 15 9,. Often very high levels of accuracy
at the individual level are not necessary since in most practical applications there
is usually more than one individual per group that can be studied. In any case,
it is improbable that any other technique described so far would be more accurate.
Biochemical methods, for example, would probably fail to show up any differences
between such closely related sublines. Moreover, there is no reason why the
accuracy of this method should not be increased by taking into account additional
variables if such a procedure was thought to be worthwhile. The same apparatus
can be used to measure more bones, and any other variables that were thought
to be important could be included. This approach might prove more successful
than Taylor’s (1972) method of detecting relationships between inbred strains
since morphological characters are usually relatively easy to measure. The canonical
variate analysis also gives a clear graphical description of the relationship between
different strains and substrains.

This paper is dedicated to Professor H. Griineberg, F.R.S., on his retirement from the

Chair of Animal Genetics at University College London. I should also like to thank Professor
Griineberg for giving me access to the subline skeletons used in this study.
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