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Correlated Response in Skeletal Traits and Replicate Variation
in Selected Lines of Mice'’

J. J. RUTLEDGE?, E. J. EISEN and J. E. LEGATES

Department of Animal Science, North Carolina State University, Raleigh, North Carolina (USA)

Summary. Correlated responses in caudal vertebrae number (VN), lengths of eighth and ninth caudal vertebrae (V8
and V9, respectively), femur length (FL) and femur weight (FW) were evaluated in lines of mice which had been select-
ed for six-week body weight (WK6) and/or six-week tail length (T4IL). Ten males and ten females were randomly
sampled from each of ten selected lines (two replicates each of five selection treatments) after seven generations of
selection. Sexes and lines were significant (P < .01) sources of variation in all seven traits. Sex X line interactions
were unimportant except for '8 and V9. Male mice of both replicate lines selected for increased WK6 and decreased
TAIL had shorter vertebrae than females, whereas the reverse was true for all other lines. Multiple regression and
canonical correlation analyses indicated a high phenotypic relationship of FL with both WK6and T4 IL. Examination
of the correlated responses indicated that FL was the only skeletal trait that showed a substantial correlated response
to single trait selection for both WK6 and T4 IL. Thus, the genetic relationships among the three traits also appeared
to be high. Between replicate variation was not significant for randomly selected control lines. However, about one-
third of the statistical tests between selected replicates were significant. This was taken to indicate a joint effect of
selection and drift in causing variation between replicate lines. Replicate variation was further examined by canonical
variate and generalized distance analyses. The first two canonical variates accounted for most of the generalized
variance. Graphically, the first two canonical variables discriminated among selection treatments, whereas the replica-
tes tended to cluster. Thus, although between replicate differences were significant for several traits, the differences

were relatively small compared with the variation between lines having different selection criteria.

Introduction

The manifold effects of selection for quantitative
characters have long been recognized. Pleiotropy of
genes affecting such characters can be demonstrated
by calculating genetic correlations or by assessing
correlated responses to selection. The objective in
the present study was to search for correlated res-
ponses in certain skeletal traits and to assess the
magnitude of between replicate variability in lines
of mice which had been selected for six-week body
weight, six-week tail length or antagonistic indexes
involving body weight and tail length.

Materials and Methods

FExperimental stocks and tvaits: Ten males and ten fema-
les were randomly selected in generation eight from each
of the ten selected lines developed by Rutledge, Eisen
and Legates (1973). There were two replicates each of five
selection treatments. Selection criteria used in develop-
ing the lines are shown in Table 1. The W*T%and WoT}
lines were selected for six-week body weight and six-week
tail length, respectively. The W*T; and W~-T; lines
were selected for indexes giving weighting factors of
opposite sign to each trait. The unselected control lines
were designated W°T?. Seven traits were studied: caudal
vertebrae number (VN), lengths of the eighth and ninth
caudal vertebrae (V8 and V9, respectively), femur length
(FIL), femur weight (FI¥), six-week body weight (W K6)
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and six-week tail length (TATL). After sacrifice at about
seven weeks of age, the mice were taped to a one-sixteenth
inch thick Plexiglass sheet. An X-ray film packet was
placed underneath the Plexiglass (about one meter from
the X-ray source) and radiographs were taken. V8 and
V9 were measured from the radiographs with a micro-
meter attached to a low-power light microscope. V8 and
V9 are reported in micrometer units. VN was scored
using an X-ray illuminator and a hand-held magnifying
glass. Femurs were removed by dissection, freeze-dried
and weighed. FL was obtained from the dried femurs
using the micrometer and microscope.

Statistical analyses: Univariate analyses of variance
were calculated for each of the seven traits. The model
used was

Yijg = p + Li + Sj -+ (LS)i -+ e,
where Yy is an attribute measured on the kth mouse of
the ith line and jth sex, u is the overall mean, L; is the

effect of the 4th line, Sj is the effect of the jth sex, (LS);
is the interaction effect and ejjx is a residual. Lines and

Table 1. Selection critevia and line designation

Selection criteria?

Designation®

WK6 TAIL
W+TY 1 0
woT+, 0 1
w*Ty 0.2079 —1.0437
W-T% —.2079 1.0437
were 0 0

#* Tior each linc, 7 = 1, 2.

b WKe6 and TAIL, respectively, refer to
six-week body weight and six-weeck tail
length.
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Table 2. Means for each trait

27

V'8, FL, FIV). Canonical variate
and generalized distance analy-

Trait ses were calculated using all
Sex?® ) ) i - - six variables in an attempt to
N Vs 19 FL Fw WK6 TAIL differentiate between lines. This
- ) T T T —  was done separately for each
Male 28.81 576.08 577.41  15.56 60.18 31.26 8.70 sex since there were significant
Female 27.94 549.63  548.70  14.98 53.05 26.58 8.25 (P <.01) sex X lineinteractions
Line? in the univariate (V8 and V9)
W+ 28.20 573.75 569.50  15.65 65.31 33.83 8.51 and' multivariate ;malyses of
”'+Tg 2885 56095 55985 15.49 61.81 33.77 836 vanapce. Normahzed scores
wert 28.85  608.45 607.10 15.52  58.42  29.40  9.52 yielding variances of one were
WeTy 20.80 58540 584.55 1549  357.02  20.51  9.35% used in the canonical correla-
WH+Ts 27.10 530.95  526.70 15.43 57.07 30.68 7.45 tion and discriminant function
WHTy 26.70 51535  328.60 14.97  54.84  28.61  6.91 analyses.
W-TT 29.10 574.85  576.00 14.92  45.40 24.03 9.08
W-Tf 28.85 559.00  559.65 14.78 51.77 24.17 8.84 1ts and Di sion
WoTs 27.00  567.50 562,65 1520  58.07  27.8% 832 Results and Discussio
wers 28.40 §557.15 §55.95 15.20 56.43 27.33 8.21 Marginal means for lines
Error Variance and sexes and error variances
(d.f. = 180) 0.92 837.21 808.50 0.15 25.06 6.00 0.24 :
S.E. (Sex) 0.10 2.89 284  0.04 0.50 0.24  0.05 fothhslseveIri‘trmts are shown
S.E. (Line) 0.21 6.47 6.36  0.09 1.12 0.55  0.11 In lable 2. Lines were a signi-

4 Marginal means of each scx.
b Marginal means of each line.

¢ YN = vertecbrae number, 1'S = length of Sth vertebra (micrometer units), V9 =
length of 9th vertebra (micrometer units), FL = femur length (mm), FW = femur weight
(mg), WK6 = 6-week body weight {g), T4 7L = 6-wecek tail length (cm).

sexes were considered fixed effects. The assumptions of
normality and independence of the ez were made. Com-
parison were made among line-sex means. The Bonferroni
t-statistic (Kirk, 1968) was used to test two comparisons
which were not mutually orthogonal. This wasan attempt
to keep the experiment-wise crror rate constant. A corre-
lation analysis indicated a high correlation between 1§
and V9. This suggested only a slight gain in information
from their joint consideration, and 179 was omitted in
further analyses. Multiple regression analyses were cal-
culated within sexes and lines, using WK6 and TAIL as
dependent variables and VN, V8, FL and FW as inde-
pendent variables. Canonical correlation analyses were
calculated between Set 1 (WK6, TAIL) and Set 2 (VN,

Table 3. Linear contrasts for each trait

ficant (P < .01) source of
variation for all traits, indi-
cating that seven generations
of selection were successful in
altering phenotypes. Selected
linear contrasts among line-
sex means are given in Table 3. Contrasts 1 through
17 are mutually orthogonal. Contrasts 18 and 19 were
tested by the modified t-test cited earlier.

Males had significantly (P < .01) larger scores
than females (contrast 1). Sexual dimorphism in
body weight and linear dimensions is common in
mammals. The result for VN conflicts with the find-
ing of Barnett (1965) who found no sex difference for
caudal vertebrae number in sixteen-week old mice of
several inbred lines and their crosses. Contrasts 2
through 6 test replicate line differences. Contrast 3

FL

Contrast® VN '8 o FW WEK6 TAIL

1. Sex 0.87%* 27.35%* 28.71%* 0.58** 7.13%% 4.68%* 0.45%*
2. WHT) vs WHTY — .65* 12.80 9.65 0.16 3.50% 0.06 0.15
3. WOTf ws WOTy —.Q5%* 23.35% 22.55% 0.02 1.40 — 10 —.03
4. WHT{ vs WHTT 0.40 15.60 —1.80 0.46%* 2.22 2.06%* 0.54%%
5. W-Tlws W-T} 0.25 15.85 16.35 0.14 —6.36*%* —.13 0.24
6. WOTY vs WOTY —.50 10.35 6.70 0.00 1.64 0.55 0.11

7. WHT-us W-T+  —2.08** —43.78%* —40.17*%* 0.34%% 7.37%% 5.54%* —1.78%*
S (WHT- ~ W-T% -2 —17.20%* —11.56%* —.18* —3.32%% —.19 —.74%

vs WoeTe

9. W*T0ys WoT+ — BOR* —20.42%%* —31.15%* —.06 5.84 %% 4.34%* —1.10%*
10. Sex x 2 0.45 2.80 0.95 0.11 —.83 0.13 0.10
11. Sex X 3 0.45 3.35 —10.75 0.23 1.80 1.44 0.06
12. Sex X 4 0.50 —8.30 —13.50 0.12 —.49 1.01 0.21
13. Sex X § —.25 1.45 —3.95 —.19 —1.21 —.70 —.22
14. Sex X 6 —.80%* 4.75 2.40 0.00 —1.02 0.02 0.03
15. Sex x 7 0.22 23.57%* 19.87%* 0.07 1.02 0.58 0.16
16. Sex x 8§ 0.22 —16.62*%* —~16.83** —.03 —1.53 —.27 —.01
17. Sex X 9 0.05 3.67 1.55 —.12 —2.04 —.50 0.00
18. W+T0ys Woreh 0.37 5.02 5.38 0.37* 6.31** 6.19%* 0.18
19. WoT+ys Woroh 1.17% 34.45% 36.52%* 0.30 0.47 1.85 1.27%%

4 Tiirst 17 contrasts are mutually orthogonal.

*

P05 ** P ot
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b Last two contrasts tested by

Bonferroni t-statistic.
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is of particular interest. The two replicates selected
solely for increased tail length did not differ in
TAIL; however they did differ in the components of
tail length. The replicate having fewer (P < .01)
vertebrae had longer (P < .05) vertebrae. The res-
ponses for replicate one infer that tail length was
increased primarily by elongation of vertebrae,
whereas the responses for replicate two infer that tail
length was increased primarily by an increase in ver-
tebrae number (Table 2). Contrast 4 appears to
indicate considerable between replicate variation.
However, these results must be interpreted with
caution since W*T7 had less cumulative selection
pressure than W+ T3 (Rutledge ef al., 1973). Contrast
6 measures the effects of drift on these traits in the
absence of intended selection; none of the seven tests
revealed a significant difference between replicates.
Ignoring Contrast 4 in which replicates could have
differed due to markedly unequal selection intensi-
ties, six of twenty-one tests of replicate difference in
the selected lines were significant. This is too large
a fraction to dismiss as due to chance alone. These
populations were founded with an effective number
of parents of about 26 and thus Mayr’s “founder
principle’” might be invoked. However, drift seems
unlikely as the sole reason for these results since the
control lines did not differ. Selection, too, can be
discounted since replicate lines had exactly the same
selection criteria. Rather, there seems to be evidence
for an important joint effect of random sampling and
selection as predicted by Wright (1948).

Contrast 7 which tests for divergence between the
index selected lines was significant (P < .01) for all
traits. Asymmetry in index response (Contrast 8)
was noted for several traits. Contrast 9 is a compari-
son of the lines selected for increased WK6 with the
lines selected for increased TAIL. The former lines
were heavier (P < .01) in WKG6 and FW, but they
were significantly (P < .01) smaller in T4IL and its
components. There was no difference in FL. Thus
seven generations of selection for increased TAIL did
not lead to increased linear growth of the femur rela-
tive to selection for increased WKO.

Contrasts 10 through 14 are
tests of differential responses for
sexes with Contrasts 2 through6;
only one of the thirty-five tests

The lines selected for increased WK6 had positive
correlated responses in all traits. However, except
for the selection criterion, only the femur measures
were significant (Contrast 18). Similarly, the lines
selected for increased T"AIL responded positively for
all traits, but correlated responses in WK6, FL and
FW were not significant (Contrast 19). These two
contrasts should not be taken to infer a lack of gene-
tic correlation between WKG6 and TAIL. An analysis
of generation means has shown significant correlated
responses in these traits (Rutledge et a/., 1973). These
results indicate that the distributions of the W+T°
and WOT* lines still overlap considerably for the
correlated traits.

Phenotypically, all traits were positively correlat-
ed, indicating that all were measures of body size
(Table 4). The correlation between V8 and V9 was
0.92, suggesting only a slight gain of information
from their joint consideration. Thus, V9 was omitted
in further analyses.

Table 4. Correlations among traits pooled within [line-sex
subclasses®

Trait V8 Vo FL FW WKe TAIL
VN 0.21 0.20 0.21 0.21 0.16 0.36
Ve 0.92 0.56 0.33 0.31 0.59
Vo 0.56 0.34 0.29 0.57
FL 0.57 0.58 0.54
FW 0.56 0.40
WK6 0.45

& All correlations are significant at P < .01 except between
VN and WKG6 which is significant at P < .05 (d.f. = 179).

Table 5 gives the multiple regression analyses of
WKG and TAIL, respectively, on VN, V8, FL and
FW. Also given are standard partial regression coeffi-
cients which can be used to judge the utility of the
independent variates in predicting the dependent
variates. FL, followed closely by FW, was most
important in predicting WK6. FL as well as VN and
V'8 were important in predicting TAIL.

Table 5. Multiple vegression analyses using the skeletal traits to predict WK6 and

TAIL, vespectively™

Vi)ependent Variable

was significant. The analyses of  Independent T WK T -
. 4 . . 6 TAIL

variance indicated that sex x line  Variable o B . LT
interactions were significant bt se. b’ b 4 s.e. oy
(P < .05) only for vertebrae N 0.043 4 153 0.017 0.109 - .029%* 0.213
length. The nature of thisinter- ¢ —.002 ¥ .006 —.024  0.007 L .001%* 0.414
action 1s given by Contrast 15. FL 2.551 4 L503%* 0.403 0.283 + 095 ** 0.224
Male mice of both replicates of FW 0.164 -+ .034** 0.335 0.010 - .007 0.102
W+*T- had significantly shorter £* 0.415%* ) o470 3 -
vertebrae than females while 4 Adjusted for sex, line and sex x line cffects (d.f. = 176). b = partial regression

the reverse was true for all other

lines. ** P <01,

coefficients, s.e. = standard error and b’ = standardized partial regression coefficients.

Theoret. Appl. Genetics, Vol. 45, No. 1
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Table 6. Canonical corvelation analysis between set 1 (WHK6, T.AIL) and set 2 (VN, V8,
FL, FW) traits

Set 1

Canonical  Characteristic Set 2
Variable Root o T .

WK6 TAIL VN 178 FL FW

Correlations between Canonical Variables and Traits®
1 0.55%* .81 U.89 .44 0.75 0.89 0.74
2 (0.18%* 0.59 — .45 —.33 —.53 0.21 0.46
Characteristic Vector?
1 0.77 1.00 0.42 0.68 1.00 0.66
2 1.00 —.01 —.46 —1.00 0.20 0.64
** p 0t

3 All correlations are significant at P < .0t.

b In standard units with largest coefficient scaled to unity within ecach vector.

The canonical correlation analysis is summarized
in Table 6. Set 1 traits (WK6 and TAIL) were those
subject to selection and the remaining traits (Set 2)
were those used to measure changes in the skeletal
growth. The canonical variate transformation creates
linear combinations which have a maximum between
set correlation, and successive canonical variates are
orthogonal. The first two canonical correlations were
significant (P < .01), accounting for 54.5 and 18.0
percent of the variance, respectively., The first cano-
nical correlation (0.74) was higher than any correla-
tion between individual variables of the two sets
(Table 4). FL had the largest weighting factor in the
first characteristic vector and thus was the most
important variate in explaining the joint distribution
of the Set 1 traits. This was consistent with the multi-
ple regression analyses in that FL was the only trait

which yielded a significant contribution to the regres-
sion sum of squares of both dependent variates. This
result is also consistent with Contrasts 18 and 19 of
Table 3. Of the skeletal traits, FL was the only trait
which had a sizable correlated response for both single
trait selection treatments. This correlated response
was significant (P < .05) for W*T? and approached
significance for W°T*, even when tested by the conser-
vative Bonferronit-statistic.

Table 7 summarizes the canonical variate analysis.
FYor both sexes, differences among mean vectors of
lines were signifcant (P < .01) as tested by Wilk’s
criterion (Overall and Klett, 1972). The characteristic
vectors are the coefficients for that linear combina-
tion of the traits (the canonical variate) which maxi-
mizes the sum of squared differences among line
means relative to the pooled within line variance for

- 6 . .
Table 7. Largest two characteristic voots (A, A,) and their percent of the sum of the voots ( 3 4), corvelations between canonical
variables and traits, and chavacteristic vectors ©=1

. e Percent Correlations between Canonical Variables and Traits
Characteristic 6 ) i . ) . I
Root of 2% VN V'8 FL FW WKG TAIL
o Males o
4.40%% 60.4 0.41%% 0.17 —. 11 —.26* — .41 R* 0.65%*
1.59 21.9 0.44%* 0.35%* 0.57%* 0.54%* 0.90** 0.66**
6
2 ki = 7.20%*
=1
Females
9.39** 81.1 0.25%* 0.28* —.08 —.24%* — . 30%* 0.52%*
1.37 11.8 0.40** 0.53** 0.52%* 0.82%* 0.79%* 0.73%*
6
3 A = 11.57*%*
i=1
Characteristic Vector®
Canonical variable . el e
VN 1S I'L rw WK6 TAIL
Males
1 0.30 —.25 0.07 —.17 —.70 1.00
2 0.36 —.30 0.04 —.02 1.00 0.51
Ifemales
1 0.06 0.03 —.33 —.38 —.41 1.00
2 0.26 0.41 — .45 1.00 0.85 0.41
# In standard units with largest coefficient scaled to unity
*p < .05 **p>.01
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30 J. J. Rutledge et al.: Correlated Responses in Skeletal Traits in Sclected Lines of Mice

Tabl 8. Summary of classification based on generalized squared distance®

Number of Mice Classified into Line

Line -
Wi

Ww+TY 13 4 0 0
W+T$ 4 15 0 0
Wwery 0 0 13 2
werTy 0 0 2 15
W1y 2 2 0 1

T3 0 1 0 0
W-1 0 0 1 0 0
w-T, 0 0 2 0 0
wery 0 0 0 0 1
WwerTs 0 1 0 0 0

TCo -

(o) e

# Calculated within sex and then pooled.

that canonical variate. Within sexes, the canonical
variates are uncorrelated. Only the first two canoni-
cal variates are shown as their associated characteris-
tic Toots accounted for 82.3 and 92.9 percent of the
sum of the characteristic roots for males and females,
respectively. Comparing characteristic vectors for
each sex suggests considerable differences in the
utility of some traits to discriminate. For example,
the coefficients for FL for males were small and posi-
tive, whereas the coefficients for females were moder-
ate and negative. However, linear correlations be-
tween the traits and the canonical variates were
remarkably consistent across sexes. In no case did
analogous correlations differ in sign. In addition, each
trait was significantly correlated with at least one of
the canonical variates. This was taken as an indica-
tion that all traits were useful in discrimination.

Since most of the discriminatory power of the six
traits is contained in the first two characteristic vec-
tors, the line-sex mean values for the first two charac-
teristic vectors were used as Cartesian coordinates to
plot the locations of the line-sex means in two-dimen-
sional space. These plots are shown in Iig. 1aand 1b
for males and females, respectively. With the excep-
tion of the W*T - males, replicates tended to cluster
in the space defined by the first two characteristic
vectors.

Results of the generalized distance analysis using
all six traits are given in Table 8. The discriminant
function classified 86%, of the mice correctly into
treatment group. This result confirms the earlier
observation that although the lines are differentiated
on a mean basis, there is still an overlap of distribu-
tions. However, it is apparent that the generalized
distance is a powerful tool in distinguishing genetic
groups as demonstrated by Festing (1973) for mandi-
ble bone measurements in inbred lines of mice.

General Discussion

In general, these results tend to point towards
relatively little variation between replicate selected
lines compared to variation between selection treat-
ments and could be interpreted to indicate that repli-

WHT)  WOTF  WOT,  WITy  WTy

w-Ty W-13 woTy  Wery
0 0 0 0 2
[} 0 0 1 0
0 1 3 1 0
0 1 1 0 1
6 0 0 1 0

12 0 0 [} 1
0 18 0 0 1
0 2 16 0 0
1 0 0 12 6
(0] O 1 3 15

Males
oW

e 0
W [Z oW{]/'“ OWDTZ’

9 oW

A : . : o'y
'WUED

Second canonical variate

W
.14/7‘+

. w‘]z'

-3

Fig. 1a. Plot of the line means of canonical variables 1 and 2
for males (Standard errors of line means for canonical variables
1 and 2 are 0.39 and 0.43)

A
Females
3 W
o)
2 ‘ 0
@ oW
2
g RN
g
[ =
2
80
'g . .WDEU
§_1 oy W
-W‘E‘
i
20 A
"W
ki b : L
-4 -3 -2 -1 0 1 ? 3 4

First canonical variate
Iig. 1b. Plot of the line means of canonical variables 1 and 2

for females (Standard errors of line means for canonical varia-
bles 1 and 2 are 0.32 and 0.506)
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cation is unnecessary in the design of selection experi-
ments. The authors, however, take the opposing
viewpoint from two lines of reasoning. First, replica-
tion is basic to the science of statistical inference and
functions to provide estimates of experimental error.
Second, although replicates did respond similarly in
most correlated traits and hence would give confi-
dence in predicting correlated responses in further
experiments, this was not always the case. Tor
example, consider VN and V8 responses in the two
lines selected for increased tail length. The two lines
yielded almost exactly opposite inferences in correlat-
ed responses of the components of tail length. Clearly,
from this experiment it is impossible to predict which
component of tail length will be increased more rela-
tive to the other when selection is practiced solely for
tail length.

The results of the multivariate analyses indicate
that different selection criteria have led to morpho-
logically distinct lines in terms of linear functions of
body size and skeletal measurements. Hanrahan,
Hooper and McCarthy (1973) and Byrne, Hooper and
McCarthy (1973) have demonstrated marked changes
in muscle fiber number and diameter in lines of mice
selected for body weight. Ifurther research would be

Received February 4, 1974
Communicated by H. Stubbe
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desirable in order to relate the very marked changes
in morphological traits to genetic changes in hormonal
and enzyme levels and the ability of tissue to respond
to given doses of hormones.
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