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Summary. Two populations of randombred of different
origin (P and Q) containing eight lines (Mp, Wp, Bp, Cp,
Mg, Wg, Bg and Cq) were used to evaluate the growth,
feed efficiency and lifetime performance of females from
eight pure lines and 16 F; crosses. Line comparisons with-
in populations (P or Q) revealed that the heaviest line at
days 21, 42 and 63 was W, followed by lines B, M and C
in both populations, while the highest in feed efficiency
between days 21 and 63 was line W, followed by lines B,
M and C in population P, and was line B followed by lines
W, M and C in population Q. Generally, average body
weights and feed efficiencies of crosses within and be-
tween populations were similar to those of mid-parents.
Selection produced line W superior to the line M in addi-
tive direct genetic effects on body weight and feed effi-
ciency in each population, and line Wy superior to line
W in additive maternal genetic effects on body weights
at days 21, 42 and 63. In lifetime performance tests, total
20-day weight of litters produced by a dam during 200
days averaged from 442.7 g (Wp) to 739.1 g (M;) for the
eight lines. Lines M and W of populations P and Q gener-
ally did not differ in additive direct and maternal genetic
effects on lifetime performance. Crosses excelled lines in
the number of litters raised to weaning (544 vs. 5.25) and
total 20-day litter weight per dam during 200 days (648 .5
vs. 589.3 g). For lifetime 20-day litter weight per group,
crosses from unselected lines (C) exceeded crosses from
lines selected for nursing ability (M), adult weight (W) and
both traits (B). Crosses of lines from different populations
showed a higher heterosis in lifetime performance than
crosses of lines within populations. Heterosis in the num-
ber of litters raised to weaning, and total 20-day litter
weight per dam was significant in crosses between lines
Cp and Cq, between lines Wy, and W, and between lines
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Wp and Mg,. Crosses CpCq, and CoCp had a highly per-
sistent production during lifetime tests.
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Introduction

A breeding system based on the development of specia-
lized sire and dam lines for eventual crossing has been in-
vestigated theoretically by Smith (1964) and Moav and
Hill (1966). Two important questions about this breeding
system which require investigation experimentally are
whether heterosis in crosses between a sire line and dam
line in the same population differs from heterosis in cross-
es of lines of different populations, and how heterosis in
crosses of selected lines differs from heterosis in crosses
of unselected lines.

Crosses between lines (breeds) usually exhibit hetero-
sis, particularly for fitness traits. The value of heterosis in
farm animals might be substantial for a complex of fitness
traits. In dairy cattle, for example, lifetime milk produc-
tion depends on calving interval, resistance to disease (e g.
mastitis), longevity etc. If these component traits exhibit
favorable heterosis, substantial benefit from crossbreeding
could be expected for lifetime milk production.

Although research has been conducted on lifetime per-
formance in purebred animals (Gill and Allaire 1976 in
dairy cattle; Baker et al. 1978 in sheep; Tomita et al.
1976, Wallinga and Bakker 1978 in mice) the literature
dealing with lifetime performance in crosses is scarce. In
the only study with mice, Roberts (1961) reported that
compared to the better parental strain, crosses weaned
three times as many offspring whose total weaning weight
was four times as great.

Three lines of mice selected for nursing ability and/or
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adult weight and an unselected control line have been
developed in each of two populations of different origin
(Nagai et al. 1978). The objective of this study was to
examine heterosis for growth, feed efficiency and lifetime
performance exhibited by F, crosses from the eight lines.

Material and Methods

Mice

The mouse lines used were the three selected lines (M, W and B)
and one unselected control (C) in each of the two randombred
populations (P and Q). The breeding history of these lines has
been described by Nagai et al. (1978) and Nagai (1978). Briefly,
selection was conducted in M for increased nursing ability, as
measured by mean 12-day litter weight in a crossfostering set, in
W for increased adult weight (42-day weight), and in B for in-
creased selection index value combining 42-day weight of an
individual and the nursing ability of its mother. The C line was
maintained as unselected control in each population. After 12
generations (generations 0 to 11) of selection, the six selected lines
(Mp, Wp, Bp, MQ, WQ, BQ) were maintained without selection for
three generations of random mating, and were then selected again
for five generations (generations 15 to 19). Mice used for this ex-
periment were female offspring born to parents at generation 20.

Eight pure lines and 16 F, crosses were produced by the
mating design shown in Table 1. At birth, litter size was stan-
darized to eight. At weaning, 30 females were randomly chosen in
each group (pure line or cross) with the restriction that they re-
present litters produced by 18 pair-matings. Thirty females were
individually caged from days 21 to 63. At day 63, each female
was cohabited with a male from an unrelated randombred popu-
lation (R). When females produced their first litters, litter size was
reduced to nine, where possible. Litters of less than nine mice
were not augmented. The litter was maintained until day 20in a
cage with its sire and dam. At day 20, the litter was discarded.
This procedure was repeated until dams reached 263 days of age.
When sires died, new adult males were introduced for pair-mating,
while when dams died, no replacement was made. Females that
did not produce a first litter by day 93 were mated with a new
male, and were destroyed at day 123 if no litter had been pro-
duced or pregnancy was not apparent. A similar procedure was

Table 1. Number of females (pure lines and F, crosses) used for
the growth and feed efficiency experiment

Dam
sSire Mp Wp Bp Cp MQ WQ BQ CQ
Mp 30 30 30 29
Wp 30 30 30 30 30
Bp 30
Cp 30 29
MQ 30 30 30 30
WQ 30 30 29 28 30
BQ 30
CQ 30 29

Number of females used for the lifetime performance experiment
was 30 for each of eight pure lines and 16 F, crosses shown above
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applied subsequently. Throughout 200 days of observation, a com-
mercial pellet feed (Purina Mouse Chow) and tap water were sup-
plied ad libitum. Temperature and humidity in mouse rooms
ranged from 20° to 24°C and from 40% to 50%, respectively.

Measurement

Body weight and feed weight were recorded individually at days
21, 42 and 63. Feed efficiency for each period (days 21 to 42,
days 42 to 63 and days 21 to 63) was defined as the ratio (%) of
body weight gain (g) to feed intake (g) during the period. In the
lifetime performance tests, the number of young within the litter
(NY) and body weight of the litter (LW) were recorded at day 20.
At the end of the 200-day period, the number of litters raised to
weaning (WNU) was counted for each dam. Also, total number
young raised (TNY), total litter weight (TLW) and their means
(ANY = TNY/WNU and ALW = TLW/WNU) were calculated for
each dam. These measurements characterize lifetime performance
of a dam. Number of dams weaning a litter (DN) was multiplied
by the mean TLW for the lifetime 20-day weight of litters raised
by line or cross (LLWG). DN measures the survival of productive
dams while WNU and ANY measure their reproductive efficiency.
ALW indicates a composite of nursing ability of the mother, growth
potential of the young and preweaning survival (ANY) for stan-
dardized litters.

Statistical Analysis

Data from 24 groups (8 pure lines and 16 crosses) were analyzed
in a one-way analysis of variance (between and within groups).
The within group variance was used to conduct t-tests when a
priori linear contrasts were mutually orthogonal and Dunn’s tests
(Kirk 1968) when the contrasts were non-orthogonal. Contrasts
involving means from lines Mp, Wp, Mg, WQ and their crosses, and
those from control lines Cp and C(y and their crosses were used to
estimate additive direct and maternal genetic effects and direct
heterosis for lifetime performance. Mean performance of a line or
cross was assumed to be completely determined by additive direct
and maternal genetic effects and direct heterosis. Dickerson
(1969) and Eisen (1973) have given the genetic models for inter-
preting line-cross data. The contrasts for additive direct genetic
effects (g), additive maternal genetic effects (m), and direct het-
erosis (h) for lines A and B, and their F, crosses are as follows:

A-B-F,(BXA)+F, (AXB)=g, —gpg,
F, BXA)-F,(AXB)=m, —mp,
F, BXA)+F, (AXB)~A —B=2h,p,

where for example, A is the group mean of line A females and 13,
(B X A) is the group mean of F, females from the mating of line B
sires with line A dams.

Results
Growth and Feed Efficiency
Mean body weights at days 21,42 and 63 are presented in

Table 2. Estimates of mean body weight gains from days
21 to 42 and from days 42 to 63 can be obtained from



J. Nagai et al.:Growth, Feed Efficiency and Lifetime Performance of F, Female Mice

61

Table 2. Mean, standard error (SE) and coefficient of variation (CV) of body weight for female mice of pure lines and their F, crosses

Line Day
or
cross No. 21 42 63

Mean SE cv Mean SE Ccv Mean SE cv

® ®) @®
M, 30 14.6 0.29 11 253 041 9 29.0 0.76 14
Wp 30 16.6 0.36 12 301 0.61 11 36.5 1.02 15
B, 30 15.2 0.33 12 289 0.47 9 335 0.72 12
Co 30 12.6 0.28 12 217 0.27 7 23.8 0.34 8
MQ 30 16.2 0.22 8 27.2 0.37 7 30.1 0.53 10
WQ 28 18.7 0.40 11 354 090 13 40.7 1.25 16
BQ 30 17.6 0.33 10 341 0.71 11 41.1 1.29 17
CQ 29 15.2 0.17 6 243 041 9 26.2 0.50 10
Line mean 15.8 0.30 10 284 0.52 10 32,6 0.80 13
MW, 30 16.8 0.20 7 284 0.55 11 345 0.88 14
WM, 30 16.2 0.30 10 27.4 0.39 8 324 0.91 15
WpBp 30 16.6 0.42 14 309 0.47 8 36.3 1.13 17
MQWQ 30 16.9 043 14 30.1 0.45 8 332 0.65 10
WQMQ 29 18.2 0.29 8 312 0.42 7 353 0.74 1
WQBQ 30 17.8 0.44 14 340 0.86 14 38.8 1.46 21
MPMQ 30 16.0 0.23 8 254 042 9 286 0.74 14
WPWQ 30 16.5 0.62 21 315 0.73 13 358 0.88 13
CC 29 14.0 0.31 12 227 0.29 7 24.8 0.41 9
M, Q 29 16.2 0.40 13 28.5 048 9 337 0.77 12
WPMQ 30 16.5 0.33 11 279 042 8 326 0.85 14
MQMP 30 15.5 0.31 11 25.6 0.46 10 284 0.61 12
WoWs 30 18.9 0.36 10 337 0.71 12 40.4 1.25 17
C§C 30 13.1 0.27 11 222 041 10 24.6 0.55 12
MQ P 30 16.4 0.26 8 28.0 0.39 8 33.0 0.72 12
WQMP 30 171 0.25 8 294 051 10 347 0.93 15
Cross mean 16.4 0.34 12 28.6 0.50 10 33.0 0.84 14
For example, MPWQ is the F, cross from the line M, sire mated with the line WQ dam

the figures shown in Table 2. The four lines (M, W, B and
C) of population Q were heavier than the corresponding
lines of population P at days 21, 42 and 63. The within
population comparison revealed that each of the selected
lines (M, W, and B) were significantly (P < 0.01) heavier
than the control line (C), except line M, at day 21. Line
ranking for body weights at days 21, 42 and 63 was W >
B > M > C in both Populations (P and Q). Coefficients of
variation were, on the average, similar for the eight lines
and 16 F, crosses at days 21,42 and 63. Cross WpBp was
significantly heavier than cross WpMp and cross W Bg
was heavier than cross WoM, for body weights at days 42
(P < 0.01) and 63 (P <0.05). Crosses involving the index
line (B) selected for both nursing ability and adult weight
were heavier than crosses involving the line (M) selected
for nursing ability.

Mean feed efficiencies for the periods between days 21

and 42, days 42 and 63, and days 21 and 63 are shown in
Table 3. Estimates of mean feed intake during the corre-
sponding periods can be obtained from Table 3. Feed
efficiency between days 21 and 42 was more than twice
the feed efficiency between days 42 and 63 in lines and
F, crosses. Among the eight lines, B was the highest in
feed efficiency during the period between days 21 and 63
(10.5%), followed by lines W, (9.7%), Wp (8.7%), Bp
(85%) and the remainder (7.8 to 6.4%). Line B, was
highest in feed efficiency both between days 21 and 42
(14.9%) and between days 42 and 63 (6.44%). In line By,
body weight gains were 16.5 and 7 4 g for the periods be-
tween days 21 and 42, and between days 42 and 63, re-
spectively, while feed intakes were 1104 and 1117 g
during the corresponding periods. Comparison within po-
pulations revealed that the selected lines (M, W, and B)
had significantly larger feed efficiency between days 21
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Table 3. Mean, standard error (SE) and coefficient of variation (CV) of feed efficiencies for female mice of pure lines and their F, crosses

Between days

Line 21 and 42 42 and 63 21 and 63
or No.
Cross Mean SE Cv Mean SE cv Mean SE Ccv
(%) (%) (%)
MP 30 13.7 0.30 12 3.90 0.363 51 78 0.38 26
WP 30 124 0.36 16 5.27 0.440 46 8.7 0.34 22
BP 30 13.0 0.34 14 4.15 0.345 46 8.5 0.25 16
CP 30 109 0.35 17 2.27 0.171 41 6.4 0.19 16
MQ 30 120 0.34 16 3.23 0.296 50 7.6 0.23 17
WQ 28 14.7 0.56 20 458 0.385 45 9.7 0.37 20
BQ 30 149 0.29 11 6.44 0.520 44 10.5 0.39 20
CQ 29 10.7 0.28 14 2.32 0.281 65 6.5 0.23 19
Line mean 12.8 0.35 15 4.02 0.350 49 8.2 0.30 20
MPWP 30 11.7 0.35 16 5.67 0.337 33 8.6 0.30 19
WPMP 30 11.4 0.31 15 4.76 0.482 55 79 0.34 24
WPBP 30 13.2 0.48 20 546 0.688 69 8.8 0.40 25
MQWQ 30 133 0.36 15 471 0.261 38 8.2 0.23 15
W MQ 29 12.8 0.36 15 4.17 0.344 44 8.5 0.33 21
wglg,Q 30 14.5 0.40 15 5.38 0.615 63 94 041 24
MPMQ 30 10.8 0.33 17 3.34 0.332 54 7.0 0.27 21
WPWQ 30 145 0.48 18 422 0.361 47 9.3 0.35 21
c.C 29 10.4 0.36 19 2.35 0.212 49 6.3 0.22 19
P“QQ 29 12.5 0.32 14 498 0.399 43 8.8 0.29 18
WPMQ 30 12.0 043 20 4,61 0.450 53 8.3 0.35 23
MQMP 30 114 0.29 14 3.16 0.303 52 7.4 0.20 15
w WP 30 135 0.49 20 6.55 1.031 86 9.7 0.41 23
CgCP 30 11.2 0.30 15 2.92 0.316 58 7.1 0.23 18
MQWP 30 124 0.37 16 485 0.399 44 8.5 0.33 21
WQMP 30 12.7 0.27 12 5.05 0.459 50 8.8 0.31 19
Cross mean 124 0.37 16 451 0.437 52 8.3 0.31 20

and 63 than the control (C) in both populations, except
for line My, . Feed efficiency for the period between days
21 and 63 varied among crosses, ranging from 6.3%
(CpCq) t09.7% (W Wp).

Comparison of the control lines (Cp and Cg) in the
two populations provides the basis for the comparison of
selection response of two lines in different populations (P
and Q). Lines Cp and Cg, differed significantly (P <0.01)
for body weights at days 21 and 42 (Table 4). When dif-
ferences between the two control lines (Cp-Cq) were
taken into consideration, line W, was heavier (2.6 g) than
line Wy in body weight at day 42, line By was heavier
(5.1 g) than line By for body weight at day 63, and was
more efficient (1.9%) for feed efficiency between days
21 and 63. Lines Mp and M, did not differ in any traits
examined.

Using data from My, Wy, Mg, WQ and their crosses,
and lines Cp and C, and their crosses, additive direct
and maternal genetic effects and heterosis for body weight

and feed efficiency were evaluated (Table 5). Again, the
difference between lines Cp and Cq was taken into ac-
count when genetic effects for two lines of different po-
pulations were compared. For additive direct genetic
effects on body weights at days 21, 42 and 63, the lines
selected for adult weight (W, and Wq) were greater than
the lines selected for nursing ability (Mp and MQ) with
line Wq being superior to line Wp. Additive maternal
genetic effects of lines selected for nursing ability (M,
and M) did not differ from those of lines selected for
adult weight (Wp and Wg,), except that line Mg was su-
perior to line Wq for body weight at day 21. Line Wy
exceeded line W, for additive maternal genetic effects on
body weight at days 21,42 and 63. There was no evidence
of significant heterosis except for crosses of lines Mp and
Wp for body weight at day 21. In fact, negative heterosis
was frequently observed for body weights at days 42 and
63.

Analyses of feed efficiency revealed that in general,



J. Nagai et al.: Growth, Feed Efficiency and Lifetime Performance of F, Female Mice 63

Table 4. Differences in body weight and feed effciency between lines of different populations

(P and Q)

. a a a
Trait MP—MQ WP—WQ BP—BQ CP~~CQ
Body weight at day 21 (g) 1.1 0.5 0.3 —2.6%*
Body weight at day 42 (g) 0.7 —-2.6* -2.5 —2.7%*
Body weight at day 63 (g) 1.3 -1.38 —-5.1% -2.4
Feed efficiency, days 21 and 42 (%) 1.5 —24 -2.0 0.2
Feed efficiency, days 42 and 63 (%) 0.7 0.7 -22 -0.0
Feed efficiency, days 21 and 63 (%) 0.3 -0.9 —-1.9* -0.1
3 Adjusted for the difference, CP“CQ

* Significant P < 0.05
**  Significant P < 0.01

Table 5. Additive direct and maternal genetic effects for body
weight and feed efficiency

Genetic Body weight (g) at Day
effect Lines
21 42 63

Direct MP-WP -1.4 —-3.9%* — §5.3%
MQ—WQ —3.8%* —9 . 2%* —12.6**
MP—MQ 0.7 -0.0 1.3
WP—WQ -2.8% —5.4* - 6.6
MP—WQ ~5.0** —11.0%* 12.7%*
WP—MQ 2.3 4.8* 8.3%*
CP_CQ —-1.7* - 2.1* - 22

Maternal M_-W -0.6 - 09 - 2.1
Mg—\’k); 1.3%* 1.0 2.0
MP_MQ 0.4 0.7 0.0
WP—WQ 3.4%* 2.7%* 4 8%
MP—WQ 1.0 0.9 1.0
WP_MQ 0.7 0.7 0.5
CP—CQ -0.9 - 0.5 - 02

For genetic effects involving two populations, P and Q, the effects
of CP and C_, were taken into account

* Slgnificarclzt P < 0.05

**  Significant P < 0.01

the difference in additive direct and maternal genetic
effects between lines and direct heterosis were not sta-
tistically significant. The exceptions were line M minus
line Wq (~2.3%, P < 0.01) and line Mp minus line W,
(—19%, P < 0.05) for additive direct genetic effects be-
tween days 21 and 63, and the cross from lines M, and
Wy for heterotic effects (—1.5%, P < 0.01) between days
21 and 42.

Lifetime Performance

Mean lifetime performance of females and total weight of
litters produced by eight lines and 16 F,; crosses are
shown in Tables 6 and 7, where entries in each line or
cross are listed in descending order of lifetime litter weight

per line or cross (LLWG). The number of dams producing
young over the 200-day period (DN) averaged 26 (88% of
the initial 30 dams) for the eight lines and 28 (93%) for
16 crosses, indicating a higher reproductive capability for
crosses. Crosses showed a higher productivity than pure
lines: 5.44 vs. 5.25 for number of litters raised to weaning
(WNU), 43.5 vs. 40.7 for number of young raised during
the 200-day period (TNY), and 64 9 g vs. 5 89 g for body
weight of litters raised during the period (TLW). Conse-
quently, the mean LLWG was 15% heavier in crosses than
lines (17,984 g vs. 15,724 g). Crosses between populations
(WoMp, WpMg, MWy and MpWg) exceeded crosses
within populations (WoMq, MoWq, MpWp and WpMp):
28 vs. 27 for DN, 5.6 vs. 5.0 for WNU, 44 9 vs. 39.5 for
TNY, 690 g vs. 594 g for TLW, and 19,079 gvs. 16,211 g
for LLWG.

Differences in lifetime performance between lines
within populations are shown in Table 8. Lines My and
Mg, selected for nursing ability exceeded the lines selected
for adult weight (Wp, Bp, Wq, and By, ) in WNU, TLW and
TNY, indicating superior reproduction (fertility and nur-
sing) of lines Mp and Mg . They exceeded the unselected
lines (Cp and Cq,) in average litter weight (ALW = TLW/
WNY). Lines selected for adult weight were inferior to the
unselected lines in WNU but were superior in ALW, indi-
cating that they were poor in reproduction but rapid in
growth.

Differences in lifetime performance between corre-
sponding lines of the two populations (e g. Mp-Mg) are
shown in Table 9, where the difference between selected
lines was adjusted again for the Cp-Cy difference. The un-
selected line, Cq. was significantly heavier than the coun-
terpart, Cp, for ALW. However, this difference tended to
decrease by selection applied to M, W or B lines. for WNU,
selection caused nearly twice as large differences in lines
M, W or B as in line C. Selection in line Wp produced a
greater response for ALW than in line Wq but not for
ANY and TNY.

Differences between lines in additive direct and mater-
nal genetic effects for lifetime performance were not sta-
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Table 6. Mean, standard error (SE) and coefficient of variation (CV) for lifetime performance of females and total body weight of litters

produced by pure lines

No. of pro- No. of litters raised No. of young Body wt. of litters Total litter
Line ducing dams to weaning (WNU) raised (TNY) raised (TLW) wt. per line
(DN) Mean SE CcvV Mean SE cvV Mean SE cv (LLWG = DN x TLW)
® (8)
MP 29 6.6 0.24 19 52.1 194 20 739 270 20 21,431
CP 28 6.2 041 35 473 341 38 600 439 39 16,800
BP 27 5.1 044 45 39.5 380 50 542 54.6 52 14,634
WP 24 39 040 50 30.2 326 53 443 434 48 10,632
MQ 28 5.6 0.32 30 44 4 2.77 33 706 455 34 19,768
CQ 28 59 0.27 24 43.6 243 29 640 35.7 29 17,920
BQ 28 43 0.37 46 34.0 3.37 53 530 498 50 14,840
WQ 19 4.4 0.46 46 343 3.61 46 514 53.8 46 9,766
Line Mean 26 5.25 0.36 37 40.7 3.07 40 589 43.0 40 15,724

Table 7. Mean, Standard error (SE) and coefficient of variation (CV) for lifetime performance of F, females and total body weight of

litters produced by F, crosses

No. of pro- No. of litters raised No. of young raised Body wt. of litters Total litter
Cross ducing dams to weaning (WNU) (TNY) raised (TLW) wt. per cross
(DN) Mean SE cv Mean SE CcvV Mean SE CcvV (LLWG = DN x TLW)
®
CPCQ 28 7.2 0.21 16 59.7 2.18 19 824 31.6 20 23,072
CQCP 30 7.0 026 20 57.3 232 22 772 284 20 21,660
MPMQ 30 59 041 38 49.0 3.36 38 757 535 39 22,710
MQMP 29 6.1 0.32 28 499 2.81 30 741 413 30 21,489
w MP 30 5.8 0.38 35 47.1 2.96 34 711 435 34 21,330
WP Q 25 6.3 043 34 52.4 3.53 34 808 57.6 36 20,200
M WP 29 54 0.35 35 423 2.86 36 666 418 34 19,314
WP Q 28 5.6 0.39 36 442 3.13 37 675 46.6 37 18,900
WQMQ 27 5.4 0.29 28 44 4 247 29 697 39.2 29 18,819
M WQ 29 49 0.35 38 379 2.88 41 588 464 43 17,052
M§VP 28 5.1 042 43 38.8 333 45 558 46.5 44 15,624
MPWQ 27 4.7 0.39 43 37.8 348 48 573 50.8 46 15,471
w WP 26 4.7 042 46 36.4 360 50 551 528 49 14,326
WP P 25 4.7 042 44 36.7 338 46 534 470 44 13,350
w BQ 27 4.2 0.37 45 324 3.05 49 486 448 48 13,122
WP P 26 4.0 0.37 48 30.3 3.02 51 435 403 47 11,310
Cross mean 28 5.4 0.38 36 435 3.02 38 649 445 38 17,984

tistically significant except for line Mp minus line Wp in
additive direct genetic effects on WNU (3.1, P < 0.01)
which led to the differences in TLW (321 g, P <0.01) and
TNY (239, P < 0.01). In general, selection for nursing
ability (lines M) or adult weight (lines W and B) did not
produce lines different in additive direct and maternal
genetic effects for lifetime performance.

Heterosis for lifetime performance in F, crosses is
shown in Table 10. Effects of heterosis on WNU, TLW
and TNY were significant in crosses between Wp and W,

between Wp and Mg, and between Cp and Cy,. It should
be noted that F; crosses from unselected control lines
(Cp and Cg) showed significant heterosis in all traits
examined but some crosses from selected lines showed
negative heterosis, though not significant.

Phenotypic correlations pooled within groups are
shown in Table 11. ALW was positively associated with
ANY (0.81) while TNY and TLW were associated with
WNU (0.94 and 0.93). As expected, TLW was associated
with TNY (0.97). In determining litter weights (ALW and
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Table 8. Differences in the mean lifetime performance of females between lines with-

in populations

Line
Line Trait M w B C
WNU 2.6 ** 15 * 0.4
ALW -29 9.3 164 *
M ANY 0.23 0.38 0.34
TLW 296  ** 197  ** 139
TNY 21.9 ** 125 * 4.7
WNU 1.2 * -1.2 —-2.3 **
ALW 7.4 12.2 19.3 **
W ANY 0.16 0.14 0.11
TLW 192 ** -100 -157
TNY 10.1 * -93 —~17.1 *
WNU 1.4 0.1 -1.1
ALW 3.0 ~4.4 7.2
B ANY 0.21 0.05 —0.03
TLW 176 ~-16 -58
TNY 104 0.3 -7.8
WNU -0.3 —-1.6 * -1.7 *
ALW 18.5 ** 11.1 155 *
C ANY 0.67 0.50 0.45
TLW 66 —125 -110
TNY 0.8 -93 -9.6

Above diagonal: line in column minus line in row for population P; below diagonal:
line in row minus line in column for population Q;

*  P<0.05
** P <0.01

WNU: number of litters raised to weaning, TLW: total litter weight over 200 days,
TNY: total number of young raised over 200 days, ALW = TLW/WNU, ANY = TNY/

WNU

Table 9. Differences in the mean lifetime performance of females between lines of different

65

populations

. a a a.
Trait MP —MQ WP—WQ BP-—BQ CP —CQ
No. of litters raised
to weaning (WNU) 0.7 0.7 0.6 0.3
Average litter wt, =21 8.2 -8.3 -11.1*
(ALW)
Average no. of young -0.3 -04 -0.5 0.3
per litter (ANY)
Total litter wt. over 73.1 -31.8 52.0 -39.9
200-days (TLW)
Total no. of young
raised over 200 3.9 -7.9 1.8 3.7

days (TNY)

2 Adjusted for the difference, C,-C

* P<0.05 Q
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Table 10. Heterosis for lifetime performance in F, cross

Theor. Appl. Genet. 58 (1980)

No. of litters

Average litter wt.

Average No. of

Total litter wt.

Total No. of young

Linés raised to (ALW = TLW/WNU) young per litter over 200 days raised over 200 days
weaning (WNU) (ANY = TNY/WNU) (TLW) (TNY)
MP’WP -0.3 -0.9 -0.08 ~45 -34
MQ,WQ 0.2 3.0 0.09 32 1.8
MP’MQ -0.1 -1.3 -0.18 27 1.2
WP’WQ 1.0%* -1.5 -0.03 135* 8.1*
MP’WQ -0.3 7.9% 0.24 15 -1.5
WP’MQ 1.1%* 5.2 0.24 163** 10.0**
CP’CQ 1.1%* 9.9%* 0.73%** 178** 13.0%=*
¥ P<0.05
** P<0.01

Table 11, Withingroup? phenotypic correlations between traits

TLW) the number of young (ANY and TNY, respectively)
was more important than the mean body weight of indivi-

Trait ALW ANY TLW TNY duals.
Number of litters raised to Number of litters weaned and mean 20-day litter weight
weaning (WNU) -06 001 0.93 0.94 classified by line and parity are shown in Table 12. Se-
Average 20-day litter lgcted hr'les (M, W and B) ger.lerally had heav1er. 20-day
weight (ALW) 0.81 0.25 0.18 litter weight than unselected line (C) at each parity. The
number of dams weaning litters decreased as the parity
Average number of young per . . . .
litter at day 20 (ANY) 0.26 0.30 number increased. Total 20-day litter weight per line and
) parity (LW times No.) decreased rapidly after the fifth
E&Eﬁiig;fagogzlf;‘: ?II:LW) 097  Parity when the total 20-day litter weight ranged from

a8 Group is a pure line or cross

1,391 g (Wq) to 3,341 g (Mp).
The total 20-day litter weight for each group (line or

Table 12. Number of litters weaned (No.) and mean 20-day litter weight (LW)a classified by line and parity

Parity 1 2 3 4 5 6 7 8 9

Line No. LW No. LW No. LW No.LW No. LW No.LW No. LW  No.LW No. LW

M, 28 1174 28 1211 27 1194 26 1121 29 1151 24 1128 19 947 7 1153 2 769
8.8° 8.8 8.6 7.1 7.7 7.8 5.9 77 @ 55

W, 21 1173 20 1285 16 1046 12 1017 13 1084 7 1024 3 1215 1 891 1 1182
8.0 8.2 7.1 7.3 7.8 74 8.3 80 (14) 7.0

B, 26 1093 23 1150 22 1050 19 991 17 1086 14 1051 8 1043 5 992 3 1042
8.2 8.6 8.2 71 74 76 6.8 68 (9 1.3

Cp 26 973 25 930 24 1057 24 1040 24 956 19 989 17 966 1l 780 3 716
7.8 76 8.3 8.1 7.6 7.6 75 60 (8 6.3

M, 26 1288 25 1278 26 1320 24 1217 22 1224 19 1279 12 1244 2 1127 1 293
8.8 8.5 8.1 74 7.5 7.7 73 65 (5 2.0

Wo 17 1196 15 1255 13 1177 13 1280 12 1159 7 886 4 1231 1 859 1 4.7
7.8 8.7 75 8.4 74 6.4 9.0 7.0 (18) 5.0

B 20 1194 26 1129 22 1314 19 1335 12 1354 13 1273 7 1162 O - O -

Q 79 7.2 8.1 8.6 8.6 8.1 8.0 (13)

Cu 20 1072 28 1098 25 1085 26 1132 26 1072 21 1068 14 949 6 1135 O _
8.3 7.7 73 75 7.0 7.1 6.5 7.0 (6)

2 Ing

b Mean litter size at day 20 (litter size was standardized to nine at birth)
¢ Number of dams that were destroyed because of no production of a litter for 60 days
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LITTER wt. { kg )

PARITY

Fig. 1a-d. Changes over parities in 20-day weight of litters pro-
duced by initially set 30 dams per line or cross. a pure lines; b
crosses within populations (P or Q); ¢ crosses between populations
(P X Q); d crosses between populations (Q X P)

cross) is plotted against parity (Fig. 1). The lines were
more variable in the curve pattern than the crosses. Cross-
es within populations had a peak in the early parities
while the crosses between populations peaked between
the second and fifth parity. Litter weight per parity by
group averaged 1,308 g and 522 g for crosses between
populations and crosses within populations, respectively
between the sixth and ninth parities.

Discussion

Selection had been conducted, based on the records of
first litters, for increased nursing ability as measured by
‘12-day litter weight” and/or adult weight as measured by
‘42-day weight’ (Nagai et al. 1978; Nagai 1978). Thus,

20-day litter weight measured in the present study should
reflect the effect of selection, at least, for the first parity.
Analyses revealed (Table 12) that 20-day litter weight for
the first parity was heavier in selected lines (M, W, and B)
than the unselected line (C). The 20-day litter weight of
different parities were similar within lines. This indicates
the presence of a high genetic correlation between 20-day
litter weights of different parities.

Body weight of young before weaning is influenced by
both postnatal maternal performance and intrinsic growth
potential of the young (Willham 1963). The portion of
variance of individual 21-day weight due to postnatal ma-
ternal performance and intrinsic growth potential was 52
to 61% and 6 to 19%, respectively (Cox et al. 1959; Young
et al. 1965; El Oksh et al. 1967; Rutledge et al. 1972).
Thus, litter weight at 21 days provides a measure of post-
natal maternal performance. Nagai and Sarkar (1978) have
demonstrated that selection for nursing ability which re-
flects mainly postnatal maternal performance (Nagai et
al. 1978) resulted in increased milk production.

Since each cage contained a dam, her litter and the
sire, paternal effects were also involved with the measure-
ments of lifetime performance. However, these effects can
be neglected for comparison of 20-day litter weight among
groups because sires from the same population (R) were
used in each group and the contribution of growth poten-
tial of the young to 20-day litter weight is small. The ob-
served difference in 20-day litter weight among groups,
therefore, reflects mainly the difference in postnatal ma-
ternal performance including milk yield.

Selection for adult (42-day) weight produced the
heaviest line (W) at day 42 in both populations, P and Q
(Table 2). This selection caused positive correlated re-
sponses in body weights three weeks before and after 42
days (days 21 and 63) and feed efficiencies involving the
three ages (days 21, 42 and 63). Thus, line W was greater
than line C for body weights and also feed efficiencies in
both populations, P and Q. These findings agree with the
previous reports (Sutherland et al. 1974; Bakker et al.
1977; Eisen et al. 1977) that selection for body weight
(growth rate) was effective in producing direct and cor-
related responses in body weight and feed efficiency in
mice. Line B was superior to line W for some feed effi-
ciencies (e.g. feed efficiency between days 21 and 42 in
population P, and the three feed efficiencies examined
in population Q). Mechanisms responsible for this finding
are not clear. Line M was larger than line C for body
weights and feed efficiencies in both populations. This is
likely due to the positive genetic correlation (0.70 and
0.73 in populations P and Q, respectively) between nur-
sing ability and adult weight (Nagai et al. 1978).

Heterosis did not occur generally in the growth and
feed efficiency examined (Tables 2, 3). Crosses from lines
within populations as well as crosses from lines between
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populations did not differ in performance from their
parental lines. The presence of genes for dominance was
not indicated. In contrast, heterosis was evidenced in life-
time performance. On the average, crosses were higher
than lines in number of producing dams (5% in DN}, num-
ber of litters raised to weaning (4% in WNU), total num-
ber of young raised (7% in TNY), total 20-day litter
weight over 200 days per dam (10% in TLW) and lifetime
20-day litter weight over 200 days per line or cross (15%
in LLWG). The presence of gene effects for dominance
was indicated for lifetime performance which involves re-
productive fitness traits. It should be noted that crosses
from lines between populations (WoMp, WpMq, MWy
and MpW,,) exceeded crosses from lines within popula-
tions (WoMg, MoWq, MpWp and WpMp): 4% in DN,
12% in WNU, 14% in TNY, 16% in TLW and 28% in
LLWG. The results suggest that crosses between geneti-
cally diverse lines exhibit a larger heterosis than crosses
between less diverse lines. The importance of the gene
frequency difference between lines in heterosis has been
well recognized theorectically (Falconer 1960).

Unexpectedly, crosses between the unselected lines,
CPCQ and CoCp, were large in DN, WNU, TNY and
TLW, relative to other crosses between selected lines, and
had the largest LLWG (Table 7). Selection for adult
weight and/or nursing ability involves selection for direct
genetic effects on growth (Nagai et al. 1978). Roberts
(1961) studying a lifetime performance in mice con-
cluded that selection for a rapid early growth had an ad-
verse effect on reproductive fitness. The present study
revealed that selection for adult weight resulted in a
smaller number of litters raised to weaning (WNU). The
apparently negative genetic correlation between rapid
growth and reproductive fitness would have narrowed,
among M, W and B, the frequency of genes responsibie
for lifetime performance, and thus, crosses from the
selected lines (M, W and B) exhibited a smaller heterosis
in lifetime 20-day litter weight (LLWG) than crosses from
lines Cp and Cg,.

Unselected line (C) was larger in DN and WNU than
lines selected for adult weight (W and B) and conse-
quently, line C exceeded lines W and B in TLW and LLWG
(Table 6). The results indicate that in pure lines, WNU and
DN were important in determining TLW and LLWG. For
genetic improvement of TLW and LLWG, the value of
breeding for reproductive fitness, DN and WNU, cannot
be over-emphasized. Although a high genetic correlation
between 20-day litter weights of different parities was
suggested, prediction of lifetime performance based on
20-day litter weight at first parity would not be accurate
unless DN and WNU are well predicted.

In non-inbred mice, ‘lifetime’ reproduction was exam-
ined for the entire lifetime (until death) by Roberts
(1961), for 308 days by Wallinga and Bakker (1978), and
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for 263 days in the present study. For the total number of
litters produced by a group (line) of dams, these three
periods are similar because at later stages of life, only a
small portion of dams continues to reproduce. A common
finding of all three studies was that as dams get older,
their productivity (total 20-day litter weight of a group
per parity) decreases. In actual husbandry, the length of
maintaining laboratory animals varies among institutions.
If the cost of maintaining aged but still producing dams is
considered as in the case of livestock, time at which ani-
mals are culled requires an overall evaluation. Genetic and
economic aspects of maintaining laboratory animals for
multiple parities should be studied further.

The implications of the results from the present life-
time performance study to applied animal breeding are
disturbing since it is expected that similar phenomena
occur in different mammalian species. In dairy cattle, for
example, selection for increased milk yield per lactation
would not be expected to increase long-term milk yield
unless number of calving also receives selection attention.
Phenotypic and genetic correlations of number of calving
were 0.95 and 0.95 with lifetime milk yield, and 0.95 and
0.94 with lifetime milk fat (Gill and Allaire 1976). Ge-
netic correlations between different lactations ranged
from 083 to 0.92, suggesting that production traits of
different lactations are essentially the same trait geneti-
cally (Tong et al. 1979). However, combining all lactation
records as a single trait in sire and cow evaluation for life-
time performance would not be appropriate if calving
interval differs among cows. In beef cattle (Hereford,
Angus and Shorthorn), heterosis significantly reduced the
interval from parturition to first estrus and the average
date of conception (Cundiff et al. 1974). This heterosis
would be useful in increasing long-term productivity.
However, a question arises: how much does the long-term
productivity of these crosses differ from that of crosses
of less improved breeds? The results from the present
study (e.g. lifetime performance of CpCq and C,Cp)
have implications to these matters. Nevertheless, extra-
polation of the results from mouse studies to other species
cannot be done without reservation. Serious investigations
should be conducted in other species to clarify the role of
the reproduction in long-term productivity.
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