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Summary. Six straightbred lines of mice, some of their
F, crosses and a synthetic line were used to evaluate
male and female contributions to heterosis in lifetime
performance measured on females. Females from each
straightbred line or F, crosses were pair-mated ran-
domly at day 42 with either a male of the corresponding
genetic group or from a synthetic line, and pairs were
maintained for 155 days (lifetime). Each mother was
allowed to rear all young born alive until day 18 when
the young were discarded. Data were analyzed using a
model in which the group mean of lifetime perfor-
mance was expressed as the sum of (additive direct)
genetic and environmental effects for each of the male
and female genetic groups used for mating. Compari-
son of group means for lifetime performance revealed
that estimates of F, heterosis due to male and female
averaged 10 and 9% for number of parturitions during
lifetime, 7 and 28% for total number of young born
alive, 6 and 31% for total body weight of young born
alive, 8 and 33% for total number of young raised to
day 18, 9 and 43% for total body weight of young raised
to weaning, and 8 and 8% for days from first mating to
last parturition. The male’s contribution to heterosis in
lifetime performance was smaller than female’s con-
tribution for productive traits (total number of young
born alive and -at day 18, and total body weight of
young born alive and at day 18), and was nearly equal
in reproductive traits (number of parturitions during
lifetime and days from first mating to last parturition).

Key words: Heterosis — Lifetime performance ~ Mice ~
Male and female — Mate

* Animal Research Centre Contribution No. 1098
** Present address: Production Development Directorate,
Agriculture Canada, Hull, Quebec, Canada

Introduction

The performance of the crosses (F,) of two breeds
(lines) often exceeds the average performance of the
two parental breeds. This phenomenon, termed hetero-
sis, has been well documented in plants and animals.
Various mating systems such as rotational crossbreeding
(Gregory and Cundiff 1980) have been devised to
capitalize on the heterosis at F, generation in sub-
sequent generations of crosses (Dickerson 1973).
Estimation of the magnitude of heterosis is important
in predicting performance of crosses under these
mating systems.

The net reproductive rate of a female is measured
by number of young raised by the female during her
lifetime (time until death or culling). Although the
character is expressed by the female through ovulation
rate, uterine environment and postnatal maternal care
including lactation, it is affected by the male (mate)
both directly (e.g. semen quality, libido) and through
progeny (e.g. survival rate before weaning). Therefore,
when crossbred males are used as mates, female’s
performance is affected by heterosis in the male. When
crossbred females are used for mating, heterosis in
female performance is expected. If crossbred males are
cohabited with crossbred females during their lifetime,
rather than used for artificial insemination, the effect of
the male can be delineated and heterosis in lifetime
performance exhibited by the female can be expressed
as the sum of male and female components of heterosis.

In the present study with mice, single males and
females were cohabited continuously for 155 days after
the first mating (hereafter, lifetime). The purpose of the
study was to estimate male and female contributions to
heterosis in various lifetime performance traits mea-
sured on females, using six straightbred lines of mice,
some of their F, crosses and a synthetic line,
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Materials and methods

Mice

Six randombred lines of mice were used: Mp, Wp, Cp, Mg,
Wq and Cq. The breeding history of these lines has been
reported by Nagai etal. (1978) and Nagai etal (1980).
Briefly, in two populations (P and Q) of different origin,
selection was conducted in the M lines to increase post-natal
maternal performance, as measured by 12-day body weight of
a cross-fostered first litter, and in the W lines to increase adult
weight, as measured by individual body weight at 42 days in
the first litter. Control lines (C) were maintained unselected.
Inbreeding coefficients of the C lines were approximately 13
percent. Using the selected lines (Mp, Wp, Mg and Wq)
matings were made as follows: Wp (male)XMp (female),
MqoXMp, WqoXMp, MeXWp, WoXWp and WoXMyq.
Resulting F, progeny were randomly mated to form a syn-
thetic, S. The unselected synthetic line had been randomly
bred for four generations before it was used for the present ex-
periment. This would help avoid unfavorable conditions re-
sulting from linkage disequilibrium.

The six straightbred lines were used to produce straight-
breds, and F, males and females for mating, as shown in Ta-
ble 1. Females in each genetic group were pair-mated at
random (but avoiding full sib mating in straightbred matings)
with either a male from their own genetic group (group I) or a
male from the synthetic line (group II).

Females 42 days old were pair-mated with slightly older
males. They were maintained in the same cage continuously
for 155 days (lifetime) unless they did not give birth for
50 days after previous parturition or the first mating (day 42).
At birth, litter size was not standardized and the young
produced were left with their dams until they were discarded
at 18 days of age.

Throughout the experiment, a commercial pellet feed
(Purina Mouse Chow) and tap water were supplied ad libitum.
Temperature and humidity in mouse rooms ranged from 20°
to 24 °C and 40% to 50%, respectively.

Measurement

The following traits were recorded for each female: number of
parturitions during 155 days, total number of the young born

Table 1. Mating structure

Class Group I Group II
Males from own line Males from S line
(cross)
Male X Female Male X Female
1 Mp Mp S Mp
2 Wpe Wp S Wp
3 Cp Cp S Cp
4 Mgq Mg S Mq
5 Wao Wq S Wq
6 Cq Cq S Cq
7 F, (MgMp) F, (MpMg) S F, MpMp)*
8 F, MpMq) F,(MqoMp) S F, (MqMp)
9 F, (WpWq) F, (WoWp) S F, (WqoWp)
10 F,(CpCq) Fi(CoCp) S F; (CoCp)
1 F, (MpWp) F,(WpMp) S F, (WpMp)

» F, females from the mating of Mpsires with Mg dams
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alive and raised to day 18 (number of live young in a litter,
summed over litters produced during 155 days), total body
weight (in g) of the young born alive and raised to day 18, and
number of days from the first mating to the last parturition
(reproductive life). All data were recorded for the terminal
parturition even if the 155-day period was exceeded.

Expected genetic components for lifetime performance

Lifetime performance (for example, number of parturitions
during reproductive life) was measured on females, but it is
the joint contribution of the male and female under the con-
ditions of the present experiment (continuous cohabiting of a
male and a female). If crossbred males (or females) are used
for the continuous cohabiting, lifetime performance can be
affected by heterosis in the crossbred parent. In this paper, the
magnitude of heterosis in lifetime performance was estimated
separately for each sex, assuming that the effect of interaction
between two sexes on heterosis is negligible.

A model is proposed which is analogous to the one
presented by Willham (1963) dealing with maternal effects on
the performance of progeny. Performance (Pa) for a given
individual female (individual pair) from a hypothetical line A
can be partitioned as follows:

Pa=ga+t €A+ mgA+ mEA

where rgaand reaare the genotypic and environmental values,
respectively, of the individual female component (f) for line A,
and ;ga and mea are the genotypic and environmental values
of the individual male component (m), as measured in Pa.
When lifetime performance is considered as the female’s trait,
the latter two terms are considered as environmental factors to
act on the female even they contain genetic and environment
effects. In the present study, only additive direct genetic effects
() were considered, and other genetic effects (e.g. additive
maternal genetic effects) were neglected. Reciprocal F, crosses
were assumed to exhibit the same magnitude of direct hetero-
sis.

If lines A and B are used to produce F; males and F,
females for mating, the mean performance (Fap:Fga) of Fy
females (Fpa) mated with F, males (Fap) is expressed as
follows:

Fap: Fpa=(rga+ ;g8)/2 +(mga+ mgn)/2
+ thap+ mhas (1)

where hap is direct heterosis in cross of lines A and B. The
average performance of lines A and B is:

(A:A+B:B)/2=(sga+(gB)/2+ (mga+ mgB)/2 2)

The difference between (1) and (2) estimates the absolute
amount of the combined heterosis (fh ap+ mh AB)-

If males of a synthetic line, S, that are produced from four
lines A, B, C and D, are mated with F, females from lines A
and B, mean performance (S: Fap) is

S:Fap=(tga+1gB)/2

+(mga+ mEe+ mgc+ mgn)/4 +thas

+(mhAB+ mhAct+ mhaD+ mhBC

+ mheD+ mhep)/(6X2) 3)
assuming that the synthetic (random-bred) line maintains one
half of the average heterosis from six combinations of lines A,
B, C and D. The last term in (3) is expected to be:
(S:A+S:B+S:C+S:DY/4—(A:A+B:B+C:C+D:D)/4 (4)

because by subtraction, all additive direct genetic effects
(fgA, 88, fEC, f8D, m8A, m§B, mgC, and mgp) cancel out, leav-
ing (mwh AR+ mhac+ mhap + mhpc+ mhep+ mhep)/(6X 2).
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When males from line S are mated with line A females and
with line B females, the difference between S:Fap and the
average of S: A and S: B means s

S:Fap—-(S:A+S:B)/2
=((tza+ igB)/2+ thaB+ (mBA+ mgB+ mgC+ mgD)/4

+(mhaB+ mhac+ mhap+ mhec+ mhep+ mhep)/12)
—((rgat 18B)/2 4+ (mgA+ mgB+ mgCc+ mgp)/4

+(mhaB+ mhac+ mh Ap+ mhBc+ mhep+ mhep)/12)
=rhas &)

Thus rhasis estimable from formula (5), and mhAgis estimable
by subtracting th ap from th AB+ mhap (formulae 1 and 2).

Calculation of percent heterosis

Percent heterosis was defined as the ratio of the absolute
amount of heterosis to the mean of two parental values (in %).
For example, the female contribution to percent heterosis in
the cross of lines Mp and Mg was calculated as follows:

(C7.GII+ C8.GII)/2 — (C1.GII + C4.GII)/2
(C1.GI+C4.GD)/2

x100

where C7.GII, for example, represents the mean for Class 7
and Group II (Table 1). When no reciprocal F, was produced,
as for other Classes (Classes 9, 10, and 11), the single group
mean was used as F,’s performance.

The combined percent heterosis for male and female com-
ponents was calculated from the difference between formula
(1) and (2), multiplied by 100 divided by formula (2). Percent
heterosis due to male was calculated by subtracting the
percent heterosis due to female from the combined percent
heterosis.
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Results

The performance of the females of the six straightbred
lines when mated with a male from their own line
(groupI) or a synthetic line (groupII) is shown in
Table 2. Means for group II exceeded the means for
group I in all cases except for reproductive life in Mg
line. This indicates that lifetime performance exhibited
by the female is affected by the male and that males
from the synthetic line appear to be superior to males
from the straightbred lines. Variation within group, as
measured by coefficient of variation, was smaller in
group II (using males from the synthetic line) than in
group I (using straightbred males) in most cases. These
observations suggest that the increased heterozygosity
of males from the synthetic line was beneficial to
female lifetime performance.

In general, productive traits (i.e. number and body
weight of the young produced by a female) were
positively associated with number of parturitions
during 155 days or reproductive life. A separate study
revealed that variation in the mean of parturition
interval among the six lines was relatively small: means
for groups I and II were 24.4 and 24.0 days (Mp), 26.6
and 25.7 days (Wp), 28.7 and 26.3 days (Mg), 26.9 and
28.6 days (Wp), 24.3 and 24.1 days (Cp) and 25.9 and
24.2 days (Cq) respectively. Since parturition interval
was similar among the six lines, number of parturitions
could be considered as a similar measure to days in
reproductive life.

Table 2. Mean performance during lifetime (155 days of cohabiting) in six lines of mice

Line-of-female Mp Wp Mg Wo Cp Co
Trait Mating Mean  CV. Mean CV.Mean CV. Mean CV. Mean CJV. Mean C.V.
group* (%y* (%) (%) (%) (%) (%)
No. of parturitions I 4.79* 34 4.13>"<4] 3.75%¢ 38 3.50° 52 5.00° 35 4.60> " 32
during 155 days I 550 26 4.30>° 44 3.90° 42 4.28" ¢ 32 5.55* 26 5.00* " 32
Total no. of young I 43.1%" 40 345> 40 352° 42 382%° 52 43.1%° 42  475° 44
born (day 0) I 53.8+° 30  404° 42  419%° 55  433%>°32  489*%°26  554* 35
Total wt of young 68.3~" 37  6l6° 38 615" 41 669" 53  68.1*° 39  804* 42
born (g) i 87.9* 27 7300 43 726* 53  760° 33 81.3* 26 915 35
Total no. of young I 39.9%° 42 315° 40 339° 43 329* 63  364~° 51 452 47
atday 18 11 497* 31 36.7° 41 392" 61 414> 35  430>° 28  498°* 40
Total wt of young I 413.3*~® 37  346.9> 37 404.3>° 40 333.5° 64 3505 49 472.6° 43
at day 18 (g) I 507.5* 26 380.9> 38 437.6>° 53 479.6%® 36 439.0%" 28 4962*" 39
Reproductive life I 114.0+~> 28 108.6~° 39 1083~° 39  933~* 48 1203* 33 1181 32
(days) 1I 128.9%° 21 109.0~° 41 1033* 42 1226~® 32 1306* 22 1205*° 31
No. of pairs 1 29 30 28 30 30 30
II 20 20 20 18 20 20

* Males from their own line were used in group I while males from line S were used in group II
** Coefficient of variation. The mean values not sharing a common superscript in the same row are different significantly (P < 0.05)



482

Reproductive life averaged 119.2, 111.2 and 100.5
days for lines C, M and W (group I). Lines selected for
adult weight (W) showed the shortest reproductive life,
lines selected for body weight at weaning (M) showed
an intermediate length, and unselected lines (C) had
the longest reproductive life. Selection for increased
body weight caused a shorter reproductive life.

Duncan’s multiple range test applied to data from
group I (Table 2) revealed that the six lines were clas-
sified into two different classes in size except for
number of parturitions during 155 days where three
different classes existed. The tests revealed that the six
lines were classified differently in group I and II (Ta-
ble 2). This confirms that lifetime performance exhibited
by the female is affected by the male.

The mean performance of the F; females mated
with either F, males (group I in Table 1) or males from
the synthetic line (group II) are shown in Table 3. In
general, lifetime performance of F, females was greater
when mated with F, males than when mated with
males from the synthetic line. Within-group variation,
as measured by coefficient of variation, was smaller
among F, males than among males of the synthetic
line. These observations suggest that heterotic effects
are larger for F, males than for males from the
synthetic line.

F, females produced from Mg sires and Mp dams,
F, (MgMp), had the longest reproductive life (138.5
days) when they were cohabited with F, (MpMg) males
(group I, Table 3). Accordingly, they showed a high
productivity (e.g. 688.8 g for total weight of young at
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day 18). Comparison of F, (MgMp) with F, (MpMq)
females in group I (Table 3) revealed that F, (MpMg)
females exceeded F, (MgMp) females in the observed
lifetime performance. This indicates that F, (MpMg)
males are superior to F, (MgMp) males in lifetime per-
formance.

Male and female components of heterosis in lifetime
performance when F, males and females were pair-
mated is shown in Table 4. If F, males and straightbred
females were pair-mated, the male component (m) of
heterosis in Table 4 should apply whereas if straight-
bred males and F, females were pair-mated, the female
component (f) is applicable. Heterosis due to the male
or female was relatively large in crosses of Mp and Mg
(16 to 46%), and Wp and Wq (18 to 47%) except for
number of parturitions and reproductive life (6 to 18%).
Heterosis for productive traits (i.e. total number and
weight of the young) was larger in the female com-
ponent (28 to 47%) than in the male component (16 to
30%). This was particularly true in crosses of Mp and Wp
for productive traits where the male component had a
negative value (—18 to —13%).

Discussion

A number of papers dealing with heterosis in animals
reported that heterosis is exhibited in many traits in-
cluding reproductive traits (Dickerson 1973; Turton
1981). Noting that most reports have dealt with hetero-
sis in female’s reproductive traits, Neely et al. (1980)

Table 3. Mean performance during lifetime (155 days of cohabiting) in five crosses

Trait Female F, (MpMg) F, MqMp) F, (WqoWp) F, (CqCp) F, (WpMp)
Cross
Mating Mean CV** Mean CV  Mean CV  Mean CV  Mean CvV
group* (%) (%) %) %) (%)
No. of parturitions 1 5372 25 587 18 4.83+ 30 5.52= 21 4,69° 39
during 155 days 11 5.08* 38 4.68* 29 4.36° 41 521 29 448 44
Total no. of young born 59.2¢2 27 60.8° 27 53.2s 35 59.5¢2 29 417> 45
born (day 0) 1I 54.5¢2 42 52.5¢2 31 46.6° 49 57.2¢ 33 46.5* 47
Total wt of young I 101.0* 26 104.92 27 96.7¢ 35 96.82 29 69.0° 43
born (g) 1I 94.5¢° 43 88.82 29 82.52 46 96.1° 33 80.6 45
Total no. of young I 57.4¢° 29 59.5* 27 50.6° 34 56.5% 31 382 38
atday 18 11 52.82 44 50.3¢ 34 43.2¢° 49 54.4° 34 439* 45
Total wt of young I 663.9° 27 688.82 23 601.32 32 621.82 28 436.8> 44
atday 18 (g) 11 611.1° 44 587.2° 33 500.9° 42 602.0° 28 501.8* 42
Reproductive life 1 127.2+° 24 138.5® 11 123.32* 29 135.2¢ 16 117.2*° 34
(days) 11 12742 33 125.2# 28 111.5° 35 127.2° 24 109.0= 41
No. of pairs 1 30 29 29 29 29
11 24 25 25 24 25

*  For definition, see Table 1 and text
** Coefficient of variation. The mean values not sharing a common superscript in the same row are different significantly (P < 0.05)



J.Nagai et al.: Heterosis contributed by the male and female

483

Table 4. Percent heterosis in lifetime performance exhibited when F, females (f) and F, males (m)
were pair-mated, cohabiting continuously throughout 155 days of reproduction

Trait Sex Lines involved
Mpand Mg Wpand Wg Cpand Cq Mpand Wp
(%) (%) (%) (%)
No. of parturitions f 14 14 9 0
m 18 12 6 5
Total no. of young born f 37 28 26 20
m 16 18 5 -13
Total wt of young f 41 28 29 24
born (g) m 18 22 1 -18
Total no. of young at f 40 34 33 23
day 18 m 19 23 5 -16
Total wt of young f 46 47 45 32
at day 18 (g) m 19 30 5 -17
Reproductive life f 14 11 7 -2
(days) m 6 11 6 7

studied heterosis in reproductive traits for crossbred
boars. Quintana (1980) was concerned with the hetero-
sis of the male and female in swine productivity. The
papers published so far have described the magnitude
of heterosis measured in one sex but not of heterosis
contributed by two sexes. We attempted in the present
study to measure heterosis in lifetime performance
where heterosis was contributed by male and/or female,
and lifetime performance achieved jointly by the male
and female included reproductive traits (e.g. days for
reproductive life) and productive traits (e.g. litter
weight of the young at weaning).

The contribution to heterosis was larger for the
female than the male in four of the traits examined:
total number of young born alive and at day 18, and
total body weight of young born alive and at day 18.
The number of young per litter is important both
genetically and phenotypically in litter weight (Nagai
1971; Eisen 1981). The number of ova shed from the
ovary of a female mouse is the upper limit of the
number of young born alive which in turn, controls the
number of young at day 18. The observed high hetero-
sis due to the female in the present study could be
associated with a high level of heterosis in the ovulation
rate and/or embryo survival. McCarthy (1967) showed
evidence of heterosis in ovulation rate in mice while
Bradford and Nott (1969) suggested that genes af-
fecting pre-implantation survival exhibit a high degree
of dominance in mice. Contrary to the four productive
traits, the contribution of each sex to heterosis was
nearly equal for reproductive traits; number of par-
turitions during lifetime and days of reproductive life
(Table 3).

Comparison of Group I (using males from own
genetic groups) with group II (using males from the

synthetic line) revealed that F, males excelled males
from the synthetic line (Table3) which generally
exceeded males of straightbred lines for the six traits
examined (Table 2). The observed heterosis due to the
male would be through male’s sexual performance (e.g.
semen quality, libido), survival rate of fetuses and/or
growth rate of the young. Studying reproductive traits
in crossbred boars, Neely et al. (1980) reported that the
magnitude of heterosis was 8.5, 25.4, 33.7, 23.3 and
10.4% for length, weight, total sperm, sperm per gram
of right testis and combined width of testes. Sexual
behavior and other performance of F, males are worth
studying.

Regarding heterosis associated with the male,
crosses of lines between the two populations (P and Q)
different from crosses of lines within the population
(P): in the latter (Table 4), the total number of young
and the total body weight of the young at birth and at
day 18 showed a negative heterosis. On the other hand,
the heterosis due to the male (Table 3) was larger in
crosses of selected lines (Mp and Mg, and Wp and Wq)
than in crosses of unselected lines (Cp and Cgq).
Selection for increased postnatal maternal performance
in M lines or increased adult body weight in W lines,
and possibly a higher inbreeding in M and W lines than
in C lines, have enhanced the magnitude of heterosis
associated with the male. Since both selections resulted
in increased adult weight for male, particularly in lines
W (Nagai etal. 1978) genes responsible for the in-
creased adult weight in males appear to have caused
the higher heterosis associated with the male when
lines are crossed between populations, but not within
population.

In the present study, heterosis associated with the
female was estimated, and the heterosis associated with



484

the male was estimated by subtracting the female com-
ponents from the male and female components com-
bined. Of course, we can estimate the male component
by mating females from the synthetic line with males of
different lines. If this approach had also been taken in
the present study, the effect of interaction between the
male and female could have been evaluated. Since the
synthetic line was produced from the selected lines
(Mp, Wp, Mg and Wg), omitting unselected lines Cp
and Cq, the males from the synthetic line may have
acted differently when cohabited with females from the
selected lines and when cohabited with those from the
unselected lines. It should be noted that the estimates
for the male’s component given in Table4 are con-
founded with the interaction between males and
females. Finn (1964) demonstrated that the male effect
on litter size was a characteristic of the male rather
than a male-female interaction in an experiment using
males and females of the same strain. The interaction
between males and females of the straightbred and F,
cross warrants future study.

Sheridan (1981), proposing a hypothesis of an epistatic
pathway, demonstrated theoretically that F, should show
12.5% (rather than 50%) of F, heterosis when two genes are
considered. Kinghorn (1982) found that significant epistasis
existed for fertility and other traits in mice. On the other hand,
McGloughlin (1980) demonstrated with mice that a significant
positive linear relationship exists between heterozygosity and
heterosis, substantiating dominance as the primary factor for
heterosis. Gregory and Cundiff (1980) reported that the
relationship between loss of heterosis and loss of heterozygosity
approaches linearity. Genetic mechanisms underlying hetero-
sis need to be explored further to accurately predict the
performance of a crossbred population under special mating
systems. Male and female contributions to heterosis in lifetime
performance observed at F, generations in the present study
should be evaluated at subsequent generations of crossbreed-
mng. -

: The present study demonstrated that when F, males
and females were cohabited, lifetime performance
reached up to 77% (for total weight of the young raised
to day 18 with F; crosses of Wp and Wg) more than the
average performance of the straightbred lines (Wp and
Wq). In swine husbandry, and perhaps for polytocus
species such as rabbits, the conditions imposed in this

experiment are not realistic. Further research is needed
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to partition the male contribution to heterosis into its
biological components (e.g. libido). Nevertheless, the
real advantage of using male and female crossbred
parents (including F, parents) needs to be examined
both theoretically and experimentally for livestock pro-
duction.
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