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Technical Bulletin No. 765

Effect of Crossing Inbred Lines of Guinea

JWEFOSITORY

Pigs

By Ousonw N, BEaton

Asseciate animal husbandman, Animal Hosbandry Diviston, Burcan of Animal
Industry
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INTRODUCTION

Much has been written concerning cross-breeding in plants and ani-
mals. Some cases hiave been reported in which the gene combinations
of the strains crossed are apparently unfavorable, and poor results
follow. This finding is most marked in crosses of diflerent species, in
which sterility frequently results in the F, offspring. In most in-
stances, however, cross-breeding increases the fertility, growth rates,
and resistanceito disease and to adverse environmental conditions,

Little work has been done in crossing inbred strains of livestock or
&& laboratory animals, mainly for the reason that few such strains
&ist.  With plants, however, outstanding work has been done with
corn and wheat. According to Walilace (7).% private breeders and
wiorkers at the various State experiment stations and at the United
States Department of Agriculture have developed thousands of in-

d strains of corn and have made hundreds of thousands of eresses,
% the thousands ¢f inbred strains produced, only 40 to 50 arve cut-
standing. Jenking {(3) summarizes corn-improvement work by hy-
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bridizing as follows: Crosses between promising inbred strains have
given marked increases in yleld varying from 10 to 30 percent above
the purent varicties. Inbred strains have been developed which differ
In resistance to disease, inseet injury. cold, drought, composition of
the plant and grain, and productivity, but practically nothing has
been nccom];lished m transferring these desirable qualities from one
line to wnother. The high increase in yield holds only for the first
hybrid generation. The best results have been obtained through two-
way crosses, i e., four inbred strains have heen combined by crossing
Iy hybrids, each resulting from the crosses of two distinet inbred Jines,
At present {1936) 44 different hybrids have been released for commer-
cinl production,

In experiments carvied on with guinea pigs. the TUnited Stales
Department of Agricalture has shown that inbred strains vury con-
siderably in such characters as fertility, growth rate, and mortality
percentages, as veported by Wright (8, #), McPhee and Eaton (6},
and Baton (). The strain that vanks highest in one of these respects
does not necessarily rank high In others. Compavisons of the mbred
straing with a nonnbred confrol stock have shown the inbreds to be
inferior to the eontrol stock in most of the factors considered. As
measured by these factors, there has been a gradun] decline in the
nbred stocks over a period of years, bat this fact cannot be atiributed
sulely to inbreading since the control stock has shown a similar decline,
although it has consistently meintained a higher level than have the
iibreds.

Crosses between the various inbred strains have shown that much of
the vigor lost by inbreeding can be recovered in the hybrids, accord-
mg to Wright (7). Since his puper was published additional data
have been obtained. The present bulletin gives w more complete
analysis of the crosshrecding experiment. particularly with respeet to
the hybrids

MATERIAL AND METHODS

The guinen pigs used in this study consisted of five inbred strains—
fumilies 2, 13, 32, 35, and 3Y—and a noninbred, contrel-strain B.
Familtes 2 and 13 and control-strain B were derived from guinea
pigs that hiad been bred within the Burean of Avimal Industyy for
a long perviod of time previous to the beginning of the inbreeding
experiment,  Tramilies 32, 35, and 39 weve descended from crosses of
the original Burean stock and animals purchased from a dealer, The
inbred strains had been maintained wholly by brother-sister matings
from the beginming of the experment in 1906. The control stock
wag begun In 1911 and contained no matings more closely related
than third cousins. Crosses between the different families were noi
made unti} 1916.  The data presented in this bulletin cover the period
from January 1, 1916, throngh December 31, 1937, Crosses betwoeen
all the lines were not made throughout this entire period but were
scattered over yarious yeavs, with the result that the various crosses
overlap in period of time. This faet lends to climinate somoewhat
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influences that good or poor seasons inay have had on the growth and
mortality of the animals. Otherwise, the crossbred anmmals were
subjected to the same environment as the inbred and control strains.
Data were obtained on F, and F, hybrids from various 2-way crosses
as well as on hybrids of three 3-way crosses.

The criteria used for evaliating heterosis include various measures
of fertility, growth, and mortality. Under fertility are included
number of young per litter, age of dam at birth of first litter, and
intervals between litters. Growth data include birth weight of young
raised to weaning, weaning weight at 33 days, and weight every 30
days {beginning with the 53-day weight) of those animals that were
mated and raised to maturity. The criteria of mortality were the
percentages of young born alive and the percentages raised {o swean-
ng of those born alive. These two factors therefore measure pre-
natal mortality and mortality between birth and weaning. Data arce
also presented which show the Jongevity of the hybrid adult animals
in comparison with that of their parent strains.

Sufficient numbers of young for satisfactory anniysis of dats were
not obtained from all the crosses. Only those crosses producing 100
or more young were incloded in the results reported in this bulletin.
Tn order to obtain numbers large enough for an analysis of the 8-
way crosses, the data presented include iitters from inbred and cross-
bred dams. This procedure undoubtedly affects the results some-
what, siuce Wright (2) has shown that hybrid dams produced inore
young per litter, the weights of their young at birth and at weaning
were greater, and the percentage of their young born alive was greater
than in Jitters from inbred dams. In the crosses of families

2X13%35, 8 of the 14 dams were crossbred, and in the crosses of
families 2X 13X 39 and families 2X 32X 35, § of 22 dams were ¢ross-
bred. However, in view of the similarvity of the results, ns veported
later, it was considered valid to present the results of the 3-way
erosses in comparison with the other data., Weights at birth and at
weaning were corrected to n standard litter size of 2.5, thus eliminat-
ing diffevences due to number of young per litter.

RESULTS
LITTER StzE, AND GROWTH AND VIARILITY TO WEANING AGE

Table 1 shows litter size aud growth and viability to weaning age
of the varions crosses indicated. together with comparisons with the
inbred parent strains and with the noninbred control stock in the
varions characters studied. Table 2 shows the ratings, for the various
characters, of the inbred families and their hybrids, on the basis of
100 for the contrel-stock B.

Litter size (table 1) differed significantly in the inbred strains
except between families 2 and 85 and between families 35 and 39,
and all differed significantly from strain B. Since the dams of the
T, animals were Inbred, such a character as litter size, which is
iargely dependent on the dam, would not be expected to show the
effect of crossing until the ¥, litters. However, about half of the
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¥, and F, hybrids differed significantly in htter size from one or
the other of the parent strains, The size of the F, litters was about
6 percent grenter than that of the F, litters and in two cases, family
35 X family 18 and family 3% X family 2, the F, litters were larger
than those of either inbred parent fmmly. The grefltest nerease in
fertility (32X13) resulted from erossing two strains, one high, the
ather low, for this character. Tn all three of the three-way crosves,
litter size exceeded that of the parvent strains and also that of the F,
bybrids from any two of these strains.  Differences were not signifi-
4t in all cases, however. The control-stock B exceeded most of the
F, and P, hybrids in littev size. Litter sizes in I, of family 32 X
family 13 and in the three-way cross of funilies 2X 13X 35 exceeded
that of control-stock B by 11.5 percent, and litter sizes in Ify of families
353 X13 und in the three-way cross of families 2X 32X 33 excelled that
of control-stock B by about 9 pereent {table 2),

Tankk L—Compurison of inbred and hybrid sfroing of guinea pigs in various
measures af vigor®
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TabLg 2—Reting of the inbred and lybdbrid strains of guinea pigs, on the basis
af 160 for the control-stock B, for the varions ineasures of vigor
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1 Blgnlficantiy higher than best parent strain in n 3-way cross.

Weights at birth and at weaning (table 1) diffeved significantly
in the inbred strains and between each of these und control-strain
B. Characters such as growth and mortality, which aze less depend-
ent on the dum than fertility, should shew heterosis in the F,
animals. This result was manifested in the present crosses, espe-
cially when two families low in weight, such as families 2, 32, and
39, were crossed. Under such conditions, average gains of 8 percent
in birth weight and of 13 percent in weaning weigﬁlt resulted (table
2). When heavy families, such as 13 and 35, were crossed with the
lightweight families, the weights of the hybrids were in general
greater than those of the lighter parents, the average gains being
11 percent for birth weight and 20 percent for weight at weaning.
Except for twe F, crosses (32X 13 and 2X385) such hybrids weighed
less at birth than the heavier parents, the average difference being
about 10 percent for birth weight and 14 percent for weaning weight.
A third exception (39X13) cxists for weaning weight., In the
hybrids from family 82 X family 13 and family 2 X family 35,
weights of young at birth and at wenning averaged greater than
those of either parvent fawmily. A consistent difterence in growth was
observed in the F, reciprocal crosses. The weights of the young at
birth and at weaning tended to follow the avernge of the dam’s
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family for these characters. Average birth and weaning weights of
F, young from family 32 X family 18 were significantly greater than
those of the B stock. The three-way crosses of families 2X 13 %35
and families 2X 32X 85 exceeded their parent families in weights at
birth and at weaning, and practically equaled or were shightly
better than the ¥, hybrids of the parent families for these char-
acters. Families 18 and 35 ranked highest among the inbreds in
growth characteristics, and hybrids of these two families also main-
tained o high rank for this character.

Differences in the inbred strains and hetween each of these and
strain B were signifieant for percentage of young born alive, except
between families 18 and 89 and between family 32 and strain B.
Yor percentage raised to weaning of young born alive, differences
were significant except between families 13 and 82 and between
family 2 and strain B. In nearly all crosses the viability of the
F; bybrids increased approximately 8 percent for young born alive
and 17 percent for young raised to weaning of those born alive.
The percentage born alive was abouf the same in F, and K, litters
except for 13 X2 cross, but percentage raised to weaning was greater
m the F, litters. The greater nmmber of the hybrids exceeded the
B stock in percentage of young born alive, the average gain being
about 3.5 percent. Nearly all the F, hybrids excelled the B stock in
Eercentage of young that weve ralsed to weaning, the exceptions

eing hybrids of famjlies 13X2 and families 2X32. The average
increase of the I, hybrids over the B stock in percentage raised to
weaning was about 6 percent. Percentages of young born alive and
raised to weaning were higher in the 3-way crosses than in the
parent straing and in most cases than in the hybrids from 2-way
crosses. The percentage of young born alive averaged about 7
percent higher in the three-way crosses than in control-stock B, and
the percentage of young ruised averaged about 14 percent higher. In
the hybrids the only factors which consistently showed improvement
over the parent lines were percentages born alive and raised to
weaning.

In tuble 2, the average rank of the five characters considered as a
whole, in which each character was given equal weight, shows that
the I, hybrids from families 32X183 ranked highest, two three-way
hybrids second and third, and the F, hybrids from families 2X85
fourth, These excelled strain B from 1 to 10 percent in the charac-
ters meesured. The remaining crosses were approximately 1 to 14
percent lower than the control strain,

GrowTH AFTER WEANING

Weights of the animals that were saved for mating svere taken
at 53 ﬁnys of age and every 30 days thereafter. Males only were
used in this study, since weights of females ave highly variable on
aecount of recurring pregnancies. Comiparison was made with the
growth curves for males of the parent families as given by McPhee
and Eaton {6}, Growth of the hybrids and their parent families is
shown in figures 1 to 5, inclusive.
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AVERAGE WEIGHT OF GUINEA PIGS {GRAMS)

° BIRTH 103 303 403 503 603 703 803
AGE (DAYS}

Freure 1.—Growth of inbred fumilies 2 and i3 and their F: and I'» reciprocal
hiylrids.
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39 X family 13.
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The growth of the hybrids from weaning (33 days of age)} to about
2 years of age illustrates strikingly the phenomenon of heterosis as
exhibited by growth. In all the crosses studied, the growth of the
hybrid was significantly higher than that of {he smaller parent and
in two crosses exceeded significantly that of the heavier parent. In
most cases the weight of the hybrid followed closely that of the
heavier parent strain. Although small numbers of animals were
used in deriving the upper ends of the curves, only a small amount
of smoothing ont wus required for the Iast 200-day period, indi-
cating that the growth curves as presented represent those of the
entire group of animuls studied.  Growth of the animals after wean-
ing is not necessarily determined by growth prior to weaning, since
some of the hybrid young were lower in weig]ht srevions to weaning
than either parent family, but equaled or exceec‘ed their parents in
final weight. In the case of a cross between two famihes low in
weight at all ages—ifor instance, families 2 and 39—there must have
been n combination of growth genes which gave practically the same
result as that obtained by combining a family {ow in hody weight
with one already possessing genes for heavy body weight. The
progeny resulting from fumily 89 X family 13 were the only ones that
reached the weight of the control-stock B at about 2 years of age.

The fact that the full effect of heterosis was not manifested at the
younger age would tend to decrease the benefit from cross-breeding
of inbred straing in livestock production if the samc relations were
to hold for the larger animals, Most cattle are marketed at about
60 percent of their mature weight and most hogs at about 40 percent.
In puinea pigs these percentages correspond to weights at about 120
and 60 days, respectively, before the effect of heterosis as regards

growth has become manifested significantly.

Ace oF Dyt AT Birtir oF FiusT LiTreR, LENGTI 0F (JESTATION, AND
ReGerArTy oF BREEDING _

The female guinea pig is considered to be sexnully mature at about
30 days of age, the male about 1 month later. The normal gestation
period averages 69 duys. Therefore. the dam should be approxi-
mately 130 duys of age at the hivth of her fivst Titter if the male and
femule are placed in the hreeding eage at weaning time.  As a mat-
ter of fact, Wright (8) has shown that the dum is actually about 114
months clder thun this at the birth of her first litter,

Comparison of the hybrids ns to age of dam when first litters are
born was made with Wright's (9) data for the inbred strains. He
used age of males at birth of first Hiter, hut since males and females
are usually placed in the breeding cage when they ave weaned at 33
days of age, the nge of dam at birth of first Iitler would he equal to
that of the male in most cases, The greatest departure from this
would be in control-stock I3, in which there may be a few days of
variation between age of males and females at fime of placing the
young animals in the breeding eages.

In the present comparison oniy hybrid matings in which the ani-
mals were 45 days of age or less when put in the breeding cages were
considered. The data are given In table 3. Among the inbreds,
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families 35 and 39 probably differ significantly from the others in
age at which first litters were produced, and all probably differ sig-
nificantly from the B stock. Significance of differences between tle
inbreds and their hybrids cannof be determined definitely since only
means were given for Wright’s data. Reciprocal crosses between
families 2 and 13 differ significantly in age of dam at birth of first
litter, and the cross of family 2Xfamily 13 probably differs sig-
nificantly from hoth parent strains in this respeet.  Reciproeal crosses
of families 2 and 35 and of 13 and 35 show similar differences in age
of dam af first litter. In these three cases the younger age at which
the first litters were produced occurred when the dams were from
one of the heavy strains (13 and 85), This fact seems to indicate that
sexual maturity of the female is related to general body size. The
areat variability in age at which first litters were born among the
hybrids and the small numbers of first litters in many instances male
the vesults of little significance,

TapLe 3.—Comparison of inbred and hybrid slraing of guinea pigs in age of dam
at birth of first Ltter, length of gestation, wnd wmicaseres of regulurily of reeding
following first lifters?
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& Diffors significantiv fromn hyhrids from some parent straing,

Length of gestation period (table 3) is apparently a rather con-
stant character, varying bt little between the families. Families
32 and 35 carry their litters 1 to 2 days longer than the other inbred
strains. Among the F, hybrids, length of gestation appeared to
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average practically the same as for the inbred family to which the
dam helonged. Length of gestation for the F, hybrids did not vary
appreciably from that of F,.

Normally the guinea pig breeds immediately following the birth
of a littler. If mating does not take place at this time a period of
15 to 17 days elapses before estrus occurs agauin. The percentage of
litters conceived immediately following the birth of a litter should
give a partial measure, at least, of the regularity of breeding in the
different strains. Comparison of the hybrids was made with Eaton’s
(3) data for the inbred strains and control-stock B, using as eriteria
the percentage of premature births, percentage of conceptions imme-
diately following a mormal gestation, and percentage of conceptions
after skipping one or mwore estrus periods, and then determining
the significance of the differences by means of the y* test (chi square)
as gpiven by Fisher (4) for a 2Xa table.

Most of the inbred families and control-stock B differed signifi-
cantly from one another in the percentage of conceptions occurring
in the first estrus after parturition. In family 2 more than 60 per-
cent of the litters were conceived at this time, whereas in family 85
only abouf one-third of the litters were conceived as regularly (table
8). If. litters were conceived somewhat more regularly than the
T, litters.

The dam apparently accounts largely for the regularity with which
litters are produced. Females from family 2, except when mated
with males of families 18 and 39, produced litters in succession much
motre regularly than females of other families. Females of family 35
were the most irregular in producing. There may be a preference
of eertain males or females for one ancther, since females of family
13 bred much less regularly with family 39 males than with males
from the other inbred families. This statement also applies to
females of families 2 and 35 when mated with family 13 males.

There was also a considerable difference in the percentage of litters
born prematurely in the different families. Furthermore, the per-
centage of premature litters from females mated to males not of their
own family was much higher than from females mated in the family
to which they belong. This fact may be due to several causes, such
as increased size of the young in certain crosses, more young per
litter, or some physiological reaction due to differences of the parent
strains that might be manifested in the developing fetuses.

LonceEviTY oF THE HYBRIDS

Enongh hybrids from which data could be cbtained for the con-
struction of reliable longevity curves were available only from
crosses between families 2 and 13 and 18 and 35. A comparison of
these curves with those for the parent families, as given by Eaton
(8), are shown in figures G to 9, inclusive. From the graphs pre-
sented it appears that longevity of the sire’s or dam’ family had
little influence on the longevity of the hybrid.
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To get a better idea of the influence of family on langevity, all
hybrids that were descended from the same inbred family-—cither
sire or dam—were combined into one group to give greater numbers,
and percentages alive at §-month intervuls were determined. The
results ave presented in table 4.

TapLE L—Percenlages of wales and fomales of the inbred familics of puinen pigs
und their hybrids alive ol varions agey

Guinen pigs nlive ut age of —
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Genetic proup 4
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Females. 871 Bl 1
Family 13 {inbred). . ... ... R hnles ., q B4, 3
Females . . .2
Fi hybrids of family 13 Aales.. . . 3 41,9
Fema 05, V6.6
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F; hybrid males of families 13, 32, 35, and 39 were longer lived
than males of the parent inbred families, The F. male hybrids were
generally shorter lived than the F, Lybrids and males of the inbred
parent strains. ¥, females from families 13, 32, and 39 had greater
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longevity than inbred females from the same families. Most I,
females were shorter lived than the ¥, and inbred females from the
corresponding inbred strains. Inbred family 2 had a tendency to
live longer than its F; or F. male or female hybrids.

DISCUSSION

It appears from the results presented that different sets of genes
govern the physiological processes which make up fertility, growth,
and viability. None of the inhred families appavently contain
gene combinations favorable to superiority in all the three factors
mentioned. The sets of genes governing a single character may
even be different in the several strains. By crossing the various
strains mew gene combinations are thus formed, in some cases
favorable to increased vigor in one of the several characteristics
measured, in other cases perhaps unfavorable to one another, re-
sulting in the prodnction of individuals inferior to the parent races.

The history and results of the guinea-pig families concerned in
this study lend themselves well to the foregoing postulations. As
already stated, families 2 and 13 were derived from guinea pigs
that had been bred within the Bureau of Animal Industry for a
long period previous to the beginning of the inbreeding experi-
nient, whereas families 32, 35, and 89 were descended from crosses
of the original Bureau stock and animals purchased from a dealer.
The results obtained from these two groups of families have been
different through the period of the inbreeding experiments.

It is possible that the purchased stock introduced gene combina-
tions not present in the original Bureau stock. When the stocks
from the two different sources of origin were crossed, new gene
combinations that could well account for the different resunlts ob-
tained may have resulted. In the canse of differences in reciprocal
crosses, it is possible that some of the growth and fertility char-
acteristics may be due to sex-Jinked genes.” Hovwever, the correlation
of weight of dam at the birth of a litter to the growth characteris-
tics of the young, even te a year of age. as shown by Eaton {2},
indicates a strong mafernal inheritance relationship, probably physi-
ological in nature. Greater improvement over the parent strains
resulted when three families entered into the hybrid than when only
two were used. This is probably due to a larger number of favor-
able genes being brought together. These assumptions are in har-
mony with the theory of heterosis as explained by East (7} and
other students of this subject.

Heterosis in livestock breeding has not been manifested to the
same extent as in the breeding of corn and other plants. Greater
difficulties doubfless will be encountered in establishing inbred
strains of animals from which to make the crosses. Most experi-
ments with livestock have shown that they will not stand so inten-
sive inbreeding as plants and laboratory animals. The length of
time between generations makes it impossible for the individual
breeder to accomplish much, The expense of maintaining a large
number of individuals from which to choose and bnrild up lines is
prohibitive except for cuoperitive efforts on the part of individual
breeders and institutions. Unfortunately, the ontcome of a cross
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cannot be predicted from the performance of the strains compos-
ing i, Until there is more knowledge concerning the genetic fac-
tors that control the various life funr*hons. it appears that the
improvenient of livestock by hybridizing will necessarily continue
to depend on the method of frial and error. Once inbreds that pro-
duce fuvorable hybrids are located, the practice from that point on
should not be so difficuit.

SUMMARY AND CONCLUSIONS

Comparisons invelving five inbred sirains of guinea pigs, a non-
inbred control stock, and reciproeal crosses befween fhe inbred
strains were made on the basis of various measures of fertility.
growth, and mortality. The data presented cover the period from
January 1, 1916, through December 31, 1037.

The inbred families and the control stock differed in the measures
of comparison. No one strain was superior in all characteristics.
Crosses between the strains also differed in the chavacters compared.

In crosses between strains of high and low fertility, the hybrid was
usuaily higher in fertility than the poorer parent but lower than the
better p.uent The frrmtosf improvement in fertility was obtained
when {wo strains medium in this vespect were crossed. The same rela-
tionship held for growth as for fertility. It was shown that mature-
growth charne teristics cannot he determined from w eights at birth and
weaning. In most cases crossing the strains inen mc.ed the viability.

Rempwcal crosses vavied in their performance. The dam appeared
to affect the fertility and growth of the young more than did the
sive.

Mating took place somewhat more regularly when the sires and dams
were unrelated, but there was little difference in the age at which first
Titters were born.

Greater fertility and viability resulted from combining three inbred
families in a cross than from combining two.

The performance of the hybrids cannot bo predicted from the
performance of their inbred parents.

The results in general seem consistent with the manifestations of
heterosis as found in hybrid corn and in other plants and animals.

The fact that the full effect of heterosis, especially as regards growth.
was not manifested at an early age tends to offset the benefits of
crossing in livestock raised for market. The crossbred animals would
still be in a period of rapid growth, and therefore less likely to attain
a good finish, at the age when move rapidly maturing stock would

1'dma11]y be finished for market. The feeder, themforo, would have
{a keep his stock for a longer perind to attain the roper finish, or he
would have to market at ‘the nsual age und weight at a sacrifice of
price per pound for the animals,
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