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Summary. Three generations of upward selection for the
egg mass/adult weight ratio were carried out in Tribolium
castaneum. The experiment involved five lines: E — select-
ed for increased egg mass; W — selected for decreased
adult weight; R — selected for egg mass/adult weight
directly; L — linear index selected with economic weights
of m,: —m, egg mass to adult weight (m, and m, are the
means for adult weight and egg mass, respectively); NL
— nonlinear index selected. Adult weight (7 days after
adult emergence) and egg mass (between 7 and 11 days)
were measured. The NL, E, and L lines had the greatest
observed responses for the ratio; the R and W lines were
not effective in improving the egg mass/adult weight
ratio. [t was expected that the NL line would be superior
to the E, L, and R lines, and that the W line would
respond the least. Observed response was significant for
egg mass in the NL line, and for adult weight in the E, W,
and R lines. Strong selection to increase egg mass seems
to represent the optimal criterion for the ratio to be
improved. The usefulness of nonlinear indices as selec-
tion criteria to improve a nonlinear trait, previously
found to be optimal for a trait defined as the product of
two component traits, appears to hold also for the selec-
tive improvement of the ratio of two traits. Serious limi-~
tations expected for direct selection of the ratio have been
confirmed in this experiment.
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Introduction

Ratios of two traits are often used as selection goals in
animal breeding. Feed efficiency, defined as the ratio of

output (gain in a trait such as body weight) to feed in-
take, is one of the most important characters to be im-
proved; its reciprocal, i.e., feed conversion, is also used at
times, as are proportions. Furthermore, ratios of dimen-
sions of body parts are often used as systematic criteria.
It is of interest, therefore, to compare different selection
criteria for improving the ratio of two traits. These crite-
ria include the linear index developed for the logarithm
of the ratio (Turner 1959; Smith 1967), the linear index
obtained by approximating the ratio by a linear (Harris
1970; Lin 1980; Gunsett 1984; Ponzoni 1985) or
quadratic function (Itoh and Yamada 1988), the non-
linear index which is a maximum likelihood estimate of
the ratio (Henderson 1963), the nonlinear index obtained
by substituting index values for each trait into the ratio
(Harris 1970), direct selection for the ratio, and indirect
selection for the numerator or the denominator trait.
Gunsett (1984, 1986, 1987) and Mather et al. (1988) have
emphasized the serious limitations to the usefulness of
ratios as selection criteria. Relative efficiency of indirect
selection depends on the correlation between the ratio
and its numerator or denominator (Sutherland 1965;
Yiiksel 1979).

Some researchers have used the ratio or a component
trait as the criterion for selection, while others have taken
the linear index approach, in studies involving broilers
(Wilson 1969; Pym and Nicholls 1979; Pym and James
1979; Leenstra and Pit 1987; Leclercq et al. 1980), mice
(Sutherland et al. 1970; Yiiksel et al. 1981; Gunsett et al.
1981; Sharp et al. 1984; Eisen and Prasetyo 1988), rats
(Notter etal. 1976; Wang and Dickerson 1984), beef
cattle (Davis 1987), turkeys (Nestor and Bacon 1986),
and laying hens (Harris 1969; Manson 1973).

As far as we know, nonlinear selection indices have
not been used experimentally as a criterion to improve
traits defined as ratios. Fairfull et al. (1977) and Campo
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and Sanchez (1988) compared the efficiency of nonlinear
and linear indices with direct selection for the pupal
weight x family size product, or with indirect selection on
only one component, in Tribolium castaneum. The objec-
tive of our study was to compare five selection criteria for
improving the egg mass/adult weight ratio in Tribolium.
The selection methods comprised indirect selection for
increased egg mass, indirect selection for decreased adult
weight, direct selection on the ratio of egg mass to adult
weight, linear index of egg mass and adult weight, and
nonlinear index of egg mass and adult weight.

Materials and methods

The base population of Tribolium castaneum used for this study
was the Consejo; it has been maintained in this laboratory since
1964. All lines were kept at 33°C and 70% relative humidity on
95% whole wheat flour and 5% dried brewer’s yeast medium.
The traits selected were egg mass and adult weight; both traits
were scored to the closest 0.01 mg, egg mass 7 through 11 days
and adult weight 7 days after emergence.

Selection was intended to improve the ratio H={m, + G,)/
(my+ G,), where m; and m, are the population means for egg
mass and adult weight, respectively, and G, and G, are the
breeding values. Five selection criteria were used: selection for
increased egg mass (line E), selection for decreased adult weight
(line W), direct selection for increased egg mass/adult weight
(line R), linear selection index (line L), and nonlinear selection
index (line NL). There were three replicates and three genera-
tions of selection per line. To start each replicate, 20 males and
20 females were sampled as pupae from the population cage and
paired randomly.

Five male and five female offspring were assessed as selec-
tion candidates from each pair mating (200 individuals in each
generation, line, and replicate). The 20 males and 20 females with
the highest ranks based on the selection criterion from a given
line were selected and mated in pairs, avoiding sibmatings; the
selected proportion was therefore 20%. The selection criteria
were based on individual performance for egg mass in females
and on full-sister family information in males. Selection for adult
weight was based on individual values also. The linear index (line
L) in females was I=b, x, +b,x,, where x, and x, are the
phenotypic values for egg mass and adult weight, respectively.
The coefficients b, and b, are given by approximating the ratio
by a linear function and using the partial derivatives of the ratio
evaluated at the means (m,/m2 and —m,/m3) as economic
weights (Harris 1970). Since 1/m3 is a common factor, it can
be dropped, and the economic weights become m, and —m;.
Finally,
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where B; and Gj; are the phenotypic and genetic covariances
betwen traits i and j. The linear index in males was /=
b, X, +b,x,, where X, is the mean of the male’s full sisters for
egg mass, and the coefficients b, and b, are given by:
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where W, =[P +0.5(n—1) G,;]/n, and n is the family size for
egg mass. The nonlinear index (line NL) was: (m;+G,)/
(m,+G,), where G, and G, are the selection indices for each

breeding value estimated on information from both traits
(Henderson 1963). The nonlinear index in females was [m, +
(ay %y +a, x,)l/Im, +(c; X, +¢,x,)], where the coefficients a,
a,, ¢y, and c, are given by:
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and P! is the inverse matrix of phenotypic covariances in
Eq. (1). Similarly, the nonlinear index in males was [m, +
(ay Xy +a, x,)l/Im, +(c; X, +¢, x,)], where the coefficients are
given by:
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and P~ is the inverse matrix in Eq. (2).

Estimates of phenotypic and genetic variances and covari-
ances for both traits in the base population were obtained from
full-sib families (Table 1). The selection criteria in each line are
included in Table 2.

Expected responses to selection for each trait in line E are,
in females

AG, =iG /B,

and, in males '
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where i is the standardized selection differential for the selection
criterion. Expected responses in line W are
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Expected responses to selection in line R are obtained by ap-
proximating the ratio (selection criterion) by a linear function
using the partial derivatives evaluated at the means (m,/m3 and
—my/mj or, equivalently, m, and —m,); in females
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and, in males
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Gunsett (1984) and Mather et al. (1988) have presented
equivalent equations employing expressions for the selection
differentials of the numerator and denominator traits. Expected
responses in line L are as those in line R, using b; and b, instead
of m, and —m, . Finally, expected responses to selection in line
NL are those in line L using partial derivatives of the selection
criteria (Table 2) evaluated at the population means instead of b,
and b,. These are 0.0018 and —0.0014 in females and, in males,
0.0021 and —0.0009. In all five lines, expected response for the
egg mass/adult weight ratio is approximately

AG =m1+AG1_T_1
> my,+4G, m,
m; my
= AG, - ———— AG, . 12
m,(m, +4G,) ! m,(m, -+ A4G,) 2 (12)

For line L, this expected response must be divided by m3.



Mean response observed per generation was calculated as
the regression coefficient of generation means on geperation
number. Standard errors of observed responses were calculated
from the square root of the variance among replicate slopes
divided by the number of replicates. Mean responses were ad-
justed using line R as a covariate (Muir 19864, b); this method
provides information on the relative response of the two lines to
common intrageneration environmental factors (genotype-envi-
ronment interaction).

Results

As shown in Table 1, the mean value for egg mass was less
than that for adult weight, but egg mass was more vari-
able than adult weight, with a coefficient of variation
(46%) more than four times that for adult weight (10.5%).
This variation is similar to that estimated for egg number
(one of the two components of egg mass) in the Consejo
pupulation (43.6%, Campo and Rodriguez 1985). Herita-
bility estimated for egg mass was greater than that for
adult weight; nonadditive genetic variance would affect
egg mass estimates of heritability more than adult weight
estimates. The heritability estimates for adult weight of
Campo and Rodriguez (1985) and Campo and Velasco

Table 1. Parameter estimates of the base population

Parameter Trait*

Egg mass Adult weight
Mean 152.06 +2.66 224.4940.64
Variance:
Phenotypic 4,895.20 564.13
Genetic 2,704.61 227.18
Heritability 0.5540.08 0.4040.06
Covariance:
Phenotypic 245.24
Genetic 40.73
Correlation:
Phenotypic 0.14+0.04
Genetic 0.054+0.12

# Hundredths of milligrams

Table 2. Selection criteria for each sex and line?
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(1989) agree well with the value in Table 1. Phenotypic
correlation between egg mass and adult weight was small
and positive, and the genetic correlation was near zero.
The estimate of heritability obtained by offspring-parent
regression for adult weight (0.39 +0.06) was similar to
that in Table 1; however, the estimate obtained by regres-
sion for egg mass (0.35 4 0.06) was less than that obtained
by analysis of full-sib families, indicating the action of
nonadditive effects for this trait. A positive and small
value for the genetic correlation was found by analysis of
regression (0.19-+0.02). The egg mass/adult weight ratio
had estimates of heritability greater by analysis of full-sib
families (0.50) than by offspring-parent regression (0.34)
(Table 2). Expectation of the heritability of the ratio
(Sutherland 1965) was 0.57. The correlations between the
ratio and its components were asymmetrical; expecta-
tions for the phenotypic and genetic correlations (Suther-
land 1965) were much greater between the ratio and egg
mass (0.97 and 0.98, respectively) than between the ratio
and adult weight (—0.08 and —0.14), suggesting that the
ratio was influenced more by its numerator than by its
denominator.

Mean values per generation for the egg mass/adult
weight ratio are given in Table 3 (replicates pooled) for all
five lines, with regression coefficients of means on gener-
ation number and expected responses. Observed respons-
es were significant in the nonlinear (NL) and linear (L)
index lines; response was important in the line selected
for increased egg mass (E), although the observed re-
sponse was only twice its standard error and was not
significant. In generation zero, there was a large differ-
ence between the E and NL and L line means for egg
mass/adult weight, as a consequence of the large varia-
tion for egg mass. This might have influenced the rate of
change in line E. Neither the line selected for increased
egg mass/adult weight ratio (R) nor the line selected for
decreased adult weight (W) responded significantly over
the three generations. The expected response of line NL
was greater than that of lines L, E, and R; the ratio of
expected response in these three lines versus expected
response in line NL ranged from 0.91 to 0.95. The expect-

Line Selection criterion
Females Males
E X X,
w Xy X
R Xy /%, X1/%;
L 127.81 x, —100.39 x, 146.65 x, —50.32 x,

152.06+(0.5611 %, ~0.1717x,)

224.49+(—0.0121 x, +0.4080 x,)

152.06+(0.6573%, +0.0485 x,,)
224.49 +(0.0059 %, +0.4025 x,)

a

x,: individual egg mass; x, : full-sib mean egg mass; x,: adult weight
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Table 3. Egg mass/adult weight ratio ( x 100): mean values per
generation, mean observed responses + standard errors, and ex-
pected responses

Mean
response

Line Generations Expected

response

0 1 2 3

E 71.08 64.23 71.39 87.36 5.60+2.78 21.01
w 58.23 73.23 57.74 59.00 —1.32+513 3.18
R 73.93 88.62 70.64 82.67 0.8241.56 21.88
L 63.22 57.21 67.88 66.07 1.92+044 2195
NL 49.55 49.68 51.64 68.69 594+1.52 23.06

Table 4. Egg mass (102 mg): mean values per generation, mean
observed responses + standard errors, and expected responses

Mean
response

Line Generations Expected

response

0 1 2 3

E 167 149 164 201 11.7+6.44 47.81
w 126 151 114 115 —7.0+936 —2.30
R 166 202 156 182 0.2+3.81 46.37
L 141 128 152 151 54+2.61 47.24
NL 110 112 112 159 14.7+3.75 49.37

Table 5. Adult weight (10”2 mg): mean values per generation,
observed responses & standard errors, and expected responses

Mean
response

Line Generations Expected

response

0 1 2 3

E 231 229 226 228 —1.2+0.30 0.71
w 220 209 198 195 —8.6+185 —13.30
R 224 223 219 214 —-34+115 —-3.09
L 222 218 222 225 1.6+2.82 —2.26
NL 217 219 211 222 07+1.69 —2.65

Table 6. Regression coefficients using line R as a covariate

Line  Adjusted mean response Genotype-environment

interaction
Ratio Egg Adult Ratio Egg Adult
mass  weight mass  weight
E 5.73 11.74 =395 —0.16 —0.20 —0.81
W —197 714 —1443 0.80 070 —1.71
L 2.31 548 —510 —048 —040 —-1.97
NL 5.81 14.66 —4.24 0.16 020 —1.45

ed response of line W was the least. Observed responses
were less than expected in all five lines.

Generation means for egg mass are shown in Table 4.
Observed response was significant in line NL; mean re-
sponse in lines E and L was only twice its standard error
and was not significant; selection was not effective for egg
mass in lines R and W. The expected response was similar
in lines NL, E, L, and R, being negative in line W, The

selection results for adult weight are given in Table 5.
Selection significantly decreased adult weight in lines W,
R, and E; selection was not effective in decreasing adult
weight in lines NL and L. The expected response of the
W line was greater than that of the R, L, and NL lines.
The observed response was less than expected in line W
and it was slightly greater than expected in line R. For
adult weight, neither the expected decrease in both index
lines (NL and L) nor the expected increase in line E were
observed.

Mean observed responses adjusted using the line se-
lected to increase the ratio (line R) as a covariate are
presented in Table 6. Regression coefficients to check the
genotype-environment interaction between lines E, W, L,
or NL, and line R are also included in this table. Mean
responses for the egg mass/adult weight ratio were posi-
tive in lines L, E, and NL, suggesting that index selection
and indirect selection for egg mass are more efficient than
ratio-based selection. Adjusted mean responses for egg
mass were, as for the ratio, positive in lines E, L, and NL,
and negative in line W. Adjusted estimates of selection
responses for adult weight were negative in all four lines.
The environment had a greater effect on the R than on
the W and NL lines for the ratio and for egg mass, since
the regression coefficient measuring genotype-environ-
ment interaction was >0 and <1. Common environmen-
tal fluctuations caused the E and R lines to respond in
opposite directions for the ratio and for egg mass; the
regression coefficient estimating the effects of the geno-
type-environment interaction was less than zero. The
same was true for both traits in line L, and for adult
weight in all four lines.

The realized heritability for egg mass (0.434-0.16),
calculated in the E selected line as the regression of means
on cumulative realized selection differentials, was similar
to the heritability estimate in the base population (0.55).
Realized heritability for adult weight in line W was
0.23 4+ 0.06; it did not differ appreciably from the estimate
in the base population {0.40). Realized heritability for the
egg mass/adult weight ratio in line R (—0.03 +0.18) was
very small and negative, differing greatly from the esti-
mate of 0.50 in the base population. This discrepancy
indicates that the heritability of the ratio cannot be used
to predict selection response for that ratio. Secondary
selection differentials for egg mass in the nonlinear and
linear index lines (56.52 and 54.25, respectively) were very
close to the selection differential realized in line E (60.01);
however, secondary selection differentials for adult
weight (—1.04 in line L and —0.50 in line NL) differed
substantially from that realized in line W (—29.62), sug-
gesting that index lines placed the majority of selection
pressure on increasing egg mass. On the other hand,
secondary selection differentials for the egg mass/adult
weight ratio in the linear (25.60) or nonlinear (24.36) in-
dex lines agree well with that observed in line R (32.13).



Discussion

Theoretical expectations for the egg mass/adult weight
ratio have been partially observed in the experiment,
since the nonlinear index, the linear index, and the egg
mass lines had the greatest responses, and response ob-
served in the adult weight line was the least. However, the
ratio-based selection line was not effective in changing
the egg mass/adult weight ratio, and there was very large
deviation from expected response in all five lines. The
observed efficiency of the linear index relative to the
nonlinear index was less than expected. A superiority of
the nonlinear over the linear index was obtained by
Campo and Sanchez (1988), selecting for a trait (biomass)
defined as the product of two component traits (pupal
weight and family size) in 7ribolium. Thus, the usefulness
of nonlinear indices as selection criteria to improve a
nonlinear trait appears to hold also for selection of ratios
of two traits.

The observed superiority of the linear index over
direct selection for increasing the egg mass/adult weight
ratio agrees very well with conclusions of Gunsett (1984,
1986, 1987). Gunsett (1984) reported that with unequal
heritabilities of component traits, the linear index is
always more efficient in changing a ratio than direct
selection. When the component traits have equal herita-
bilities, the methods give similar responses. On the other
hand, the observed discrepancy between the realized
heritability of the egg mass/adult weight ratio and the
estimates obtained from the correlation among relatives
agrees with the general trend obtained from selection
experiments (Gunsett 1986), and suggests that the pheno-
type and genotype of the ratio are not bivariate normal
in their distribution. In this way, the heritability estimat-
ed from analysis of covariance among relatives would
not provide an accurate method of determining expected
response for the ratio and would explain the discrepancy
between expected and observed response in line R.

Gunsett (1987) suggests that the difference between
realized and estimated heritabilities supports the idea of
utilizing the components of the ratio in a linear index,
when the selection goal is to maximize the response in a
ratio. On the other hand, direct sclection on the ratio is
complicated by the disproportionate fashion by which
selection pressure is exerted on the component traits
(Gunsett 1984); one advantage that the linear index pro-
vides is the predictability of the selection pressure placed
on the components. A majority of selection pressure on
increasing the numerator seems to represent the optimal
strategy for the egg mass/adult weight ratio to be im-
proved. The behavior of the index line is consistent with
this optimal strategy, but direct selection on the ratio
gave greater weight for decreasing the denominator. Pym
(1985) suggests that since it is not possible to assign an
economic weighting to food efficiency, since change in
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the ratio can be affected by change in the numerator
and/or denominator, selection should incorporate both
component traits. Obviously, the superiority of the linear
index over direct selection for the ratio will depend on the
values of the index coefficients; if the index coefficient of
one component trait were smaller than that of the other,
the efficiency of the ratio-based selection relative to that
of the index selection could be increased. Davis (1987)
found little advantage in using an index of feed intake
and gain (two traits with equal heritabilities) in place of
the feed/gain ratio in beef cattle; the index coefficients of
feed intake and gain were approximately —1:4.

Observed response of the linear index line was not
greater for the ratio than that of the egg mass line as
expected, but the change in egg mass/adult weight ratio
was not significant in this line. Table 3 shows that selec-
tion on the linear index is expected to be 4.5% more
effective than selection on egg mass alone. Similarly, Lin
(1980) indicated that selection on an index of weight gain
and feed intake in mice was 10% more effective than
selection on weight gain for improvement of feed efficien-
cy. When the goal was to obtain the largest negative
response in fat weight/body weight, Eisen and Prasetyo
(1988) found in mice that the linear index was only
marginally better (5%) than single selection for de-
creased fat weight. Pym and James (1979) reported that
predicted response to selection based on the linear index
of weight and feed consumption in broilers was always
greater than predicted response to selection for weight
alone. This expected superiority of the linear index over
indirect selection for adult weight was observed in our
experiment.

The observed superiority of indirect selection for the
numerator trait over direct ratio-based selection agrees
with the results reported by Clayton and Powell (1979) in
ducks, in which the simplest and most effective way of
improving feed efficiency is by selection for final body
weight. They emphasized that increasing relative fatness
is the main disadvantage of this procedure. Leenstra and
Pit (1987) selected for feed conversion (feed consumed/
weight gain) and for body weight in a broiler sire strain;
the line selected for feed conversion had better feed
conversion and less abdominal fat. Finally, the expected
superiority of the line selected for the numerator trait
(egg mass) over that selected for the denominator (adult
weight) was confirmed in our study. The high and posi-
tive value for the genetic correlation between the ratio
and egg mass, and the small and negative value between
the ratio and adult weight, are consistent with the behav-
1or of both lines. According to Yiiksel (1979), feed effi-
ciency and gain are positively correlated in some farm
and laboratory animals, while the correlation between
efficiency and feed consumption is either zero, or nega-
tive and small. In agreement with these observed results,
Nestor and Bacon (1986) found that biological efficiency
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(egg mass/metabolic body weight), an indirect estimate
of feed efficiency, of turkeys increased in the line selected
for egg production and decreased in the line selected for
body weight.

Given the conditions of this experiment (numerator
trait much more variable than denominator trait, mean
values and heritabilities not very different for the compo-
nent traits, small phenotypic and genetic correlations be-
tween numerator and denominator, and asymmetrical
correlations between the ratio and its components), non-
linear index, linear index, and selection for the numerator
trait are the most efficient methods to improve a ratio of
two traits, while direct ratio-based selection and selection
for the denominator trait appear to be inappropriate for
the selection of a ratio.
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