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ABSTRACT

Food consumption, feed efficiency, metabolic rate and glucose utilization
were studied throughout development in one control (1C) and three selected
lines (3, 9, 10) of Tribolium castaneum that had been subjected to long term
selection for 21-day pupae weight. Growth rate, body composition, cellular
growth and the activity of four dehydrogenase enzymes in the same lines have
been reported (MebraNO and GaLL 1976) ——Larva of selected lines consumed
1.2 times as much food as the control and gained an average of 2.9 times as
much weight. The rapid growth of the selected lines was associated with a gross
feed efficiency 20 to 30% above that for the control line. There was also a small
but consistent improvement in the conversion of digested food. Average diges-
tibility was higher for selected lines.——There was little apparent differen- .
tiation between the control and selected lines in metabolic rate/individual, but
the rate measured on a per-unit weight basis was two- to three-fold greater
for the control during the active growth stages. Respiratory quotients (R.Q.)
of 1.0, indicative of carbohydrate oxidation, were observed through larval
growth in all lines. Pupae at 21 davs showed R.Q. values greater than 1.0,
which were interpreted as resulting from a phenomenon in insects in which
CO, is released by pupae, in large bursts at irregular intervals. The rate con-
stant of glucose oxidation, measured as the rate of C1¢ labelled CO, respired
during 2- to 6-hour incubation periods, was two- to three-fold higher in the
control. In addition, the control line larvae expired 59, to 179 more of the
ingested C14 as CO,. It was apparent that control line individuals maintained
a much more active turnover of metaholites but without an effective retention
of carbon as body substances. The results are discussed in support of the hy-
pothesis that selection for large body size resulted in improved control mech-
anisms that influence the biological efficiency of growth in Tribolium.

IN a preceding investigation (MEebprANO and GALL 1976) correlated changes

in body composition, cellular development and enzyme activities to selection
for large 21-day pupae weight in Tribolium casaneum were analyzed. Selected
lines averaging a two- to three-fold larger size than the control line through devel-
opment were found to have a higher fat percent content at all ages prior to pupa-
tion. No major differences in percent protein were detected and water content
had an inverse relationship to fat. The increase in fat throughout the growing
period was very closely correlated with developmental rate or the physiological
age of the lines. The general pattern of the data indicated that all the lines
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reached very similar levels of fat content at pupation. A marked increase in size
and number of cells of the selected lines above the control line was revealed.
Selected lines’ activities of isocitric dehydrogenase and lactic acid dehydrogenase
per mg-wt were 60% lower than those of the control.

The present study examines food consumption, feed efficiency, metabolic rates
and glucose utilization in the same lines. Evidence is presented to support the
contention that genetic selection has effectively changed the control mechanisms
that influence the metabolic and physiological capabilities of the organism.

MATERIALS AND METHODS

The study was conducted with three lines of Tribolium castaneum selected for large 21-day
pupa weight (lines 3, 9, and 10), and a randomly selected control line (line 1C) originating
from the same base population (GaLn 1970). Their response over the first 30 generations was
described by Garr (1971). The expansion and sampling procedure of the lines were described
in an earlier report (MEbpraNO and Garr 1976). Food intake was assessed at generation 64 in
lines 3, 10 and 1C, and generation 65 in line 9. The lines had been maintained to this point
following the procedure for suspended selection described by Garr (1971). Selection was sus-
pended at generations 31, 32 and 53 in lines 3, 10 and 9, respectively. The organisms were kept
in 4 oz. Mason jars in a medium consisting of 909% unbleached white wheat flour and 10%
dried brewers yeast at 33° and 709 relative humidity.

Analytical Procedures

Food intake and utilization indices were measured in 10 replicate samples of each line for
the following 2-day time intervals: 8 to 10, 10 to 12, 12 to 14, and 14 to 16 days of age. Data
were collected utilizing a fecal uric acid method proposed by BuarTracHARYA and WALDBAUER
(1969a.,b, 1970). The method provides an indirect estimate of the amount of fecal material in
the media.

In each replicate, 25 larvae were allowed to feed on approximately 100 mg of medium for
a 48-hour period. Amount of food consumed and weight gained were determined by difference
after drying the samples at 105° for 24 hours. Dry weight at the beginning of the feeding trial
was determined using an equivalent sample of larvae. Small samples of feces were collected
by allowing samples of larvae to sit in a clean aluminum dish for 2 hours.

The leftover medium and the feces were extracted with 10 ml of a 0.69, solution of lithium
carbonate. An aliquot was then analyzed for uric acid by an automated procedure with a Tech-
nicon Auto-Analyzer following a method adapted from that described by Hawxk, Oser and Sum-
MERsON (1926). In a separate trial it was determined that the method extracted and assessed
uric acid with an 88%, efficiency; consequently, the data were corrected for this value.

Since Tribolium medium contains no uric acid, the weight of feces present was calculated as:

mg uric acid in medinm
‘Wt feces =

mg uric acid/mg feces
and the weight of food consumed was estimated as:

Food intake (mg) = initial wt medium — (final wt medium — wt feces). A more objective
assessment of food intake adjusted for the differences in body size among the lines was calculated
as a consumption index (C.1.) suggested by Warpsauer (1968):

C.I. = daily dry wt food intake/mean wet wt of animals during feeding period.

Three parameters based on food intake and weight gain were utilized to describe efficiency

of feed conversion and digestibility (WarLpsauer 1968): Efficiency of conversion of ingested food
to body substance (E.C.1.):

E.C.I = 100 X wt gained/wt food intake;

efficiency of conversion of digested food to body substance (E.C.D.):
E.C.D. =100 X wt gained/(wt food intake —wt feces);

and approximate digestibility (A.D.):
A.D. =100 X (wt food intake — wt feces) /wt food intake.
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Metabolic rate was evaluated from 10 to 25 days of age by the direct measurement of oxygen
consumption and CO, production with a Warburg respirometer following the procedure outlined
by Umsrert, Burris and Staurrer (1964). All incubations were performed at 33° in 25 ml
flasks containing approximately 150 mg of medium and 30, 25, 15 and 15 larvae at ages 10, 12,
14, and 16 days, respectively; 15 larvae in lines 10 and 1C, and 15 pupae in lines 3 and 9 at 19
days; 25 pupae at 21 days and 15 adults at 25 days of age. To measure oxygen consumption and
CO, production, 0.2 ml of 20% KOH was utilized to absorb the CO,. Total oxygen consumption
and CO, production were expressed in ul/hr/animal, and in ul/hr/mg wet wt. Respiratory quo-
tients were calculated as the ratio of CO, produced to oxygen consumed.

Rate of glucose utilization and percent of ingested carbon expired as CO, were assessed by feed-
ing radioactive [U-C4] glucose labelled flour to larvae and measuring the radioactivity in res-
pired CO, and in body tissue after a period of incubation.

The test diet contained 0.43 uCi of [U-C!4] glucose per 100 mg of medium. Ten grams of
diet were prepared by making a slurry of 1.0 g of flour in 1.0 ml of 959 ethanol and 0.05 ml
of 25% ethanol solution containing 1.0 mCi of [U-C!4] glucose per ml. The radioactive slurry
was dried in an oven at 56° for 90 minutes, then gently powdered with a spatula and passed
through a 60-mesh sieve. The remainder of the diet, 8.0 g of flour and 1.0 g of yeast, was added
and thoroughly mixed by tumbling in a glass jar.

At 10, 12, 14, 16 and 25 days of age, animals were weighed in groups of 30, 25, 15, 15 and
15 individuals, respectively, and placed in 25 ml Erlenmeyer flasks containing 100 to 150 mg
of labelled diet which had been equilibrated for at least 12 hours in an incubator at 33° and
709% relative humidity. Each flask was then returned to the incubator after being sealed with
a self-sealing rubber serum cap fitted with a plastic center well containing a 1.5 cm? folded piece
of Whatman 1 filter paper. The incubation was continued for periods of 1, 2, 3, 4, 5, and 6 hours
with four replicate samples for each line, age and time period.

Fifteen minutes before the end of an incubation period, 0.2 ml of hydroxide of hyamine-10X
were added to the plastic center well to collect the CO, produced. The incubation was terminated
and CO, liberated from the medium by injecting 0.2 ml of chloroform in 1.0 ml of 1N sulfuric
acid into the flask. The flasks were allowed to sit at room temperature for 1 hour with occasional
slow shaking to ensure complete uptake of CO,. The larvae were thoroughly washed with dis-
tilled water and allowed to air dry before being placed in scintillation vials containing 2.0 ml
of a 3:1 mixture of hydroxide of hyamine-10X and 309, KOH. Atfer a 24-hour period of initial
digestion at room temperature, the samples were heated with occasional shaking for 45 minutes
at 70°, allowed to cool, five drops of 309 hydrogen peroxide were added and the samples re-
heated for 30 minutes. After cooling to room temperature, 1.0 ml of glacial acetic acid and 10
ml of scintillation fluid for aqueous samples (5.0 g of omniflour in 500 ml of Triton-X-100 and
1000 ml of toluene) were added. The samples were then allowed to sit for 48 hours before count-
ing with a liquid scintillation spectrometer. Internal standards were used to correct for quench-
ing effects.

The rate constant of glucose oxidation was estimated by the slope of the linear regression
of CO, production on incubation time, and the percent of total ingested C'4 expired as CO, as:
100 X total cpm CO,/(total cpm CO, + total cpm in animal body).

RESULTS

Food intake and utilizatior:: The results of comparisons made of food intake,
weight gain, efficiencies of feed conversion and digestibility are presented in
Table 1. Analyses of variance are presented in Table 2.

The dry weight-fresh weight consumption index (C.I.) calculated from dry
weight of food eaten and fresh weight of animal is an indicator of relative intake
of nutrients. The index as calculated underestimates absolute amount of food
consumed due to the water content of the medium (11.6% water after equili-
brating for 72 hours at 33° and 709 relative humidity).
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TABLE 1

Consumption index (C.l.), average initial dry body weight, average daily dry weight gain,
efficiency of conversion of ingested (E.C.1.), and digested (E.C.D.) food
calculated on dry weight basis, and approximate digestibility (A.D.)

Age interval (days)

Trait Line 8to 10 10 to 12 12 to 14 14 to 16
Cl 9 1.07 1.06 1.00 0.56
10 108 116 0.89 0.49
3 1.07 1.08 0.94 0.47
1C 0.84 0.93 0.74 0.80
Average initial 9 0.06 0.18 0.47 1.19
dry body 10 0.06 0.18 0.43 1.25
weight (mg) 3 0.05 0.15 0.40 1.12
1C 0.04 0.10 0.20 0.42
Average daily 9 0.05 0.15 0.37 0.30
dry body 10 0.05 0.15 0.27 0.20
weight 3 0.04 0.10 0.28 0.24
gain (mg) 1C 0.02 0.04 0.07 0.13
E.CI. (%) 9 13.3 13.6 16.6 14.6
10 12.5 13.1 15.4 11.9
3 12.6 12.0 15.8 15.7
1C 135 10.4 12.3 11.8
E.C.D. (%) 9 18.1 17.8 24.1 22.8
10 18.1 18.5 22.4 21.1
3 19.9 17.3 23.4 279
1C 23.4 16.7 18.8 22.3
AD. (%) 9 74 77 69 64
10 69 71 69 57
3 64 69 67 57
1C 58 63 66 54

The C.I. value for the control line was consistently and significantly (P < 0.01)
lower than for the selected lines for the periods from 8 to 14 days of age when
the selected lines realized their highest weight gain. Comparing dry weight gain
in relation to the initial dry body weight from 8 to 10, 10 to 12 and 12 to 14 days,
the relative weight gain of the three selected lines averaged 1.6, 1.9 and 2.1 times
that of the control during the three periods and consumed an average of only
1.3, 1.2 and 1.3 times as much food. But in the period from 14 to 16 days when
the selected lines were growing at a decreasing rate and approaching pupation
(MepraNo and GarL 1976), the control line consumed 1.6 times more food per
unit weight (P < 0.01) then the average of the selected lines and realized a
relative weight gain only 1.5 times as much as the selected lines. These com-
parisons indicated a superior efficiency of the selected lines. Among the selected
lines, significant (P < 0.05) differences in consumption were observed in the
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TABLE 2

Mean squares showing the linear contrast of control (ctrl.) versus selected (sel.) lines and a
linear contrast among the three selected lines on consumption index (C.1.), average
daily dry weight gain, efficiency of conversion of ingested (E.C.1.), and
digested (E.C.D.) food, and approximate digestibility (A.D.)

Mean squares

Source df C.I Dry wt. gain  E.C.I. E.C.D. A.D.
8 to 10 days
Cirl. vs. sel. 1 0.2166** 0.0025** 1.62 78.75* 463**
Among selected 2 0.0001 0.0004** 1.63 10.60 207**
Error 28 0.0205 0.00001 2.98 12.54 12
10 to 12 days
Ctrl. vs. sel. 1 0.2100** 0.0635**  45.89** 11.01* 662+
Among selected 2 0.0275 0.0083*> 6.87** 3.81 145**
Error 36 0.0123 0.0001 1.50 3.34 17
12 to 14 days
Cirl. vs. sel. 1 0.2970** 0.4225**  97.58** 155.27** 43**
Among selected 2 0.0280* 0.0315%* 4.18** 7.35 9
Error 36 0.0068 0.0008 0.90 3.21 4
14 to 16 days
Ctrl. vs. sel. 1 0.6381** 0.1062**  37.80** 19.68 205**
Among selected 2 0.0227* 0.0243**  36.86** 126.21** 168**
Error 35 0.0065 0.0027 4.96 23.73 22
*P < 0.05.
** P < 0.01.

two periods from 12 to 16 days. The difference was due mainly to a higher value
of line 9, the line that also realized the highest weight gains during this stage.

No differences in efficiency of conversion of ingested food (E.C.I.) were
detected among the lines in the initial period from 8 to 10 days. The control line
showed an unexpectedly high value that does not seem compatible with the
gain, food intake, and digestibility observed during that period or the E.C.I.
observed in later periods. The result may be due to sampling error since experi-
mental loss reduced the sample size to four replicates in the control line as com-
pared to 10 for all other determinations. Therefore, limited confidence can be
placed in the parameters estimated for the 8 to 10 day interval in line 1C.

In the three periods from 10 to 16 days the selected lines differed significantly
(P <0.01) among themselves in E.C.I. values, and were consistently more effi-
cient than the control line. Line 9 had the highest E.C.I. values over the periods
from 10 to 12 days and 12 to 14 days, and also gained the most weight. In con-
trast, from 14 to 16 days line 10 dropped in both efficiency (E.C.1.) and rate of
gain, In general, E.C.I. and rate of gain showed a strong positive relationship.
A similar relationship has been reported in mice (FaLcoNer 1960; FowLEr 1962;
RauNEFELD et al. 1965; Lanc and Lecates 1969; Timon and Eisex 1970;
SuTHERLAND et al. 1970; MEvEr and Brabrorp 1974).
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The selected lines differed from the control in efficiency of conversion of
digested food (E.C.D.) in the three periods from 8 to 14 days. Line 1C had a
higher E.C.D. from 8 to 10 days but, as mentioned earlier, this value seems incom-
patible with the rest of the data. In the two periods from 10 to 14 days the
selected lines excelled in E.C.D. with the most significant (P < 0.01) differences
occurring at 12 to 14 days when the lines realized very high gains.

The approximate digestibility (A.D.) of food showed a marked decline beyond
the 10 to 12 day period. However, the selected lines had consistently higher values
than the control at all ages. Differences among selected lines resulted from the
tendency of line 9 to show a higher digestibility than the other two lines. Diges-
tibility directly affects E.C.I. since it is one of the processes involved in food
utilization. For example, the apparent differences in E.C.I. among the selected
lines at 10 to 12 days may be a reflection of differences in digestibility.

Metabolic rate: There was no consistent differentiation between control and
selected lines in metabolic rate measured as average O, consumption per individ-
val (Figure 1). During the active growth period from 10 to 14 days, metabolic
rate in the selected lines paralleled body size. Line 10, a slower developing line,
maintained an active respiration as well as an increasing growth rate through
day 16, whereas lines 3 and 9 reached peak growth rates and metabolic rates at
day 14. Thereafter, the lines declined to a low metabolic rate at day 21. The con-
trol line, although sustaining active growth through day 16, also declined in
metabolic rate after day 14 but at a slower rate than lines 3 and 9. The 19-day
pupae assessed in lines 3 and 9, as expected due to their reduced activity, con-
sumed less oxygen than the 19-day larvae assessed in lines 10 and 1C. At 21
days significant differences were detected among the lines although their ranking
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Frcure 1.—Metabolic rate per animal measured as pl of oxygen consumed/hr/animal in
Tribolium selected lines 9 (@ @®), 10 ([O0---0), and 3 (A----A), and control line 1C
(O--0).
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in metabolic rate was directly correlated to body size. The apparent differentia-
tion of the lines as adults at 25 days, on the other hand, showed no relationship
to body size.

In contrast to the metabolic rate per animal, metabolic rate expressed per unit
body size (Figure 2) decreased throughout the larval stage. On the average, O.
consumption/mg was two- to three-fold greater for the control line than for the
large selected line individuals during the active growth period. No differentiation
was apparent among the lines beyond 16 days of age.

Respiratory quotienits: The R.Q. is useful as a general indicator of the nature
of animal metabolism (KrLeiBer 1961). Average R.Q. values from 10 to 25 days
in Tribolium are presented in Table 3. Although variable, values were similar
in both control and selected lines from 10 to 16 days. All R.Q. values exceeded
0.9 with some exceeeding 1.0 at 14 and 16 days. The general observation of
values near 1.0 is indicative of carbohydrate oxidation during active growth.
The R.Q. values close to 0.8 observed in larvae of lines 10 and 1C at day 19
reflected their approach to pupation and suggested oxidation of protein and fat
as energy sources. At the same age, a similar R.Q. value of 0.76 was observed
for pupae of line 3, whereas the value of 0.68 in pupae of line 9 seemed to indi-
cate reliance on fat as a main energy source.
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Freure 2.—Metabolic rate per unit weight measured as gl of oxygen consumed/hr/mg body

weight in Tribolium selected lines 9 (@ ——@), 10 ([J---[1), and 3 (A----A), and control
line 1C (QO---0O).
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TABLE 3

Respiratory quotients (R.Q. = C0,/0, ) of Tribolium at different ages

Age (days)
Line 10 12 14 16 19 21 25
9 0.98 0.98 0.98 1.18 0.68 1.67 1.03
10 1.00 1.00 1.12 1.03 0.78 1.61 0.84
3 0.97 0.98 1.13 0.94 0.76 1.82 1.00
1C 0.99 0.98 1.08 0.94 0.80 1.50 0.86

Observations at day 19 contrast with R.Q. values for 21-day pupae which
were all considerably above 1.0. R.Q. values above 1.0 were observed by
Merampy and WiLiss (1939) during the larval stage in honeybees and by
BremsrreU in 1901, as quoted by KremBer (1961), in geese consuming large
amounts of grain. Both authors attributed the effect to increased CO, production
caused by the synthesis of oxygen-poor lipids from carbohydrate which contained
relatively more oxygen. Although the lipid content of 21-day pupae (MEDRANO
and Gavr 1976) in the four lines was high (18.79 fat on the average), it does
not seem plausible to apply the above interpretation to the observed R.Q. values
particularly when the organisms were not increasing in body weight or con-
suming any food. More likely, it seems that the observed values may be explained
as resulting from a phenomenon of cyclic, gigantic releases of CO, that has been
observed in several species of insects at rest (PunT, Parser and Kucarein 1957)
and in pupae of Lepidoptera (ScaNeIDERMAN and Wrirriams 1953; Buck and
Krister 1955). As indicated by Buck and Keister (1958) the phenomenon
seems to be widespread in all insects under conditions where oxygen supply is
high relative to demand. ScENEIDERMAN and Wirriams (1953) observed R.Q.
values varying from 0.1 to 3.0 during successive hours in diapausing pupae of
Cecropia silkworm. They found that a continuous oxygen uptake was maintained,
but CO. was released discontinuously in “bursts” every few hours. Buck and
Kerster (1955) have indicated that a mechanical stimulus, such as handling of
the pupae in weighting and insertion in the respirometer flasks may trigger the
CO, release, and that in some cases these “bursts” can be delayed for up to 1
hour after handling. An increase in temperature has also been demonstrated
(ScuwemerMaN and Wirriams 1955) to have the effect of increasing burst fre-
quency as well as the interburst rate of release. There is no direct evidence from
the literature that this phenomenon occurs in Tribolium pupae, nevertheless,
in the present study the experimental conditions were appropriate for the expres-
sion of such a behaviour. The pupae were removed from an incubator kept at
33° and weighed. They were then kept at room temperature (approximately
19°) from 3 to 4 hours prior to being placed in the respirometer flask where they
were allowed to equilibrate for 1 hour at 33° before CO, and O, were measured.
As indicated above, the handling processes and the temperature gradients the
organisms were subjected to may have triggered a synchronized response enhanc-
ing the CO, released in comparison to oxygen intake during the hour that CO,
was measured.
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It should be pointed out that although the CO, “bursts” occur, SCHNEIDERMAN
and WirLriams (1953) have shown that if respiratory exchange is measured for
a long period of time the average R.Q. still is around 0.7, as expected for fatty
acid oxidation during the pupal stage (see review by AcreLL and LuNpQuUIsT
1973). This would indicate that the CO, “bursts” do not cause any peculiar
changes in the intermediary metabolic functions during the pupal stage, but as
suggested by Buck and Keister (1955) they may be a consequence of a response
of the spiracles to minimize transpiratory water loss.

At 25 days, adults in the early developing lines 3 and 9 appeared to have
initiated feeding earlier and relied on carbohydrate oxidation for energy (R.Q.
values of 1), whereas the later developing lines 10 and 1C at 25 days, perhaps
still a little immature, relied on stored protein and fat as main sources of energy.

Glucose utilization: When an organism is given a radioactive labelled com-
pound such as [U-C*] glucose in the feed, the compound must be digested,
incorporated in the system, equilibrated with the organism’s metabolic pool of
glucose, and then metabolized before the label is recovered as CO.. By regressing
the amount of labelled CO, production on incubation time it is possible to obtain
comparative estimates of rate of glucose oxidation for the lines. The slope of the
regression line will be a composite estimate incorporating effects at all the steps
participating in the process of glucose utilization. However, it is also a good
indicator of the rate constant of glucose oxidation in the system, i.e., the rate
at which it is metabolized and passed through the system.

The apparent constant for glucose oxidation for each line during the active
growth stage is presented in Table 4 as the regression of CO, produced, in
cpm,/mg, on incubation time from hours 2 to 6. The mean cumulative CO, pro-
duction in consecutive incubation hours is also presented for comparison. The

TABLE 4

Mean CO, production at cumulated hourly intervals (n = 4), after allowing Tribolium larvae
to feed on U-C4 glucose labelled flour, and the rate constant of glucose oxidation as
the regression of CO, production on incubation hours 2 to 6 (df — 19)

Incubation hours Regression
Age Line 1 2 3 4 5 6 b=+ S.E. r
Days cpm/mg-tissue cpm/mg/hr
10 9 3 9 80 204 404 504 131 =12 0.84
10 3 11 62 114 233 328 81+8 091
3 11 53 147 282 466 437 109 = 18 0.82
1C 20 53 277 713 1041 1514 369 + 23 0.96
12 9 1 17 67 141 371 303 87 +23 0.73
10 1 6 38 146 245 279 75 = 8 0.83
3 3 27 163 191 201 336 75+9 081
1C 6 83 230 425 509 873 186 += 24 0.91
14 9 1 4 50 183 206 373 89 + 12 0.89
10 1 5 41 139 173 235 59 = 5 0.77
3 0 14 78 80 193 238 56 =9 0.89
1C 3 31 156 443 727 942 239 + 16 0.98
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TABLE 5

Average percent and mean squares showing the linear contrast of control (ctrl.) versus selected
(sel.) lines and a linear contrast among the three selected lines for total ingested C14
expired as CO, for ages 10, 12 and 14 days (values were calculated from
tncubation hours 4, 5 and 6)

Age (days)
Line 10 12 14
% %o %
9 69 44 35
10 50 50 - 36
3 56 42 34

1C 67 55 43

Mean sguares

Source df 10 12 14
Ctrl. vs. sel. 1 1437.70**  1344.47** 525.14**
Among selected 2 89.63** 9.03 26.37
Error 44 16.04 19.25 14.52

** P < 0.01.

selected lines had consistently and significantly (P < 0.001) two- to three-fold
lower rates of glucose oxidation than control at the three ages studied. No signifi-
cant differences among the selected lines were detected except at day 14 where
line 9 had a higher rate of oxidation than the other two lines. In addition, abso-
lute amount of CO, produced during the 6-hour period was significantly lower
for the selected lines than for the control.

These results indicate that the control line moved substrates through its meta-
bolic system at a rapid rate but without achieving the growth observed for the
selected lines, This suggests that the control line indulges in wasteful energy
production, i.e., it produces little utilizable energy for growth but simply releases
heat from substrates. The latter conclusion was supported by differences in the
percent of total ingested carbon expired as CO. (Table 5). The selected lines
expired significantly (P < 0.01) less CO, than controls from 10 to 14 days retain-
ing a higher proportion of ingested carbon for synthesis of body substance. Line
10 retained more carbon than the other two selected lines at day 10 but tended
to retain less at day 12. Rate of glucose utilization and proportion of ingested
carbon expired as CO. were also measured at 16 and 25 days. No differences
among lines were detected in CO, expired after 14 days of age.

DISCUSSION

Metabolic body size: All living organisms are transformers of energy. The
participation of all the cells of the organism in this process results in a direct
association between the intensity of energy transformation and changes in body
weight (Kayser and HEusNER 1964).
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Kremser (1961) from his earlier work, concluded that the limits for the relation
between body size and metabolic rate in animals lies between the positive corre-
lation of metabolic rate/animal and body weight and the negative correlation of
metabolic rate/unit weight and body weight. Within these limits, through
comparative studies, KLeiBer showed that in homeotherms metabolic rate is
proportional to the 3/4 power of body weight. This unit of metabolic body size
has been very useful in homeotherms in the evaluation of food intake, feed
efficiency, level of metabolism, etc. independent of body size.

In insects, although extensive work has been done in the area of respiratory
metabolism, there is no absolute consensus on the appropriate exponent to relate
body weight and rate of metabolism. BErTaLANFFY (1957) distinguished three
basic metabolic types in animals. One of his classifications was metabolic rate
proportional to body weight. He considered this type to be characteristic of orga-
nisms with an exponential growth curve such as growing insect larvae and
hemimetabolous insects. He also indicated that this relationship was appropriate
in comparing pupae of different but related species. Epwarps (1953) indicated
the exponent to be 1.0 for larvae of holometabolous insects which include
coleoptera. Lupwic in 1937, as quoted from Kavser and Heusner (1964), also
proposed an exponent of 1.0 for invertebrates with tracheal respiration. ZEUTHEN
(1953) indicated an exponent of 0.95 for invertebrates of less than 40 mg. This
size range would include most insects although his work was done with larvae of
marine organisms. TEssier (1931), working with Tenebrio molitor, found an
exponent of 0.7 for basal metabolism, but when active larval growth was consid-
ered the exponent increased to 0.95. Kayser and HeusNer (1964) presented
some unpublished results of Stussi and Heusner. For hymenoptera they
reported an exponent of 0.92 with a 959 confidence interval of 0.82 < b < 1.02,
and suggested a value of 0.77 (0.45 < b < 1.09) for coleoptera. The develop-
mental stage of the organisms was not stated.

In addition, Kayser and Heusner (1964, quoted in free translation) have
indicated that there are two aspects to the relation of weight to metabolic
intensity. One is the case in which the increase of weight is due to the increase in
cell volume. Since O, penetrates the cell through the surface, and since surface
area grows proportionally to the square of the linear dimensions between large
and small animals, the use of energy would be proportional to weight to the 2/3
power. The other aspect is the case in which the increase in weight is due to a
cellular multiplication with the cellular volume remaining constant. Then in
comparing animals of different size the energy utilization would be proportional
to the power of 1.0. ELLENBY (1953) investigated the relationship between
oxygen consumption and cell size by comparing diploid and triploid prepupae of
Drosophila melanogaster. The two groups of animals had the same body weight,
but the cells of the triploids were 1.5 times the size of those of the diploid. The
rates of O, consumption per mg tissue per hour were the same for both groups,
indicating the cell size had no influence on general level of metabolism.

Generalizing from the conclusions of Evrensy (1953) and Kavser and
Heusner (1964), the assumption of an exponent of 1.0 appears to be justified.
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Insect growth is observed to result from increases in both cell number and cell
size, but since the latter does not influence metabolic rate, the relationship
between size and metabolic rate should be directly related to body mass.

The rate of oxygen utilization in the present investigation, having been
measured on groups of individuals, but did not permit accurate estimation of an
appropriate exponent. The magnitude of the differences in size between selected
and control lines demanded that a correction for weight be made to allow any
valid comparisons. Consequently, an exponent of 1.0 was assumed for Tribolium
in lieu of any other information on this species. The data presented in Figures
1 and 2, expressing respiration rate per animal and per unit body size, represent
the outer limits of the relationship between body weight and rate of metabolism
as suggested by Kreiser (1961).

General considerations: Genetically controlled mechanisms that have a
regulatory influence on the metabolic and biosynthetic capabilities of Tribolium
were subject to change through the process of artificial selection for 21-day pupae
weight. The remarkable differentiation in growth rates and size between the
selected lines and their base population was a key feature in allowing an
assessment of possible differences in biosynthetic activity.

In a preceding paper (MebpraNo and GALL 1976) it was indicated that genetic
factors influencing the control of developmental mechanisms markedly increased
the number and size of cells in selected individuals. Significant changes in fat
and water deposition with age were also noted. At 21 days the final fat content
was similar among the lines, although the selected lines contained significantly
more (1.6%) fat than the control.

Larvae of the large selected lines consumed more food per unit weight (C.I.)
throughout the active growth stages and utilized it more efficiently than the
control. TimoN and Fisex (1970) interpreted a similar measurement of food
intake in mice as indicating a change in appetite. The high demands for growth
in a limited period of time by the selected lines not only resulted in considerable
improvement in gross efficiency (E.C.IL) but also in efficiency of utilization of
digested food (E.C.D.). The net effect of the improved efficiencies was that the
selected lines showed a marked reduction in food intake per unit of body weight.
This relationship, particularly during periods of rapid growth, tends to indicate
that the large lines decreased the demand for food to supply their maintenance
requirements, resulting in more food being utilized for growth functions. The
efficiency of conversion of digested food is of particular importance in arriving
at this conclusion because it is not directly affected by digestibility. It depends
mainly on factors affecting the proportional amounts of digested food utilized
for growth and maintenance,

In addition, the conclusion of a decreased maintenance cost associated with
increases in weight gain and feed efficiency is supported by the low energy
expenditure, reflected in the relative rates of oxygen consumption (Figures 1 and
2) and the lower proportion of ingested carbon expired as CO. (Table 4) observed
for the large selected lines. One of the most significant differences between the
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selected and control groups was the striking divergence in rate of metabolism
per unit body size, since it demonstrates the direct effect of selection on metabolic
regulation. If selection had not achieved an accumulation of genes associated with
effective regulation of metabolism, the large difference in the size of the indi-
viduals, and the concomitant differences in cell number, would lead to the
expectation that oxygen consumption per individual in the large selected lines
would be two- to three-fold greater than in the control line. This was observed
by MeLLaMPY and Wirris (1939) in a comparison of respiratory metabolism of
the female honeybee (Apis mellifica) during larval and pupal development;
queens that were approximately twice as big as the workers utilized, according
to expectations, two to three times more oxygen than the workers, resulting in
similar metabolic rates per unit body size. The present observations on individuals
genetically different in body weight clearly indicate that on a per-individual
basis the control and selected line large utilized comparable amount of oxygen
whereas when expressed on an equivalent basis, per unit weight, the rate of
respiratory metabolism was two- to three-fold lower in the selected lines
throughout the active growth stages.

Moreover, the rate constant of glucose oxidation was markedly higher for the
control line indicating these individuals maintain a much more active turnover of
metabolites without sufficient retention to achieve a higher growth rate. The
individuals seem to indulge in the wasteful utilization of energy, perhaps as
indicated by MrLLican (1971), through a pump-leak system of ion transfer,
which “. .. would be a case of complete inefficiency of energy utilization, as all
of the energy of the nutrients degraded to serve the cost of the transport com-
ponent would appear as heat”. Selection for large size, on the other hand,
improved efficiency of energy utilization probably through greatly reducing the
energetic costs in the turnover of cell constituents and the maintenance of ionic
distributions.

Growth in selected lines of Tribolium is characterized by a rapid synthesis of
structural proteins, and by lipogenesis. Selection for fast growth rate appears to
have increased the frequency of genes which control some functional mechanisms
to increase biosynthetic capacity with minimal energy waste as well as genes
which regulate the proliferation and size of cells during development of the
organism.
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