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THE phenomenon of heterosis has generally been studied in relation to some

arbitrarily selected trait such as size, weight, or yield. Heterosis is then re-
garded as being manifested by an increase in the chosen trait. Although various
definitions have been proposed (Gowen 1952), heterosis is most commonly and
most meaningfully defined as an increase in the chosen trait in crossbred indi-
viduals as compared to the better of their more inbred parents. While heterosis is
usually considered to affect all of the characters of hybrids, it is actually only
measured in relation to the trait or traits selected for study. Recently DoBzrAN-
skY (in Gowen 1952) has equated heterosis with adaptive value and has called
increased size or vigor “luxuriance” when it does not contribute to fitness. This
usage, while it has the advantage of referring always to the same trait, adaptive
value, may lead to considerable confusion since it is entirely possible for smaller
size, for example, to confer greater adaptive value than large, and hence a direct
contradiction between the historical meaning of the word (SmuLL 1948) and this
new definition will result. The experiments to be reported were designed to test
some of the concepts which have grown up around the phenomenon of heterosis.

METHODS

The flies used in the experiments were drawn from the two most resistant
stocks (731 R and 91 R) among several developed during six years of exposure to
DDT. These populations had been maintained in “population bottles” (Reep and
Reep 1948) in which were placed slips of filter paper impregnated with DDT. In
this way all stages of the life cycle were likely to be exposed. Separate unexposed
controls (731 C and 91 C) were run for each population. At the time of the
crosses each of these four stocks had formed an isolated breeding population for a
period of six years. These strains were both descended from flies captured in wild
populations of Drosophila melanogaster in St. Paul, Minnesota, in the summer of
1952. Large numbers of flies rather than single inseminated females were col-
lected in an effort tq have initial populations with considerable genetic variability.
(MerreLL and UNbpERHILL 1956, gave the size of the original populations as up
to 50 flies, but a check of the notes made at the time of collection indicates that for
these two populations it was more like a few hundred.) Their heterozygosity was
indicated by the continued increase in resistance of the exposed populations. This
increase was evidenced by the need to increase the dose to the populations from
0.5 mg to 40 mg during this period as well as by the separate tests run to deter-
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mine the ED;,. For further details on the methods used and the results with in-
bred and laboratory stocks see MErRrRELL and UnperHILL 1956.
The following types of flies were tested:

Control Resistant
P, 731 C 731 R
91 C 91 R
F, 731C 292 x91C 4828 731 R29 X91R &8
91Ce9ex731C38 91R99X%X731R 43
F, 731C ¢ x91C ¢3¢ 731 R?29 X091 R &8
91Ceex731Cs8 91R*?? X731R 88

The traits which were measured were DDT resistance, fecundity, and fertility.
All of the tests for a given generation were run concurrently, and all of the gen-
erations were run in a little over a month in a constantly lighted room held at
21 =1°C and 50 percent relative humidity so that comparisons within and be-
tween generations should be reasonably valid.

The flies for testing and for making the crosses were derived from four half-
pint culture botiles for each original population. Each of the four bottles con-
tained as parents 20 females and 20 males taken from the population bottles. No
effort was made to get virgin females so that the flies in each bottle were de-
scended from at least 40 parents and possibly quite a few more. Hence, the flies
from each population used in the experiments came from at least 4 X 40 = 160
parents and probably more. In this way it was hoped that a broad sample of the
gene pool of each population would be obtained. The progeny from these four
cultures were collected twice daily and were mixed before flies were taken for
use in the crosses or in the various tests.

Reciprocal crosses were made between 731 C and 91 C and between 731 R and
91 R, four bottles for each cross, with 20 virgin females and 20 males per bottle,
again a total of 160 parents for each F, population. The four F, bottles for a par-
ticular cross (e.g., 91 C X 731 C) served as the source of flies for the tests and of
the 160 flies which served as parents of the 91 C X 731 C F, generation.

For the tests of DDT resistance, only females were used (See MERRELL and
Un~bperHILL 1956 for further details). The test period had to be extended to 24
hours from the six hours previously used in order to kill enough flies of the resist-
ant stocks to get an estimate of the ED;,.

For the fecundity tests eight to ten females and twice as many males were
placed in a fresh bottle of food for three days. On the fourth day five of these fe-
males were placed individually in creamers containing two males apiece and
food darkened with India ink. The flies were transferred every 24 hours to a fresh
creamer to get the egg production on the fourth, fifth, and sixth day after eclo-
sion. These 72-hour tests were run for 30 females of each stock, with five females
of each of the four stocks being started each day for six consecutive days. In order
to test fertility these cultures were set aside for 15 days at which time the adults
were counted. A second count was made after two more days as a check for late
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emerging flies, and the creamers were then discarded. The possibility of a nega-
tive correlation between fecundity and fertility was checked because of the pos-
sibility that the food in creamers containing large numbers of larvae might be
exhausted and thus a false picture of fertility be presented. However, a plot of
fertility against fecundity indicated no such correlation. Fertility, of course, was
influenced by the genotypes of the offspring as well as those of both parents and
was, therefore, a more complex trait than either fecundity or DDT resistance
which, as measured here, were essentially traits only of the females.

RESULTS

Tables 1 and 2 show the results of the tests for DDT resistance in the resistant
and control populations and in their ¥, and F, hybrids. The ED;,’s in Table 2
were estimated by the SPearMaN-KArBER method (See Finney 1952; Kemp-
THORNE, BANCROFT, GowEN, and LusH 1954). As a check, probit analyses by the
arithmetical method (Finney 1952) were also calculated for the resistant stocks.
Three of the six probit regression lines showed a significant x? tests for hetero-

TABLE 1

DDT resistance of control and resistant populations and F, and F, hybrids (24 hr test)

Control

P, F, F,
731 C 91C 731Cx91C 91Cx731C 731Cx91C 91Cx731C
N* 125 125 125 125 123 113
Conc
DDT Percent Percent Percent Percent Percent Percent
(mg) downt down down down down down
100.0 100.0 100.0 100.0 100.0 100.0 100.0
10.0 100.0 100.0 100.0 100.0 99.2 100.0
1.0 100.0 97.6 100.0 100.0 98.4 99.1
0.1 89.6 32.8 30.4 31.2 52.0 64.6
0.01 6.4 0.0 8.0 4.8 73 6.2
Resistant
P, F, F,
731 R 91 R 731R X 91 R 91R X 731 R 731Rx91R 91R X731 R
N* 125 125 125 125 127 137
Conc
DDT Percent Percent Percent Percent Percent Percent
(mg) down down down down down down
100.0 84.8 68.8 68.0 68.8 78.0 85.4
10.0 67.2 52.8 42.4 48.0 57.5 53.3
1.0 27.2 17.6 5.6 4.8 22.8 28.5
0.1 72 1.6 4.8 4.8 9.4 8.0
0.01 1.6 2.5% 1.6 2.4 1.6 3.6

* Number at each concentration.
1‘ Includes all flies unable to stand, both knockdown and kills.
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TABLE 2

ED, for resistant and control popul(:ztions and F and F, hybrids

. Log EDy,
(Hundredths of mg)
SPEARMAN- Arith. probit Relative
Population Kanser ) analysis ED,, (mg) resistance |
P, 731C 1.54 + .04 e 0.04 1.
91C 2.20 £+ .04 R 0.16 4.
731 R 3.62 = .07 3.67 + .08 4.2 105.
91 R 4.07 = .07 4.18 + .09 11.7 293,
F, 731Cx 91C 2.12 + 04 e 0.13 3.2
91Cx 731 C 2.14 £ .05 o 0.14 35
731 R X 91 R 4.28 + .07 441 + .10 18.9 473.
91R X 731 R 4.21 £ .07 434 +.10 . 16.3 407.
F, 731Cx 91C 1.93 = .06 s T 0.08 - 20
91Cx731C 180+.05 ... 0.06 15
731R X 91 R 3.81 + .07 3.88 .09 6.4 160.
91 R X 731 R 3.71 £ .07 3.76 = .08 52 130.

\

geneity, but in each case they were due to a large contribution froin classes with
small expectations. The log EDs,’s obtained by the two methods were in good
-agreement. Most of the control data, however, was not well suited for probit
analysis. While the SpearMAN-KARBER estimates may lack some precision, the
essential features of the data are such that these estimates are quite adequate.

There was no heterosis for resistance in the F, controls while in the F, the ED;,
was lower than in the F,, but not lower than that of the lower parent. The sur-
vival of a few F, flies at the higher concentrations may indicate that segregation
and recombination had produced a few individuals with increased resistance.

The resistant F, showed marked heterosis for resistance. The F, showed a sig-
nificant decrease in resistance as compared to the F,, but fell between the original
parental populations in resistance. There is no significant difference between
the results from reciprocal crosses in either the control or resistant crosses, except
possibly in the control F, where P = 0.05.

The results of the tests for fecundity are shown in Table 3. It is noteworthy
that every female tested laid at least some eggs so that the large variance is due
to the variation among females in the number of eggs they produced rather than
to some females who laid no eggs at all. Also noteworthy is the low fecundity of
the 91 R population, significantly lower than that of 91 C, 731 C, and 731 R,
which did not differ significantly from each other.

Significant heterosis for fecundity was observed in the F; in both resistant and
control hybrids. Surprisingly, in the F, only one out of the four populations de-
clined significantly below the fecundity of the F, from which it was derived.

The results on fertility (Table 4) are not particularly striking. However, again
it is noteworthy that only one female, which laid 133 eggs, failed to produce adult



DDT RESISTANCE 577

offspring. The most unusual finding was the low fertility (70.8 percent) of the
731 C females. This reduced fertility was not due to low fertility in just a few
females, for only.one 731 C female had fertility lower than 50 percent. Further-
more, crowding in the creamers could hardly have been a factor, for the 91 C
females, which were tested concurrently in the same batch of creamers, did not
differ significantly from the high fecundity of the 731 C females, yet had a high
fertility (90.6 percent). ‘ '

Table 5 summarizes the data for purposes of comparison. The original control
populations differed significantly in both resistance and fertility. The control F,
showed heterosis only for fecundity, not for resistance or fertility. The resistant
populations differed significantly from each other in resistance and in fecundity
and were approximately 75 and 100 times more resistant than their respective

TABLE 3
Fecundity
Controls Resistant
N Egggfi‘emale/ Eggs/female/
females 72 hr females 72 hr
P : P P
731 C 30 145.3 + 9.6 o 731 R 29 1388 + 7.5
91C 30 143.7 £ 7.3 91 R 29 107.2 = 8.4
F, F,
731Cx91C 30 172.7 + 8.8 731 R X 91 R 30 163.8 = 7.4
91Cx731C 30 180.4 + 6.4 91R X 731 R 30 150.5 + 6.6
F, , ©F,
731Cx 91C 30 174.8 + 8.6 731 R X 91 R 30 146.4 + 8.6
91Cx731C 30 180.6 = 9.0 91 R X731R 30 1458 = 6.5
TABLE 4 . R
Fertility as adults/eggs laid’
Controls’ ‘. Resistant
Total ':  Percent . L Total " Percent
eggs fertility ., eees iertilii
P P
731C 4,360 70.8 731 R 4,027 82.0
"91C 3,907 90.6 9t R 3,109 82.8
. R . : T
F, . .o Fy ‘ ,
731Cx91C ' 5,182 87.4 . 731R x 91 R 4,916 92.9
91Cx 731C 5,412 879 MR X731R 452 90.3
731C x 91C 5,245 83.1 731R X 91 R 4,391 9.9,

91C X 731C 5,417 91.7 91 R X 731 R 4374 ' ° 86.6'
Total 29,523 25,343




578 D. J. MERRELL

TABLE 5

Comparison with respect to DDT resistance, fecundity, and fertility

Control Resistant
F ecundity Fecundity
(eges/ = . (eges/ .
Resistance female/  Fertility Resistance  female/  Fertility
ED,, (mg) 72 hr) percent ED,, (mg) 72hr) percent
P P
731C .04 145.3 70.8 731 R 42 138.8 82.0
91C .16 143.7 90.6 91 R 11.7 107.2 82.8
v F, F,
731Cx 91C 13 172.7 87.4 731R X 91 R 18.9 163.8 92.9
91Cx 731C .14 180.4 87.9 91R X 731 R 16.3 150.5 90.3
F, F,
731Cx 91C .08 174.8 83.1 731Rx 91 R 6.4 146.4 90.9
91Cx731C .06 180.6 91.7 91 R X 731 R 5.2 145.8 86.6

controls. The resistant F; was heterotic for all three traits. While some decreases
occurred in the F,’s, in no case was any value found which was lower than that of
the lower original parent. While both resistant and control crosses showed heter-
osis for fecundity, the fecundity of the controls was generally higher than that
of the resistant populations.

DISCUSSION

Although only two gene pools were present in duplicate in 1952, after six years
of isolation and selection, four distinct populations had evolved. Each differed
significantly from each of the other three populations in at least two of the three
traits tested. No obvious relationship among these traits is apparent, for the most
resistant population (91 R) had the lowest fecundity, the most fecund (731 C)
had the lowest fertility, and the most fertile (91 C) was not resistant to DDT.

The most striking heterosis is found in the fecundity of the F, controls and in
the DDT resistance of the resistant F;. These results suggest a relationship be-
tween previous selection pressures and the degree of heterosis observed. The con-
stant heavy selection pressure exerted by DDT in the resistant populations was
absent in the control populations, and only in the F, resistant hybrids was heter-
osis for resistance observed. Similarly, while fecundity must have been important
in both types of populations, it can be assumed to have been of relatively greater
importance in the absence of DDT so that the higher fecundity and greater degree
of heterosis for fecundity in the control populations is perhaps not surprising.

Theories to account for heterosis have been of two major types, which may, for
convenience, be termed dominance (Jowes 1917) and overdominance (East
1936; HurL 1945). Heterosis due to overdominance is postulated to stem from
heterozygosity per se. The greater the number of heterozygous loci, therefore,
the greater the heterosis expected. Under a strict interpretation of this theory,
only the interactions within loci are significant as causes of heterosis.
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Under the dominance theory, the genes favorable to increased size or vigor are
assumed to be dominant or at least partially dominant. The hybrid will have a
greater number of loci with at least one favorable dominant than either parent.
Therefore, the minimum number of loci required for the expression of this type
of heterosis is two. This type of heterosis may be due simply to the masking of
deleterious recessive genes, but it may also be due to nonallelic interactions
among the favorable genes. Theoretically, homozygotes equal to or even superior
to the heterozygotes should be obtainable, but with many loci involved, the prob-
lem of obtaining homozygosity for only the favorable genes becomes extremely
complex.

While these theories are often regarded as alternatives, they are by no means
mutually exclusive, and the heterosis observed in any particular case may well be
due to the masking of deleterious recessives and to favorable interactions, both
nonallelic and allelic. It is, moreover, entirely conceivable that in different in-
stances of heterosis, the relative importance of these different factors may vary
widely. Furthermore, while the theories are clear-cut, the experimental deter-
mination of which mechanism is more important in a given situation is not a
simple matter, for ideally it requires a knowledge of the behavior of genes at in-
dividual loci in a polygenic system.

In these experiments the data indicate that a finding of heterosis in one trait
does not necessarily mean that all traits of the same organism will also manifest
heterosis. Here, then, heterosis appears not to be some sort of generalized phe-
nomenon resulting simply from heterozygosity, but must be determined by the
genetic situation at the loci which determine the trait or traits under study.

Recent work with natural populations has led to the development of the theory
of coadaptation or the integration of the genotype. Natural selection is thought to
operate within a breeding population to build up “harmoniously integrated ge-
netic systems.” Three levels of integration have been postulated (WarLracke and
VerukHiv 1955): “(1) Integration based upon epistatic interactions between
homozygous loci. (2) Coadaptation of different gene arrangements within local
populations involving both heterosis and epistasis, and (3) the integration of
entire gene pools through selection for heterozygosity.” These statements indicate
the significance of heterosis to the theory of coadaptation and would seem to im-
ply that overdominance is the mechanism considered to be responsible for the
heterosis at the third level (WavLLAcE 1958).

The considerable and continued increase in resistance in the exposed popula-
tions is evidence for the genetic variability of the original populations since it has
already been demonstrated (MerreLL and UnperuILL 1956) that selection for
DDT resistance is ineffective in highly inbred stocks and even, in six of seven
tested, in several well-known “wild” stocks of D. melanogaster which have been
maintained as laboratory stocks for many years, and are also presumably quite
inbred and relatively homozygous. Therefore, since each population has been
maintained as a separate breeding unit consisting of a few hundred individuals
confined for more than six years in a very small space, it would seem that condi-
tions were very favorable for the development of coadaptation. However, the
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results of the crosses indicate that such integration of the genotypes has not taken
place within these populations. The maximum DDT resistance was found in F,
resistant hybrids and the maximum fecundity in the F, control hybrids. In other
words, the maxima were found where there should have been minimum coadapt-
ation. This result is frequently reported in the work on coadaptation and would
seem to be its most serious weakness. For all three levels of integration discussed
by WaLrace and VErukHIv in 1955, the F, hybrids from crosses between in-
dividuals from two different breeding populations representing two different
integrated gene pools would be expected to be less viable than the parents. The
fact that they generally are heterotic requires that some explanation other than
coadaptation be invoked to explain this heterosis. Therefore, the heterosis of F,
interpopulation hybrids represents a serious flaw in the whole argument for co-
adaptation. Furthermore, since none of the F;’s fell below its lower parent in
DDT resistance, fecundity, or fertility, there was no evidence of “hybrid break-
down” in the F, in these experiments.

Since coadaptation does not seem to give a satisfactory interpretation for the
data, other possibilities may be suggested. The simplest perhaps is that strong se-
lection for DDT resistance in the exposed heterozygous populations led to an in-
crease in the frequency of genes favoring resistance. Somewhat different arrays
of genes for resistance accumulated in 91 R and 731 R so that the F, hybrids car-
ried a number of such genes whose combined effects conferred maximum re-
sistance, In the unexposed controls no such accumulation had occurred, and the
F. hybrids had intermediate resistance. Similarly, since fecundity was of rela-
tively greater importance in the control populations, genes favoring increased
fecundity were more strongly favored by selection, and in the F, hybrids their
combined action led to the high fecundity observed. Though favored to some ex-
tent by selection in the exposed populations, fecundity was not of the same rela-
tive importance as in the controls so that the parental populations and their hy-
brids were less fecund than the comparable control populations due to the smaller
accumulation of genes favorable to fecundity in the resistant populations. Similar
reasoning may be applied to the fertility of the resistant flies, but while 91 C had a
high fertility, the low fertility of 731 C, which appears to be real and not an arti-
fact in the data, presents a puzzle for which there appears to be no simple answer.

The suggested explanation, of course, follows the lines of the dominance hy-
pothesis described earlier, with the genes for greater resistance or fecundity at
least partially dominant, and the heterosis being due to additive effects or to inter-
actions among those genes. The absence of heterosis for resistance in the control
F, hybrids is then attributable to the fact that genes for resistance have not
increased in frequency due to selection in these populations.

SUMMARY

Flies drawn from two DDT resistant populations (731 R and 91 R) were
crossed, and the original populations and their F, and F, hybrids were tested for
DDT resistance, fecundity, and fertility. Similar crosses and tests were made
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with the controls (731 C and 91 C). Heterosis was observed in the resistant F,
hybrids for all three traits but only for fecundity in the F; control hybrids. F,
values were in some cases significantly lower than the F,, but there was no indica-
tion of “hybrid breakdown” in the F,. Since each of the four originally heterozy-
gous populations had been maintained in isolation for six years, evidence was
sought for the development of coadapted genetic systems during this period, but
no indications of coadaptation were found.
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