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HE existence of variation among the individual members of a population T has been recognized for centuries ; the biological importance of this varia- 
tion has begun to be understood only in the past few decades. Formerly the 
type specimen was regarded as representing the species ; now it is realized that 
adequate representation is obtainable only through a series of specimens. Popu- 
lation geneticists of the 1920's and 1930's were active in studying the genetic 
component of this variability. CHETVERIKOV ( 1926, 1927), TIMOFEEFF-RES- 
SOVSKY and TIMOFEEFF-RESSOVSKY (1927) and DUBININ (1934) demon- 
strated the existence of mutant genes in natural populations of Drosophila. 
BAUR (1924) and TIMOFEEFF-RESSOVSKY (1934) detected spontaneous and 
induced mutations with extremely minute phenotypic effects. Combined, this 
information amounted to the discovery of a vast store of partially concealed 
genetic variability upon which a species may draw for evolutionary changes. 
A simplified, symbolic illustration of this concept represents the majority of 
surviving adults in a population as AABB.. ., A a B B  ..., A A B b . .  . and AaBb. .  .. 
The interbreeding of these types also produces mBB ..., aaBb ..., Aabb ..., 
AAbb..  . and aabb.. . individuals but the inclusion of these among the breeding 
portion of the population depends upon the degree to which they are opposed 
by selection. The repetitive formation of these individuals in each generation, 
however, guarantees that these genotypes are available should the nature of 
selective forces change in their favor. 

This theory, still the prevailing one, explains the existence of gametic varia- 
bility beneath a uniform phenotypic facade. If, for example, m and bb in our 
scheme represent lethal genotypes, surviving ind'ividuals carry A and B in at 
least the heterozygous condition and possess the invariable phenotype AB. 
Recent data indicate that this is an oversimplification-real differences exist 
between different individuals of a population. Following the studies on striking 
and constant differences indicative of balanced polymorphism made by FISHER 
(1930), FORD (1945) and TIMOFEEFF-RESSOVSKY (1940), WRIGHT anid 
DOBZHANSKY (1946) demonstrated conclusively that in spite of the absence of 
morphological differences individuals of D. pseudoobscura heterozygous foi 
two different gene arrangements of the third chromosome have higher adaptive 
values than individuals homozygous for either of these third chromosome 

1 The work reported in this paper was done under contract number AT-(30-1)-557, 
United States Atomic Energy Commission. 
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VARIABILITY THROUGH RECOMBINATION 273 

arrangements alone. The possibility that this is merely a subtle manifestation 
of homozygosis for recessive genes among structural homozygotes was elimi- 
nated through the further study of chromosomes from different geographical 
localities ; in the latter case the structural heterozygotes are no longer superior 
to both homozygotes ( DOBZHANSKY 1950). The “ co-adaptation ” of chromo- 
somes of one arrangement to those of another, with the resultant production 
of structural heterozygotes of superior adaptive values, is an intra-population 
phenomenon. Actually, CROW (1948) has poinited out that theories of heterosis 
based simply upon the concealment of deleterious recessive genes by their 
dominant alleles fail to account for differences in adaptive values of the magni- 
tudes reported in WRIGHT and DOBZHANSKY’S original paper. 

A further indication that the genetic situation within populations is not as 
simple as suggested by the “ A-a-B-b ” scheme is found in the phenomenon of 
“ iso-alleles.” STERN and SCHAEFFER (1943), working with the gene cubitus 
interruptus (ci) in D. nzelunoguster, tested a number of mutants against 
several “ wild type ” alleles derived from different sources. Each of the wild 
types analyzed showed its own unique pattern af reaction of dominance in 
relation to different temperatures. This suggests that the symbol ci+ that 
represents the wild type is really a catch-all for an unknown number of distinct 
and variant systems. 

In the development of predictions on the ‘‘ A-a-B-b ” system, it is generally 
assumed that selection coefficients are small and that interactions between dif- 
ferent genes are absent. The first assumption (besides appearing sensible) 
allows the use of calculus in the mathematical manipulations and permits 
further assumptions about approaches to equilibria. The second assumption 
allows calculations to be made for classes of genes (lethals, semilethals, sub- 
vitals) without concern as to the permanence of the classes as other postulated 
changes occur. WRIGHT (1931), it is true, has pointed out that the behavior 
of a gene in a population depends upon its reaction-and the reactions of every 
one of its alleles-to the entire array of genotypes in which it is found. Since 
a complete analysis of sa complex a system is an obviously impossible experi- 
mental or mathematical task, simplifying assumptions must be introduced into 
the calculations. Until critical experiments have been made, it should be re- 
membered that these mathematical models are working hypotheses awaiting 
confirmation. I t  is now known that selective forces may be much greater than 
those frequently postulated. I t  is also known that seemingly minor environ- 
mental changes can alter-even reverse-selective forces observable at  any one 
time. Striking genic interactions have been recorded time and again. I t  seems 
reasonable, then, to question the concept of smooth, asymptotic approaches of 
mutant genes to their equilibrium frequencies in populations of long standing. 

Further information regarding the genetic structure of populations became 
necessary to explain the following facts-the results of a detailed analysis of 
several experimental populations : The average viability of individuals hetero- 
zygous for randomly chosen second chromosomes frequently increased con- 
current with a demonstrable accumulation of “ deletekious genes ’’ ; the via- 
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274 BRUCE WALLACE ET AL. 

bilities of individuals homozygous for second chromosomes of different popu- 
lations was not correlated with the viabilities of individuals heterozygous for 
random combinations of these same chromosomes ; and, observed viabilities 
seemed to be largely characteristic of particular chromosomal combinations 
rather than of the chromosomes entering into the combinations. These results, 
seemingly not in harmony with simple modifications of the “ A-a-B-b” 
scheme, suggested instead a rapid action of selection on a rather fluid genetic 
complex. 

THE ARGUMENT 

Assume that a particular chromosome of a species carries a number of loci 
and that at several of these loci there are two alternative alleles A-U, B-6, etc. 
Assume, further, that selection within a given population favors individuals 
of the phenotype AB.. . . . . The alleles A andl B will be the common alleles in 
the population at their respective loci, for example, while the alleles U and b 
will be rare; the chromosomes AB .... will be common, A b . .  . and uB.. . will be 
relatively scarce, and ab.. . will be very rare. If a sample of chromosomes were 
taken from different individuals of such a population, these chromosomes 
would carry nearly identical genes in spite of their independent origins ; the 
population is genetically homogeneous. If, in addition, heterozygous combina- 
tions were made of different pairs of these chromosomes and recombination 
chromosomes were obtained by crossing over, the recombinants within the 
array recovered from each combination and the arrays recovered from different 
combinations would be uniform. 

Within a second population, using the same assumptions, one can postulate 
the same genetic situation, i.e., genetic homogeneity, without postulating that 
the alternative alleles found within the second population are identical with 
those of the first. The alleles found in the second population may be repre- 
sented as A’+’, B’-b‘, etc. Recombination between pairs of chromosomes, one 
of which comes from one population and the other from the second, can result 
in a variable array of crossover products. For instance, using the above models, 
an inter-population heterozygous combination would have the genetic consti- 
tution AB/A‘B’; four chromosomal types-AB, A’B, AB‘, A’B’-can be re- 
covered from this combination. These four types, when homozygous, may 
produce entirely different phenotypes. Nevertheless, because of the similarity 
of chromosomes within each population practically all of the inter-population 
heterozygotes would be AB/A’B‘. Every combination, then, would have the 
capacity to form the same variable array of crossovers as any other. Therefore, 
in both the intra- and inter-population chromosomal combinations arrays of 
recombination products would be expected to be similar from combination to 
cow bination. 

An extreme alternative genetic situation can be imagined’ in which indi- 
viduals heterozygous for certain alleles possess adaptive values exceeding those 
possessed by any homozygous combination and, further, in which the adaptive 
value of any particular combination of alleles depends upon its interactions 
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VARIABILITY THROUGH RECOMBINATION 275 

with the Combinations at all other loci. The result of such a system would be 
(1) the maintenance in the population of a variety of alleles at each locus and 
a consequent decrease in the frequency of homozygosis for any one allele (simi- 
lar to the self-sterility genes in certain plants) and (2) the integration of these 
alleles by selection into the coadlapted complex producing the highest average 
adaptive value for all likely combinations. If samples of chromosomes were 
taken from two populations of this kind it might be expected that the arrays 

FIGURE 1 .-Viability of individuals homozygous for recombinant second chromosomes 
recovered from female Drosophila psezkdoobscura heterozygous for the three possible com- 
binations of chromosomes A, B and C. Horizontal axis: Viability expressed in percent of 
wild flies in test cultures-4-5, 5-10, 10-15, 15-20, 20-25, 25-30, 30-35 and 35-40. 
Vertical axis : Percent of sample ; each division equals 10%. (Data from tables 1, 3 and 
5 ,  DOBZHANSKY 1946.) 
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276 BRUCE WALLACE ET AL. 

of recombinants recovered from the various paired combinations, either intra- 
or inter-population, need not be similar. Furthermore, since the alleles present 
in one population are selected in relation to the alleles existing at other loci in 
the same population, it might also be expected that interbreeding of members 
of these populations would give rise to unselected combinations of alleles and 
would often produce ill-adapted recombination products. 

The two schemes outlined above are not mutually exclusive ; it is conceivable 
that alleles at some loci behave in one way and those at other loci behave in a 
different manner. Nor is there any way of estimating the number or proportion 
of loci behaving in either way. Unpredictable interactions among the recessives 
postulated by the first scheme would easily be confused with the expectations 
of the second. However, “ unpredictable interactions ” implies that a in a cer- 
tain genetic background behaves as a’ or a”; this, for our purposes, is the 
equivalent of a multiple allelic series. 

A N  EARLY EXPERIMENT 

An analysis of many crossover chromosomes from a series of different 
chromosomal combinations entails a great deal of labor. It was encouraging, 
therefore, that DOBZHANSKY (1946) had done a relevant experiment using 
chromosomes from natural populations of D. pseudoobscura; with his permis- 
sion, some of his data are reproduced in figure 1. Three chromosomes were 
taken from two populations inhabiting localities separated by about 15 miles. 
Chromosome A was.letha1 when homozygous at 25”C, the temperature of the 
experiment ; chromosomes I3 and C when homozygous gave good viabilities 
and were quite similar in their effects on both viability and rate of develop- 
ment. Homozygous crossover recombinants from B/C females were quite nor- 
mal in viability except for a small number of subvitals. Recombinants from 
females heterozygous for A and C had a great range of viabilities; quite a 
number were lethal (some of these were undoubtedly non-crossover A’s) ; 
some were semilethal; and a large portion were normal in viability. The re- 
combinants of A/B heterozygotes, on the other hand, were nearly all lethal 
or semilethal. Chromosomes B and C that appeared so similar on the basis of 
their behaviors when homozygous and, further, by the uniformity of their 
various crossover products, are clearly different. There is scarcely a recom- 
binant of A with 13 that possesses a fair viability when homozygous. Three 
chromosomes scarcely present a “ proof ” but it is noteworthy that A and C 
were from the same locality while B had a different geographical origin. The 
higher mean viability of the intra-population homozygous recombinants could 
be interpreted as a manifestation of “ coadaptation.” 

MATERIAL A N D  METHODS 

The chromosomes used in this study were obtained from two experimental 
populations of D. nzelanogaster designated as #1 and #3. These two ppula-  
tions were started about 60 generations before the present analysis. The origi- 
nal parents of the populations carried nearly identical proportions of seveial 
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VARIABILITY THROUGH RECOMBINATION 277 

lethal-free second chromosomes obtained from a mass culture of Ore-R flies. 
The parental flies of population 1 were exposed to a massive dose of X-radi- 
ation (7000 r for males, 1000 r for females). Detailed accounts of these popu- 
lations have been given by WALLACE and KING (1951 ) and WALLACE (1951). 
Experimental populations were chosen in preference to natural populations 
because their histories were well known and, consequently, effects similar to 
those reported by DOBZHANSKY, if found, would have added significance. 

Five second chromosomes, viable when homozygous, were chosen from 
chromosomes isolated and tested during routine genetic analyses of each popu- 
lation. The chromosomes chosen from population #1 were designated 1, 2, 3, 
4 and 5 ;  those from population #3, a, b, c, d and e. Except that 4, 5, d and e 
were chosen for their poor viabilities when homozygous and the others for 
their " normal " viabilities, no Qarticular choice was exercised in the selection. 
Lethals were avoided in an effort to keep the proposed experimental design 
orthogonal. Cytological examination of salivary gland chromosomes revealed 
no detectable aberrations among these ten chromosomes. 

After the ten chromosomes had been selected, Cy L/+ flies from the balanced 
stocks were intercrossed (see fig. 2) to produce the ten homozygous classes of 
wild type flies ( l / l ,  2/2, 313, 4 /4 ,  5/5,  a/a, b/b,  c/c, d / d  and e / e ) ,  the 20 
classes of intra-population heterozygotes ( l / Z ,  1/3, 1 /4 ,  1/5, 2/3, 2 / 4 ,  2/5, 
3/4,  3/5, 4/5,  a/b,  a/c, a/d,  a/e, b/c,  b/d,  b/e, c /d ,  c / e  and d / e ) ,  and the 
25 classes of inter-population heterozygotes ( l / a ,  l / b ,  l / c ,  l / d ,  l / e ,  Z/a, 2/b, 
z / c ,  2 /d ,  2/e ,  3/a, 3/bl 3/c ,  3 /d ,  3/e ,  4/a,  4/b,  4/c,  4 /d ,  4/e ,  5/a,  5 / b ,  5/c,  
5 /d  and 5 / e ) .  Only a single generation elapsed between the time the ten chro- 
mosomes were chosen and the matings outlined above ; this generation was 
needed to increase the numbers of Cy L/+ males and females available. The 
origin of three of these combinations as well as the subsequent mating proce- 
dure is represented in figure 2. 

Four wild type virgin 'females (PI) of each of the 55 possible combinations 
were crossed singly to Cy L/Pm males ; the four females served as replicas of 
each genotypic combination. In cases of obviously poor fertility, additional PI 
females of the proper genotypes were mated in an effort to obtain more off- 
spring ; the homozygous females of population 3 had' obviously poorer fertility 
than those of population 1. Wherever possible, 30 Cy L/+ F1 males were ob- 
tained from each of the PI females. Each of these males carried a wild type 
chromosome that, unless it happened to be a non-crossover, was a composite 
of the two chromosomes carried by the PI female. We can assume (RHOADES 
1931) that about 30% of the chromosomes recovered from the PI females were 
non-crossovers ; about 70% were crossovers of one sort or another. 

The Cy L/+ F1 males were mated singly to Cy L/Pm females in vials. Two 
to four CyL/+ F P  females (virgin) and males were collected from each vial 
and again mated in vials. These Fa cultures were expected to produce Cy L/+ 
and +/+ flies in a 2 : 1 ratio. The wild flies in these vials were homozygous for 
whatever combination of second chromosome genes crossing over happened to 
produce. The homozygous P1 females presumably gave rise only to replicas of 
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278 BRUCE WALLACE ET AL. 

the original chromosomes ; intra-population heterozygous PI females gave rise 
to chromosomes that could have been produced as easily- in the populations 
themselves ; and the inter-population heterozygous PI females produced combi- 
nations that could arise only through this dleliberately arranged hybridization. 

The homozygous recombinants of the F3 cultures were studied for : (1) the 
frequency of lethals, (2) the viability of non-lethals, and ( 3 )  the number of 

C y L  C y L  c y  L CY L CY L CY L T i  +3 
-x- -x- 

+I 1 -+2 

+' t' +' 
-i-' t 3  

+' 1 +I 

QQ -.-.- C Y L - -  

I P m  
c y L  B x FI ---- 

+I-2 

r I 

I 2 I . 
D I E S  

FIGURE 2.-Mating scheme for recovering individuals homozygous for crossovers be- 
tween pairs of second chromosomes in D. melunogaster. The formation of combinations 
1/1, 1/2 and 1/3 is indicated; a detailed account of only 1/2 is given as an example. 

abdominal bristles on non-lethal females. In addition, since u/a females proved 
to be sterile, tests for sterility among females homozygous for chromosomes 
derived from combinatioiis involving chromosome a were made as a fourth 
analysis. 

The details of the experimental procedures of the different analyses will be 
described below. It is sufficient at present to note that all tests were made at 
25 "C. The F2 and Fs vials contained cornmeal-agar-molasses medium enriched 
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VARIABILITY THROUGH RECOMBINATION 279 

with brewer's yeast. The F3 cultures were examined on the 14th day after the 
matings. It was impossible to randomize the matings of P1 females but the 
following schedule was used: two P1 females of different homozygous combi- 
nations of each population, four P1 females of different intra-population hetero- 
zygous combinations of each population, and ten PI females of different inter- 
population combinations were mated each day. The ages of PI females of 
different groups were comparable; within any group the ages at mating varied 
by four days. The F3 vials were mated within an 11-day period in the early 
part of March 1952 and the final examinations were made over an 11-day 
interval at the end of the same month. 

DESCRIPTIVE ANALYSIS 

Lethals and nonlefhals 

The lethal and viability studies may well be considered together. For con- 
venience of statistical analysis and for other practical considerations, it was 
decided in advance that the measurement of viability would be the number of 
wild flies in a sample of fifty taken at random from each of the F S  cultures. 
Preliminary trials indicated that Curly-Lobe and wild flies are distributed 
randomly when mixtures of flies are placed on a counting plate and aligned in 
single file. The constant sample size simplified the data in that only the number 
of wild type flies was recorded. Orthogonality was destroyed by the sterility of 
a/a females and, by the reduced fertility of some other types of females ; conse- 
quently, attempts to maintain identical numbers of flies tested' for lethals were 
abandoned. No more than 60 vials were counted per combination for viability 
studies, however. 

The experimental procedure consisted of placing etherized flies from each 
F3 vial onto a counting plate. Without recourse to the microscope, an estimated 
fifty of them were aligned in single file. Then, with the microscope, all of the 
flies were examined for the presence of wild type individuals. The absence of 
wild type flies in a vial of more than 20 individuals constituted a lethal. (Cer- 
tainly no more than 2% of the vials had fewer than 50 flies ; the vast majority 
had between 75 and 100.) f f  there were no wild flies in a vial of less than 20 
flies, a confirmation (F4) cross was made; about six of these confirmations 
were required and they all proved to be lethal. 

If there were one or more flies in a vial, that chromosome was classified as 
non-lethal. Fifty flies were then counted in the pre-arranged row and the num- 
ber of wild flies among the fifty was recorded. Occasionally, especially in the 
case of chromosomes of very poor viability, there were only one or two wild 
flies in the entire vial; if these were not included among the 50, the chromo- 
some was classified as a non-lethal but with zero wild type flies. It should be 
noted that vials which produced fewer than fifty flies could' not be classified as 
non-lethal with no wild flies ; they were either lethal or non-lethal with wild 
flies present. The latter vials are included in the table and figure (outlined in 
fig. 3 )  only if there were fewer than 60 non-lethal cultures with at least fifty 
flies. 
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VARIABILITY THROUGH RECOMBINATION 28 1 

Lethals were not subcultured for confirmation because this study required 
only internal consistency. In an earlier experiment (WALLACE 1950) lethals 
were screened in vials and were then re-tested in regular half-pint cultures. 
In that experiment 85% of the suspected lethals were confirmed', and it seems 
likely that a similar figure would apply in the present case. 

The results of the lethal tests are shown in the cross-hatched columns of 
figure 3, and in table 1 where the 55 combinations of the ten chromosomes are 
listed at the left. The figures in fractional form show the number of lethal 
chromosomes and the total number of chromosomes tested for each of the 
different PI females (represented at the top of the table by Roman numerals). 
In six cases ( 1 / 4  I, a/c  I, b/c I, l i a  111, Z/b 11, and 4 / b  111) one of the 
females gave strikingly more lethals than did the others of the same genotype ; 
these females are not included in the totals at the right. The close approxima- 
tion to a 1: 1 ratio shown by these aberrant individuals indicates that they 
carried lethal mutations that had occurred before the PI generation ; the six 
lethals in 26 tests of b/c  I may have come from an ovary mosaic for lethal- 
bearing tissue. 

It is evid,ent from the table that the frequency of lethals recovered from 
females of different genotypes is not uniform. It  varies in the present case from 
a high of 43%, through lo%, 97$, 8%, and so on down to many cases of 0%. 
The calculated frequencies of lethals are lower than the frequencies with which 
lethals arise by recombination since the calculation is based on the total chro- 
mosomes tested; as high as 30% of these tested chromosomes may be non- 
crossover, non-lethal replicas of the original ones. 

An inspection of figure 3 reveals a number of chromosomal combinations 
that gave rise to many recombinants of extremely poor viability-including 
lethals as the lower limit of the analyzable distribution. In a number of in- 
stances the lethal recombinants are a discrete class. Chromosomes 1,  2, 3, a, b 
and c were chosen for their good viability when homozygous ; nevertheless, 
2-3% lethals are found among the recombinants of a and b, 1 and b, 2 and b, 
3 and b, and 1 and c. As we will see later, chromosomes 3 and c had the two 
highest viabilities when homozygous and yet 5% of their recombinants were 
homozygous lethals ! 

The highest frequency of lethals within any combination arose through 
crossing over between chromosomes 4 and 5. The similarity of the data ob- 
tained from all four PI females eliminates the possibility that a previous letha1 
mutation was responsible; this frequency of lethals is characteristic of the 

FIGURE 3.-The array of viabilities of individuals homozygous for recombinant 
chromosomes recovered (1) from females of D. nzelumgaster homozygous for 5 different 
chromosomes isolated from each of two populations or (2) from females heterozygous 
for pairs of the chromosomes obtained from the same population. Horizontal axis: The 
divisions indicated beneath a/e represent, from left to right, lethals (cross hatched) 
and viability of non-lethals (black or white) based on the number of wild flies in 
samples of f i f t y 4 2 ,  3-5, 6-8, 9-11, 12-14, 15-17, 18-20, 21-23, 24 or more. Vertical 
axis : The divisions indicate per cent lethal or number of non-lethal chromosomes; each 
division is 5% or 5. 
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TABLE 1 
1 / 1  ... 1/2 ... a/a ... 

a/b ... l / a . ,  . 5/e  represent the 55 different combinations of 10 chromosomes. 
1 .. . 5 .  a ... e . Roman numerals represent different females carrying the same com- 
bination of chromosomes . The numbers in fractional form are the numbers of 
lethals found among the total chromosomes tested . Asterisks mark females pre- 
sumably heterozygous for lethals of pre-recombination origin. 

Genotype I I1 111 IV V VI VI1 VIII Total % 

The frequency of lethals arising through recombination . 

I / l  
2/2 
3/3 
4/4 
5/5 
1 /2  
1/3 
1/4 
1/5 
2/3 
2/4 
2/5 
314 
3/5 
4 /5  
a/a 
b/b 
C / C  

d/d 
e/e 
a/b 
a / c  
a/d 
a/e  
b / c  
b/d 
b/e 
c / d  
c/e 
d /e  
l / a  
I / b  
l / C  
l / d  
l / e  
2/a 
2 /b  
2 / c  
2/d 
2 / e  
3/a 
3 /b  
3 / c  
3/d 
3 / e  
4/a 
4 / b  
4 / c  
4 / d  
4 / e  
5/a 
5 / b  
5 / c  
5 / d  
5/e 

0/30 
0/30 
0/26 
0 / 2  
0/26 
0/30 
1/29 

13/29 * 
0/29 
0/27 
0/29 
0/2 5 
0/27 
0/27 

LO/29 

0/3 
0/26 
0/6 
0/11 
1/26 

12/29* 
0/28 
1/29 
6/26 
0/28 
3/30 
1/25 
2/26 
0/26 
0/30 
1/29 
0/28 
0/29 
1/28 
0/32 
0/27 
0/29 
0/30 
0/27 
0/29 
0/29 
2/32 
1/28 
0/30 
0/30 
0/29 
0/29 
0/24 
0/28 
0/27 
0/23 
1/30 
0/27 
0/16 

1/27 
0 / 2 2  
0/28 
0/3 
o/ 1 
0/28 
0/30 
0/29 
1/28 
0/26 
0/27 
0/29 
0/26 
0/30 

10/27 

0/3 
0/2 
0/3 

1732 
0/27 
0/29 
0/2 5 
0/26 
0/24 
0/26 
0/21 
0/30 
0 / 5  
1/30 
2/28 
1/29 
0/29 
1/29 
0/28 

10/26* 
0/28 
0/30 
0/28 
0/28 
1/29 
2/29 
0/31 
2/30 
0/29 
1/22 
0/26 
1/24 
6/29 
0/29 
4/21 
1/27 
1/29 
0/10 

0 /28  0/28 . . . . . . . . . . . .  
0/17 0/28 0/17 . . . . . . . .  
0/27 1/27 ........ 
0/5 0/14 0/13 0/3 O j b  
2/5 1/4 1/7 0 / 8  0/11 
0/29 0/25 . . . . . . . . . . . .  
0131 0129 . . . . . . . . . . . .  
0/25 0/28 . . . . . . . . . . . .  
0/27 0129 . . . . . . . . . . . .  
0/26 0/30 . . . . . . . . . . . .  
0/29 0/27 . . . . . . . . . . . .  
0/29 0/29 . . . . . . . . . . . .  
0/22 0/21 . . . . . . . . . . . .  

15/28 13/28 . . . . . . . . . . . .  
0/21 .... . . . . . . . . . . . .  
014 019 . . . . . . . . . . . .  

0/27 0/26 . . . . . . . . . . . .  

Females are sterile 

0/6 0 / 5  0/7 1/28 .... 
O/l; 0/10 1/30 . . . . . . . .  
0/27 0/27 . . . . . . . . . . . .  
1/27 1/21 . . . . . . . . . . . .  
0/26 0/24 . . . . . . . . . . . .  
2/26 0/27 . . . . . . . . . . . .  

.... . . . . . . . . . . . .  

4/27 2/30 . . . . . . . . . . . .  

1/22 2/20 . . . . . . . . . . . .  
1/29 1/25 . . . . . . . . . . . .  
1/27 0/19 . . . . . . . . . . . .  

. 16/30 * 0/27 . . . . . . . . . . . .  
0130 0/29 . . . . . . . . . . . .  
0/26 2/30 . . . . . . . . . . . .  
0/30 0/28 . . . . . . . . . . . .  
0/28 0/30 . . . . . . . . . . . .  

0/34 0/29 . . . . . . . . . . . .  
0/21 0/28 . . . . . . . . . . . .  
0/24 0/29 . . . . . . . . . . . .  
0123 1/28 . . . . . . . . . . . .  
0/31 0127 . . . . . . . . . . . .  
0/30 1/28 . . . . . . . . . . . .  

0119 0127 . . . . . . . . . . . .  
0131 1/34 . . . . . . . . . . . .  
3/50 1/30 . . . . . . . . . . . .  
0/29 0/24 . . . . . . . . . . . .  

3/28 5/26 3/28 . . . . . . . .  

1/27 2/28 . . . . . . . . . . . .  
2/26 0/33 . . . . . . . . . . . .  

0/37 0/28 . . . . . . . . . . . .  
2/28 0/27 . . . . . . . . . . . .  

0/16 0/41 . . . . . . . . . . . .  
11/27* 0/15 . . . . . . . . . . . .  

3/27 1/28 . . . . . . . . . . . .  
3/39 2/33 . . . . . . . . . . . .  
0/27 0/24 . . . . . . . . . . . .  
0/25 0/31 1/25 . . . . . . . .  

.... 

.... 

.... 
0/4 .... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 
.... 

1/113 
0/114 
1/108 
O/ 50 
4/62 
0/112 
1/119 
0/82 
1/ 110 
O/ 109 
0/112 
0/110 
0/111 
0/100 

48/112 

0/27 
0/41 
1/55 
0/11 
3/111 
0/81 
2/105 
7/111 
0/76 
2/105 
6/98 
3/100 
3/ 102 

11/113 
1/87 
3/ 116 
3/113 
O/ 116 
5/112 
0/118 
2/86 
o/ 120 
0/109 
0/108 
o/ 122 
2/109 
6/116 
1/117 
3/118 
0/116 
1/66 
0/101 
2/113 

10/112 
4/136 
9/ 116 
2/110 
1/107 
U107 

0.9 
0 
0.9 
0 
6.5 
0 
0.8 
0 
0.9 
0 
0 
0 
0 
0 

42.9 

0 
0 
1.8 
0 
2.7 
0 
1.9 
6.3 
0 
1.9 
6.1 
3.0 
2.9 
9.7 
1.1 
2.6 
2.7 
0 
4.5 
0 
2.3 
0 
0 
0 
0 
1.8 
5.2 
0.9 
2.5 
0 
1.5 
0 
1.8 
8.9 
2.9 
7.8 
1.8 
0.9 
0.9 
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VARIABILITY THROUGH RECOMBINATION 283 

combination. More will be said of this combination later but we might note one 
fact here: these chromosomes, 4 and 5, were chosen because of their poor via- 
bility. The lethals formed by recombination, however, are not the result merely 
of recombining two genes, one from 4 and one from 5, into a lethal complex; 
such a simple recombination would produce at most only 25% lethals and 
would probably result equally often in non-lethal recombinations with corre- 
spondingly higher viabilities. 

The importance of these data lies in their demonstration of the variety of 
phenotypic effects which a gene-a physical unit of the chromosome-can pro- 
duce when found in various combinations and the high frequency with which 
the necessarily different combinations arise. The only circumstances under 
which a phenotype need show the classical Mendelian inheritance pattern are 
(1) if the chromosomal material uniquely involved in the expression of a par- 

TABLE 2 
The mean viabilities of non-lethal recombinant chromosomes recovered from 

different combinations ( l / l ,  1 / 2 . .  . 5 / e )  of ten chromosomes (1, 2 , .  . . e).  The 
viability i s  expressed in terms of the average number of wild flies observed in 
samples of 50.. 

l / l  14.58 5/5 6.49 d / e  8.18 3 / c  16.23 

14.33 l / a  13.75 3 / e  13.30 
a / c  l / b  14.98 4 / a  13.48 

15.12 
a / b  13.28 

1/3  16.98 
1/4 13.32 

15.07 1 /C 14.63 4 / b  
12.07 4 / c  13.82 

l / e  4 / d  10.55 
4 / e  6.90 

9.95 

1/5 12.82 
2 / 2  14.b8 a / e  
2 / 3  16.47 b/b  15.54 

14.65 
2 / b  5 / a  11.50 

5 / b  14.02 
2 / a  14.32 

2/4  13.55 b / c  16.15 
2/5  12.95 b / d  12.87 

14.93 
5 /c  13.63 
5 / d  9.33 

2/c  11.45 
313 18.72 b/e  11.43 

Z/e 
5 / e  7.65 

3/4 15.53 c/c 15.71 
10.52 

3 / a  16.55 
3 / b  15.48 

11.37 
3/5 15.33 

‘Ie  6.54 
4 / 4  12.26 
4 / 5  9.55 d / d  

1 / 2  13.53 a / a  .... e / e  6.51 3 / d  11.18 

a/d  9.48 

2 / d  9.53 

~~~ ~ 

*Several copies of the raw data upon which this table and figure 2 are based 
have been deposited with the editorial office of Genetics. 

ticular phenotype manifests itself in nearly all genetic backgrounds or (2)  if 
the genetic background is so uniform that the only effective segregation is 
for the locus in question. In ordinary genetic studies the genes are generally 
of the first type, or  stocks are established by selection (perhaps unwittingly in 
the process of isolating homozygous stocks) in which the gene studied is the 
only effectively segregating unit. W e  now see that even young populations of 
Drosophila possess sufficient genetic diversity to alter, through new combina- 
tions, the phenotypic effects of genes at various’loci. 

In  addition to the lethals discussed above and the viability of non-lethals 
that follows, there was one outstanding case of a visible mutation dependent 
upon recombination. Among the non-lethal recombinants of d and e (about 
10 instances or, roughly, about 10%) an eye mutant appeared-bulging eye, 
‘darker than wild type, ’‘ pebbly ” facets, and devoid of the normal nap of fine 
bristles-that was clearly distinct from the normal eye. This aberrant pheno- 
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284 BRUCE WALLACE ET AL. 

FIGURE 4.-The array of viabilities of individuals homozygous for recombinant 
chromosomes recovered from females heterozygous for the 25 possible combinations 
of the five chromosomes from each of two populations. Horizontal and vertical axes 
as in figure 3. 
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VARIABILITY THROUGH RECOMBINATION 285 

type was not present in d / d  or e / e  individuals o r  in any of the recombinants 
of these chromosomes with any of the others. 

The data of the viability of non-lethal homozygous recombinants are given 
in table 2 and figures 3 and 4. The table gives the mean numbers of wild flies 
found in the samples of 50. (The data for each vial are too extensive for publi- 
cation; mimeographed copies can be obtained from the authors or from the 
editor of GENETICS.) In the figure, the determinations based on 50 flies are 
shown in black ; the determinations based on counts of fewer than 50 flies are 
white. 

The relative viabilities of individuals homozygous for the original chromo- 
somes can be calculated from the data on recombinants derived from homo- 
zygous P1~ females. The non-lethal chromosomes obtained from homozygous 
P1 females of population #1 had the following mean viabilities : ( 1 )  14.6, 
(2) 14.1, (3) 18.7, ( 4 )  12.3, and (5) 6.5. The corresponding data for chromo- 
somes from population #3 are: ( a )  unknown because of the female sterility, 
estimated later as about 12.0, ( b )  15.5, ( c )  15.7, ( d )  6.5, and ( e )  6.5. The 
number of flies expected in these samples on the basis of the theoretical 2 :  1 
ratio is 16.7. 

A preliminary examination of the data can be made without recourse to 
statistics; a more refined analysis will be presented in the following section. 
One can select from the figure pairs of chromosomes that appear to be similar 
(either because they give approximately the same viability when homozygous 
or, better, because the crossover products of the heterozygous combination of 
the two have highly uniform viabilities) and then compare the recombinants 
from these chromosomes in other combinations. For instance, chromosomes 
d and e gave almost identical viabilities when homozygous ; moreover, they 
came from the same population. One might suspect that they were basically 
very similar. However, the patterns of the viabilities of their recombinants 
with any of the other eight chromosomes quickly dispels this impression. 

A number of heterozygous combinations gave rise to recombinants possess- 
ing remarkably uniform viabilities-1/2, 2/4,  a/c, 2/c and (if the lethal is 
disregarded) 1/3, for example. I t  seems reasonable to assume that if all cross- 
over strands recovered from a given pair of chromosomes are similar, the two 
original chromosomes must also have been similar. If, for example, an array 
of chromosomes derived from a female of unknown genotype were all w wa f 
one would suspect that the female was homozygous for these three genes. 

To detect possible differences between chromosomes suspected of being 
similar, the recombinants of the two were examined when each was in combi- 
nation with a third. Chromosomes 1 and 2 gave recombinants that possessed 
extremely uniform viabilities ; the recombinants of 1 and 5, however, formed 
a bimodal curve that included one lethal while 2 and 5 produced a unimodal 
distribution. Furthermore, 1 and a produced several recombinants of very poor 
viability (one lethal among them) while 2 and a did not ; 1 and c gave rise to 
3% lethals while 2 and c produced none ; 1 and e produced a bimodal distribu- 
tion that included 5% lethals while 2 and e produced a bimodcal distribution 
with lethals conspicuously absent. 
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286 BRUCE WALLACE ET AL. 

Another pair of chromosomes that appeared similar on the basis of their 
recombinations was 2 and 4. Compare, however, the distributions obtained 
from 2 / 2  and 4/4  homozygous PI females. Compare also 2/5  and 4 / 5 , 2 / b  and 
4 / b  (here 2, not 4, gave rise to the recombinants.with poor viability), 2/d and 
4/d,  and Z / e  and 4/e. (The symbols 2/3, l / u ,  c /e ,  etc., used in this paper refer 
to the chromosomal combinations of the PI females ; the tested chromosomes, 
as has been repeatedly emphasized, are homozygous.) 

The other pairs can be analyzed similarly. In the case of U and c examine 
their recombinants with b, d, e (very striking), 1, 3 (lethals formed by 3 / c )  
and 5. For 2 and c one can check their behavior with 1 (lethals with c ) ,  3 
(lethals, again), 5,  b, d and e. Finally, in the caseof 1 and 3, there is the lethal 
produced by 1/3 (mutation? recombination?) and the behavior of the two 
chromosomes with 5 and e. In each case considered, apparent similarities prove 
to be questionable when the examination is pressed further. Homozygosis for 
chromosomes carrying various combinations of genes frequently produces 
results unexpected on the basis of the behavior of the same genes in other 
combinations ; the epistatic properties of corresponding chromosomal regions 
of the different tested chromosomes are not identical. Genetic differences do 
exist between materials found in different chromosomes and different homozy- 
gous combinations of these materials result in interactions specific for different 
combinations. 

Bristles 

The bristle analysis was made to obtain information concerning a system 
other than viability known to be controlled in part by the genotype (MATHER 
1949, and earlier papers). Since there is no obvious relation between numbers 
of abdominal bristles and survival value, it could be not predicted whether 
the results of this study would merely repeat the results of the viability analy- 
sis. I t  was felt, though, that comparable studies of two distinct phenotypic 
traits within the same material would greatly increase the value of the entire 
experiment. 

Unfortunately, limitations of time curtailed this analysis severely. The pros- 
pect of counting was not the only deterrent ; the interruptions necessitated by 
sorting out females, preserving them in vials of alcohol, recording their preser- 
vation, and, checking the records to see if females were required from the next 
vial, minor as they now seem, were too much to tolerate when hundreds of vials 
were being counted daily. The analyses were made on wild females from non- 
lethal Fs cultures. Four females from one vial from each of the original PI 
females were preserved in alcohol and, within a day or  so, the number of 
bristles on the 6th abdominal sclerite was determined under 4ox magnifica- 
tion. All of these counts were made by one person (B. W.) in order to avoid 
personal differences such as has been reported by MATHER and HARRISON 
(1949). 

The data on bristle numbers are given in table 3 and figures 5 and 6. The 
results are less striking than those of the lethals and non-lethals. All of the 
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TABLE 3 
Numbers o f  bn'stles on the 6th abdominal stemite o f  females homozygous for 

The chromosomes ( 1 , .  . e), the combinations (I/I. .. recombinant chromosomes. 
S/e). and the different females ( I .  11, etc . )  are the same a s  those of table 1. 

I I1 III Iv 
I/I 

I / 2  

1 /3  

1/4 

1 / s  

2/2 

2 /3  

2/4 

2/s 

313 

3 /4  

3/5 

. 4/4 

4 /5  

s/s 

a / a  
a / b  

a/C 

a/d  

a / e  

b / b  

b / c  

18 
19 
20 
22 
20 
20 
20 
18 
20 
19 
19 
20 
21 
19 
19 
22 

19 
22 

19 
20 

23 
18 
18 
14 
20 
21 
20 
19 

..... 
.... 

18 
17 
.... .... 
18 
17 
19 
20 
23 
21 

19 
20 

20 
22 
21 
20 
20 
21 

19 
18 

22 
20 
20 
22 

22 
23 
22 
19 
26 
20 
18 
19 
20 
21 

17 
15 
21 
25 
21 
20 
.... 
.... 

18 
21 
.... 
.... 
17 
19 
19 
16 
22 
24 
21 
18 

19 
19 
23 
18 

19 
18 
20 
21 

19 
21 

23 
18 

19 
18 
21 
23 

21 
20 
22 
23 
16 
19 
23 
20 
17 
18 
20 
18 
17 
20 
21 
21 

20 
20 
19 
19 
17 
18 
20 
20 
17 
19 
21 
24 
17 
18 

19 
22 

24 21 21 
21 19 21 
17 
17 
16 
20 

17 
17 
17 
20 
18 
22 

19 
19 
18 
17 

15 
18 
20 
19 
20 
21 

19 
20 

17 
17 

18 
18 

23 
22 
.... 
.... 

22 22 17 
17 20 21 

Females are sterile 

20 21 19 
20 17 19 
17 18 18 
19 22 18 
18 16 18 
16 17 20 

21 18 25 
20 14 16 
20 17 21 
18 18 17 
18 20 22 
18 19 21 

20 
20 
22 
22 
18 
21 
18 
19 
22 
23 
21 
19 
17 
20 
20 
17 
20 
18 
20 
18 
16 
17 

19 
17 
20 
19 
.... .... 
18 
19 

17 
18 

19 
20 
18 
19 
18 
16 
22 
16 
19 
21 

18 
22 
20 
24 

19 
20 

16 
17 
17 
19 
18 
20 
20 
17 
20 
23 
20 
20 
21 
17 

18 
15 
18 
16 
.... .... 
22 
18 

19 
20 

16 
20 
18 
19 
19 
18 
14 
20 
.... 
.... 
20 
22 

20 
19 
19 
22 
17 

17 
17 
21 
22 
22 
21 
17 
18 
21 
20 

19 
23 
15 
17 
16 
19 
22 
18 

. 17 

.... 

.... 
16 
16 

19 
21 

19 
18 
20 
19 
20 
21 
16 
17 
.... 
.... 
20 
17 
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TABLE 3 (continued) 

I 11 III IV 
b/d 

b/e 

c/c 

c / d  

c / e  

d/d 

d/e 

e / e  
l / a  

l / b  

l / c  

l / d  

l / e  

2/a 

2 / b  

2/c 

2 /d  

2 / e  

3/a 

3 /b  

3 /c  

3/13 

3 / e  

4 / a  

23 
22 
19 
16 
18 
18 
19 
17 
19 
2.0 
16 
17 
21 
24 
17 
19 
19 
23 
19 
23 
18 
17 
18 
17 
17 
17 
15 
19 
17 
19 
19 
18 

20 19 19 19 
l9 21 17 18 16 

19 21 
17 19 18 

21 17 20 
16 18 16 
21 20 18 18 .... .... .... 
19 19 20 22 .... .... .... 

22 19 20 18 17 20 

21 18 16 20 19 

22 18 .... .... 18 22 

21 17 
l9 20 17 

16 21 17 17 
16 20 19 20 20 

l5 21 l9 l9 18 l9 16 20 

23 23 19 20 21 17 18 20 

l9 21 20 19 l9 19 18 23 21 

17 l9 18 25 17 .... .... 16 

Too inviable to get the required four females per vial. 

23 
18 
19 
18 
20 
19 
18 
19 
23 
19 
15 
18 
25 
19 
16 
18 
24 
21 
22 
20 
17 
16 
18 
18 
19 
18 
19 
19 
18 
20 
19 
18 

15 
15 
17 
17 
20 
22 
20 
18 
23 
15 
14 
17 
21 
20 
23 
22 
21 
18 
22 
21 
16 
16 
20 
17 
19 
19 
16 
20 
19 
19 
17 
21 

17 
15 
18 
18 
21 
19 
21 
17 
19 
19 
19 
18 
22 
22 
22 
22 
19 
16 
22 
23 
18 
16 
17 
17 
19 
19 
17 
17 
16 
18 
18 
21 

17 
17 
20 
21 
22 
21 
18 
20 
22 
20 
17 
21 
19 
20 
17 
17 
21 
16 
22 
23 
19 
18 
20 
20 
19 
17 
19 
19 
17 
24 
21 
20 

17 
19 
22 
22 
22 
20 
22 
25 
19 
20 
20 
20 
19 
15 
19 
20 
18 
18 
21 
19 
18 
17 
18 
18 
20 
18 
15 
21 
17 
20 
22 
21 

.... 

.... 
18 
20 
19 
20 
22 
21 
20 
17 
18 
21 
22 
19 
19 
18 
21 
19 
22 
19 
16 
16 
21 
19 
17 
17 
16 
18 
20 
17 
17 
22 

17 
22 
22 
18 
.... 
.... 
17 
22 
20 
22 
16 
17 
19 
22 

.... 

.... 
22 
21 
20 
22 
23 
20 
19 
22 
21 
17 
22 
20 4 

20 
19 
20 
18 
16 
25 
12 
12 
15 
20 
17 
21 
21 
23 
19 
21 
17 
20 
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TABLE 3 (continued) 

I 11 I11 IV 

20 21 
l9 22 l9 25 22 

l9 
19 20 18 19 20 

l7 
17 20 l9 18 22 20 

l5 l5 16 
l9 17 18 17 16 21 

4 / b  20 21 18 18 
20 21 20 20 21  

18 21 19 16 2? 20 22 18 
20 20 17 18 18 

17 19 20 
18 18 23 21 

21 18 19 
17 18 20 15  

15  18 
.... .... 20 18 18 20 
.... .... l5 22 21 18 17 

5 / b  22 
21 19 

5 / c  18 18 22 19 22 17 16 17 
17 21 21 18 19 20 2u 15 

20 16 22 21 22 20 5 / d  21 
20 16 

22 18 17 18 20 16 21 5 / e  
18 

4/c 20 19 19 18 20 20 17 22 

4 / d  19 20 

4/e 22 20 

5 / a  17 

l9 
20 21 22 22 20 20 

l9 21 24 16 19 20 17 20 

*Not included in the above counts are two females (1/1 IV and 3/c II) in which 
the abdominal scler i tes  were incompletely formed and were lacLing one s ide OK 
the other. 

flies observed had between 12 and 16 bristles; although no vial had a range 
this large, a number of combinations ( d / d ,  l / a ,  Z/b, 3 / d  and 3 / e )  had ranges 
nearly as great. -4 casual examination of these figures fails to reveal any very 
striking deviations similar to those noted in the two previous studies. A more 
formal demonstration 0.f differences will be made later. 

Sterility 

Advantage was taken of the unexpected female sterility of a /a  homozygotes 
to test still another trait. In order to find out how this sterility behaved in 
recombination, six non-lethal cultures (F3) were chosen from each of the 
four PI females of all combinations involving chromosome a and the wild 
females in these cultures were tested for sterility. From seven to twelve non- 
virgin females and an equal number of their Curly-Lobe brothers were placed 
in a fresh vial. After a week these vials were examined for signs of larvae and 
pupae ; those that were devoid of such signs (as were the original cultures of 
a/a females) were scored as sterile. 

If the cause of the sterility behaved as a single gene, one half of the recombi- 
nations should prove fertile and the other half sterile. If, however, the sterility 
resulted from a more complex interaction, so simple a ratio would probably 
not occur. The data (table 4) fit the single gene hypothesis very well. In 211 
tests, 103 proved to be sterile and 108 fertile. A Brandt-Snedecor test for 
homogeneity of the distribution of sterile tests among the different combina- 
tions fails to reveal any heterogeneity; the Chi-square of 11.7 with 8 degrees 
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L 

FIGURE 5.-Number of bristles on the 6th abdominal sternite of females homozygous 
for recombinant chromosomes recovered from females homozygous for each of 10 
chromosomes (1 2, . . . e) or from females heterozygous for combinations of chromo- 
somes from the same population. Vertical axis : Numbers of females; each division is 
a single female. Horizontal axis: Number of bristles; 12-15, 16, 17, IS, 19, 20, 21, 22, 
23. 24-26. 

of freedom has a probability of .15. Consequently, it appears that none of the 
chromosomes chosen from either population reacts in unexpected fashion with 
the sterility factor of chromosome a. 

STATISTICAL ANALYSIS 

The results of the statistical analysis of the data are presented in this sepa- 
rate section for a number of reasons. First, none of the authors is an accom- 
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I / A  2 / A  3 / A  4/ A 5 / A  

I /  c 

FIGURE 6.--Number of bristles on the 6th abdominal sternite of females homozygous 
for recombinant chromosomes recovered from females heterozygous for the 25 possible 
combinations of the 5 chromosomes from each two populations. Vertical and horizontal 
axes as in figure 5. 

A A r L  2 / c  3 / c  . ~ G .  4/ c 5/ c 

plished statistician. Second, the inclusion of undetectable non-crossovers among 
the chromosomes tested interferes with some formal assumptions. Third, the 
simple presentation of the qualitative analysis of the preceding section served 
to introduce the material available. I t  is a pleasure to acknowledge here the 
aid of DR. HOWARD LEVENE of the Department of Mathematical Statistics, 
Columbia University. The techniques for determining the contributions and 
ifiteractions through an analysis of variance were supplied by him. Needless 
to say, sins of either omission or commission in the non-professional presenta- 
tion of the mathematical procedures are those of the authors. 

Technique 

The statistical analysis can follow any one of several models; the results of 
the homozygous combinations can be included or excluded, the intra-popula- 
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tion combinations can be analyzed together with or separately from the inter- 
population combinations, and the two populations, likewise, can be analyzed 
together or separately. Not all of these analyses will be attempted here ; we will 
study the populations separately keeping the intra-population analysis separate 
from that of the inter-population. The calculations will be made both including 
and excluding the homozygous combinations. 

The statistical techniques and symbols will be explained using as examples 
the data on the viability of non-lethals. In order to keep the procedure manage- 
able, the following approximations have been made : ( 1) In the case of cultures 
giving less than 50 flies, the number of wild flies observed has been increased 
to correspond to an observation based on 50 flies; a culture that gave 4 wild 
flies in a total of 21, for instance, has been regarded as having 9.5 wild flies. 

TABLE 4 
The behavior of the a /a  female s tq i l i t y  in recombination. Fertile (+) and sterile 

(-) recombinunts recovered from different females (1, 11. etc.)  carying various 
chromosomal combinations of a and others. 

i II 111 Iv Total 
- + - + - + - + - + 

a / a  
a / b  
a / c  
a / d  
a / e  
l / a  
2 / a  
3 / a  
4 / a  
5 / a  

.... .... .... .... 
3 3 6 0 4 2 2 4 15 
1 5 4 2 3 3 3 3 11 
4 2 4 2 5 1 1 5 14 
2 4 1 3 1 2 1 5 5 
4 2 0 6 4 2 5 1 13 
4 2 2 4 3 3 2 4 11 
4 2 4 2 5 1 3 3 16 
3 3 5 1 3 3 3 3 14 
3 3 4 2 2 4 0 6 9 

.... 
9 
13 
10 
14 
11 
13 
8 
10 
15 

28 26 30 22 30 21 20 34 108 103 

(2) In computing grand averages, the averages of all combinations have been 
used with equal weight even though some combinations are not represented by 
60 tested chromosomes. 

Intra-population analysis, homozygous combinations included. In this analy- 
sis, as in all that follow, we assume that a certain mean viability (the mean 
number of wild flies in a sample of fifty), z, is characteristic of homozygous 
recombinants of a given statistical population. Furthermore, we assume that 
the individual chromosomes tested (1, 2, 3, . . . m, where m, equals 5 )  make 
contributions to this mean viability that can be measured relative to one an- 
other ( al, a2, . . . a, where Pai equals 0). Finally, the average viability observed 
for recombinants of a certain combination (xij.) is assumed to represent the 
sum of X (the population average) ai and aj (the contributions of the two 
chromosomes of the combination), and gij (a specific interaction of i with j ) .  
Actually, we have allowed for specific interaction and so this is not really an 
assumption but merely a way of expressing the true situation. 
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VARIABILITY THROUGH RECOMBINATION 293 

The contribution of a chromosome (1, for instance) to viability can be 
calculated as follows : 

2x11 + x12 + x13 ... + xlm m + 1 - 
a, = - -  x, or 

m + 2  m + 2  
- 

2 (XI1 - x> + (XI2 - Z) + (xl, - Z) + . . . + (Xlm - f) 
(m + 2 )  

- - 

The interaction of any two chromosomes (i  and j ,  for instance) can be 
calculated : 

gij = xij. - ai - aj -I 

The significance of the quantities calculated can be tested by an analysis of 
variance. Sums of squares for error are obtained as 888(xijk - Bij.)2-the 
summation through all combinations of the sums of squares of each combina- 
tion where Xijk is any individual observation and xij. is (8xijk)/n, the average 
of the combination. This sum of squares has degrees of freedom corresponding 
to the sum of the degrees of freedom of each combination. 

The sum of squares for interaction equals the sum of all nij(gij2) (including 
gii for homozygous combinations), where n,j equals the number of tested chro- 
mosomes of the i/j combination. This sum of squares has m(m - 1)/2 degrees 
of freedom. 

The sum of squares for contributions equals the sum of all ni,(ai +aj)2 
(including ai + ai for homozygous combinations). This sum of squares has 
(m - 1) degrees of freedom. 

The test of significance of the observed interactions or contributions is 
afforded by the F ratio-the appropriate mean square divided by the mean 
square of the error. 

It has been mentioned that both the sums of contributions and the sums of 
interactions are equal to zero. The hypothesis tested by the calculations is that 
the contributions o r  interactions observed are equal and, consequently, are 
equal to zero in every case. A significant result indicates that the different 
chromosomes do not contribute equally to the viabilities or, in the case of inter- 
action, that they do not interact in a predictable manner with one another in 
the determination of the observed viabilities. 

Intra-population analysis, lzomozygous combinations excluded. The inclusion 
or omission of the homozygous PI combinations from the analysis of the data 
is a matter of personal preference. It can be argued, for instance, that the 
combinations 1/1, 2/2, . , . i / i  do not differ fundamentally from the combina- 
tions 1/2,  1/3, , , . i / j  in that they represent living flies from which recombin- 
ant chromosomes can be obtained for testing. On the other hand, the viabilities 
of the homozygotes were known at the time the chromosomes were chosen ; it 
was known that none of the ten was lethal, it was known that 4, 5, d and e 
were at least subvital, and it was known that the other six chromosomes were 
normal in viability. There was no way, though, of knowing what recombinants 
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these chromosomes would produce. The homozygous combinations, then, may 
be eliminated from the calculations merely to remove a segment of data about 
which something was known in advance. 

The statistical technique here is similar to that above. To avoid confusion, 
since the calculated values will differ from those of the first section, the sym- 
bols have been changed slightly ; the changes are : x to y, a to b, and g to h. 

As before, Yi]k is the number of wild flies counted in any one culture of the 
i/j combination and yij. is the average number observed in the nij replicas. 
The average of all yiJ.'s equals y. The contribution of a chromosome (1, for 
instance) to viability can be calculated as follows : 

The interaction between chromosomes is, again : 

hij = yij . - bi - bj - 

Once more the sum of contributions and the sum of interactions equal zero. 
The sum of squares for error is calculated as before except that homozygous 

combinations are excluded from the computations. The sum of squares for 
interaction equals the sum of all nij(hi12) excluding homozygotes. The sum of 
squares has m(m - 3 ) / 2  degrees of freedom. The sum of squares for contribu- 
tions equals the sum of all n,j(bi + bj)z and has (m - 1) degrees of freedom. 
Once more the tests of significance are made by means of the F ratio. 

Inter-population Combinations. The inter-population combinations offer a 
simpler analytical problem than those considered above. First, all combinations 
are heterozygous. Second, the various combinations fall on a checkerboard 
rather than a triangular arrangement. Third, the data obtained met the stand- 
ards of 60 tested chromosomes per combination, fifty flies sampled per chromo- 
some. Hence the standard procedures of the analysis of variance may be used. 
These procedures are summarized below for the non-statistical reader. 

The analysis is again based on the same model : the average number of wild 
flies observed in the recombinants of any combination can be analyzed in terms 
of the average number in the entire series, the contributions of the two chro- 
mosomes of the combination, and the specific interaction between the two 
chromosomes. Once more the symbols are changed slightly since the numerical 
values will differ from those obtained previously: x becomes z, a becomes c 
for population 1 and d for population 3, and g becomes e. The grand aver- 
age, 2, equals Pzij./m2. The contribution of a chromosome (1, for instance, 
equals [ ( ~ 1 ~ .  + Z l b .  + . . . + zle.)/5] - Z. As before, interaction, eij, equals 

The sum of squares for error is computed just as in the two previous cases. 
Sum of squares for interaction equals the sum of all nij(eij2) and has (m - 1)" 

- zij. -ci-dj-z.  
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degrees of freedom. The sum of squares for contributions of chromosomes 
from population 1 equals 8(BnIjc?) ; for chromosomes from population 3, 

S(2ni,dJ2). Each of these sums of squares has (m - 1)  degrees of freedom. 
i j  

1 1  

The analysis of contributions and interactions of chromosomes to bristle 
numbers is made by the same technique and with the same assumptions as the 
analysis of the viability data. The determination of error is changed slightly. 
Theoretically, all of the recombinants obtained from a homozygous combina- 
tion should be as similar as the various individuals developing within any one 
culture. The large variance found between the four vials of any homozygous 
combination relative to the variance found within vials indicates that the cul- 
ture conditions are contributing to variation in bristle numbers. Consequently, 
the error variance is based on the variation between vials of homozygous com- 
binations. The analysis proceeds otherwise as in the analysis of viability where 
homozygous combinations were excluded. 

Finally, the data on lethal frequencies can be treated in the same way as 
viability or bristle data although the figures are small. Some of the results of 
the lethal analysis are possible in theory only since there cannot be a frequency 
of lethals less than zero. Nevertheless, the results have meaning in connection 
with the other data as will be seen be&. 

Repeatability 
A problem of immediate concern involves the repeatability with which 

recombinant types arise from a given combination of chromosomes. The num- 
ber of gene combinations that can be formed by crossing over between two 
chromosomes is determined by the number of loci bearing contrasting alleles 
and the number of chiasmata at which exchanges take place. It has been esti- 
mated by IVES (1945) and WALLACE (1950) that on the second chromosome 
of D. wzelanogaster there are about 500 loci that can mutate to lethality; i.e., 
there is an observed probability of about .002 that any two independently 
arising lethals on this chromosome will behave as alleles. If two chromosomes 
were to differ in the alleles found at 500 loci, single crossovers could give rise 
to nearly 1,000 different combinations ; double crossovers, theoretically, could 
produce some 250,000 more. It might be expected then that a study of a few 
crossover strands recovered from two chromosomes would be entirely inade- 
quate to represent the array of possible combinations and that a second sample, 
through chance alone, might consist of an entirely different array. Different 
pairs of chromosomes producing seemingly unrelated arrays of crossover prod- 
ucts may illustrate the improbability of recovering comparable samples rather 
than genetic differences between the chromosomes of the d,ifferent pairs. The 
solution to this problem lies in the consistency with which different females 
carrying the same chromosome pair produce a given type or array of recom- 
binants. If thousands of different gene combinations are possible and if each 
combination is unique, then different females of the same genotype would pro- 
duce recombinants rivalling in variability those produced by females of differ- 
ent genotypes. 
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The material presented in tables 1 and 2 proves that such an extreme intra- 
combination variability does not occur ; the evidence is striking even though 
the numbers of recombinants studied per female were relatively small. There 
is an obvious similarity in the frequency of lethals produced by the different 
females of the same genotype and, also, in the range of viabilities of non-lethals 
produced. In the case of lethals, the F ratio of the total variance and the vari- 
ance between different females of the same genotype is 4.8 ; this ratio is signifi- 
cant at the .001 level. In  the case of non-lethals, a comparison of the variances 
between means of different females and between recombinants of individual 
females for each genotypic combination revealed only four cases in which the 
variability found between means was greater than that expected from the 
variability between recombinants produced by the same female. Two of these 
instances were significant only at the 570 level (3/5 and 5/e) ; a third was 
significant at the 2.5% level ( 1 / 5 )  ; and a fourth was significant at the 0.5% 
level (.?/b). Since an analysis of 45 cases should show by chance alone 2 cases 
seemingly significant at the 5% level and 1 at the 2.5% level, it seems likely 
that only the fourth case, 3/b,  has any real meaning. In  this instance, one of the 
PI females (3/b 111) gave rise to recombinants with consistently lower via- 
bilities than did the other three; this could be comparable to the cases already 
mentioned in which certain females carried lethals of pre-P1 origin. An exten- 
sion of the analysis to all the data with each chromosomal combination treated 
as a group gives an F-ratio between variance of means and variance within 
groups of 18.1. This is highly significant. It appears that a given chromosomal 
combination possesses a limited number of divergent recombinant types. This 
number is small enough for sub-samples to show a correlation. A small number 
of recombinant types implies, in turn, a relatively low number of effectively 
recombining elements within any particular combination. 

Analytical results 

The results of the statistical analyses are listed in tables 5, 6, 7 and 8. Each 
table gives the relative contributions of the chromosomes to the trait under 
consideration, the specific interactions of different chromosomal combinations, 
and the statistical significance of the data. In one instance (table 5b) the tests 
of significance have been omitted because the data were incomplete. 

In  their contributions to viability (tables 5, 6 and 7) the chromosomes differ 
significantly from one another and, with minor exceptions, make the s m e  
relative contributions whether homozygous combinations are included or ex- 
cluded from the calculations or whether the heterozygous combinations are 
intra- or  inter-population. The one apparent difference is an increase in the 
contribution of chromosome c in inter-population combinations compared to its 
contribution in intra-population #3 combinations. The differences in contri- 
butions of all chromosomes is highly significant ( p  < .oOl) but it must be 
remembered that four of the original chromosomes were chosen for poor 
viability. 

In the Combinations in which significance was tested (tables 5, 6 and 7) the 
interactions of the specific chromosome pairs differed significantly. The test 
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fails to reveal the specific pairs that cause the heterogeneity but it might be 
assumed that the ones with the largest interactions (ignoring signs) are the 
most likely ones. In that case, the combination 4/5 is interesting. These two 
chromosomes gave recombinations at least one half of, which were lethal. In 
addition, we now see that recombination of these chromosomes produced non- 
lethals of lower viabilities than one would expect from their individual contri- 
butions in other combinations. Aside from this case there are about a dozen 
other combinations that gave seemingly significant interactions : a/b,  a/d,  a/e, 
b/c, c/d, c / e ,  l / d ,  3 /b ,  3 / d ,  3 / e ,  4/b,  4 / e  and 5 / a  to indicate the more proba- 
ble ones. One can safely conclude that, in determining the viability of homo- 
zygous crossover chromosomes, specific genic interactions occur that result in 
recombinants of unexpected but characteristic viabilities for the different 
chromosome pairs. 

TABLE 5 
Interactions and contributions of chromosomes to  the viability 

of non-lethal recombinants. 

Intra-population #l, homozygous combinations included 

a1 0.48 g11 -0.12 B I D  -0.28 g 34 -0.11 
at 0.31 811 -1.00 g13 -0.34 g35 1.52 
a3 2.76 g13 0 gt4 0.36 g u  0.24 
a4 -0.86 g14 -0.04 Bas 1.59 845 -0.64 
as -2.69 g15 1.29 g33 -0.54 8 ss -1.87 

ss df Mean square F-ratio P 
Error 14799.98 868 17.05 .... 
Contribution 6470.4631 4 1617.6158 94.87 c o o 1  
Interaction 704.6330 10 70.4633 4.13 <.*Ob1 

Intra-population #?, homozygous combinations included. 

-1.30 
0.44 gcd 0.66 gaa -1.28 gbb -0.47 

0.59 gce 0.60 -1.99 
gdd ' 0.54 

-0.24 gde 0.05 

2.04 gab 
1.59 ga c 

ab 

ad 'e -2.59 -2.59 gcc 0.60 gee 
ga CI 

aC 

ga e 

*Assuming that xaa- = C, aa and gaa obtained through equations sai = 0 and 
zgii = 0. No tests of significance were made. 

(Two precautionary notes should be inserted here. First, our " contribu- 
tions '' and " interactions '' have only a superficial resemblance to the " general 
combining ability " and " specific combining ability " of hybrid crosses with 
which most readers are familiar. The final (F3) crosses of this experiment 
produced flies homozygous for certain recombined second chromosomes so 
inter-allelic interactions-dominance and over-dominance-were eliminated ; 
instead, these tests reveal inter-locus epistatic interactions. Second, the pat- 
terns of viabilities as shown in figure 3 do not necessarily reflect in any orderly 
way the types of recombinations of the two chromosomes. Chromosomes pos- 
sessing the same viability miy arise from entirely different crossover patterns 
within a combination while others possessing different viabilities may differ 
by only the slightest shift in the position of a chiasma. There is nu, way by 

gbc -0.30 
-0.90 gbd 
4.18 gbe -1.70 
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TABLE 6 
Interactions and contributions of chromosomes to viability 

of nonlethal recombinants. 

Intra-popdation $1, homozygous combinations excluded 

b, 0.21 hl l  -0.84 h24 0.74 
b, 0.16 13 0 has 0.58' 

b4 -1.35 h 16 0.40 h 15 0.35 
b6 - 1.79 ha1 -0.46 h45 -1:31 

b3 2.77 14 0.46 h14 0.11 

ss df Mean square F-ratio P 
Error 10705.61 589 18.1759 .... .... 
Interaction 239.6939 5 47.9388 2.64 c.05 
Contribution 2288.5964 4 572.1491 31.49 C.001 

Intra-population $3, homozygous combinations excluded 
-0.49 
0.13 b 1.03 -0.87 hbd 

-1.69 1.90 -0.77 hbe 
2.58 kcd -0.95 1.22 

0.75 b 
-0.81 
-2.87 1.23 h i 9  -0.41 

bt: 

b: 
be 

SS df Mean square F-ratio P 
Error 13600.62 590 23.05 .... .... 
Interaction 91 1.4720 5 182.2944 7.91 C.005 
Contribution 2542.7520 4 635.6880 27.58 <.001 

which these two phenomena-chiasma position and resultant viability-can be 
related in this experiment; this is unfortunate because they may not be as 
haphazardly related as may be imagined.) 

The bristle analysis revealed a situation different from that indicated by the 
viability studies. There were no statistically significant interactions in either 
intra- or  inter-population combinations in the determination of bristle numbers. 

TABLE 7 
Interactions and contributions of chromosomes to the 

c1 0.32 d 1.23 
c2 0.22 d: 2.02 
c3 1.79 d 1.89 
c4 -0.79 d: -1.84 
cs -1.53 ' de -3.29 

e- -0.56 eZ8 0.44 0.77 e,= 0.28 e,a -0.96 

e1c -0.34 e,, 0.06 -0.21 -0.04 eSc 0.51 
0.83 e,d 0.31 e 3 d  -1.53 e4d 0.42 e5d -0.06 

=le 0.16 eae -0.16 e,e 2.04 e4e -1.78 e5= -0.29 

viability o/ inter-population recombinants. 

e,b -0.12 e,b -0.68 e 3 b  e3a -1.09 1.v e5b 0.77 

SS df Mean square F-ratio P 
Error 29700.30 1475 20.14 .... .... 
Interaction 1009.8600 16 63:12 3.13 <BO05 

Contribution (3) 701 2.5300 4 1753.1325 87.05 <e001 
Coaaibution (1) 18953700 4 473.9925 23.53 <.001 
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TABLE 8 
Interactions and contributions of  chromosomes to  bristle 

numbers of  homozygous recombinants. 

Intra-population $1 

bi 1.33 hi, -0.10 h M  0.34 
ba 5.33 hit 2.15 has 0.84 
b3 -5.92 hi4 -2.41 h34 1.09 
b4 -0.61 his 0.34 h3s -2.16 
bs -0.11 h, -1.10 his 0.95 

ss df Mean square F-ra tio P 
E" 342.01 18 19.01 .... .... 
Interaction 76.4719 5 15.2944 < 1  >.5 
Conai bution 786.7840 4 196.6960 10.35 c.001 

Intra-population #3 

hbd -0.26 kab 1.35 
b -2.40 $ -0.04 -0.79 hbe -1.01 

3.27 h,": -0.40 h,d 0.18 
b: -0.04 h -0.15 h 0.68 
be -0.79 hi: -0.07 hi: 0.95 

ss df Mean square F-ra tio P 
Error 342.01 18 19.01 .... .... 
Interaction 17.2023 5 3.4405 (1 >.5 
C o n k  bution 204.2055 4 51.0514 2.69 > a 0 5  

1.28 
2.30 

-4.45 
1.75 

-0.90 

d '-5.17 $ 1.70 
0.35 

d i  0.95 
de 2.15 

Inter-popula tion 

e,, -0.04 

el, 2.52 
qd 1.17 
ele -1.03 

-1.48 

e,, -2.25 

elc 3.70 

e,b -2.58 

elb 1.90 

e,d -1.85 

Inter-popula tion 

e,, -0.04 

el, 2.52 
1.17 

e,b -2.58 

A" 
ele -1.03 

-1.48 

e,, -2.25 

elc 3.70 

elb 1.90 

e,d -1.85 

'38 
e3b 

e3c 
e 3d 
e3e 
e 4a 
e 4b 
e4c 
e4d 
e4e 

- 1.48 
-0.60 

0.75 
0.40 
0.95 
4.57 
1.70 

-0.45 
-3.55 
-2.25 

eSB 

esb 

' i d  
ese 

c 

- 1.53 
-0.40 
-0.55 

3.85 
-1.35 

ss df Mean square F - ~ U O  P 
Enor 342.01 18 19.01 ..I. .... 
Interaction 434.5576 16 27.1599 . 1.43 >.05 
Contribution (1) 609.6196 4 152.4049 8.02 c.005 
Cmtribution (3) 675.7091 4 168.9273 8.89 c.005 

There is no good evidence, in fact, that the different chromosomes of popula- 
tion #3 made different contributions to the bristle numbers of intra-population 
combinations. The situation is complicated, however, because the contributions 
of chromosomes of population 3 changed sharply between intra- and inter- 
population combinations. The contributions of a, c and e, for instance, were 
- 2.40, 3.27 and - 0.79, respectively, in intra-population combinations. In inter- 
population combinations these values became - 5.17, 0.35 and 2.15-changes of 
- 2.77, - 2.92 and 2.94. These changes, apparently, were those that made the 
contributions of chromosomes from this population significantly different in 
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the inter-population combinations. An absence of demonstrable interactions in 
both intra- and inter-population combinations does not indicate such genetic 
uniformity that chromosomal contributions within the two systems must neces- 
sarily be equal. 

These results show that two polygenic characters-viability and abdominal 
bristles-need not reflect the past history of a population by possessing identi- 
cal reaction patterns. In the case of viability, the different chromosomes made 
characteristic contributions whether in intra- or inter-population combinations 
and there were numerous instances of statistically significant interactions be- 
tween members of various pairs ; in the case of abdominal bristles, significantly 
different contributions were found in one population only and there were no 
cases of significant interactions. It should be noted, however, that the residual 
error variance was large for bristles ; an analysis of greater numbers of flies 
for this trait may have revealed significant interactions. In the bristle analysis 
large differences in the contributions of chromosomes between intra- and inter- 
population combinations were found. 

Differcnfiated genetic systems 

The possibility was mentioned above that evidence for coadaptation might 
be obtained if the formation of ill-adapted complexes by recombinatbn among 
inter-population combinations was observed. The evidence for differentiated 
genetic systems is extremely subtle ; nowhere in the data does mere inspection 
reveal interactions comparable to that shown in figure 1 where nearly every 
recombination behaved as a lethal. 

In spite of an apparent similarity there is one detectable difference in the 
behavior of chromosomes in intra- and inter-population combination. This 
difference lies in the patterns of contributions. The contributions of the ten 
chromosomes to lethality, viability, and bristle numbers have been consolidated 
in table 9. Taking the data at face value and considering only signs, there is 
a perfect negative correlation between contributions to lethality and viability 

TABLE 9 
The contributions o f  the different chromosomes to lethality, viability, and 

bristles of flies homozygous for recombinations of  intra- and inter-population 
heterozygous combinations. 

Intra-population Inter-population 

Lethal Viab. Bristle Lethal Viab. Bristle 
Chromosome 

1 
2 
3 
4 
5 
a 
b 

d 
e 

C 

-0.054 
-0.060 
-0.057 
0.084 
0.087 

-0.010 
-0.010 
-0.026 
0.009 
0.037 

0.21 
0.16 
2.77 

-1.35 
-1.79 
1.03 
1.90 
0.75 

-0.81 
-2.87 

1.33 
5.33 

-5.92 
-0.61 
-0.11 - 2.40 
-0.04 
3.27 

-0.04 
-0.79 

0.002 
-0.015 
0 .oo 1 
0.004 
0.009 

-0.012 
0.012 

-0.001 
-0.013 
0.014 

0.32 
0.22 
1.79 

-0.79 
-1.53 
1.23 
2.02 
1.89 

-1.84 
-3.29 

1.28 
2.30 

-4.45 
1.75 

-0.90 
-5.17 
1.70 
0.35 
0.95 
2.15 
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among the intra-population combinations (p  about ,002). Every chromosome 
that tended to reduce viability tended also to increase the frequency of lethals 
among its recombinants ; every chromosome that tended to increase viability 
tended to lower the frequency of lethals. Within the inter-population combina- 
tions there is no comparable correlation ; contributions to lethality and viability 
of non-lethals are seemingly independent of one another. 

The contrast between the patterns of contributions of chromosomes in intra- 
and inter-population combinations is apparently the result of lethal recombi- 
nations. The signs of the contributions of the various chromosomes to viability 
in the two types of combinations also show a perfect correlation as has been 
pointed out above. The contributions to lethality vary considerably from one 
type of combination to the other just as the contributions to bristle numbers 
did. How much of the perfect correlation of the signs of the viability contribu- 
tions is the result of undetectable non-crossovers is unknown, of course. The 
contributions of the chromosomes to bristle numbers are also listed in table 9 ; 
these contributions are seemingly unrelated to the others in both types of 
combinations. 

The contrasting patterns of contributions described suggest different genetic 
components within the gene pools of the two populations. Since natural selec- 
tion operates to produce the highest possible adaptive value in each population, 
the differences between the gene pools reflect at least some degree of coadapta- 
tion within one or both of the populations. 

CONCLUSIONS 

The aim of the experiments described above was to decide which of two 
possible genetic systems natural selection tends to establish within a popula- 
tion. One hypothesis postulated a genetically homogeneous system-every 
locus represented for the most part by a single " wild type " allele (A, B, 
C, . . .) or, to the small extent that mutation operates counter to selection, a 
few recessive mutant alleles (a, b, c, . . .). The second hypothesis, rejecting the 
assumption that homozygosity leads to the highest adaptive value, postulated 
a genetically heterogeneous system-each locus represented by a series of 
multiple alleles selected on the basis of the alleles at all other loci and the 
adaptive values of their many possible combinations. 

Before discussing the results, some of the assumptions on which this experi- 
ment was based must be examined. First, we have assumed that chromosomes 
with new phenotypic properties derived from certain chromosomal combina- 
tions are crossover chromosomes. Second, we have assumed that the altered 
phenotypic effects result from new combinations of the various loci. The physi- 
cal distances between these loci, in any case, are unknown. Third, we have 
assumed that a representative sample of crossover chromosomes is recovered 
for analysis. There is no proof that these assumptions are correct. That cross- 
ing over generally occurs in female Drosophila can be demonstrated by the use 
of marked chromosomes ; there is no obvious reason why it should not also 
occur in the absence of mutant genes. We  know, with reference to the second 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/3/272/6033365 by guest on 25 M

ay 2023



302 BRUCE WALLACE ET AL. 

point, that mutations occur and that their rates vary but a rate of mutation to 
lethals of 43% (as in 4 / 5 )  or to a single visible of 10% (as in d / e )  is higher 
than even the mutable stocks of IVES (1950). MISRO (1949) found that high 
frequencies of lethals were produced characteristically only by females hetero- 
zygous for different second chromosomes ; heterozygous males, with their lack 
of recombination, produced lethals at the same low rate as homozygous females. 
The ten chromosomes of this analysis were examined cytologically and no 
aberrations were found that would interfere with “ free ” crossing over. Just 
how “ free ” crossing over is between pairs of different chromosomes is a 
moot point; the frequency of recombination of mutant marker genes carried 
by different females is extremely variable as GOWEN (1919) has shown. 
Partial localization of chiasmata between pairs of different chromosomes may 
account in part for the varying arrays of recombinants obtained. We will 
assume, therefore, that the experimental results are to be explained by the 
shuffling of chromosomal elements but whether the physical act of shuffling 
within one combination is similar to that of all others is unknown. 

Some of the experimental results are consistent with the assumption of 
homogeneity within the genetic systems of the populations studied. First, there 
is the correlation between lethal frequencies (or viability arrays of non-lethals) 
from different females of the same genotype ; the intra-combination variance 
was much smaller than the inter-combination variance. This suggested that 
the chromosomes of the various pairs differed in only a few essential elements 
and that the number of different recombinants per combination was limited. 
Second, the sterility factor of chromosome a behaved as a simple Mendelian 
unit in all combinations with no detectable interactions. 

Much more of the information presented tends to support the second 
hypothesis-that of genetic heterogeneity. Especially important in this respect 
are the combinations 4/5  and d / e  and the other combinations in which these 
four chromosomes participated. 

Of the crossover chromosomes obtained from the 4/5 combination, 43% 
were l e t h a l 4 8  lethals in 112 tests. The 9570 confidence interval of this fre- 
quency extends from 3370 to 53%. Within this interval fall the results pre- 
dicted by two simple hypotheses : (a )  that there are two complementary genes, 
widely separated, of which chromosomes 4 and 5 represent the only viable 
combinations; and b) that there is multigene complex such that one half of 
all crossovers are lethal. The first scheme would result in 50% lethals among 
the chromosomes tested and the second in about 35% (50% of the 70% real 
crossovers). The two-gene hypothesis requires an elaboration for not only 
must chromosomes 4 and 5 differ from one another but these chromosomes 
must also differ from all the other chromosomes in the alleles at these two loci. 
At  each of two loci, then, there must be a series of three alleles-a, a’, a”, b, b’ 
and b”-revealed by a test of five chromosomes of population 1. This qualifi- 
cation is necessary because neither 4 nor 5 produced lethals in combination 
with any other chromosome of population 1. The hypothesis of a multigene 
complex does not require the postulation of a series of multiple alleles but it 
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requires more loci. This hypothesis meets with the difficulty that the viability 
of non-lethal recombinations is not improved as a result of the loss of certain 
genes in the lethal chromosomes. Therefore, the elements that enter into the 
lethal complex must have no detectable effect on viability in the rest of the 
possible combinations of these two chromosomes. 

I t  is tempting to ascribe the lethal-forming capacity of the 4 / 5  combination 
to a subvital on 4 and a semilethal on 5. If the genetic elements responsible for 
these characteristic viabilities of the two chromosomes are involved, the inter- 
action must be quite specific. Chromosome e, a semilethal, gives 9% lethals 
through recombination with chromosome 4 .  If one imagines that alleles at spe- 
cific loci are recombining to give the 43% lethals from the 4 / 5  combination 
and the 9% from the 4 / e  combination, then one would imagine that there 
would be ample opportunity for 5 / e  lethal recombinations to occur. Contrary 
to expectation, only 1% of these recombinations are lethal. This requires the 
postulation of more contrasting alleles to account for the 4 / e  lethals and the 
lack of 5/e lethals. Then more alleles are needed to explain why most 3/5 
recombinants are like those of 3/3 while many from 1/5 are like those of 5/5.  
It appears that a sample of five chromosomes taken from a population contains 
a substantial number either of demonstrable multiple allelic series or  of inter- 
acting mutant alleles at a variety of loci. 

It was mentioned earlier that ten percent of the recombinants of d and e 
produced a visibly abnormal eye condition. Once more, to explain the absence 
of this type of eye in d / d ,  e / e  and all homozygous recombinations of d and e 
with other chromosomes, one must postulate at least two genes with contrast- 
ing alleles on d and e and a still different allele on all other chromosomes. 
Then, since 10% of the recombinations of this pair were also lethal, a similar 
series must be postulated for this trait. (An apparent simplification may be 
made by assuming that in certain combinations the lethal complex becomes 
viable but results in a modification of the eye.) More and more complications 
arise when one tries to account for the variety of lethal frequencies that result 
from various combinations involving d and e ;  in some corresponding combina- 
tions (e.g., u / d  and u / e )  the sum of the two frequencies is nearly equal to the 
10% of d / e ,  in other such combinations there is no relation between these 
results and that of d / e .  

These detailed examinations of chromosomes 4 ,  5, d and e in combination 
with one another lead to complex schemes of multiple alleles reminiscent of 
the heterogeneous genetic system outlined in the original argument. Repeatedly 
one is forced to create new allelic series or  new interacting mutant genes at 
many loci. In many instances, these hypothetical mutants have no effect other 
than the one that led to their postulation. 

If these data fit the hypothesis of genetic heterogeneity so well, how is one 
to account for that evidence consistent with the concept of homogeneity? 

If two populations were started with comparable samples of chromosomes 
(as 1 and 3 were) and an experiment of the sort reported here were made 
during the second generation, one would expect to find that the chromosomes 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/3/272/6033365 by guest on 25 M

ay 2023



304 BRUCE WALLACE ET AL. 

of the two populations were stir1 mostly alike. Between this time of intra- and 
inter-population uniformity and the formation of coadapted systems such as 
are found in natural populations of long standing, there must be a gradual 
transition ; 60 generations may well represent an intermediate time at which 
conflicting results can be obtained. 

I t  was seen above that some of our postulated genetic variation became 
apparent only in certain combinations. I t  was also noted previously that the 
statistical contributions of chromosomes to bristles and to lethals were quite 
different in intra- and inter-population combinations. It is entirely possible 
that the effects of some series of alleles or of certain interacting complexes 
become apparent only in the new combinations of inter-population complexes. 
Intra-population combinations may allow these complexes to remain cryptic 
and, hence, to exaggerate the appearance of uniformity. 

Finally, the inclusion of non-crossovers among the chromosomes designated 
“ recombinants ” would have the effect of lowering intra-combination variance. 
In  the case of lethals-which must be crossovers-ertain females with aber- 
rant lethal frequencies were eliminated from the data. The first of these pro- 
cedures is unavoidable, the second is probably correct; both tend to increase 
the calculated homogeneity of certain combinations, however, and thereby 
detract from the force of arguments based on this homogeneity. 

With a great deal of patience models of the ten chromosomes could undoubt- 
edly be made that would explain these results. Whether or not such models 
could actually be made is not important. What is important is the inter- 
dependence between the postulated alleles and the number of loci. There are 
certain anomalies to be explained in various combinations and these explana- 
tions will require either alleles with new properties or combinations in which 
given alleles acquire novel characteristics. Furthermore, the novel attributes 
of new combinations can completely submerge the previous properties of the 
elements involved. Is there a lethal gene on chromosome 3? or c? These chro- 
mosomes are the two most viable of the ten; still 570 of their recombinations 
are lethal. These two points-the existence of interactions and the completely 
different phenotypic roles played by the assorting parts of interacting com- 
plexes as they are shuffled and reshuffled-are the core of the second hypthe-  
sis. Selection is acting in these populations to build heterogeneous genetic 
systems. 

DISCUSSION 

Genes are often thought of as representatives in the germ plasm of certain 
phenotypic traits. This is apparent in the names given to genes-a lethal, a 
white-eye or a frizzled-feather gene. Despite protestations to the contrary, this 
naive concept occurs even among geneticists ; KEMP (1951, p. 31) ,  for instance, 
says that a gene “ determines a character in the adult organism.” A majority 
of geneticists are not interested primarily in the physical dimensions of a gene 
or  in the existence of sub-genes demonstrable by refined techniques; rather, 
they are interested in the “names” of genes, in the spectacular array of 
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mutant mrieties, in the light shed by these abnormalities on physiology and 
development, in the practical utilization of mutant characters, and in the role 
these mutant genes play in populations. 

Furthermore, many biologists still think of populations in terms of the type- 
species concept; a population is imagined to be a collection of genetically uni- 
form individuals. The “ pure race ” theories, it is true, have fallen into disre- 
pute but the thinking of some geneticists still continues to be colored by these 
theories. The genetic variation within populations is imagined to be caused by 
sharply defined mutant alleles at a relatively small number of loci; races are 
characterized by the differing frequencies of these mutants. Aside from this 
variable part of the genotype, the species is supposed to be essentially homo- 
zygous for a large reservoir of genes-sometimes referred to as “species 
genes.” That a rigid adherence to these two concepts results in unnecessarily 
complicated genetic interpretations is attested by the conclusion-in human 
genetics-that most mutant genes are semidominant with incomplete pene- 
trance. The admission of genic interaction and genetic variability leads one to 
expect the complicated inheritance patterns observable in human populations. 

It is not implied here that the expressions of all genes are so fluid that 
naming them according to their most striking phenotypic characteristics is 
unjustified. It is common knowledge that many genes express themselves in 
an extremely large number of genetic backgrounds. For example, white-eye, 
forked, scarlet, or the u/u female sterility of this study-each produces approxi- 
mately similar phenotypes with nearly all genetic backgrounds tested. I t  is not 
so well known, however, that “ good ” genes are a relatively small fraction of 
the total number of hereditary variants known. In analyzing the genetic sys- 
tem of a population in terms of “ fitness ” or adaptive value, the most accurate 
and most convenient concept is not necessarily one derived from culture-bottle 
pure-line techniques. Such a concept, even when modifications are admitted, 
tends to minimize the frequency and importance of genic interactions. 

This argument involves more than terminology. If the gene is labeled then 
even if it fails to “ penetrate,” one imagines the mutant allele acting in accord- 
ance with its label. Under the other view, which the data here clearly support, 
there is scarcely any place to attach a label ; the phenotypic role of a segment 
of a chromosome depends upon the particular genetic combination in which 
it is operating. This role can vary considerably from combination to combina- 
tion. Labelling genes leads to problems concerning static quantities : How 
many loci have heterotic alleles ? How semidominant is a deleterious gene ? 
How many loci can mutate to lethality? What is the selective value of a given 
mutant? The latter concept alters these questions; the new emphasis is on 
probability or frequency: What is the probability that a given allele will be 
heterotic in any one of a variety of combinations? What is the mean selective 
value of a gene in a population? What is its variance? Can selection act to 
consolidate favorable gene complexes ? At what rate ? Failure to appreciate the 
frequency and magnitude of specific interactions can easily lead to conclusions 
that have little bearing on natural systems. 
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S U M MARY 

Two hypotheses dealing with the genetic structure of populations have been 
presented together with a technique for discriminating between them. One 
hypothesis states that selection within a population favors a particular allele 
at each locus and that, as a result, all individuals have essentially the same 
genotypes. The second hypothesis states that selection favors particular hetero- 
zygotes and thereby builds up selected series of alleles at all (or at least many) 
loci-the particular alleles at any locus being determined in each population 
by those present at all other loci. The technique for discriminating between 
these hypotheses is based on the types of recombinant chromosomes recovera- 
ble from different combinations of chromosomes isolated from two different 
populations. 

Five non-lethal second chromosomes were chosen from each of two experi- 
mental populations of D. melunogaster, and females carrying all 55 possible 
combinations of these chromosomes were made by intercrossing balanced 
stocks. Crossover chromosomes were recovered from each of these combina- 
tions and these were made homozygous. The homozygous recombinants were 
then examined for lethality, for their effects on viability if non-lethal, for their 
effects on abdominal bristle number, and for their effects on a particular female 
sterility factor included by chance in the original material. 

The experimental results favor the second hypothesis for the following 
reasons : 

1) The two members of pairs of chromosomes that produce recombinants 
highly similar in viability frequently produce entirely different arrays when 
in combination with a third chromosome. 

2) Specific pairs of chromosomes produce frequencies of lethals unlike those 
that either produced in other combinations. These cases of specific interaction 
call for the postulation of multiple alleles or interacting series of mutant genes 
undetectable in other combinations. 

3)  An analysis of variance reveals specific contributions of chromosomes 
and specific interactions of chromosome pairs in determining viability of cross- 
overs. 

The contrasting impacts of the two hypotheses on our thinking of population 
problems have been discussed. The question is raised whether, in the face of 
complex genetic structures and the numerous instances of gene interactions, 
the concept of a " phenotypic " gene derived from studies on homogeneous 
experimental material is a useful one for the understanding of populations. 
I t  is suggested that more information concerning the complications possible 
within populations is needed ; without this information any concept of popu- 
lation dynamics risks being spuriously simple. 
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