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N E  approach to the problem of how genes manifest themselves in develop- 0 ment has involved the analysis of the effects of changes at a given gene 
locus, such changes taking the form of alterations in the combination, dosage 
and position of alleles. Except where the analysis of modifier action is involved, 
the emphasis of this type of study is on the effects of a disturbance in the nor- 
mal genotypic complement at a single point. While this type of study has the 
advantage of dealing with relatively few genetic variables, it has the disad- 
vantage of excluding from analysis the contributory action of the remainder of 
the genotype to the production of normality in the specific phenotypic character 
under investigation. The latter problem is perhaps better attacked by means 
of genetic interaction studies which make use of disturbances at Several points 
in the genotypic system, analyzed singly and in combination. 

Such genetic interaction studies have probably found greatest success in 
investigations dealing with the development of pigmentation in organisms. The 
work of WRIGHT (1941) on the interaction of the major color factors in the 
production of pigmentation in the coat of the guinea pig, the work of LAWRENCE 
and SCOTT-MONCRIEFF (1935) on gene interaction in the determination of 
floyer color, and the work of BEADLE and EPHRUSSI (1936) on the genetic 
control of eye color in Drosophila are perhaps the most completely analyzed of 
such studies. Among other investigations primarily devoted to the study of 
gene interaction may be mentioned the work of NEEL (1941) and KARP (1936) 
on the interaction of loci concerned with bristle-forming reactions in Dro- 
sophila; that of CSIK (1934), SEME~TZA (1951), and WALETSKY (1939) on 
the interaction of mutants affecting the Drosophila wing ; the investigations of 
MAINX (1938) on gene interactions affecting eye color ; the work of SCHULTZ 
(1939) on interactions dealing with the minute phenotype ; and the study of 
CLARK (1949) on the interaction of loci affecting wing size in Habrobracon. 

The system of veins in the Drosophila wing affords an unusually convenient 
phenotypic system for an interaction analysis. The relative simplicity of the 
pattern of longitudinal and cross veins, the precise manner in which the effects 
of various mutant substitutions on this pattern may be ascertained, and the 
large number of mutants available which produce disturbances in this pattern 

1 Adapted from a thesis submitted to the Graduate Division of the University of 
California at Berkeley in partial satisfaction of the requirements for the degree of Doctor 
of Philosophy. 
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200 VERL L. HOUSE 

make the venation system an ideal point of departure for a quantitative study 
of interaction. Also, the availability of studies on normal and mutant develop- 
ment of the wing and veins (AUERBACH 1936; WADDINGTON 1940) makes 
possible an eventual extension of such an investigation to the developmental 
level. 

The following report is the first in a contemplated series of researches deal- 
ing with the genetic control of morphogenesis of the vein system in Drosophila 
melanogaster, the present investigation being specifically concerned with the 
interaction of the cubitus interruptus, engrailed and Hairless mutants with 
respect to their interruption effects on the fourth longitudinal vein. 

An account of the work to be presented has been published in abstract form 
(HOUSE 1952). 

MATERIALS AND METHODS 

The phenotypic point of departure for this study has been the fourth longi- 
tudinal vein in the wing of Drosophila melanogaster, in particular that portion 
extending distally from the posterior cross vein to the margin of the wing. 
Three mutants producing some degree of interruption of this vein have been 
chosen for investigation : the recessive mutant, cubitus interruptus (ci, fourth 
chromosome) ; the dominant mutant, Hairless ( H ,  third chromosome) ; and 
the recessive mutant, engrailed (en, second chromosome). 

Cubitus interruptus ( TINIAKOV and TERENTIEVA 1933) causes an interrup- 
tion of the fourth vein distal to and sometimes proximal to the posterior cross 
vein. The mode of action of this mutant has been rather extensively analyzed 
in a series of studies dealing with position effect ( DUBININ and SIDOROFF 1934 ; 
STERN 1948; STERN, MACKNIGHT and KODANI 1946; STERN, SCHAEFFER 
and HEIDENTHAL 1946) an,d dosage relationships (STERN 1943). The latter 
work has been particularly useful in elucidating the general mode of action of 
alleles at this locus. The availability of the above-mentioned analysis makes 
this locus an especially useful one in interaction studies. The actual cubitus 
interruptus stocks employed in this study were cubitus interruptus (c i /c i )  and 
cubitus interruptus, eyeless-Russian ( c i  eyR/ci  ey”) . Eyeless-Russian, which 
causes a variable but extreme reduction in the size of the eye, was used as a 
marker for the ci chromosome. 

Hairless (BRIDGES and MORGAN 1923) is a homozygous lethal, dominant 
mutant. Its main effect is the removal of certain bristles, chiefly the postverti- 
cals, dorsocentrals, and abdominals. In addition there is generally an increase 
in eye size and an interruption of the fifth vein, and, under certain conditions, 
a loss of the most distal portion of the fourth vein. NQ detailed analysis of the 
action of this locus is available as in the case of cubitus interruptus, although 
its action in different dosages in triploids has been briefly investigated by 
GOWEN (1933). The experimental H/+ stock used in the present study was 
extracted from a balanced Pm/Cy; H / S b  stock (Sb ,  Stubble; Cy, Curly; Pm, 
Plum). 

The chief diagnostic character of engrailed is a splitting of the scutellum, 
ranging in degree from a flattening of the posterior scutellar edge to a deep 
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VENATION IN DROSOPHILA 20 1 

indeptation (EKER 1929). In addition, the wings appear more truncate, with 
a variable interruption of the fourth vein at its distal tip. Some engrailed wings 
may show an added plexus of veins in the region of the fifth longitudinal vein. 
Engrailed also causes the production of an extra sex comb in males, the acces- 
sory comb lying on the medial side of the first tarsal joint and forming a 
mirror image of the normal comb. The mode of action of engrailed relative 
to the scutellar and sex comb characteristics has been analyzed by BRASTED 
(1941). 

In addition to these three main mutants, the following stocks, normal and 
mutant, were employed in various stages of the work: 

(.1) The balanced stock, Minute-4/eyeless-dominant ( M - 4 / e y D ) ,  M - 4  
(fourth chromosome) is a homozygous lethal dominant, deficient for the ci 
locus but not for that of ey”, the salivary chromosomes showing an absence 
of several bands (BRIDGES 1935). Eyeless-dominant i s  a complex cbromosome 
aberration in the fourth chromosome and affects the shape and size of the eyes. 

(2) Eyeless-2 (ey2), an allele of eyeless-Russian, with an effect on the eyes 
similar to that of ey”. 

(3)  Canton Special (Can-S), a special wild-type stock (see STERN 1943). 
(4) A balanced Pm/Cy; H / S b  stock from which the Hairless and Plum 

genes were extracted. 
(5)  The second chromosome homozygous lethal dominant Bristle (BZ), 

which produces a thickening and reduction in length of the bristles. 
(6) The second chromosome minutes M ( 2 ) P  and M ( 2 ) S 7 .  
(7) The third chromosome minutes M ( 3 ) w  and M ( 3 ) y .  
The M-4 stock was employed for the purpose of dosage studies, the second 

and third chromosome minutes were used to test the nature of the minute 
reaction with en/en and H/+, and the other stocks were utilized as markers 
only. 

Crosses between the stocks previously mentioned furnished all stocks utilized 
in the study. NQ attempt was made to produce an isogenic background in the 
experimental stocks. Wherever possible, the crosses have been designed so that 
the genotypes to be compared occur as sibs from each of a series of replicated 
crosses. 

All matings were made in half-pint milk bottles, employing the standard 
cornmeal-molasses-agar food medium, enriched with yeast and sown with a 
few drops of live yeast just prior to the introduction of the parent flies. Single 
pair matings,were employed in all crosses. Females were allowed to lay eggs for 
seven or eight days prior to removal, counts being made for the first nine days 
of emergence. All crosses, unless otherwise noted, developed at 26 C 0.5”C. 

The degree of phenotypic expression of the variouS gene combinations was 
determined by measuring the extent of interruption of the fourth vein in the 
region distal to the posterior cross vein. For this purpose, following STERN 
(1943), five arbitrary classes were designated and the number of individuals. 
falling into these classes was scored with respect to sex for the different geno- 
types of the various experiments. The class designations are as follows (fig. 1) : 
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202 VERL L. HOUSE 

CLASS 0 CLASS I CLASS 2 CLASS 2 + 

CLASS 3 CLASS 3 CLASS 4 CLASS 4 

FIGURE 1.-Classification of the degree of interruption of the fourth vein. 

Class &normal 4th vein. 
Class 1-a distinct thinning of the 4th vein in one or more regions. 
Class 2-one or more complete interruptions of the 4th vein, the sum of the 

lengths of the interruptions equaling less than one-half of the whole 
section between posterior cross vein and wing margin. 

Class 3-one or more complete interruptions of the 4th vein, the sum of the 
lengths of the interruptions equaling more than one-half of the 
whole section. 

Class k o m p l e t e  absence of the 4th vein between cross vein and wing mar- 
gin, or  the presence of a very short section projecting beyond the 
cross vein, or of a dot-like distal remnant of the vein not exceeding 
in length the width of the normal vein. 

Both wings were examined wherever possible, and the degree of expression 
was recorded as an average of the two conditions. 

RESULTS 

The efec t  of ci, en dnd H and their combinations on the fourth vein 

Table 1 summarizes the results of the following four crosses : (1) +/+ x H/+ 
(2) en/en x en /en;  H/+ ( 3 )  c i /c i  x H/+; ci/ci  (4)  en/en;  ci/ci  x en/en;  
H/+; ci/ci. The distributions and comparisons of table 1 indicate in general a 
cumulative action of en, H/+ and ci/ci in the various combination genotypes. 
A clearer picture of this cumulative action can perhaps be obtained from a 
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TABLE 1 
The interactions of engrailed, Hairless, and cubitus interruptus relative to their 

e / / ec t s  on the fourth longitudinal vein.' 

Females Males ?? 
Genotype 

0 1 2  3 4 0 1 2  3 4 r% 

100 

'' 
80 

70 

60 

50 

40 

3o 

20 

10 

0 

(1) +/+ 237 ............ 
(2) U/+ 78 5 162 .... 
(3) m/en 25 9 35 .... 
(4) en/en; HI+ ........ 6 61 
(5) c i / c i  43 10 144 25 
(6) U/+;  c i / c i  ........ 3 155 
(7) en/en;. c i / c i  ............ 53 
( 8 )  enlen; H/+; c i / c i  ............ 11 

.... 256 

.... 196 

.... 28 

.... 26 
81 .... 
76 .... 
190 .... 

........ 

........ 
3 4 4  
15 38 .... 11 
13 123 
.... 8 
........ 
........ 

........ *. ........ 

........ I 
64 .... I 
51 .* 
160 83 I 
39 89 1 
10 197 I 

.... 

'The following comparisons show a significant difference at the 1% level in both 
sexes: 3 vs. 4, 2 vs. 4, 5 vs. 6, 2 vs. 6, 5 vs. 7, 3 vs. 7, 7 vs. 8, 6 vs. 8, 4 vs. 8. ' Y Not significant; * Significant at the 5% level; +* Significant at  the 1% level. 

graphical representation of these interactions (fig. 2).  For the presentation in 
figure 2, an average percentage of the amount of Lq present relative to com- 
plete presence of the vein was computed for each genotype and sex of table 1, 
using as a basis the following transformation from expressivity grades to per- 
centage values: Class 0-1, 100% ; Class 2, 50 to loo%, midpoint, 75% ; Class 
3, 0 to SO%, midpoint 25% ; Class 4, 0%. The midpoint percentage value for 
each class was multiplied by the number of individuals in that class, and a 
mean percentage figure determined for the distribution of each genotype. These 
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203 VERL L. HOUSE 

mean values are indicated for males and females by the arrows of figure 2. For 
the present we may confine our attention to two aspects of the relationships 
indicated in figure 2. Perhaps the most interesting aspect relates to the fact 
that the degree of interruption of L4 in any of the combination genotypes is 
considerably in excess of that expected by merely summating the interruption 
effects of the mutants considered singly. For example, on the average, en/en 
females cause a loss of l2.S% of the fourth vein, H/+ females, a loss of 17%. 
Yet the e n / e n ; H / +  genotype in females brings about a loss of 71% of the 
fourth vein, in contrast to the expected 29.5% loss if the actions of the two 
mutants were strictly additive in combination. The second point of interest 
relates to the significant difference that exists between the sexes for the ci/ci 
and H/+ distributions, but which is not reflected in the comparison of males 
and females of the en/en; H/+, H/+; ci/ci, en/en; ci/ci and en/en; H/+; ci/ci 
genotypes (table 1 ) . 

In addition to the question of the average amount of L4 venation present in 
a particular genotype, there is also the question of the pattern of interruption 
which has produced this average. Although H/+ and ci/ci females may bring 
about a similar average degree of interruption in L4, the patterns by which this 
is accomplished are considerably different for the two genotypes. The question 
of the pattern of effect of en/en, ci/ci, H,/+ and their combinations will be 
treated in a subsequent paper. 

Pleiotropic effects of ci, en and H and their combinations 
While the ihief concern of the present study is the nature of the interaction 

of en, ci and H relative to their effects on the fourth vein, brief mention should 
be made of the effects of these mutants on other parts of the venation system 
as well as on other structures of the adult fly. A more extensive analysis of 
this problem of pleiotropism will be reported separately. 

Although no exact quantitative studies have been made, the engrailed charac- 
ters extra sex comb (males) and cleft scutellum appear to be manifested in 
en/en; H/+ flies to approximately the same degree as in en/en. This is not 
true, however, for e n / e n ;  ci/ci. In flies of the latter genotype there is a decided 
inhibition of these effects. In en/en; ci/ci males the extra sex comb may be 
completely missing or the number of teeth considerably reduced in number. 
In addition both en/en; ci/ci males and females show interference with the 
scutellar characteristic of engrailed. The scutellar cleft occurring in engrailed 
flies, while variable in respect to the depth of the cleft, is usually bilaterally 
symmetrical. In the presence of cubitus interruptus the scutellum loses its sym- 
metry about the cleft, the latter in some cases being completely obliterated. The 
above-mentioned inhibition of pleiotropic effects of engrailed in en/en; ci/ci is 
found also in en/en; H/+;  cijci flies. 

In addition to the effects on Lq, other parts of the vein system may show 
interruptions when en, ci and H are combined. To a varying degree interrup- 
tions may be found in the distal portion of L2, in both middle and terminal 
regions of La, in L5 both proximal and distal to the posterior cross vein, and 
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VENATION I N  DROSOPHILA 205 

TABLE 2 
Venation effects other than interruption of L4 of en/en, c i / c i ,  H / +  

and their combinations. 

Percentagc' of Interruption of 

L, proximal L, distal L,proximal Anterior 

cross vein cross vein cross vein cross vein 

?? 46 ?? 66 9? 6J 99 63 ?? 66 ?? 66 

Genotype Ll L, to posterior to posterior to anterior 

&en 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 
H/+ 0.0 ..,. 0.0 .... 0.0 .... 79.5 .... 0.0 .... 0.0 .... 
m/en; H/+ 0.0 0.0 0.0 0.0 0.0 0.0 100.0 100.0 0.0 0.0 0.0 0.0 
ci/ci  0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 0.0 2.5, 5.5 
H/+; ci/ci  0.5 2.5 3.0 4.5 2.5 1.5100.0 100.0 0.0 0.0 7.5 6.5 

e d m ;  H/+; ci/ci  77.5 91.0 15.5 12.0 72.5 74.0 100.0 100.0 73.5 68.5 27.0 21.5 

'Percentage determinations based on right and left wings combined; en/en counts based 
on 60 wings; d e n ;  H/+ counts based on 100 wings; counts for all other genotypes based 
on 200 wings. 

in L4 proximal to the anterior cross vein. In addition to these effects, the 
anterior cross vein may be missing in part or entirety. With the exception of 
the interruption of the distal portion of Lg, characteristic of Hairless, and the 
low penetrance of interrupted anterior cross veins in ci/ci individuals, these 
other venation characteristics appear as new effects in the combination geno- 
types (table 2). With reference to these new characteristics of venation there 
seems to be the same type of augmentation of effect when single mutants are 
combined as was demonstrated for interruption of L4. 

en/en; ci/ci  1.0 1.0 0.0 0.0 35.5 43.0 11.0 15.0 67.5 57.0 8.5 14.0 

Changes in dosage at the ci locus in the presence of the 
en and H substitutions 

STERN (1943) has demonstrated that greater normality of L4 venation 
results with an increase from one to two doses of the ci allele in diplo-IV flies. 
The question is thus raised whether this increase in normality of the fourth 
vein with increasing dosage of the ci allele also takes place in the presence of 
the en and H substitutions. To answer this question relative to H the following 
cross was made : H/+; c i  eyR/ci eyR x ci eyR/M-4.  The results of this cross 
(table 3) bear out the dosage relationship established for ci  by MOHR (1933) 

TABLE 3 
The effect of increase in dosage of the ci allele in the presence and 

absence of the Hairless substitution.' 

Females Males 
Genotype 

0 1 2  3 4 0 1 2  3 4 

(1) ci eyR/c i  eyR 32 49 162 55 .... 13 22 134 58 .... 
(2) ci eyR/M-4 1 .... 14 41 10 2 2 11 70 26 

( 4 )  H/+; ci eyR/M-4 1 1 .... 1 13 1 .... 4 4 29 

'The following comparisons show a significant difference at the 1% level in both 
sexes; 1 VS. 2, 1 vs. 3, 2 VS. 4, 3 VS. 4. 

( 3 ) ~ / + ;  ci eyR/c i  eyR .... 1 11 151 63 .... .... 13 166 110 
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206 VERL L. HOUSE 

and STERN (1943). The increase in normality with the increase in dosage at 
the ci locus also takes place in the presence of the Hairless substitution, as the 
comparison of H/+; ci eyR/ci  eyR with H,'+; ci eyR/M-4 flies indicates. The 
question whether the Minute-4 normal eye and the non-minute eyeless-Russian 
phenotypes, which characterize the single dose and double dose genotypes re- 
spectively, act as modifiers to cause M-4/c ieyR flies to be more extreme than 
ci eyR/ci eyR regardless of dosage relationships, has been answered in the nega- 
tive by STERN (1943). To test the possible differential modifying effects of 
the eyR/eyR and eyR/+ combinations which characterize the double and single 
dose conditions, respectively, in the Hairless cubitus interruptus combination, 
the following cross was made : H/+; ci e y 6 / c i  eyR x ci eyR/ci + (table 4) .  As 
STERN found, there is no significant difference between the ci eyR/ci eyR and 
ci eyR/ci+ genotypes for either males or females. The same is shown here to 
be true with respect to the H/+; ci eyR/ci eyR vs. H/+; ci eyR/ci + compari- 
son. From this we may conclude that whatever the effect of eyeless-Russian on 
the action of ci and H may be, it is of the same magnitude in both the homozy- 

TABLE 4 
The modihing role of the eyeless-Russian phenotype on c i  L4 interruption 

in the presence and absence of the Hairless substituti0n.l 

Females Males 
Genotype 

0 1 2  3 4  0 1 2  3 4  

c i  eyR/c i  eyR 9 .... 122 82 .... 7 1 137 102 .... 
c i  eyR/c i  + 11 3 200 123 .... 11 3 173 102 .... 
H/+; ci eyR/c i  + ........ 4 278 32 ........ 10 259 24 

'The following comparisons show no significant difference in either sex: ci 
eyR/c i  eyR vs. c i  eyR/c i  +, H/+; ci eyR/c i  eyR VS. H/+; ci eyR/c i  +. 

gous and heterozygous conditions. No information is available on the nature of 
the dosage response at the ci locus in the presence of the engrailed substitution, 
since repeated crosses of the type en/en; M-4/+ x en/en;  ci ey"/ci eyR have 
failed to yield any engrailed Minute-4 flies. Apparently the en/en;  M-4/ci  e 9  
combination is lethal. 

STERN and SCHAEFFER (1943) have reported an interruption of L4 in hemi- 
zygotes of different wild type ci alleles at low temperatures (14"). This effect 
is more extreme in the hemizygotes than in the corresponding homozygotes at 
the same temperature, the latter exhibiting practically normal venation at 14". 
These results might suggest that one dose of the normal ci allele is not as suc- 
cessful in elaborating some precursor material necessary for vein formation as 
two doses are, and that low temperature shows up these differences which 
remain subthreshold at the higher temperature levels (at 26" ci+/M-4 flies 
show normal venation). 

The question then suggests itself whether possible subthreshold differences 
in the activities of the ci+/M-4 and ci+/ci+ genotypes at higher temperatures 
might be brought out by interaction with H/+ and en/en. To test this possi- 

H/+; ci eyR/c i  eyR ........ 5 183 22 ........ 5 191 22 

0 
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VENATION I N  DROSOPHILA 207 

bility with respect to en/en the following cross was made: en/en; M-4/+ 
x en/en (table 5 ) .  The results indicate a greater abnormaiity of L4 venation 
in en/en; M-4/+  than in en/en. We are faced with two possible interpretations 
of the interaction of en/en and M-4/+ relative to their effect on the fourth 
vein. I t  may be that this represents a true dosage effect and that the combina- 
tion of subthreshold deficiency in vein material due to one dose of ci+ and the 
action of en/en produces cumulative results, with a resulting shift in venation 
away from normality. O r  it is possible that M-4 acts in some way as an intensi- 
fier of en/en, this action in no way being related to the single dose of ci+. The 
second possibility would perhaps not be expected, due to the general intensify- 
ing effect of Minutes on extra-venation mutants such as net and plexus ( p x )  
(see BRIDGES and BREHME 1944). 

A decision between these two alternative explanations can perhaps be made 
by using Minutes other than M-4, inasmuch as Minutes in general exhibit the 
same complex of effects on Drosophila development, producing deviations from 

TABLE 5 
The interaction ol enmailed with various minufes relative fo LA interrubtion.' 

Females Males 
Genotype 

0 1 2  3 4 0 1 2 3 4  

(1) en/m 10 8 271 ........ 8 10 230 1 .... 
(2) m/m; M-4/+ 26 10 105 25 2 9 6 116 63 3 
(3) en/en 36 13 331 3 .... 55 33 311 6 .... 
(4) m / e n ;  MQ)ru/+  65 1 14 1 .... 78 12 57 1 
( 5 )  en/en 19 11 169 ........ 48 26 82 ........ 

.... 
.... . . . . . . . . . . . .  (6) en/en; M(3)y/+ 14 37 3 9 ........ 

'The following comparisons show a significant difference at the 1% level in both 
sexes: 1 vs. 2, 3 VS. 4, 5 vs. 6. 

normality in the eye, bristles, developmental time, etc. The interaction of en/en 
with other Minutes presents a Minute-engrailed interaction minus the dosage 
effect at  the ci locus. 

To settle this issue the following crosses were made, utilizing two third 
chromosome minutes, M ( 3 ) w  and M ( 3 ) y :  en/en; M ( 3 ) w / +  x en/en and 
en/en; M ( 3 ) y / +  x en/en. The results of these crosses are presented in table 5.  
The en-M(3)w and e n - M ( 3 ) y  flies are relatively inviable, showing a con- 
siderable reduction in wing size, with wings in some flies appearing dumpy-like 
and exhibiting a certain amount of blistering. These wing abnormalities were 
not observed in the en/en; M-4/+ genotype. 

The results of the above crosses show a significant inhibition of the action 
of en/en rather than the enhancement to be expected if the increased interrup- 
tion in en/en; M-4/+ were the result of a general Minute action rather than a 
consequence of the single dose of the normal ci allele. While these results may 
suggest that the increased degree of interruption in en/en; M-4/+ is due to the 
single dose of the normal ci allele, there still exists the possibility that the 
general manner of interaction of M-4 and en on the fourth vein is different 
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from that of M ( 3 ) w  and M ( 3 ) y  with en, considering only the Minute effects 
themselves. The difference in wing size and shape between en/en; M-4/+, on 
the one hand, and en/en;  M(3)w/+ and en/en; M (3)y/+, on the other hand, 
certainly suggest caution before ruling out the latter possibility. If the increased 
interruption of L4 in en/en;M-4/+ is due to the hemizygous ci+ condition, 
then we might suspect that this enhancement is greater than that indicated by 
the en/en vs. en/en;  M-4/+ comparison, part of the action being counteracted 
by an inhibition of en/en by M-4 similar to that found in en/en; M ( 3 )  w/+ and 
en/en; M(3)y /+.  I t  would be desirable to test the interaction of en/en with a 
wider range of Minutes than the two used. On the other hand, a further in'di- 
cation that the enhancement of L4 interruption found in en/en; M-4/+ is due 
to a subthreshold effect at the ci locus is the observation that the pleiotropic 
engrailed effects inhibited in en/en;  ci/ci are also inhibited in en/en;  M-4/+. 

TABLE G 
The interaction of Hairless with various minutes relative to L4 interruption.' 

Females Males 

0 1 2  3 4 0  1 2 5 4  
Genotype 

+/+ 332 . . . . . . . .  . . . . . . . .  371 . . . . . . . . . . . . . . . .  
M-4/+ 170 ........ . . . . . . . .  214 . . . . . . . . . . . . . . . .  
H/+ 226 12 92 . . . . . . . .  269 2 15 ........ 
H/+ M-4/+ 167 .... 4 .... .... 249 1 4 ........ 
+/+ 316 ........ .... .... 304 . . . . . . . . . . . . . . . .  
M(2)P/+ 168 . . . . . . . .  . . . . . . . .  129 . . . . . . . . . . . . . . . .  
H/+ 136 7 109 . . . . . . . .  183 3 38 ........ 
M(2)P/+; H/+ 132 1 9 .... .... 184 1 . . . . . . . . . . . .  

~~ ~ 

+/+ 347 ........ .... .... 316 . . . . . . . . . . . . . . . .  
M(2)S7/+ 2 20 ........ .... .... 230 . . . . . . . . . . . . . . . .  
U/+ 111 2 1 4 8  .... .... 241 10 42 ........ 
M(2)S7/+; H/+ 110 1 17 ........ 142 .... 5 ........ 

'The following comparisons show a significant difference at either the 1% or 5% 
level in both sexes: H / +  vs. H/+; M-4/+, H/+ vs. M(2)P/+; H/+, H/+ vs. M(2)S7/+; 
H/+. 

The interaction of H/+ with hemizygous ci+ was tested by means of the 
following cross : H/+ x M-4/+. The results are given in table 6. Although the 
degree of interruption of Lq in H/+ males and females is not as great as that 
previously found for this genotype (table l ) ,  a significant inhibition of the 
H/+ action is seen in H/+;M-4/+ females, the shift toward normality in 
H/+; M-4/+ males; compared to H/+, being of doubtful significance. Again 
we are faced with the question whether the indicated inhibition of H / +  in 
H/+; M-4/+ individuals is due to the hemizygous ci+ condition, to the pres- 
ence of the Minute effects themselves aside from dosage considerations, or to 
a combination of both. To answer this question in part we may, as in the case 
of en/en, make use of the interaction of H/+ with other Minutes. 

The results of crosses between H/+ and two second chromosome Minutes, 
M(Z)-Z2 and M ( 2 ) - S 7 ,  are presented in table 6. The comparisons, H/+ vs. 
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M ( 2 ) - P / + ;  H/+ and H/+ vs. M(2)-S7j+;  H/+ reveal the same significant 
inhibition of H/+ as was demonstrated for M-4/+. This would suggest that 
the increasing normality of venation in H/+; M-4/+ is a result of the inhibitory 
Minute action and is not attributable to the hemizygous condition of the ci+ 
allele. I t  is possible, therefore, that the action of H/+ in interrupting L4 is 
increased in the presence of M-4 as was the case for en/en, but that the effect 
is not great enough to counteract the general enhancement by Minutes of extra 
venation. As in the case of engrailed, it would be desirable to test the inter- 
action of H/+ with a larger spectrum of Minute types. 

The action of engrailed and cubitus interruptus heterozygotes 
Previous results have indicated a considerable enhancement of the venation 

effects in the various combinations of en, ci and H over that expected on the 
basis of a simple summation of the measurable effects found in the single 
mutant genotypes. These “ super-additive ” results ( NEEL 1941 ) might be 
interpreted on a basis of cumulative action of subthreshold effects of the single 
mutants, such action in the combination genotypes making possible the trans- 
gression of thresholds and the bringing of unsuspected mutant attributes into 
measurable range. This type of interpretation of the interaction effects of en, H 
and ci will be analyzed in considerable detail in a later paper. In view of these 
considerations, it seemed desirable to test the effect of en and ci heterozygotes 
on ci and en  homozygotes, respectively, as well as on H/+, the thought being 
that while en/+ and ci/+ show completely normal venation at 26”, these geno- 
types may actually differ at the subthreshold level from the corresponding 
homozygous normal genotypes, en+/en+ and ci+/ci+. To test the above 
possibility the series of crosses indicated in tables 7, 8, 9 were carried out. 

The results of the cross, enlen;  ci ey”/ci ey” x en/+; ci eyR/+ + (table 7), 
indicate an enhancement of en/en and ci/ci interruption by ci/+ and en/+, 
respectively. The pattern of interruption found in the en/en;  ci e>$/+ + geno- 

TABLE 7 
The interaction of engrailed and cubitus interruptus in homozygous 

and heterozygous combinations.1 

Females Males 
Genotype 

0 1 2  3 4 0  1 2  3 4 

( I )  en/+; ci eyR/++ 231 . . . . . . . . . . . . . . . .  215 . . . . . . . . . . . . . . . .  
( 2 ) e n / + ; c i  e y R / c i e y R  23 14 92 33 1 6 6 71 64 5 

(4) en/en; ci eyR/++ 14 26 133 28 3 10 12 103 67 10 

(5) Si/+; ci eyR/c i  eyR 43 22 204 48 6 5 148 121 

(7) Bi/+; Ci eYR/ci eYR 49 25 218 32 .... 19 1 1  192 43 .... 
(8) ci eyR/c i  eyR 36 13 212 27 .... 17 6 250 52 .... 

. . . . . . . . . . . .  ........ (3) en/en; ci  eyR/c i  eyR 35 95 3 21 79 

(6) en/+; ci eyR/c i  eyR 20 12 222 89 .... 3 1 101 202 1 
.... .... 

~~ 

‘The following comparisons show a significant difference at the 1% level in both 
The comparison, 7 vs. 8, shows no significant sexes: 2 vs. 3; 3 VS. 4; 5 VS. 6. 

difference in either sex. 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/3/199/6033376 by guest on 25 M

ay 2023



210 VERL L. HOUSE 

type is completely different from the solely terminal interruption characteristic 
of the en/en genotype (table 1) and now resembles the pattern characteristic 
of ci/ci. A x2 comparison of the en/en; ci eyR/+ + distribution of table 7 with 
the en/en distribution of table 1 shows a significant difference for both males 
and females at the one percent level. In light of the apparent superposition of 
the ci pattern of L4 interruption on that for en in the en/en; ci eyR/+ + geno- 
type, it seems safe to conclude that ci/+ brings about an enhancement of the 
en/en interruption effect, even though the actual genotypes compared result 
from crosses performed at different times and may represent different genic 
backgrounds. 

A comparison of en /+;  ci ey“/ci  ey” flies (table 7) with ci eyR/c i  eyR 
(table 3 )  shows a significant shift (one percent level) toward a greater degree 
of interruption in en/+; cieyR/cieyR flies as compared to c iey”/c iey”  for 
males, but the slight shift in the same direction for females is not significant. 
However, these genotypes have been compared on a basis of progeny resulting 
from crosses performed at different times and not segregating within the same 
bottle and genic environments. In  view of this consideration, and the fact that 
there is no radical change in the pattern of interruption of en/+; ci eyR/ci eyR 
as compared to ci eyR/ci eyR (as was the case for the en/en vs. en/en; ci eyR/+ + 
comparison), it seemed desirable to investigate further the effect of en/+ on 

To do this, the following cross was made (table 7) : ci eyR/ci eyR x BZ +/+ en; 
ci eyR/ci eyR. This cross makes possible a comparison between ci eyR/ci eyy” 
and en/+; ci eyR/ci ey” where these genotypes occur as segregants in the same 
bottle. The results indicate a significantly more abnormal venation in the 
en/+; ci eyR/ci eyR flies than in the Bl/+; ci eyR/ci eyR flies, for both males and 
females. There still remains the possibility, however, that the marker gene 
Bristle exerts an inhibitory effect on ci interruption of a degree sufficient to 
produce the difference observed between the two genotypes under considera- 
tion. This possibility can be tested by the cross : ci e p / c i  eyR x Bl/+; ci ey”. 
The results (table 7) show no significant difference between these two geno- 
types in either sex. In the light of the above results, it is possible to conclude 
that there is a significant enhancement of Lq interruption in c ieyR/c ieyR by 
en/+. 

To test the interaction of Hairless with heterozygous cubitus interruptus a 
cross was set up to furnish H/+ and H/+; ci eyR/+ + as segregating genotypes 
in each of a set of culture bottles. This was accomplished by making the follow- 
ing cross : H/+ x ci eyR/+ eyD. The results of this cross are given in table 8, 
top portion. 

With the exception of a single fly of the H/+; ci eyR/+ + genotype, all flies 
regardless of genotype exhibited normal venation. Apparently ey” and either 
ci/+, eyR/+ or their combination has suppressed the action of H on the fourth 
vein. 

A second attempt was made to compare H/+ and H/+; ci eyR/+ + by making 
the cross H/+; ci eyR/+ + x ey2/ey2 (table 8, second part). The results indi- 
cate inhibition of H action by heterozygous ey2 as well as by ey2/eyR. 

ci/ci. 
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To clarify further the manner of interaction of H/+ with ci ey"/+ + the fol- 
lowing crosses were made at 30", all bottles occupying the same incubator shelf: 
(1) H/+ x +/+ (2) H/+ x ey2/ey2 (3)  H/+ x ci/ci (4) H/+ x ci eyR/ci eyR.  
Unfortunately all bottles of the H/+ x ci/ci and H/+ x ci ey"/ci eyR crosses 
were sterile. The results of the other two crosses (table 8) show a significant 
suppression of the action of H/+ by ey"/+ for both males and females, as was 
the case at 26". 

Finally, the following crosses were made at 26", the culture bottles residing 
on the same incubator shelf : H/+ x +/+ and H/+ x ci/ci. The results (table 8) 
indicate no significant difference between the distributions for H/+ and 

TABLE 8 
The interaction of Hairless with heterozygous cubitus interruptus. ' 

Females Males 

0 1 2 3 4  0 1 2 3 4  
Genotype 

H/+; ci eyR/+ t 216 . . . . . . . . . . . . . . . .  211 .... 1 . . . . . . . .  
H/+; eyD/+ 174 . . . . . . . .  .:.. .... 214 . . . . . . . . . . . . . . . .  
c i  eyR/+ + 20 2 . . . . . . . . . . . . . . . .  183 . . . . . . . . . . . . . . . .  
eyD/+ 225 ........ ..,. .... 216 . . . . . . . . . . . . . . . . .  
H/+; ci eyR/+ey  128 1 3 ........ 191 . . . . . . . . . . . . . . . .  
H/+;  +/ey2 252 4 18 ........ 211' .... 2 ........ 
c i  eyR/+ey' 178 . . . . . . . . . . . . . . . .  188 . . . . . . . . . . . . . . . .  
+/e? 221 . . . . . . . . . . . . . . . .  207 . . . . . . . . . . . . . . . . .  
+/+I 

H/+' 
69 . . . . . . . . . . . . . . . .  62 . . . . . . . . . . . . . . . .  
18 1 27 5 .... 29 5 19 1 - ~ . . . .  

~~ 

ey'/+' 89 . . . . . . . . . . . . . . . .  72 . . . . . . . . . . . . . . . .  
H/+; ey'/+' 36 5 24 ........ 82 .... 5 ........ 
+/+ 341 . . . . . . . . . . . . . . . .  323 . . . . . . . . . . . . . . . .  
H/+ 169 3 147 ........ 271 2 28 ........ 
+/Ci 377 . . . . . . . . . . . . . . . .  384 . . . . . . . . . . . . . . . .  
H/+; + /c i  179 15 174 ........ 325 6 27 ........ 

'The comparison, H/+ vs. H/+; q'/+ at 30°, shows a significant difference at 
the 1% level in both sexes. The comparison, H/+ vs. H/+; +/c i  at 26O, shows a 
significant difference at the 5% level in females, no significant difference in males. 

'Genotypes developing at 30'. 

H/+; +/ci. It would therefore appear that there is no enhancement or suppres- 
sion of the action of H/+ on the fourth vein by ci/+ at 26". This would imply 
that the suppression of the H/+ effect in H/+; ci ey"/+ ey2 at 26" should be 
attributed to the presence of the ey" allele or of the compound eyR/ey2. If 
true this would require us to find out whether the presence of eyR/eyR in 
H/+; ci eyR/ci eyR decreases the action of H/+ in this combination. That eyR 
would have to affect H as a dominant modifier, if at all, has been indicated by 
the earlier comparison, H/+; ci e>@/& eyR vs. H/+; ci eyR/ci + (table 4). That 
this dominant modifier action, if it exists, is slight is suggested by the general 
similarity of the distributions of H/+; ci/ci and H/+; ci ey"/ci ep of tables 
1 and 3, respectively. 
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The effect of en/+ in combination with H/+ has been tested in a series of 
crosses, the results of which are given in table 9. A comparison of en/+; H/+ 
with H/+ of table 1 suggests a significant enhancement of tbe interruption 
effects of H/+ by en/+ for both males and females. The cross, H/+ x eiz/en, 

TABLE 9 
The interaction of Hairless with heterozygous engrailed.' - - 

Females Males 
Genotype 

0 1  2 3 4  0 1 2  3 4  
~~ ~~ ~ ~ ~ ~ ~~~ ~ ~ ~ ~ ~ ~ ~ 

.... . . . . . . . .  514 . . . . . . . .  . ....... 

.... ........ 206 .... .... . . . . . . . .  

. . . . . . . . . . . .  215 . . . . . . . .  . . . . . . . .  
Pm/+; H / +  145 3 48 ........ 157 3 17 . . . . . . . .  

24 1 187 7 .... 53 3 128 1 en/+: H/+ .... 

en/+ 564 .... 
en/+: H/+ 6 .... 412 31 .... 76 11 407 
Pm/+ 200 .... 
an/+ 237 .... 

. . . . . . . .  

'The following comparisons show a significant difference at the 1% level in 
both sexes: en/+; H/+ vs.  H / +  (table 1); Pm/+; H/+ VS. en/+; H/+. 

however, does not afford us a comparison between en/+;  H/+ and H/+ where 
these two genotypes are subject to the same bottle environment and segre- 
gating genic backgrounds. In order to make this type of comparison the follow- 
ing cross was made: Pm++/+en; H/+x+/+. The results (table 9 )  show a 
significant increase in the degree of abnormality of Lq venation in en/+; H/+ 
in comparison to  Pin/+; H/+. 

DISCUSSION 

The results of the present study demonstrate that the effects on L d  interrup- 
tion of combinations of the H ,  en and ci mutants are greater than those ex- 
pected by adding the effects of the single mutants comprising the combinations. 
These results could be interpreted in terms of super-additive interaction ( NEEL 
1941). There is, however, an alternative explanation. 

If we take the percentage decrease from normality of en/en; H/+ and add 
to it the percentage decrease of ci/ci, we find a closer agreement with the 
decrease characteristic of the en/en; H/+; ci/ci genotype than when we add 
the decreases given by the en/en, ci/ci and H/+ gemtypes taken singly. Like- 
wise, the decrease for en/en; ci/ci, added to that of H/+, and the decrease of 
H/+; ci/ci added to that for en/en, approximate the percentage deficiency rela- 
tive to normality due to the en/en; H/+; ci/ci genotype. These results show 
that an additive picture is more closely realized when an expected value for a 
three-mutant combination is arrived at by summing the action of one mutant 
and the action of the other two in combination, than when the individual 
actions of all three are summed. This is the situation to be expected if we are 
dealing with effects that are partly subthreshold in character, only part of the 
action of any one mutant being measurable on our scale of percentage interrup- 
tion, there being a second invisible component of action due to the operation 
of a threshold involving some type of all-or-none reaction. 
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This type of interaction can be visualized if we assume that the three loci 
concerned are involved in some manner with the production of some material 
necessary for L4 formation, and that the mutant substitution at each of the 
three loci causes a characteristic decrease in the amount of this substance. 
Furthermore, it would be necessary to assume that in the wild type fly the 
level of the postulated material lies some distance above that necessary for 
maximal L4 venation (lo%), and that when the level falls below this critical 
threshold value an interruption of the fourth longitudinal vein results. 

When the actions of several mutants considered individualtly are used to 
predict their additive action in combination, an underestimate is arrived at  
due to the unmeasurable subthreshold components of each of the contributing 
mutants. However, if two mutants are combined and the action of one is suffi- 
cient to surpass the threshold, the entire action of the second then becomes 
measurable; the measurable action of the combination now being the sum of 
the measurable component of one mutant and the subthreshold and measurable 
components of the second mutant. With the addition of more mutants the rela- 
tive error contributed by the one unmeasurable component necessary to reach 
the threshold level becomes less and we find a closer agreement between ob- 
served,and expected values. Under this interpretation the enhancing action of 
the en and ci heterozygotes and hemizygous ci+ would be explained on the 
basis of cumulative effects of the subthreshold decreases in vein material in 
these genotypes and the decrease of material characteristic of the modified 
homozygotes. 

Since the interpretation of the data suggested above, involving cumulative 
actions of subthreshold components of gene action, will be subjected to a de- 
tailed quantitative analysis in a subsequent paper, a more extensive discussion 
of the interactions of en, ci and H will be postponed until that time. 

SUMMARY 

The interaction of three mutants (cubitus interruptus, ci; engrailed, en; 
Hairless, H )  producing an interruption of the fourth longitudinal vein (L4) 
in Drosophila nzelanogaster has been investigated. 

It is found that the three mutants interact superadditively in the various 
combinations, although an alternative explanation is possible involving additive 
action of postulated subthreshold components of mutant action. 

Heterozygotes of en and ci act as enhancers of L4 interruption in ci and en 
homozygotes respectively ; also, hemizygous ci+ enhances L4 interruption in 
homozygous en. These heterozygous and hemizygous enhancements can be 
interpreted in terms of subthreshold differences between the homozygous wild 
type and +/en, +/ci, and ci+/-. 

The increase in normality of L4 venation following the increase in dosage 
from one to two ci alleles is not affected by the substitution of the Hairless 
gene. 

In some mutant combinations, venation effects not found in the single 
mutants appear. 
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