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HE interactions of the Hairless, engrailed and cubitus interruptus mutants T relative to their interruption effects on the fourth longitudinal vein (L4) 
in Drosophila melanogaster have been described in an earlier communication 
(HOUSE 1953). In the above study the effects of these mutants and their com- 
binations were measured relative to certain rough grades of interruption of 
the fourth vein. The results of that study suggested an additive interpretation 
of apparent superadditive interactions if subthreshold components of mutant 
action were invoked. The present study is concerned with a quantitative evalu- 
ation of the additive hypothesis, and with a consideration of the nature of the 
regional pattern of fourth-vein interruption characteristic of the mutants and 
their combinations. 

MATERIALS A N D  METHODS 

The following mutants were employed in the present study : cubitus inter- 
ruptus ( c i ) ,  engrailed ( e n ) ,  Hairless ( H )  , Minute-4 ( M - 4 )  and eyeless- 
Russian ( eyn)  . Hairless (third chromosome, homozygous lethal dominant), 
engrailed (second chromosome) and cubitus interruptus (fourth chromosome) 
produce among other effects an interruption of the fourth longitudinal vein 
between the posterior crossvein and the margin of the wing. The interactions 
of these mutants relative to this trait is the subject of the present report. For a 
fuller description of the effects of these mutants alone and in combination refer- 
ence hould be made to the first paper in this series (HOUSE 1953). Eyeless- 
Russian (fourth chromosome), producing a variable reduction in the size of 
the eye and having no modifying effect on L4 interruption (STERN 1943; 
HOUSE 1953), was used as a marker for the fourth chromosome. Minute-4 
(fourth chromosome), which constitutes a deficiency for the ci locus but not 
for that of eyR, was used to produce hemizygosity of the ci and ci+ alleles. 

The genotypes compared and the crosses from which they segregated 
are as follows: (1) ci/ci  (2)  H / + ;  ci/ci  ( c i / c i x  H / + ; c i / c i )  ( 3 )  en/en  
(4) en/en; H / +  ( en /en  x en/en; H / + )  ( 5 )  H / +  (+/+ x H / + )  ( 6 )  en/en; 
ci/ci  ( 7 )  en/en;  H / + ;  ci/ci  ( e n / e n ;  ci/ci  x en /en;  H / + ;  c i / c i )  ( 8 )  ci eyR 

1 Adapted in part 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. 

GENETICS 38:  309 July 1953. 
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3 10 VERL L. HOUSE 

/ci eyR (9) ci eyR/M-4 (10) H/+; ci eyR/c i  eyR (11) H/+; ci eyR/M-4  
( c ;  eyR/M-4 x H/+; ci eyR/ci e>&) (13) en/en; M-4 /+  (en/en  
x en/en;  M - 4 / + )  (14 )  en/en;  ci  eyR/++  ( e n / + ;  ci e>$/++ x en /en;  ci e 9  
/ c i e y R ) .  All crosses involve single pair matings at 26 2 0.5"C in half-pint 
milk bottles, utilizing the standard cornmeal-molasses-agar food medium en- 
riched with yeast. The flies on which the measurements to be described below 
were made constitute a random sample of those emerging from each cross over 
an eight-day period of collection, the parent females in each case having been 
permitted to lay eggs for seven to eight days prior to removal. 

Wings from a random sample of each genotype under investigation were 
dissected off and mounted in euparol. By means of a camera lucida these wings 
were projected at desk height, and the length of L4 from the posterior CMSS- 

vein to the wing margin was divided into twenty equal intervals. The indi- 
vidual intervals were then scored for the presence or absence of vein material, 
vein being considered to be present if the vein segment in any interval was 
equal to or  exceeded one-half of the length of the interval. The subdivision into 
twenty equal intervals of variable lengths of L4 was accomplished by the use 
of a grid ruled with twenty-one equally spaced parallel lines. For any particu- 
lar length of L4 this grid was oriented on the table top in such a manner that 
the points of intersection of L4 with the posterior crossvein and wing margin 
corresponded with the points of intersection of L4 with the first and twenty- 
first lines of the grid, respectively. The equally spaced parallel lines of the grid 
thus divided the varying lengths of the fourth vein into twenty intervals of 
equal length. This method of measurement furnishes data concerning the total 
amount of vein material present in a given wing measured to the nearest 5 per- 
cent, as well as providing a basis for determining the frequency of venation 
within given regions of the fourth vein. 

(12) en/en 

RESULTS 

Additive interaction of en, ci, and H 
In figure 1 are presented frequency diagrams for females of the ci/ci, en/en, 

H/+, en/en; ci/ci, H/+; ci/ci, en/en; H/+, and en/en; H/+; ci/ci genotypes. 
As seen from these curves, en/en; H/+ is the only genotype whose distribu- 
tion does not overlap either the 0% or 100% levels. The remainder of the 
distributions either show incomplete penetrance, a certain percentage of flies 
having completely normal L4 venation (en/en, H/+, ci/ci) ,  or else they inter- 
sect the 0% line, a certain proportion of the sample measured showing a com- 
plete absence of L4 distal to the posterior crossvein. In  terms of a threshold 
interpretation of penetrance and expressivity attributable chiefly to GOLD- 
SCHMIDT (1938 (review), 1945, 1951) we may interpret these interrupted 
distributions in the following manner. 

Let US assume that the en, ci, and H loci are in some manner involved in the 
elaboration of a substance P which is concerned in some way with vein forma- 
tion. Furthermore, let us assume that P is related to L4 venation in such a way 
that an increase in the amount of P leads to increased venation except where 
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INTERACTION O F  MUTANTS 31 1 

this increase is masked by the operation of thresholds. When the average con- 
concentration of P in an individual wing reaches a lower threshold of minimal 
response (0% level of L4 venation), vein material starts to appear in the 
region distal to the posterior crossvein. With increasing concentrations of P 
above this level of minimal response, higher percentage levels of L4 venation 
result. When P reaches the concentration level of the upper threshold of maxi- 
mal response (100% L4 venation), L4 becomes complete, and any further 
increase in the concentration of P above this point will result in no measurable 
effect. 

The assumption that increases in P, within the range between the two 
thresholds, are reflected by increases in the percentage of L4 present does not 
necessarily imply a linear relationship between concentration of P and percent- 
age of vein manifestation. For our present purposes we shall assume merely 
that changes in P are reflected rather accurately by changes on the percentage 
scale, and shall employ this scale as our metric, both in the range of measurable 

I 

c I 

U 

f 

FIGURE 1.-Frequency distributions for the degree of Ld interruption in females of 
en/en, ci/ci, H/+ and their combinations. 

change and in the regions extending beyond the lower and upper thresholds. 
With respect to a population of individuals of a given genotype, the penetrance 
of L4 interruption reflects the portion of the curve of variation for the genotype 
which extends below the upper threshold of maximal response. Average ex- 
pressivity $or the genotype becomes a measure of the distance below or above 
this threshold occupied by the population mean. A direct determination of the 
mean and variance of the curve of variation of a given genotype is possible only 
when the distribution occupies the range between the lower and upper thresh- 
olds (0-100%), as is the case for en/en; H/+. For the estimation of means 
and variances of those genotypes showing partial overlap of either the upper 
or lower thresholds, indirect methods must be utilized. 

A normal frequency curve may be represented in either one of three ways, 
depending upon its representation along the vertical axis. If frequency is pIotted 
along the vertical axis for each value of the variate aIong the abscissa, the usual 
form of the curve is obtained. If areas of the normal curve are accumulated 
from one end, the integrated normal sigmoid curve results. This sigmoid curve 
may be transformed into a straight line by representing along the y-axis the 
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312 VERI, L. HOUSE 

normal dteviates corresponding to any given cumulated frequency (WRIGHT 
1926). This is possible since for the normal distribution there is a fixed rela- 
tionship between the frequency accumulated from a given end up to a given 
point and the deviation of that point from the mean in terms of standard devia- 
tions. This normal deviate has been designated the " normal equivalent devi- 
ate." Where a value of 5 is added to each normal deviate to avoid the use of 
negaZive quantities, the resulting measure has been labeled the probit (BLISS 
1935). Since the third type of representation is essentially a plot of normal 
deviate against normal deviate, the sigmoid accumulated frequency curve is 
made linear. This latter representation furnishes a graphical basis for estima- 
ti6n of the mean and standard deviation of a set of measurements where such 
a set approximates a normal distribution. For each value of the variate along 
the x-axis, the normal equivalent deviate is plotted in place of the cumulated 
frequency up to that point. An estimate of the mean is given by the intersection 

TABLE 1 
Means and variances of the mean for e n / e n ,  c i / c i ,  H/+ and their 

combinations; and /or three e s f i m a f e s  o/ +/+. 
JJ $9 

Genotype - - 
n X C7-l n X 0-1 

H/+ 220 111.8 10.70 152 98.6 3.75 
e n / e n  I02 101.1 1.79 116 99.8 1.81 
c i / c i  122 75.7 16.94 193 87.2 13.49 
e n / e n ;  U / +  100 34.2 0.95 132 35.6 0.49 
e n / e n ;  c i / c i  , 98 6.8 2.15 99 8.1 2.92 
U/+;  c i / c i  100 12.8 3.65 100 13.4 3.13 

+/+ (en;  c i )  .... 170.0 20.9 .... 178.9 18.2 
+/+ (H;  c i )  .... 174.7 31.3 . .. . 172.4 20.37 
+ / + ( e n ;  H )  .... 178.75 13.4 . .. . 162.8 6.05 

of the fitted straight line and the line with the normal equivalent deviate value 
of zero. An estimate of U is given by the distance along the x-axis cut off by 
the intersection with this axis of the perpendiculars dropped from the points 
of intersection of the lines of normal equivalent deviate values of 0 and - 1.0 
with the fitted straight line. The graphical method can be made applicable to 
the present data by determining the linear relationship expected in the normal 
deviate plot from that portion of the curve of variation occupying the region 
between the two thresholds. 

An alternative method to the graphical estimation of the mean and standard 
deviation of truncated normal distributions is that given by IPSEN (1949). In 
the latter method tables are provided'for the dietermination of the true mean 
and standard deviation of the assumed interrupted normal curves from the 
ratio of the variance of the given truncated distribution to its mean. Estimates 
of the means and standard deviations of the supposed normal curves equivalent 
to the interrupted distributions of figure 1 for the en/en, H/+ and ci/ci geno- 
types were computed by both graphical and tabular methods. The estimates by 
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INTERACTION OF MUTANTS 313 

the two methods were in close agreement. The means for en/en, H/+ and ci/ci 
estimated by the method of IPSEN are given in table 1. 

Figure 1 indicates that the distributions for en/en; ci lc i  and H/+; ci /c i  are 
considerably skewed to the right, showing a great enough departure from 
normality to militate against the use of the normal equivalent deviate for esti- 
mates of means and standard deviations. To correct for the too high mean 
values obtained if the actual distributions are used, the distributions have been 
extended to the left of the lower threshold line by assuming an essentially sym- 
metrical distribution. The resulting curves for en/en; ci/ci males and females 
are indicated in figure 2. Such curves were used for calculating by ordinary 
methods the values of Z and for en/en; ci/ci and H/+; ci/ci given in table 1 

In order to test statistically the hypothesis of additive action of en, H and ci 
in combination it becomes necessary to know the sampling variances of the 
estimated means given in table 1 for the interrupted H ,  en and ci distributions. 
The estimate, uZ2 = 2 / n ,  will be too low since this method does not take into 

PERCENT Of I., PRESENT 

FIGURE 2.-Reconstruction of a theoretical frequency curve for m / e n  ; ci/ci males 
and females. 

account the relative weight that should be given to the mean of a truncated 
distribution in comparison to the mean of a corresponding complete distribu- 
tion of the same n and CT. Nor does the method take into account the increase 
in the variance of the estimated standard deviation of a truncated distribution 
with increasing degree of truncation. IPSEN (1949) has provided formulae and 
tabular data for estimating the sampling variance of the true mean of a trun- 
cated distribution in terms of the weighing factor of the mean and the sampling 
variance of the estimated standard deviation. These formulae and tables have 
been used to calculate the variances of the means of the en/en, H/+ and ci/ci 
genotypes given in table 1. 

The means in table 1 have been plotted in figure 3 for both males and 
females. The distributions about these means have been indicated by normal 
curves based on the respective estimated standard deviations. With reference 
to the interpretation given above to the truncated distributions of figure 1 it is 
obvious that the measurement of mutant action should not be relative to the 
threshold itself but to some theoretical value of P lying above the upper thresh- 
old in the wild-type fly. Estimates of this wild-type P level, based on the 

(Further description in text.) 
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314 VERL L. HOUSE 

assumption of an additive interaction of the mutants in the combination geno- 
types, may be obtained from the means of the distributions of figure 3. 

If we represent by i the average level of P in the wild-type fly, by Tab the 
mean of a combination genotype involving two mutant substitutions, and by Fa 
and X, the means of the two single-mutant genotypes of which the combina- 
tion is composed, then the following relationship can be shown to be true: 
E+ = Ea + zb - F a b .  W e  may accordingly make use of the en/en; H/+, en/en; 
ci/ci and H/+;ci /c i  means to arrive at three independent estimates of the 

b ' 70 ' so Qo ' 80 I60 

PERCENT OF L4 PRESENT 

FIGURE 3.-The cumulative effects of cn/cn, ci/ci and H/+ in combination, assuming 
subthreshold effects and additive action. (Further description in text.) 

wild-type mean (table 1) .  These three estimates should show agreement with 
one another within the limits of sampling error if the assumption of additive 
action is correct. 

The mean, W, of the three estimates based on the three two-mutant coinhi- 
nations, en/en;  H,/+. H/+; ci/ci and en/eiz; ci/ci is given by the following 
expression : W = [ 2 ( Tu + % + X, ) - (%ab + Zuc + ZbC ) 'J / 3 .  From this expression 
and the earlier one for X+ can be derived an expression for the difference, d, 
between G and any two-mutant estimate of X,. This difference and its sam- 
pling variance are given by the foilowing expressions : 

d = - F+(at,) = (Fa + Zjlb - 2Zc + + zbc - 2Xab)/3 
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INTERACTION OF MUTANTS 315 

I t  may be assumed that the true wild-type mean is given by W, the average of 
the three two-mutant estimates. Our null hypothesis is then that the deviation 
of each two-mutant estimate from ;;i; is due entirely to sampling error. The test 
of significance therefore takes the form of a c test, expressing the ratio of the 
actual difference between a two-mutant estimate and i?? to the standard error 
of that difference. Such a test in males for each of the three estimates of the 
wild-type mean gives a probability figure greater than 5%. In females, how- 
ever, the deviations of X+ from G are significant at the 1% level for two of 
the three wild-type estimates. 

It must be concluded, therefore, that relative to the conditions under which 
the interaction study was conducted, a strictly additive action in females of the 
en, ci and H mutants in combination is ruled out. I t  should be emphasized, 
however, that the described interaction studies were not conducted with iso- 
genic stocks, and that some of the genotypes compared conceivably possess 
entirely different levels of modifier action. The departures from an additive 
picture are possibly the results of differential modifier action in the different 
genotypes and might not in reality result from non-additive interaction of the 
main mutant substitutions. 

For the purpose of completing the picture of cumulative interaction of en, c i  
and H ,  the mean for en/en; H/+; ci/ci has been included in figure 3. The loca- 
tion of this genotype is based on the assumption of an additive interaction of 
en, ci and H relative to the wild-type level W. That the actual en/en; H/+; ci/ci 
mean may lie closer to the lmower threshold than figured is suggested by a 
second estimate based on the normal equivalent deviate (relative to the lower 
threshold) of the en/en; H/+; ci/ci distribution ( 8 8 , 0.81 ; 0 0 , 0.58) to- 
gether with the assumption that sen; H, ci = uci. The resulting calculations yield 
a value of - 35% for males and - 25% for females. 

The regional pattern of interruption of the fourth vein 

In  the considerations so far, concern has been chiefly with the total amount 
of Lq interruption present in a given mutant or combination of mutants, with- 
out regard to the distribution of that interruption. This emphasis has tended 
to obscure the pattern differences that exist among the various genotypes. The 
nature of the patterns will now be examined in some detail. 

Within a given segment of Lq, it appears that the vein-forming reaction, 
aside from a thinning phenomenon, is a quantal, or all-or-none, reaction. We 
may characterize the venation response within any segment for any given 
genotype by the percentage of individuals in a population representative of 
that genotype that shows vein material within the segment in question. Deter- 
minations of this type for different intervals along the course of Lq make it 
possible to characterize a genotype by means of a frequency profile measuring 
the intensity of the vein-forming reaction along the length of Lq. These fre- 
quency profiles are readily calculated from a series of measurements of the 
type described earlier, where the amount of Lq in individual wings was deter- 
mined to the nearest 5%. From the same series of measurements it is possible 
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316 , VERL L. HOUSE 

also to determine the frequency of venation for a given genotype at each of the 
20 intervals of Lq. The all-or-none nature of the venation reaction in any seg- 
ment of Lq, however, suggests that to measure the vein-forming potentialities 
along L4 a series of transformed frequencies should be used rather than the 
actual frequencies of venation. 

Two basic assumptions underlie the proposed transformation of venation 
frequency: first, that for any given genotype and interval of Lq there exists a 
normal distribution of the theoretical vein-forming substance, P ; and, second, 
that for the vein-forming action to proceed at this interval, the concentration 
of P must exceed a minimal threshold value, PT. All those individuals whose 
P values exceed FT will show vein in the segment in question; all those whose 
P values fall below FT will show no vein at this interval. The percentage, or  
frequency, of venation within the interval is measured by the area under the 
normal curve exceeding FT. The intersection of FT with the frequency distri- 
bution of P can be determined relative to the mean, F, by transforming the 

INTERVALS OF THE FOURTH VEIN 

FIGURE 4.-The regional pattern of interaction in females of en/” ci/ci, H/+ and 
iheir combinations. 

frequency of venation within any segment to a “ normal equivalent deviate.” 
That is, each frequency corresponds to a normal deviate expressed as a differ- 
ence between the two concentrations, P and F T .  Since the frequency of vena- 
tion, F, is a probability function of the normal deviate, (F - ~ T ) / L T ,  the latter 
quantity may be considered as the inverse probability function of the frequency 
(WRIGHT 1920). The inverse probability transformation is of course the ‘‘ nor- 
mal equivalent deviate,” or probit, transformation already mentioned. 

Transformed frequency profiles have been plotted for the various genotypes 
investigated in figures 4 through 6. The twenty regions of the fourth vein, 
numbered from the posterior crossvein to the wing margin, are represented 
along the x-axis. On the vertical axis have been plotted the transformed fre- 
quencies or probits for each interval and genotype. For convenience, the 
frequencies corresponding to various probit values are indicated along the 
vertical scale to the right. 

As we have seen, the probit transformation affords a measure of the differ- 
ence between two concentrations, and BT. A change in the relationship of 
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INTERACTION OF MUTANTS 317 

P and PT could be effected by a change in P, in F T ,  or conceivably in both. 
However, for the purpose of comparison of the profiles of figures 4 through 6 
we shall assume a fixedthreshold, PT, located at the 50 percent level (probit = 5 ) ,  

- 

and interpret the various profile points as changes in the mean concentration 
of F. 

In figure 4 are presented the profiles'for en/en, ci/cZ, H/+ and their combi- 
nations, based on the same samples of wings constituting the distributions of 
figure 1. 

Interruption of L4 for cubitus interruptus is at a maximum in the central 
regions of the fourth vein, and at a minimum in the region just distal to the 
posterior crossvein. In addition, both males and females show an increase in 
venation in the approximate region of intervals 16 through 18, with a drop in 
frequency at the distal tip of L4. A x2 comparison of the frequency of venation 
at each of the following pairs of intervals shows a significant difference at the 
one percent level for both males and females: 3,12; 12,17; 17,20. 

7.331 10.99 

' ~~HP* ;a iayR/M-4  / 

267 'x I I I / lo.ol 
I 5 10 15 20 

INTERVALS OF THE FOURTH VEIN 

FIGURE 5.-The regional effect in females of the increase in dosage of the c i  allele 
in the presence and absence of the Hairless substitution. 

The strictly terminal interruption characteristic of engrailed, and the partly 
terminal, partly interstitial interruption of Hairless are reflected in the profile 
plots for these genotypes. In the former mutant only the most distal fourth of 
L4 shows interruption. Hairless shows a variable interruption over one-half 
of the fourth vein, with maximal vein interruption in the terminal region. 

The profiles for the combination genotypes show in general a cumulative 
interaction at each interval of L d ,  with suggestions of subthreshold effects of 
en, ci and H in most segments. For example, the combinations en/en; H/+, 
en/en; ci/ci and H/+; ci/ci all show decreased frequencies of venation in inter- 
vals unaffected by one of the contributing mutants, and in en/en; H/+, seg- 
ments unaffected by either mutant singly show interruption. The implication 
of these facts in terms of subthreshold interpretation is that the wild-type 
profile lies not at  the 100% level, but somewhere above, and that 'i5 must there- 
fore show a considerable decrease in concentration for most regions of LC 
before interruption of the vein occurs. 

In  figure 5 are plotted the probit profiles for c ieyR/c ieyR,  c i eyR/M-4 ,  
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3 18 VERL L. HOUSE 

H/+; ci eyR/ci eyR and H/+; ci eyR/M-4 .  Comparison of ci eyR/ci eyR with 
ci e3$/M-4 shows an increase in normality of venation for each interval of Lr 
as the ci allele is increased from one to two doses. The increment toward nor- 
mality, however, varies considerably among the intervals, being at a minimum 
in the proximal and distal regions and at  a maximum in the central portions of 
L4. For example, interval 11 in females shows an increase in venation frequency 
from 9.6% in ci eyR/M-4 to 70.0% in ci eyR/ci eyR, whereas interval 20 ex- 
hibits an increase only from 46.5% to 72.5%. Comparison of H/+; ci eyR/M-4 
and H/+; ci eyR/ci eyR indicates a similar increase in normality of venation 
accompanying increased ci dosage in the presence of the Hairless substitution. 

The transformed frequency profiles for the en/en, en/en; M-4/+ and en/en; 
ci eyR/+ + genotypes are presented in figure 6. Comparison of en/en; M - 4 / +  
and en/en permits evaluation of the effect of an increase from one to two doses 
of the normal ci allele ( c i f )  in the presence of the engrailed substitution. 

20 
L722: 207 

INTERVALS OF THE FOURTH VEIN 

FIGURE 6.-The regional effect in females of changes in dosage and allelic combination 
;It the ci locus in the presence of the engrailed substitution. 

Plainly, the proximal and central intervals of Lq respond differently to this 
increase in ci+ dosage than do the most distal intervals. In the latter region 
for females there is a decrease in venation with increase in ci+ dosage (e .g . ,  
interval 19, x2 = 30.62, d.f. = 1, p < 0.01) in contrast to the increase in the 
frequency of venation for the remaining intervals. For males an increase from 
one to two doses of ci+ in the presence of engrailed brings about an increase 
in normality of L4 venation at all intervals except the most proximal and distal. 

The comparison en/en; M-4/+ vs. en/en; ci eyR/++ tests the effect of adding 
the ci allele to one dose of the ci+ allele in the presence of engrailed. For most 
of the intervals along L4 there is no significant effect on venation for females 
of the ci addition, although for all intervals up to 16 en/en; M-4/+ shows con- 
sistently a higher frequency of venation. For intervals 17, 18 and 19, however, 
there is a reverse of the situation, en/en; ci cyR/+ + exhibiting a significantly 
greater venation than en/en;  M-4 /+ .  The comparison, en/en;  M - 4 / +  vs. 
en/en; ci cy"/+ +, in males presents essentially the same picture as in females. 
All intervals up to 17 show a consistently higher frequency of venation for 
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INTERACTION OF MUTANTS 319 

en/en;  M-4 /+ ,  with the difference reaching the 5% level of significance in 
various regions. For intervals 17, 18, 19 and 20 enlen;  ci e y R / +  t becomes 
more normal, the difference being significant at the one percent level for inter- 
vals 18 and 19. 

The general resemblance of the e n / e n ;  M - 4 / +  and en/en;  ci e>&/+ t profiles 
to those for ci/ci and ci e>&/ci ey" should be noted. This is to be expected if 
heterozygous ci and hemizygous ci+ produce a cubitus interruptus effect, but 
at a subthreshold level, such an action being brought into the range of measura- 
ble effect through cumulative interaction with engrailed. 

Correlation between diferent  regions of the fourth vein 

The preceding analysis points to a difference in the localized conditions at 
various points along L4 under which the three mutant substitutions manifest 
themselves. Such facts alone, however, furnish no basis for conclusions as to 
the nature of the correlating mechanisms responsible for the various patterns 
of interruption. To proceed with this sort of analysis, it is first necessary to 
determine the correlation respecting the presence of venation between different 
parts of the four'th vein, and between homologous segments of L4 in right and 
left wings. 

Such correlation coefficients were calculated by means of YULE'S theoretical 
correlation coefficient for the en/en (intervals 17, 18, 19), ci/ci (intervals 2, 5 ,  
8, 11, 14, 17, 20), and H/+ (14, 16, 18, 20) genotypes. The formula is, 

ad - bc 

(a + c) (b + d) (a + b) (c + d) 
r =  

where a represents the number of individuals showing vein material in both 
intervals under consideration, d the number showing interruption in both 
intervals, b the number showing vein material for one interval and interruption 
for the other, and c the reverse of the latter situation. The calculation takes the 
form of a fourfold table. The significance of the correlation coefficient may be 
determined by comparing actual values of a, b, c and d with those expected if 
the occurrence of the various combinations were determined on a chance basis 
only (zero correlation). The test of significance is, therefore, a x2 test with 
one degree of freedom. Wherever expected numbers have been 5 or less YATES' 
correction has been applied. 

The results of the above correlation calculations are presented in tables, 2 
and 3. Table 2 presents the intra-vein and right-left correlation coefficients for 
a ci/ci stock inbred by brother-sister pair matings for 12 generations prior to 
the correlation determinations. 

Independence of developmental processes on the right and left sides of the 
body has in general been taken for granted by Drosophila workers, although 
data to the contrary have been reported for certain mutants ( MARCOLIS 1936). 
Assuming such independence for the vein-forming reaction, and in the absence 
of sources of variation acting on the individual as a whole (e.g., segregation 
of genetic modifiers and variation in factors of the external environment such 
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320 VERL L. HOUSE 

TABLE 2 
Intra-vein and right-left correlat ions b e t w e e n  intervaIs  of the 

fourth v e i n  for an inbred c i  s t o c k .  
-- ____- - .- - 

Correlation between intervals of left wing’ 
Right-left correlation 

2 5 8 11 14 17 20 

0.08Yt 2 1.00 0.54 0.32 0.38 0.27 0.24 0.18 
0.07 # 5 1.00 0.66 0.51 0.40 0.35 0.23 
0.20** 8 1.00 0.68 0.46 0.31 0.28 

$!p 0.11 if 11 1.00 0.62 0.27 0.24 
0.11 14 1.00 0.43 0.43 
0.04 17 1.00 0.66 
0.01 x 20 1.00 

0.04 i3 2 1.00 0.54 0.36 0.34 0.44 0.38 
0.16 * 5 1.00 0.67 0.55 0.48 0.31 
0.06 8 1.00 0.65 0.48 0.27 

631 0.02 i 11 1.00 0.67 0.26 
0.02 # 14 1.00 0.38 
0.15 * 17 1 .oo 
0.07 20 

All intra-vein correlations significant at 1 percent level. 
Right-left and intra-vein correlations based on 200 individuals each. 

tExpected numbers in two-fold table < 5 ,  Yates’ correction applied. 
#Probabili ty > .05. 
*Probabili ty < .05. 

**Probabili ty < .01. 

0.31 
0.27 
0.35 
0.23 
0.30 
0.48 
1.00 - 

TABLE 3 

Intra-vein and right-left correlat ions b e t w e e n  intei-uaIs of the  Jourth v e i n  
for H / +  and e n / e n  I. 

-- -- ___-__ 
H/+ e n / e n ’  - 

Right-left Correlation between intervals of left  wing Right-left 
18 correlation correlation 

0.02*t  14 1.00 0.44**t  0.12st 0.15* 0.14Yt 0.21*t  0.38** 1.00 17 0.15 r t  
18 0.46** 0.20 * *  16 1.00 0.37** 0.23 * *  0.37 * *  0.54 * *  1.00 

0.16** 18 1.00 0.46 **  0.68 **  1.00 17 0.41** ’  
0.40** 20 1.00 1.00 20 0.48 * *  ’ 

14 16 18 20 20 17 

e n / e n  Flies from the  cross,  e n / e n ;  M-4/+ X e n / e n .  

Right-left correlations based on 106 individuals; intra-vein correlations based 
a Right-left and intra-vein correlations based on 265 individuals each. 

on  154 individuals. 
tExpected numbers in  two-fold table < 5, Yates’ correction applied. 
PProbabiiity > .05. 
*Probability < .05. 

**Probability < .01. 
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as temperature), the correlation between right and left sides should be zero. 
With residual heterozygosity, or large fluctuations in temperature, deviation 
from zero right-left correlation would be expected. On  the other hand, correla- 
tions between different regions of Lq on the same side wouldebe zero only if 
variations in the conditions of the internal environment affecting the venation 
in a given region produced effects limited to the immediate vicinity of that 

I 

5 

IO 

I5 

I7 

20 

REGION OF THE 
FOURTH VEIN 

U *  1.06 ~ f i  
e' '-. 

u a 0.95 
0 

- 4  -3 -2  - 1  0 t l  i 2  +3 t 4  
C 

FIGURE 7.-Theoretical distributions of P in ci eyR/ci eyR and ci  eyR/M-4 for six 
regions of the fourth vein. (Further description in text.) 

region, and if genetic and external environmental homogeneity obtained. I t  
follows that the intra-vein correlations for any genotype must be considered 
with reference to the degree of righ,t-left correlation found for the genotype as 
a base level, since the factors operating to produce positive right-left correla- 
tion also bring about correlation between intervals of the same wing. Signifi- 
cant correlations between two vein intervals of one side may only be attributed 
to the covariance of common factors of the internal environment which affect 
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322 VERL L. HOUSE 

the venation response in the case oi those stocks reduced to genetic and en- 
vironmental (external) homogeneity (zero right-left correlation). 

In general, the results of tables 2 and 3 show a higher correlation between 
intervals oi the same vein than between homologous intervals oi the right and 
left veins, the intra-vein correlation decreasing with distance and approaching 
the level of right-leit correlation for the regions most distantly separated. The 
significant right-left correlations for most intervals in the H/+ and en/en geno- 
types of table 3 suggest a residual heterozygosity for modifiers affecting the 
venation response in these mutants. 

The inbred ci/ci stock, on the other hand, shows absence of right-left corre- 
lation for most intervals, an indication that inbreeding has led to the develop- 
ment of a stock homozygous for modifiers affecting the venation response. 
However, in the homozygous ci/ci stock there is still high correlation between 
neighboring L4 intervals, although the correlations fall off with increasing 
distance between the regions compared, and approach the level of right-left 
correlation for the intervals most distantly separated. A similar picture of low 
right-left correlations and decrease of correlation with distance has been pre: 
sented by CHASE (1939) with respect to presence or absence of pigmentation 
in the coats of guinea pigs. 

It may be concluded that random variations in the factors of the internal 
environment affecting venation in any given Lq region produce a similar effect 
in other regions oi the same side to a degree inversely related to the distance 
separating the regions. For the most widely separated regions the correlated 
effects of local variations in internal environmental iactors affecting venation 
is so small as to bring about near independent vein responses in these regions. 

DISCUSSION 

In  the preceding analysis a theoretical substance, P, has been &sumed to 
play some basic role in the vein-forming reaction in the Drosophila wing. As 
to the manner in which such a substance would be related to the actual iorma- 
tion of vein material we can only speculate. There are, however, certain data 
from Drosophila embryology that furnish a basis for speculation. 

WADDINGTON (1940) has described the development of venation in the wild 
type and in certain mutants of Dyosoplaila melanogaster. We may summarize 
those facts of normal development that are pertinent to this discussion as 
follows. 

As the wing blade escapes from the peripodal membrane in the early pre- 
pupa the dorsal and ventral surfaces come together except along certain longi- 
tudinal lines where spaces are left. The channels left by this failure of the two 
surfaces to make contact constitute the first system of blood lacunae. The wing 
at  this stage has the appearance of a somewhat cylindrical block of tissue, the 
two surfaces being composed of high cylindrical cells whose bases are drawn 
out into long protoplasmic cylinders. These protoplasmic bases meet in the 
midplane to obliterate the cavity of the wing fold except in the areas marking 
the prepupal system of veins. This system consists of five lacunae, four of 
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which are the prepupal representatives of the adult veins, I,,, La, L a  and L5. 
In the late prepupa the wing undergoes an expansion in which the cells of the 
two surfaces of the wing are drawn out into long thin processes that stretch 
from one surface of the wing to the other. During this expansion the prepupal 
system of veins becomes obscured. Following the expansion period, which 
extends into the early pupal stage, the wing contracts to a thin blade. During 
this contraction the epithelial cells of the two surfaces, except in the regions 
overlying and underlying the potential veins, put out basal processes which 
meet and fuse in the midplane to form a central membrane. The channels left 
due to the failure of the vein cells to put out basal processes constitute the 
system of veins found in the adult wing. 

WADDINGTON has also described the development of several mutants pro- 
ducing local absences of veins. Among these are tilt ( i t )  and veinlet (ve) ,  the 
former producing an interruption of L3, the latter removing the distal portions 
of La, L d  and L g .  The prepupal venation in both of these mutants is completely 
normal, as well as the pupal venation when first formed. Soon after the pupal 
veins appear, however, the vein sections affected in these mutants disappear, 
due to the protrusion of basal processes from vein cells nor normally forming 
them. WADDINGTON concluded from the above observations that the vein sec- 
tions affected in veinlet and tilt at first behave like vein material and fail to 
put out processes, but later fail to retain their vein character and form basal 
processes just as the intervein cells do. He assumes that the vein cells have 
the capacity to put out processes, but that normally this capacity is inhibited. 
In tilt and veinlet this inhibition apparently breaks down over the section of 
vein affected. WADDINGTON has described the ci interruption as being present 
in the earliest stage at which the prepupal vein system can be distinguished. 
Presumably the absence of sections of L4 in this stage in ci/ci are due to the 
extension of cytoplasmic bases by vein cells in the affected region, these bases 
fusing to obliterate the potential vein cavity. 

On the basis of WADDINGTON’S observations it might be assumed that the 
presence or absence of vein material in any particular segment is a function of 
the absence or presence of cytoplasmic extensions or outgrowths from the epi- 
thelial cells overlying a particular section of potential vein lacuna. If in a par- 
ticular region these processes are sent out by the overlying and underlying 
epithelial cells an intersurface meshwork of processes is formed (viz., in the 
normally non-vein areas), and there is no opportunity for the formation of a 
lacuna. However, in regions where these processes do not grow out, a space 
is left to constitute the vein lacuna, and around this the later differential 
chitinization takes place. Thus the vein-forming process in any given Lq region 
would appear to be an all-or-none reaction, the outcome of which is contingent 
on the conditions controlling the presence or absence of outgrowth of cyto- 
plasmic processes in the cells over- and under-lying the particular region in 
question. The normally present inhibition of outgrowth of prckesses along the 
vein channels could conceivably be mediated by way of an inhibitory substance 
identifiable with our theoretical material, P. Were P to fall below a critical 

D
ow

nloaded from
 https://academ

ic.oup.com
/genetics/article/38/4/309/6033367 by guest on 25 M

ay 2023



324 VERL L. HOUSE 

threshold value in a given Lq interval, outgrowth of basal processes from the 
epithelial cells would take place, with resulting obliteration of vein lacuna. As 
long as the concentration of the inhibiting material remains a h v e  the thresh- 
old, cytoplasmic outgrowth from the overlying and underlying epithelial cells 
remains inhibited, resulting in the formation of normal vein channels. 

While the speculative nature of the above interpretation of the nature of the 
vein-forming reaction must be stressed, the interpretation does provide a frame 
of reference for thinking about mutant action in embryological terms, such as 
to serve as a useful guide in continued studies of venation mutants. 

The present data afford little basis for speculations concerning the nature 
of the primary gene action at the three loci investigated. With reference to the 
ci locus STERN (1943) has demonstrated that changes in quantity of the ci 
allele from one to two and from two to three doses lead to increasing normality 
of L4 venation. STERN has assumed that ci and ci+ react with a cellular sub- 
strate, s, producing a product, p, which is in some manner positively corre- 
lated through a subsequent chain of reactions (p' -+ p2 * p3 . . . . .) with the 
appearance of venation. The fact that changes in quantity of the ci allele from 
one to two and from two to three doses lead to increasing normality of venation 
is interpreted as signifying an excess of s over the amount utilized by one or 
two ci alleles. The results of changes in dosage of the ci allele also imply that 
the ci allele acts toward normality of Lq venation like the wild-type allele, but 
that ci does so less efficiently. 

In a similar manner the increase in normality of venation in all regions of 
L4 with increase in the number of ci alleles could be considered as evidence for 
an excess of S in each region of Lq over that utilized by one ci allele. The 
lowered frequency of venation in central regions of the fourth vein as compared 
to terminal regions in ci/- and ci/ci can be attributed to higher thresholds for 
the venation response in the central regions. Assuming that there is no limi- 
tation of substrate in any region of the fourth vein relative to utilization by 
two ci alleles, and that the variance of the theoretical normal distributions of 
P in each region are identical, the change from one to two doses of ci should 
lead to equal increments of effect on the probit scale. The fact that this is not 
so may be due either to the fact that there is insufficient substrate for full 
utilization by two ci alleles in the terminal regions compared to no such limi- 
tation in the central regions; or to the fact that the accidents of development 
which operate to produce the variation in P about H are not equivalent in all 
regions. If the former condition were true, we would expect the damping of 
the effect of increased ci dosage in the terminal regions as compared to the 
central intervals that is shown by the data. With respect to the normal allele, 
ci+,  we would then have to suppose that the increased efficiency of this allele 
over that of ci (STERN 1943) makes possible the formation of sufficient P for 
normality in all regions in ci+/- and ci+/ci+ by means of the more efficient 
utilization of whatever amount of substrate is available. 

In the plotting of the profiles of figure 5 it has been assumed that the vari- 
ances of the supposed normal distributions of P for the various regions are the 
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same. If this were true then the differential increments in venation potential 
on the probit scale found for the various regions would represent true differ- 
ences. However, if the array of chance factors that operate to cause the spread 
of P around P for a genotype were to vary from region to region, these non- 
genetic factors in any one region might be such as to produce a curve of varia- 
tion of P with a relatively large standard deviation (terminal intervals) as 
compared with other regions (central intervals). If such were the case the 
same genetic difference (e.g., ci/ci vs. ci/-) would be expected to have a 
smaller relative effect in the terminal regions than in the central regions. Uti- 
lizing a method devised by WRIGHT (1934) it is possible to calculate the stand- 
ard deviations of the distributions of P that must hold at various intervals of 
the fourth vein if the increments at each interval are to be made equivalent. 

The latter goal. can be accomplished by transforming the inverse probability 
representation in each region from the scale on which the standard deviation 
is the unit of measurement (scale a )  to a new scale, c, on which the difference 
between the means for ci/ci and ci/- expressed on the a scale becomes unity. 
The .standard deviations for each region in terms of the c scale can then be 
calculated by taking the reciprocal of the difference between the ci/ci and ci/- 
means on the a scale. Placing the origin (0) of the c scale at the threshold, Pr, 
the means for ci/ci and ci/- in each region on this scale are given by the prod- 
uct of the standard deviation on the c scale and the inverse probability function 
of the venation frequency for the given region and genotype. The means and 
standard deviations calculated under the above assumptions are given in figure 
7 for various regions of the fourth vein. In view of the alternative interpreta- 
tions of the differential responses of different regions of L4 to increase in 
dosage of the ci allele it does not seem profitable to speculate further on the 
nature of primary ci action in terms of the present data. 

However, regardless of the nature of the primary action at the loci involved, 
or of the exact additive nature of the interactions revealed by these studies, the 
present investigation has demonstrated considerable enhancement of mutant 
actions in combination as compared to their actions considered singly. Such 
augmentation of effect is common in the genetic literature, and has often been 
interpreted, as in the present case, in terms of cumulative action of subthresh- 
old effects. To quote PLUNKETT (1926), when speaking of the effects of modi- 
fying genes on bristle reduction, " But the effects of these ' weak ' genes are 
too slight to be noticed in the absence of other ' stronger ' bristle-reducing 
genes, except by careful counts of all the bristles in a large number of flies. 
In combination with the main bristle-reducing genes, however, the effects of 
these minor modifiers are disproportionately enhanced." And later, concerning 
main gene effects, " This is exactly what happens also when any two of the 
' main genes ' are combined. In general, each of these genes disproportionately 
intensifies the effect of any other one when combined with it ; i.e., the reduction 
of mean bristle numbers effected by the combination is greater than the sum 
of the reductions effected by the two genes separately. In many cases a gene 
which alone has apparently no effect on a particular bristle greatly intensifies 
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the effectiveness of another gene in removing that bristle. In some cases two 
genes, neither of which, separately, ever removes a certain bristle, do so when 
combined . . . . ” Similarly, DUNN (1942) in speaking of the spotting pheno- 
type in the house mouse, says, “ Many mutations, however, produce so small 
a change in the reactions leading to spotting that the threshold of visible ex- 
pression is not reached.” And further, “ Such subthreshold alleles therefore 
act as modifiers of other factors with more extensive effects by interacting 
additively with them.” NEEL (1941) and WADDINGTON (1939) have also re- 
ported similar phenomena. The former investigator found that polychaetoid 
( p y d )  produces a considerable enhancement of the wing hair effect of hairy 
( h ) ,  although pyd  by itself had no visible effect on wing hairs. WADDINGTON 
postulated a subthreshold effect on tarsus segmentation for the SP allele, which 
alone has no visible effect on segmentation, the subthreshold. interpretation 
being based on the extreme enhancement of segmentation found in compounds 
of ssa with other ayistopedia alleles that produce tarsal segmentation. 

While the enhancement of mutant action in combination may be the result 
of new interaction patterns unique to the combination, the strong possibility 
exists that the augmentation of effect seen in these combinations represents a 
transgression of thresholds of morphological effect by reinforcement of sub- 
threshold actions on the biochemical level. If, as CASPARI (1949) has sug- 
gested, developmental processes operate under a certain margin of safety, the 
observed effects of a particular gene substitution may be much more extensive 
than the spectrum of its morphological effects reveals. The operation of pro- 
tective thresholds may prevent certain tissues and organs from being affected 
at the morphological level by a given gene change, although these systems in 
the mutant may actually differ from the wild type at a subthreshold level. The 
operation of such thresholds would thus mask a portion of a mutant’s pleio- 
tropic effects, introducing distortion into any conception of the total role 
played by the gene in the control of developmental processes. The undetected 
presence of such subthreshold components of gene action might also lead to 
severe underestimates of the evolutionary role played by certain mutants. 

Studies which concentrate on the manipulation of genetic variables at one 
locus only, keeping the rest of the genotype constant, suffer from the disad- 
vantage of maintaining constant some of the factors which control the very 
thresholds that obscure a part of the gene’s action spectrum. It is perhaps one 
of the outstanding merits of the interaction approach that by producing dis- 
turbances in the gene complex at various points, singly and in combination, 
these threshold relationships may be altered and a larger extent of a mutant’s 
spectrum of effects so brought under observation. 

SUMMARY 

The interactions of Hairless, engrailed and cubitus interruptus have been 
investigated at 26°C relative to their interruption effects on the fourth longi- 
tudinal vein of Drosophila wzelanogaster. 

The data show general agreement with an interpretation of additive action 
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of the mutants in combination if there is assumed cumulative action of sub- 
threshold components of mutant action. 

The pattern of Lq interruption characteristic of the various genotypes studied 
has been analyzed by determining the frequency of venation at each of twenty 
intervals along the length of the fourth vein and by transforming these fre- 
quencies to inverse probability functions. 

A study of these transformed frequency profiles reveals subthreshold actions 
of the three mutants in various regions of the fourth vein, as well as differential 
responses of Lq venation to changes in dosage at the ci locus. 

These findings are discussed in relation to the nature of the vein-forming 
reaction in the Drosophila wing. 
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