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HE study of the results of combining various genetic factors affecting a

particular embryonic system permits certain inferences concerning the
nature of gene action. Favorable material for such a study is supplied by three
Drosophila melanogaster mutations whose chief detectable effects are to increase
the number of chaetae present on the fly. In the first paper of this series (NEEL
1941) it was reported that the phenotype of a combination of any two or all
three of these mutations generally represented more than the sum of the ef-
fects of these mutations when acting separately. A barrier to an analysis of the
developmental reactions revealed by these data was the following circum-
stance: the eight different genotypes included in the study were in some cases
characterized by significantly different mean fly sizes. Since previous work
(MACDOWELL 1915, NEEL 1940a) had shown that chaetae number is correlated
with fly size, any attempt to analyze the data without first correcting for the
size differences between genotypes would be to introduce an initial bias; the
data then on hand were not considered adequate to make this correction.

In the present paper the equations for the regression on fly size of each of the
five chaetal characteristics studied in the different genotypes are derived
where possible. These equations are then utilized in the analysis of two related
questions: (1) What do the interaction data, corrected for size differences,
reveal concerning the embryonic reactions involved in the formation of
supernumerary chaetae? (2) How are the regression coefficients in a genotype
ab related to the coefficients observed in either & or 42 This latter question is
one on which we have at present little information, important though it is to
the problem of related increases in the magnitudes of two measurements.

MATERIALS AND METHODS

The factors utilized in this study were Hairy wing (Hw, 1—0.0+), hairy
(h, 3-26.5), polychaetoid (pyd, 3-39+2), yellow (y, 1-0.0), and sepia
(se, 3-26.0). The first three factors increase the number of chaetae present. The y
and se genes have no known effects on the chaetae but were used in the crosses
as markers of Hw and 7%, respectively. After y Hw, se %, and pyd strains had
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beerrendered highly isogenic with a long inbred Oregon wild type line through
repeated crosses to, and extractions from, this line, the possible combinations
of the three factors affecting the chaetae were synthesized. The study thus
includes a total of eight genotypes: +°%, y Hw, se k, pyd, y Hw; se b, y Hw; pyd,
se k pyd, and vy Hw; se h pyd. The considerations dictating the choice of these
particular mutations and details concerning the synthesis of the stocks are
given in the earlier paper.

Five characteristics pertaining to the chaetae were investigated: number of
dorsocentral bristles, number of scutellar bristles, number of scutellar hairs,
number of hairs on the right second longitudinal wing vein, and number of
teeth in the right sex-comb. For each genotype the relation of these charac-
teristics to mean fly size, as measured by femur length, was derived in the fol-
lowing manner: Flies of the desired genotype were allowed to oviposit on
small food chips for eight to 12 hours. At the end of this time the eggs were
divided into lots of either 100 or 200, and each lot placed in a 23X 95 mm shell
vial which contained 10 cc of a yeast suspension absorbed on one sheet of
Kleenex, an absorbent paper preparation. The concentration of the yeast
suspension in different vials varied between 2.5 and 25 percent. By regulating
the number of eggs introduced into the vial and the concentration of the yeast
suspension, it was possible to get groups of flies of very different mean sizes.
All experiments were conducted at 25.010.3°C. To establish the nature of the
regression obtaining in any one genotype, groups of 50 male flies raised at a
particular food level were investigated as to mean femur length and the mean
condition of each of the five chaetal characteristics. The data on each fly were
kept separate. The examination of eight or nine such groups raised at different
food levels gave a sufficient spread in the mean values of the characteristics to
permit a derivation of the regression coefficients, using the method of least
squares. To be certain of a considerable distribution in the values of the means,
it was customary to select from the group raised at the lowest food level (initial
condition: 200 eggs on 10 cc of a 2.5 percent yeast suspension) the so smallest
males and derive the mean values in this special group.

The duration of the egg-larval-pupal stage is longer when flies are raised at
a low food level than when food conditions are more favorable. In an earlier
experiment, no relation between the length of egg-larval life and the number
of dorsocentral bristles could be detected in pyd flies nor in flies containing
another bristle mutation, Dichaete (NEEL 1940a). It is assumed, in the absence
of any evidence to the contrary, that the same lack of correlation between
character expression and the duration of development is true for all chaetae,
both in pyd and in Hw and & flies. The differences in the length of the life cycle
in different groups of flies, resulting from the technique employed, are thus
regarded as having no effect upon the regressions observed.

RESULTS
The regressions in the different genotypes

The complete results of this procedure are too bulky for publication, but are
on file with GENETICS. The exact nature of the regressions of the various chaetal
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characteristics on femur length is difficult to determine when one of the varia-
bles, femur length, shows such relatively small variations. Thus, in any one
case the regression shows good conformity to a straight line no matter whether
the data are plotted arithmetically, logarithmically, or semi-logarithmically.
Accordingly, the regressions were derived on the assumption of a linear rela-
tionship between the expression of the chaetal characteristic and femur length.
The regressions, derived by the method of least squares, were of the form
E=ax+b, where x is the femur length, a the slope of the regression line, b the
intercept on the Y-axis, and E consequently the estimated value of the char-
acteristic at the given femur length. Values of a and b are given in table r.
Where a character showed no, or very slight, variation, regression constants
could, of course, not be obtained. In a very few instances where the departure
from wild type shown by a characteristic in a particular genotype was small,
at lower body sizes this characteristic appeared essentially normal. In such
cases the regression was derived only over that size range in which appreciable
variation occurred. The range in femur length over which any one characteristic
was observed to vary sufficiently from wild type to be studied is indicated in
table 1. The average number of paired determinations used in the derivation of
each of the 33 regressions was 451.5 (9.03 groups). The standard error of
estimate of E is also given in the table, as an indication of the dispersal of the
points about the line of best fit. The regression equations are plotted in figure 1.
The projection of the regression line on the abscissa indicates the range in mean
femur length studied, while its projection on the ordinate indicates the approxi-
mate range in the chaetal characteristic.

The effect of modifiers on the expression of the three factors

The differences between these eight genotypes which are described in table
1 and figure 1 are undoubtedly for the most part referable to the known genetic
differences between the strains. However, an unknown portion of these differ-
ences may be ascribed to an initial failure to render these lines completely iso-
genic for all factors except the recognizable mutations under investigation,
and to the appearance of different modifying factors in the strains during the
eight to ten months that elapsed between the synthesis of the strains and
their use in this study.

The se k data are pertinent in this connection. When the data on this geno-
type were first collected, they led to the following regressions (each regression
based on 500 paired determinations (1o groups) ): scutellar hairs: E=o0.0631x
—7.389; scutellar bristles: E=o0.00289x+2.673; wing hairs: E=o0.0377x
—8.726; sex-comb teeth: E=o0.0116x+4.102. When the values predicted on
the basis of these equations were compared with the values reported in the
earlier paper (NEEL 1941), a discrepancy was apparent. Accordingly, the se &
strain was crossed to, and the factors extracted from, the +©* line three ad-
ditional times. The regressions were again derived and found to be in better
agreement. with previous results. It is this second set of se # data which is
summarized in table 1 and figure 1. At a femur length of 5251 the following
differences exist between the values predicted on the basis of the two sets of
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regressions: scutellar hairs, 3.0110.86; scutellar bristles, o.11+0.12; wing
hairs, 5.31 4 1.27; and sex-comb teeth, 0.18+0.33. In both cases where the dif-
ferences are significant, the strain which had been crossed the three additional
times showed the lower values. These results are most easily explained by
assuming the accumulation in the strain of one or more positive modifiers of
some of the chaetal characteristics under consideration, with the loss of these
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Froure 1.—The relation between mean femur length and the mean number of chaetae present
in five different regions, in y Hw, se k, pyd, y Hw,; se h, y Hw; pyd, se k pyd, v Hw; se h pyd, and
wild type Drosophila melanogaster males. Details in text.

modifiers on outcrossing. The modifiers appear to be rather specific, in that
they affect those two of the four characteristics under observation which are
phenotypically most similar.

In the se  case, the accumulation of modifiers was first detected because
of the relatively large effect on the wing hairs. Comparison of the present data
with the earlier results suggests that other less striking modifiers may have
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accumulated in several strains. HERSH (1930) has recorded a similar rapid ap-
pearance of modifiers of a quantitatively variable characteristic in Drosophila
melanogaster, Bar eye. Moreover, there can be little doubt that various wild
type strains, in spite of their anatomical similarities, differ greatly with respect
to their complement of minor modifying factors (¢f. PIPKIN 1942). The inter-
action of these three factors might therefore appear significantly different if
they were studied on another genetic background. It is obvious that under
such circumstances one must be cautious in the development of theoretical
treatments of the data.

ANALYSIS OF THE DATA

It is apparent from figure 1 that in the cases of two of the five characteristics
studied (number of scutellar hairs, number of hairs on the right second longi-
tudinal wing vein) the relations of the various regressions on femur length are
essentially the same. In each case there is evident a family of straight lines in
which, within the range of chance variation, at any given value of x over the
range in x studied the slope of any single line tends to be directly proportional
to the magnitude of its y value. In each case this series of lines can be trans-
formed to a family of lines whose slopes are not significantly different by plot-
ting the ordinate logarithmically. Moreover, the slopes of the wing hair regres-
sions are quite similar to those of the scutellar hair regressions. Such a treat-
ment of a third characteristic, the scutellar bristles, although it lessens the
differences between lines with respect to their slopes, still leaves a situation
where at a given x value the equations yielding the largest y values have the
greatest slopes. But if in this latter case one plots as ordinate the logarithm
of the bristle number minus four, one secures a family of parallel lines. The the-
oretical justification in the subtraction of four lies in the fact that normally
three are four scutellar bristles present; the bristle number minus four is thus
the number of extra bristles present. There are in the wild type only very sporad-
ic hairs present on the scutellum, and none on the second longitudinal wing
vein, so that the values shown for these characteristics refer without correction
to the number of extra chaetae. In these three regions, then, the number of
extra chaetae is apparently related to the size of the fly in a similar manner.

The situation with respect to the dorsocentral bristles appears to be different.
Thus, when the ordinate is taken as the logarithm of the number of extra
bristles, the smallest regression coefficient (y Hw; se k) is 0.00183 £ 0.000216,
and the largest (se & pyd), 0.00877 +0.000480. But when the logarithm of the
total number of dorsocentrals is plotted against femur length, there is a reason-
able approximation to parallelism, with the greatest difference between any
two slopes (y Hw; se k—se h pyd) being 0.000423 + 0.000484. While it is impos-
sible to say to what extent this situation is due to the operation of chance and
accumulated modifiers, the fact, to be discussed below, that the type of inter-
action seen here differs from that in the preceding three systems suggests that
this difference is real and characteristic of the region.

The sex-comb data present a unique picture. The variation in the mean
number of teeth in the right sex-comb is so small that the relations of the data
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are not materially altered by logarithmic plotting. The seriation with respect to
the steepness of the regressions on an arithmetic plot is as follows: +°7, se &,
vy Hw, pyd, sek pyd,y Hw; se h,y Hw; pyd,and y Hw; se k pyd, with the latter
two separated from the former by quite a gap. Unlike the other systems, this
seriation does not appear to be related to the magnitude of the departure from
wild type, but rather to the number of mutations present in the strain. For
instance, although the regression coefficient for vy Hw; se % is significantly
greater than for +9, flies of the former genotype have significantly fewer
teeth in the sex-comb at all sizes studied. The relative steepness of the regres-
sion in the two genotypes containing v Hw and pyd may indicate a type of
specific interaction.

As pointed out above, the present data, because of the relatively small range
of the variables, can equally well be treated as an expression of a linear relation
(y=ax-+b) or of an exponential function (y=Dbx¥); for simplicity’s sake the
former treatment was chosen. Since the variations in mean femur length are
relatively small (although corresponding to an approximately six- to eightfold
variation in body weight), conversion of the femur lengths to their logarithmic
equivalents would not alter the relative femur lengths to an important extent.
The conversion of the considerably more variable numbers of hairs and bristles,
as described above, therefore gave essentially the same picture as would have
resulted from treating the data as an expression of the second relation, which
in its logarithmic form becomes log y =log b-+k log x. In view of the large
amount of work done on biological relationships of this nature, it is of interest
to consider the data from this angle.

Although the equation y =bx* has been found to describe a variety of cases
of correlated increase in two measurements, the exact biological significance
of the constants b and k remains unclear. In the present case, k may be re-
garded simply as the ratio of the percentage change in the number of chaetae
to the corresponding change in femur length. A more exact definition depends
on knowledge of the time course of determination of chaetae and femur length
—exponential, parabolic, or sigmoid—and such is lacking at present. The sig-
nificance of b is even more ambiguous. As the value of y at x=1 in the origi-
nal system of measurement, it is in these cases a meaningless extrapolation.
However, as HERSH (1941) has pointed out, since our units of measurement
along the X-axis are arbitrary, we can select any point along this axis as the
origin of a new axis parallel to and coinciding with the old one, and if in so doing
we select an origin such that x=1 has biological significance, then the values
of b acquire greater meaning. In the present case we can set x =1 at the smallest
femur length held in common by all the genotypes studied with respect to a
given system. The values of y at x=1 as read from the figure may then be
regarded simply as indices of the bristle-forming abilities of these genotypes in
the neighborhood of the smallest size at which all show extra bristles.

It is clear that in the present case, the effects of a given set of genes on b and
k vary according to the region under observation. When the scutellar and wing
hairs and the dorsocentral bristles are considered, k remains relatively con-
stant while b varies according to the genotype. The modifiers of the wing and
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scutellar hairs studied in connection with se % also altered b without sig-
nificantly affecting the value of k. In the scutellar bristles there is a direct re-
lationship between the magnitudes of b and k; this is probably the first time
such a relationship has been described. If we render the bristle data compa-
rable with the hair data, by subtracting four from all means, the dorsocentral
data approximate an inverse relationship between the magnitudes of b
and k, a type of relationship first described by HersH (1931), while for
the scutellar bristles, k remains constant with increasing magnitudes of b,
as in the scutellar and wing hairs. The latter situation is an interesting ex-
ample of how in a group of related cases fundamental similarities in the
manner of increase of two measurements may be obscured by the initial value
of one of the measurements. Finally, the sex-comb teeth fail to show any con-
sistent relationship between slope and intercept values. The possible signifi-
cance of these findings in relation to correlated growth problems will be dis-
cussed later.

The foregoing considerations have been directed primarily at the second of
the two questions raised in the introduction—namely, the manner of inheri-
tance and interaction of regression coefficients. The first question concerned
the types of embryonic reactions revealed within the various chaetae-forming
regions, after all the genotypes have been equated to a common size. In the
analysis of such a question one is primarily concerned with bringing out such
fundamental similarities and differences as may exist between the various
systems. The following attempt at analysis will be based on the assumption
that the effects of the various factors in combination would be fully predictable
from full knowledge of their effects: when acting separately. DANFORTH and
D& ABERLE (1927) and WRIGHT (1941) have drawn attention to an alternate
possibility, “the gene substitutions may bring about not only quantitative dif-
ferences along a chain of reaction but also transmit differences in specificity.
It is possible to dismiss any interaction effect as merely an inexplicable mani-
festation of specificity, an emergent in the sense of Lloyd Morgan” (WRIGHT
1041, p. 321). While such specificities should be postulated only as a last re-
sort, the possibility of their existence, which in the present imperfect state of
our techniques can be neither confirmed nor denied, must be borne in mind.
Another conceivable cause of apparent irregularities in interaction, applying
particularly to a form like Drosophila with highly mosaic development, is that
just as there exist demonstrable differences from region to region in the type
of interaction observed, so there are intra-regional differences; the evaluation
of interaction effects within, for example, the dorsocentral area is thus the
average of several different types of interaction and as such of course does not
fall into any simple scheme. These two possibilities will be touched on later.

In consequence of the type of regression observed, it makes no great dif-
ference to the picture of interaction effects in the wing hairs, scutellar hairs,
or scutellar bristles what particular size is used as a reference point, so long as
it is within the range in which all genotypes show extra chaetae. This is not
true of the dorsocentral bristles and sex-comb teeth. Table 2 shows the calcu-
lated values for wing hairs, scutellar hairs, and scutellar bristles in the various
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genotypes at an appropriate femur length. Differences between these values
and the corresponding values given in the earlier paper are due to the reduction
to a common size, to differences in newly arisen modifying factors, to the fact
that these experiments were carried out at 25°C rather than at 24°C as in the
preceding work, and to chance.

TABLE 2

Calculated values for the number of extra wing and scutellar hairs and scutellar bristles at
the femur length indicated.

FEMUR
CHARAC- ) o NoTH pvd seh yHw yHuwseh yHuwpyd seh pyd yHuwseh pyd
TERISTIC

(1)

Wing 500 — 5.12 5.88 32.39 9-74 8.18 40.46

hairs +o.95 +0.38 +1.48 to.42 +o.37 +0.03

Scutellar 525 — 22.79 3.93 41.21 4.78 35.55 50.29

hairs to.53 to0.23 +1.25 Fo0.26 +o0.39 Jr.17

Scutellar 525 0.19T ©.070 0.098 1.605 0.504 0.399 2.347

bristles to0.066 +o0.086 to.090 +o.160 0.095 +o0.077 Zo0.103

The wing hair data, equated to an average femur length of 5oou, may be
considered first. Although pyd acting separately has no effect on the wing hairs,
in combination with either 2 or Hw it is a strong modifier of hair number, and
in each case to about the same extent. The effects of pyd when acting sepa-
rately are therefore either sub-threshold or else can only be expressed in the
presence of # or Hw. Hw and % in combination interact very strongly. If some
arbitrary value be assigned to pyd, it is obvious that the effects of Hw, %, and
pyd are more multiplicative when the genes are acting in combinations of two
than when all three are together. Probably the simplest hypothesis of factor
interaction which brings regularity into these data is an adaptation of the in-
verse probability transformation which has been described by WricHT (1920)
and WRIGHT and CHASE (1936). We may assume that at this intermediate fly
size the mean number of hairs which can appear on the second longitudinal
wing vein has an upper limit in the neighborhood of 45—that is, not much
above the number preéent in y Hw;se h pyd. It is an observable fact that when
such a number is present, hairs are more or less regularly spaced along the
entire length of the vein, and that when hair number rises much above this
there is a tendency for hairs to be located on small diverticula off the main
vein, or on thickenings of the vein. This fact introduced difficulties into the
determination of wing hair number. In the adaptation of WRIGHT’S scheme it
is assumed that the addition to the genotype of a given factor tending to
increase the number of wing hairs does not have the same phenotypic effect in
all combinations of such factors, but has a relatively small effect when acting
near the ends of the range, and a greater phenotypic effect near the center,
with the exact relation between the “genetic determination” as abscissa and
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the phenotypic effect of a vanishingly small increase in “genetic determina-
tion” as ordinate approximating in appearance a normal frequency curve. By
“genetic determination” is meant the sum total of those genetic effects which
tend to evoke hairs on the wing vein. It follows that the relation between
“genetic determination” and phenotype, derived from summing the area
under the curve to the left of any “genetic determination,” is given by the
ogive of the normal frequency curve, with the upper asymptote at 45 hairs.
“Genetic determination” is measured in terms of ¢ units, with practically the
entire range of effective dosage being included in a spread of 6¢. To establish
the “genetic determination” corresponding to a particular phenotype, one
first calculates the fraction of the maximum possible phenotype which this
particular phenotype represents, and then, using a table of normal curve

45

- ~ o
-] ~ (2]

PHENOTYPE (HAIR NUMBER)
©

1 Zl 3 4. s
GENETIC DETERMINATION { g UNITS)

Fi16ure 2.—The assumed relation between “genetic determination” (as defined in text) and
the number of hairs on the second longitudinal wing vein. It is apparent that a given increase in
“genetic determination” (for example, one ¢ unit) has a much larger phenotypic effect in the
middle of the scale than toward either end.

areas, determines at what abscissal value in terms of ¢ units from the left end
of the normal frequency curve such a fraction of the total area is reached.
Conversely, the phenotype resulting from a given “genetic determination” is
measured in terms of the area included under the curve between O¢ and that
particular ¢ value from the left end. Genetic effects are assumed to be additive
along the abscissa. This hypothesis is illustrated in figure 2.

Since pyd has no visible effect when acting separately, it is necessary to
assign an arbitrary ¢ value to it. Making this value equal to .3¢ units, and
deriving from the data a value of 1.88¢ for Hw and 1. 790' for &, we get the fol-
lowing results for the four combinations:

y Hw;se h y Hw; pyd se h pyd yHuw; seh pyd
Observed o value 3.58 2.21 2.09 4.27
Expected ¢ value 3.67 2.18 2.09 3.97

Expected phenotype 33.71 9.27 8.18 37.53



