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I. INTRODUCTION AND CLASSIFICATION OF PosiTioN EFFECTS

That the effect of a gene may be dependent upon its position with
respect to neighboring genes is now a well-established fact in Drosophila
melanogaster and one which has recently been demonstrated in a con-
vincing way in Oenothera blandina (Catcheside, 1947a). This phenome-
non of position effect (Sturtevant, 1925) has long been recognized as a
fundamental problem in genetic theory and one which should throw light
on the organization of the chromosomes as well as on the primary re-
actions of specific genes. Notable advances have been made by the ac-
cumulation of many examples of position effect in Drosophila and by
the discovery of some of the necessary conditions for its detection. At
the same time a considerable body of evidence bearing on this subject
has yet to be incorporated into a consistent theory. In this review a
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TABLE 1

Loci, normally located in euchromatin, whose normal alleles exhibit a V-type position effect when abnormally set next to
heterochromatin. Loci marked by (*) are known only by dominant mutants which are associated with small duplications;
variegation of these genes in the examples given is probable but not certain.

Mutant Description Symbol Locus Ezample of References
Rearrangement

Yellow Bristle-body-color. y X- 00 y® Noujdin (1935, 1936, 1944)

Achaete Missing hair and bristle ac - 00 sc® Noujdin (1935, 1944) ; Crew and Lamy (1940)
pattern of “ac” type.

*Hairy-wing |Extra hairs and bristles Hw - 00 sc® Alikhanian (1938); Crew and Lamy (1940;
of “ac” and “sc” type. Bridges and Brehme (1944)

Scute Missing hair and bristle sc - 00 sc® Bridges and Brehme (1944)
pattern of “sc¢” type.

Lethal (1) 7 |Lethal; light eye-color as 17 - 03 Dp(1;f)X** [Bridges and Brchme (1944)
a mosaic.

White Eye-color. w - 15 wot Muller (1930); Gowen and Gay (1934);

Demerec and Slizynska (1937)
Roughest Roughened eye. rst - 17 rst’® Griineberg (1937) ; Kaufmann (1942);
Dzmerec and Slizynska (1937)

Facet Rough eye; nicked wing. fa - 30 N-s? Demerec (1940, 1941a)

Split Rough eye; extra bristles. spl - 30 wren Schultz (1941a)

Diminutive |Bristles, body, small. dm - 46 N Demerec (1940, 1941a)

Echinus Enlarged facets. ec - 55 N Demerec (1940, 1941a)

Bifid Fused venation. bi - 69 N2 Demerec (1940, 1941a)

Rugose Rough eyes. rg - 110 No-ss Demerec (1940)

Curlex Curled wings. ex - 136 Nos-& Demerec (1940)

Crossveinless |Missing crossveins. ev - 137 N2 Demerec (1940)

Roughex Small, rough eyes. rux - 150 N2 Demerec (1940)

Vesiculated |Blistered wings. vs - 163 N#-= Demerec (1940)
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Twisted bristles.
Small eye.
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Small, rough eyes.
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Bristles, body, small.
Bristles, body, small.
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Belgovsky (1938, 1944, 1946); Noujdin (1946a)

Belgovsky (1938) ; Dubinin and Volotov (1940) ;
Sutton (1943a)

Lewis (1945)

Lewis (1945)

Glass (1933); Schultz and Dobzhansky (1934);
Dubinin and Heptner (1935)

Schultz and Dobzhansky (1934)

Schultz and Dobzhansky (1934)

Dubinin and Sidorov (1935)

Panshin (1935)
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76 E. B. LEWIS

survey of major developments in the field will be presented, together
with a discussion of the properties and possible mechanisms of position
effect. For much of the early literature on this subject the reader is
referred to the review of Dobzhansky (1936).

It has become increasingly evident that there exist at least two
distinct types of position effect in Drosophila, and it may be questioned
whether they are in fact causally related to one another. In one type,
the change in gene action associated with a change in gene position is
subject to wide and frequent statistical fluctuations, often among related
cells in the same individual, and it thus results in a type of somatic
mosaicism. In such cases the associated rearrangement invariably ap-
pears to involve the euchromatic and heterochromatic regions of the
chromosomes (Schultz, 1936). The phenomenon of somatic instability
in gene action arising in association with such rearrangements has been
designated “variegation” (Schultz, loc. cit.), and changes of this type
have been referred to as “eversporting displacements” (Muller, 1930).
It will be convenient to refer to this category of effects as the variegated-
or V-type position effects. To avoid circumlocution, the expression
“variegation of a gene” will be used to express the variegation of a
phenotype controlled by that gene. The V-type appear to constitute
the bulk of position effects known in Drosophila, and although the cyto-
logical picture is lacking, position effects so far detected in Oenothera
are probably of this kind. A rather small group of position effects is
known in which the change in gene action is of a somatically stable type
as with most changes within the gene itself. When a rearrangement is
associated with such cases it often involves the wholly euchromatic
regions of the chromosomes. This group will be referred to here as the
stable- or S-type position effects. Fortunately, several other properties
serve to distinguish these two categories of position effect in those cases
where a distinction between instability and stability in gene action is
not readily made. The V-type position effects are considered first inas-
much as they have been more extensively studied.

II. VariecaTioN oF GENES LoCATED IN EUCHROMATIN

1. The Variegated Phenotype

A large number of genes in Drosophila are now known to exhibit
a somatically mosaic phenotype when brought into association with het-
erochromatin (Table 1.). Although variegation does not appear to be
restricted to any particular type of gene (except in so far as its detection
depends on an autonomous gene action), relatively few genes have effects
which make them suitable for a developmental study of the variegated
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Examples (diagrammatic) of X-chromosome inversions associated with variega-
tion of genes (see Table 1 and Fig. 4), with reference to the normal chromosome
at top of figure. Legend: black = heterochromatin of the X chromosome; un-
shaded areas = euchromatin; shaded areas = the extent of spreading of the varie-
gated effect; N = nucleolar organizing region; V = variegated; S = stable;
+ = non-variegated or wild-type.
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Examples of translocation between the X and fourth chromosomes detected
as white-variegated types (diagrammatic). Legend: black = heterochromatin of
X or 4; unshaded = euchromatin of X; stippled = euchromatin of 4; shaded
= extent of spreading-effect of the variegation process; (P. E.) = a position effect
of the cubitus interruptus gene.
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phenotype. Of these, the most widely studied example is the normal
allele of the white gene (w+), variegation of which cap be detected as a
color change over the range from red to white in the 850 or so ommatidia,
or “facets,” of the compound eye. Examples of rearrangements of this
allele having a V-type position effect are shown diagrammatically in Figs.
1 and 2. Although these types are customarily designated as mutant
alleles of the white gene, for example, w™, for white-mottled-4, it is
convenient to introduce a more generalized notation which expresses at
once the presence of a rearrangement (R) and the allele present at the
time the rearrangement was produced. Such a terminology, introduced
by Stern and Heidenthal (1944) for rearrangements having a position
effect of the cubitus interruptus (ci) gene in the fourth chromosome
(Section II1.2), will be extended here to designate rearrangements hav-
ing a V-type position effect. Thus R(w+) will be used to designate a
rearrangement associated with variegation of the normal allele of the
white gene; and R in general has, as in the case of R(ci*) types, the
significance of a euchromatic-heterochromatic rearrangement,
Descriptions of the phenotypes associated with R(wt) types have
been given in some detail by Muller (1930), Gowen and Gay (1934) and
Demerec and Slizynska (1937). A specific effect on the white gene is
clearly demonstrated by the fact that the heterozygote between R (w+)
and a chromosome bearing the mutant white allele (w) has a variegated
eye color, whereas R(w*) / + heterozygotes have normal red eyes.
When viable, R(wt) homozygotes and hemizygotes likewise have a
variegated phenotype. The variegation shows an extraordinary range
of variability depending on the particular R(w+) type being considered
and the genetic and environmental background (Section II.5). The
variegated eye may have a red background color with scattered
lighter patches; a white or light background with scattered red or
dark facets; and frequently it is of an intermediate color such as cream,
or pink, with darker and/or lighter patches present. Facets of inter-
mediate colors have been interpreted on the basis of an all-or-none
change by assuming that a mixture of red and white cells are present
in the complex of pigment cells which make up an individual facet
(Panshin, 1938). Schultz (Morgan et al., 1937) has argued for an all-
or-none effect in the case of white-variegation in the Malphigian tubules,
where isolated single white cells can be detected in an otherwise yellow
tubule. Demerec and Slizynska (1937) assume that gene mutation oc-
curs and that mutation to an intermediate allele of the white series may
produce the intermediate background colors. Another special consid-
eration is the light or white background in which a few scattered facets
of darker pigmentation may occur (figured by Muller, 1930). These
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dark spots have been interpreted as cases in which residual normal cells
remain (Schultz, 1941a) and as evidence of reverse mutation (Demerec
and Slizynska, 1937); in the latter case, a less restrictive assumption
would be that a recovery in gene function may oceur, since there is no
proof that a process akin to gene mutation is involved (Section I1.7).
As Gowen and Gay (loc. cit.) have found, variegation in an R(w+) het-
erozygote having an intermediate allele of the white series in the normal
chromosome, does not give rise to facets of a lighter color that those
of the heterozygote between that allele and the white mutant.
Variegation of genes affecting the color, structure, or presence of
bristles is a more instructive effect than eye-color variegation since it
is measurable in terms of specific cells. Noujdin (1938) has noted that
(a) variegation of the yellow (y) gene in an R(y*) type (the y%F inver-
sion of Patterson) may result in bristle colors ranging from black (wild-
type) through dark brown and light brown shades to full yellow; and
(b) the degree to which a bristle may manifest a forked effect, due to
variegation of the forked (f) gene in certain R(f*) types of Belgovsky
is also variable, Thus the possibility is open that the variegation process
may be subject to variation within a given cell as well as between cells.
Several cases are known in which variegation behaves as a dom-
inant character. Thus variegation, presumably for the facet gene (fat),
results in a variable dominant phenotype of the Notch-type (Muller,
1930). Examples of R(fa*t) alleles of this type are the Noteh-variegated
types of Demerec (1941a) shown in Fig. 1. Since the Notch phenotype is
known to result from a deficiency for the facet gene, variegation in these
cases is consistent with the assumption that inactivation of the gene, or
its product, occurs in the V-type position effects. Apparent exceptions
to this rule are found in certain other dominant variegated-types, not-
ably, in rearrangements of the normal allele of the brown gene (bw+)
to heterochromatin, Thus R(bw*) / -+ shows mottled brown and red
facets, while “allelism” with the brown gene is indicated by the fact that
R(bwt) / bw has an almost homogeneous brown eye color (Glass, 1933;
and Schultz and Dobzhansky, 1934). Here, as the latter workers found,
there is evidence that a deficiency for the region containing the brown
gene does not give a dominant brown phenotype nor does the presence
of two doses of the bw* allele suppress the dominance. Ephrussi and
Sutton (1944) have interpreted the dominance as an effect exerted by
the rearrangement on the bw allele in the normal as well as in the re-
arranged chromosome. On this basis an R(bw) / - fly should also show
dominant brown-variegation as indeed was the case in a rearrangement
of the R(bw) type obtained by Moore by x-raying the mutant brown
(Glass, 1933). Hinton’s discovery of an extreme dominant brown mu-
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tant, bw?, which Schultz has interpreted as a one-band duplication in the
salivary gland chromosomes (cited in Bridges and Brehme, 1944), indi-
cates that the dominant effect does not require a major chromosomal re-
arrangement for its production, but rather that it may be g potential
property of the bw+ locus or of a neighboring pseudo-allelic locus as in
the Star and asteroid mutants (Section IV.1). A hairy-wing effect,
probably a V-type position effect, is conspicuously dominant in scute-8
heterozygotes (see Fig. 3). Here again the phenotype is analogous to
that of a small duplication (for the 1 B1-2 double band, Fig. 4), namely,
hairy-wing, or to that of duplications for the tip of the X chromosome
including this locus, but not to deficiencies for this region (Demerec and
Hoover, 1939). A model for these dominant effects may be made by as-
suming that inactivation of one gene leads to an accumulation of the
precursor substance normally utilized by that gene and that this excess
results in the dominant change. This would reconcile dominant hairy-
wing- and dominant brown-variegations with the other V-type position
cffects as being essentially equivalent to a process of inactivation of the
gene or its products. To explain the failure of a deficiency to produce
the dominant phenotype would require the assumption that the loss in-
volves also the locus of the gene producing the substance required by the
gene in question. A mechanism involving competition of two such linked
genes for the same substrate would be equally applicable. Competition
between a gene in the normal chromosome and its allele in the rearranged
chromosome has been proposed as a model for such dominant effects as
that of R(bwt) by Stern and Heidenthal (1944), such that the rear-
ranged allele retains an ability to compete with the allele in the normal
chromosome but owing to its new position is unable to function as ef-
ficiently as the latter (Section I11.2).

2. Proofs of the Variegated-Type Position Effects

Dubinin and Sidorov (1935) obtained direct proof of the position
effect phenomenon in a study of a translocation between the third and
fourth chromosomes associated with a variable change in action of the
hairy (k) gene in the left arm of chromosome 3. The heterozygote be-
iween the hairy mutant and this rearrangement showed a range of one
to eleven extra hairs on the scutellum in contrast to “several dozens”
in homozygotes for hairy, and none in wild-type. This along with the
salivary gland chromosome analysis showing & rearrangement involving
the proximal or heterochromatic region of chromosome 4 serves to iden-
tify this as a V-type position effect. As the result of crossing over be-
tween the locus of hairy and the breakpoint of the rearrangement, a
translocated chromosome carrying the mutant hairy gene, that is, R(h),
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was derived from R(k+) / h females. The insertion of an h+ allele, de-
rived from a normal chromosome, was obtained from R (k) / + females,
as the result of the same type of crossing over. The newly introduced
h+* allele was found to acquire the same instability in its somatic action
as that found with the A+ allele in the original translocation. Since pre-
cisely similar pairing relationships are expected in R(h) / 4 and R(+4)
/ h, and since the former was reported to be associated with a wild-type
phenotype and the latter with a variable, hairy phenotype, the position
effect cannot in this case depend solely on structural heterozygosity.
The fact that only R(h+) / h departed from normality may be taken
to indicate that h+ is altered only when in the rearranged chromosome.
Parallel experiments with equivalent results were conducted by Panshin
(1935) with a translocation between the third and fourth chromosomes
associated with an effect on the normal allele of the curled gene (cut).
Variegation was in evidence in the sense that a population of R(cut)
/ cu flies showed a wide range of expression of the curled-wing pheno-
type; in contrast to the constant curled-wing and bristle effect of the cu
homozygote. In this case it was reported that 0.8% crossing over was
observed between the locus of curled and the breakpoint of the rear-
rangement; and that five cases of R(cu) types, representing the insertion
of the mutant cu gene into the rearrangement, were recovered. From
each of these, R(cut) types, representing the insertion by crossing over
of cut from a normal chromosome, were obtained. Using a rough grad-
ing system Panshin showed that the “new” R(cut) / cu had the same
variable curled phenotype as the heterozygotes between the curled mu-
tant and the original translocation.

Griineberg (1937) reported another type of proof of the position
effect as the result of a discovery of a reversal of the rough-eyed pheno-
type associated with the X chromosome inversion, rst® (Fig. 1). Genetic
analysis and salivary gland chromosome studies (Emmens, 1937) indi-
cated that this change was accompanied by reinversion of the rearrange-
ment, which, as far as was determined, restored the original gene order.
A more critical test, the phenotype in the XO male, was not employed
(Section I1.5)., Although Kaufmann (1942) was unable to secure rein-
version of rst? following x-ray treatment of rst® males, his discovery that
induced “reverse mutations” of rst® are accompanied by new rearrang-
ments (Section II.6) usually returning the roughest gene to a euchro-
matic position, provides additional evidence that the normal allele, rst+
is still present in the rearranged chromosome.

A strong indirect proof of the V-type position effect can be made
out in such cases as the white locus where direct proof is still lacking.
Here, over 35 instances of x-ray white-mottled types have been analyzed
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by the salivary gland chromosome method as the result of work by
Schultz (1936), Sacharov (1936), and particularly by Demerec (1941a)
and coworkers. Without exception each of these cases was associated
with a rearrangement bringing one of the heterochromatic regions and
the white locus into close proximity. Attempts by Griffen and Stone
(1940) to explain this association with heterochromatin as the sole result
of a relatively high breakage frequency in the heterochromatic and white
regions are not supported by (a) Kaufmann's (1946) finding that re-
arrangements involving the 3 C, or white region more often involved
euchromatin than heterochromatin and, more generally, that regions
showing relatively high breakage frequencies, such as 3 C, do not re-
combine preferentially with heterochromatin; nor (b) Demerec’s (1941a)
finding that rearrangements involving a break near the white locus and
another in euchromatin were either unassociated with a change at the
white locus or carried a stable mutant allele or an S-type position effect
of that gene.

3. The Specificity of the Heterochromatin Association

Demerec (1941a) has shown that variegation involving the white
gene may be caused by the association of wt with heterochromatin de-
rived from the X chromosome or from any one of the major arms of the
autosomes. Heterochromatin from the short arm of the fourth chromo-
some also appears to be effective in inducing variegation of this gene
as first noted by Panshin in white-mottled-11 (Fig. 2). In two cases
heterochromatin from the tip of the fourth chromosome was effective,
but otherwise breaks were confined to the proximal heterochromatic
regions of the chromosome arm involved. Demerec showed that dif-
ferences exist within the heterochrematic region of a given chromosome
arm in its capacity to induce variegation. Thus, not every rearrange-
ment which brings heterochromatin into the immediate vicinity of a gene
causes variegation of that gene as may be seen in the Notch variegated
types, N26452 and N28457 in which variegation of the diminutive (dm)
gene occurs in the former, but not the latter where the gene is actually
closer to heterochromatin.

Breakages in the heterochromatin of the X chromosome are illustra-
tive since they can be differentiated with reference to (a) a nucleolar
organizing region (Kaufmann, 1942, 1944), (b) the so-called “block A”
region (Muller et al., 1937), which constitutes a sizable portion of the
heterochromatic region of the X chromosome in dividing cells, and (c)
a region containing the bobbed gene. This differentiation is shown dia-
grammatically in Figs. 1 and 3, for the normal chromosome, and for cer-
tain inverted sequences associated with V-type position effects, Variega-
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tion has been found to occur whether or not the affected gene is next to (a)
the centromere (cf., the facet genc in the above-mentioned Notch inver-
sions); (b) the nucleolar organizing region (cf., the white gene in w™ and
the scute gene in sc®) ; and (¢) block A or the bobbed gene (cf., the yellow
and scute genes in sc®). Although no wholly consistent rules are in evidence,
variegation is, as Demerec (1940, 1941a) has discussed, more extreme
(a higher proportion of mutant than normal tissue) when the effected
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Examples of X-chromosome inversions associated with variegation of genes in
the yellow-scute region with reference to the normal chromosome. (See Fig. 1 for
legend; A = Block A; and see Fig. 4 for cytological details). Diagrammatic.

gene is near the centromere; or, at least the variegation process exerts
an effect over a greater distance in this case (Section I1.4). Panshin
(1938) found cvidence that the greater the amount of heterochromatin
brought next to the white gene the more extreme the variegation (Sec-
tion I1.6). Evidently, highly specific differences also exist within a given
heterochromatic region in its capacity to induce variegation, as in the
case of N*+57 (or rst?) vs. N352) cited above. It may be concluded
that the establishment of a close association between heterochromatin and
a gene normally lying in the wholly cuchromatic region is a necessary
but not always a sufficient condition for the production of a V-type posi-
tion effect of that gene.

4. The Spreading Effect
One of the most remarkable properties of the variegation process is
the frequent tendency for several genes in the vicinity of the point of
rearrangement of euchromatin and heterochromatin to be affected.
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Muller (1930) first noted this effect in a white-mottled type (w™!) which
hiad in fact been detected originally as a Notch mutation; it was ob-
served that the extent of white-mottling was in this case directly cor-
related with the extent of Notch expression. Gowen and Gay (1934)
showed that such an effect must be limited since no change in action
of genes remote from the white locus occurred, thus ruling out the possi-
bility that a type of unstable translocation was involved (Patterson,
1932b). Demerec (1940, 1941a) has made extensive studies of this
process. In the inversion, N2¢452 (Fig, 1), variegation for 6 genes was
observed and was correlated with the rearrangement of these genes to
the centromere region of the X chromosome. In this case the effect was
observed to spread at least as far as the bifid locus, located in the sali-
vary gland chromosomes at least 50 bands removed from the point of
rearrangement.

A unique opportunity for studying this “spreading effect” is pre-
sented by certain white-mottled types having an associated change at the
roughest locus and/or the split locus. Demerec and Slizynska (1937)
studied a white-mottled type, w?%%-'8, which was accompanied by varie-
gation of the roughest gene lying immediately to the right of the white
locus. Only three general types of facets were found in the eyes of
homozygotes or hemizygotes for this R(wt) allele; (a) red and smooth
(wild-type); (b) red and roughest (roughest variegation); and (c)
cream- or cherry-colored and roughest facets (variegation for white and
roughest)., Schultz (1941a) noted that the R(w+*) allele, w?821 of
Demerec shows similar relationships; in this case the rough eye variega-
tion of the split gene was followed simultaneously with white variegation.
The significant feature in both of these studies was the finding that the
breakpoint of the rearrangement occurred to the right of the roughest and
in the latter case of the split gene, and therefore to the right of white as
well. Representing the point of rearrangement to heterochromatin by a
period these rearrangements may be symbolically represented as follows:
R(wt rst*+.) and R(w* splt.). The effect exerted by heterochromatin
on the newly adjoining euchromatic region was thus seen to spread
from the point of new arrangement always effecting first the gene closest
to that point (Fig. 2).

The concept of the spreading effect may be applied to the data of
Raffel and Muller (1940), concerning the three X chromosome inversions,
sct, sct8, and sc® (Fig. 3). It was found that the left ends of these in-
versions showed significant and consistent differences from one another
with respect to causing a reduction in number of specific bristles and
hairs, irrespective of which right end had been combined with them;
while the differences exerted by the three right ends, in the presence of
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a given left end, were either not significant or were not consistent with
respect to any pattern of bristle loss. Bristle reduction was least in the
case of the left end of sc* and greatest in the case of sc’®. Two of the
sets of specific bristles involved were, as was pointed out, those effected
by the achaete (ac) gene. This suggests that variegation of act was
occurring to different degrees in these three arrangements. The remain-
ing bristle losses by which these inversions could be consistently dif-
ferentiated were those usually considered to belong to the group affected
by the scute gene. Since these inversions had a break in sensibly the
same position just to the right of 1B3-4 (Fig. 4) it was concluded that
the differences might have to be accounted for by assuming further divisi-
bility of the scute gene, or of genes lying to the right of it. A serious
complication however to the analysis of the phenotypes of these inver-
sions is the associated slight hairy-wing effects (noted for sc* by Alik-
hanian, 1938; and for sc®® by Crew and Lamy, 1940). Sutton (1943b)
made the important discovery that achaete probably represents a sep-
arate locus to the left of that of Hairy-wing. Thus the spreading effect
in the case of these inversions should cause a superposition of a bristle
and hair loss pattern due to variegation of the achaete and scute genes,
and an extra bristle and hair pattern due to variegation of the Hairy-wing
gene lying between them. It should be noted that even were the changes
in actions of the scute gene identical and of the stable type in each of
the inversions (as discussed in Section IV.2), the differences can still
be interpreted in terms of superposition of achaete and Hairy-wing
effects, since extra bristles of the scute as well as the achaete type are
known to be effected by the Hairy-wing mutant (Dubinin and Sidorov,
1933).

Gersh and Ephrussi (1946) studied the influence of three white mu-
tations, which were known to be deficiencies for 1, 5, and 13 bands lying
immediately to the left of, but not including, the white gene, on the varie-
gation of wt in w™t (Fig. 1), w?%18 (Fig, 2), and w™ (the latter being an
X-4 translocation very similar in its breakpoints to w?"8-18). In the case
of the latter two R (w+) types significant reductions in viability occurred
when either was opposite a chromosome bearing one of the two longer
deficiencies as compared to each opposite a normal chromosome. This
result can be interpreted on the basis that variegation of genes lying to
the left of white was resulting in recessive lethal or semi-lethal effects.
It was observed that the R(w+) / Df, w survivors had darker eyes than
their R(wt) / w sisters, a consistent result if the extreme white-varie-
gated types in the former case are inviable. In w™, which gave no ap-
preciable reduction in viability, variegation if it is spreading at all
probably proceeds in the direction of genes which lie to the right of the



86 E. B. LEWIS

white locus and which therefore would be “covered” by their normal
alleles in the deficient chromosome.

It is noteworthy that the spreading effect demands a concept of a
chromosome linearly differentiated into units with specific developmental
effects, as in the classical theory of the gene (cf. Goldschmidt, 1946).
It may be expected that it will serve as a means of identifying effects
of new genes. Variegation of the normal allele of the gene, lethal (1)
7, has already led to the discovery that this “lethal” gene is probably
an eye color mutant (Schultz, cited in Bridges and Brehme, 1944).

5. Modifiers of Variegation

The V-type position effects have been found to be extremely sensi-
tive to a variety of modifying factors. Fortunately some of these factors
modify the variegation process as such rather than specific variegated-
types and thus constitute useful tools for its study. Thus, Gowen and
Gay (1933a, 1934) have shown that variegation of the white gene (in the
case of three different R (w+) types) is suppressed in the presence of an
extra Y chromosome, that is, in the XXY female or in the XYY male.
Noujdin (1938, 1946a) reported that the addition of heterochromatin of
the X, or of the fourth chromosome, or the addition of either arm of the
Y chromosome is effective in suppressing variegation (of the yellow gene),
although to a less marked extent in each case than the addition of an
entire Y chromosome. Schultz (cited by Bridges and Brehme, 1944)
found that three Notch variegated-types of Demerec (N2048, N2649,
N26410) normally lethal or in one case rarely viable in the male survived
in the presence of an extra Y chromosome and no longer show Notch-
variegation; curiously such males were sterile.

Schultz (1936) found that the absence of a Y chromosome in the
male, the XO condition, caused a marked enhancement of variegation;
i.e., an increase in the proportion of mutant tissues; and later (Morgan
et al., 1941) noted that a deficiency for heterochromatin of chromosome
2R was almost equally effective in enhancing variegation. Noujdin
(1936) found that variegation of the yellow gene in sc® is increased from
less than 1% (per cent of flies having yellow spots) in the XY male to
99% in the XO male.

Gowen and Gay (1933b, 1934) have shown that high temperature
leads to a suppression of variegation and low temperature to an enhance-
ment of the process. It was found however that the Y chromosome effect
dominated the temperature effect, in the sense that a white-mottled type
which showed extreme white variegation at 18°C., was wild type at this
{emperature if an extra Y chromosome were present, Chen (1948) found
that cold treatment (16-17°C.) applied to various stages of the larval



THE PHENOMENON OF POSITION EFFECT 87

and pupal development of the R(w+) strains, w?%18 and w™, was ef-
fective in decreasing the amount of eye pigment only when applied in
the early pupal period. It is possible however that a more effective
period for temperature modification of variegated types exists in the
egg stage (see discussion by Schultz, 1941a; and Noujdin, 1945).

Schultz (1941a) has noted several cases in which a rearrange-
ment between the euchromatic and heterochromatic regions acted as a
modifier of variegation of another such rearrangement in the same nu-
cleus. There is then the possibility that a V-type rearrangement may
act, per se, as a modifier of the variegation process, thereby further com-
plicating the analysis of V-type position effects. Although structural
heterozygosity is not a necessary condition for the production of the
V-type position effect, it becomes important to know whether the struc-
tural state can act as a modifier of variegation. An experimental study
of this point was made by Gersh and Ephrussi {1946) in the experiments
already referred to (Section 11.4), in which the influence of deficiencies
near the white gene on the phenotype of R(w*) heterozygotes was
measured, It was found that the same deficiency appeared to modify
the phenotype of different R(w*) types in different directions. Com-
pared to the control R(wt) / w sisters, the eye color averaged darker
in the case of w™ / Df, w and w*#1% / Df w and lighter in the case of
w™ / Df, w, with either the 5-band or 13-band deficiencies; in the case
of the 1-band deficiency, w™*“, R (w') ./ Df, w was lighter in
color than R{w*) / w for the three R(w*) types studied. When allow-
ance is made, however, for a differential loss of the more extreme white-
variegated flies on the basis that variegation of lethal genes was occur-
ring (as discussed in Section I1.4), the results can be taken to indicate
that the deficiencies resulted in an enhancement of variegation. It is
possible that these deficiencies were associated with a change in action
of the white gene more extreme than that in the chromosome bearing
the mutant white allele and, therefore, that the deficiencies themselves
were not influencing the variegation process. Although Gersh and
Ephrussi showed that this was not evident from tests comparing Df, w
with w opposite the apricot allele, w®, the reviewer has found (unpub-
lished) that the deficiency, w2845, gave a lighter eye color when oppaosite
the eosin allele (w?) than did w (cf., results similar to the latter case
with known white deficiencies—Mohr, 1919).

In individuals homozygous for a rearrangement having a V-type
position effect, it would be anticipated that less mutant tissue would
be present than in individuals which are heterozygous for the rearrange-
ment and which have an extreme mutant allele of the gene in question
in the normal chromosome; that is, in the former case, the chance that
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an individual cell would have both normal alleles of that gene impaired
in function would depend on two separate events, one of which is suf-
ficient for its detection in the heterozygote. Such a result would be
expected quite apart from Ephrussi and Sutton’s (1944) consideration
that the homozygote should be less extreme than the heterozygote on
grounds of greater stress on the gene in the latter case imposed by pair-
ing difficulties. There ig little reason to believe that the above relation
holds in Drosophila, at least for the genes which normally lie in euchro-
matin; it may, however, apply in Oenothera (Section V). Demerec and
Slizynska (1937) report that the R(w+) homozygote had lighter eyes
than R(w+) / w, in the case of w?%-18; and Schultz (1941a) has remarked
that “the homozygotes always show more variegation than the heterozy-
gote.” Possibly, somatic pairing in the case of the homozygous rear-
rangement brings about a much closer association of heterochromatin
and the affected pair of alleles, than is possible in the case of the het-
erozygote, where pairing between the heterochromatic regions in the nor-
mal and rearranged chromosome is impaired. Noujdin (1935, 1944) has
interpreted results of studies of variegation of the yellow and achaete
genes associated with the sc® inversion in terms of maternal and paternal
effects, In this work, the state of structural heterozygosity or homozy-
gosity is assumed to modify not only the degree of mosaicism within
the individual but to impose semipermanent changes on the chromosomes
transmitted by them. Noujdin (1946b), however, reported that these
remarkable properties had disappeared after some generations in some
lines of scute-8, which suggesta that modifier genes may have played an
important role in the earlier experiments. Subjective errors may also
have been high since only the number of flies having spots (yellow or
achaete) was recorded.

The existence of a diversity of modifier genes (exclusive of Y
chromosome effects) which enhance or suppress the variegated pheno-
type has been inferred from the fact that light and dark lines of mottled-
eye types may be readily sorted out by selection (e.g., Demerec and
Slizynska, 1937); in other cases (Gowen and Gay, 1934) selection for
such lines was ineffective indicating that permanent changes within the
affected gene are not at work in the former cases. Schultz (Morgan et al.,
1937) reported an autosomal modifier having “a dominant maternal ef-
fect for the suppression of variegation.” Demerec and Slizynska (1937)
found a spontaneous, inherited change, which caused the background
in an R(w*) line, w?%18 to appear white instead of the usual cream or
cherry color.

Such a diversity of modifying factors as that outlined above may
well have obscured significant relationships within, and clearly compli-
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cate the analysis of, the V-type position effects. In this respect, it should
be noted that special precautions, such as those taken in the experiments
of Raffel and Muller and those of Gersh and Ephrussi cited above, are
needed to minimize the influence of such modifiers in comparative studies
of the V-type rearrangements.

6. Reversals of the V-Type Position Effects

One experimental approach to the study of the V-type position effect
has consisted in the induction of further changes within given mottled
types by x-ray treatment. One study of this kind was Panshin’s (1938)
analysis of the R(w+) type, w™!!, (Fig. 2) involving an X-4 translocation
in which the white locus was transferred to heterochromatin of the short
arm of the fourth chromosome. A total of eight induced “complete re-
versals' of the variegated phenotype was analyzed cytologically. Seven
rearrangements which had transferred the white gene to a euchromatic
position, and one case transferring it to the distal heterochromatin of the
Y chromosome, were effective in restoring the normal action of the gene.
A similar result was obtained in an analysis of thirteen partial reversions
of w™?!; in these cases, however, rearrangements which replaced the
heterochromatin of the right arm of chromosome four with euchromatin
were effective in reducing the amount of variegation of the white gene
in the other arm. On the other hand new derivatives of w™! which were
detected as extreme white-variegated types were found to be caused
by the presence of additional heterochromatin near the white gene.
Griffen and Stone (1940) subjected the translocation, white-mottled-5
(Fig. 2), to further x-ray treatment. Unfortunately, only the results
obtained from an analysis of the partial or complete reversions of the
white-mottled phenotype were recorded. These results were in agree-
ment with those of Panshin in indicating that such reversions are due
to a transfer of the white gene to & new euchromatic position, It is
likely that the partial reversions obtained by Panshin and these workers
are the result of carrying over some of the heterochromatin from the
original attachment to the fourth chromosome to the euchromatic region.
As Kaufmann (1942) has pointed out it is also possible that such partial
reversions reflect an influence of interstitial heterchromatin on the normal
allele of the white gene. If such be the case it is likely that such regions
have a very feeble capacity of inducing variegation and such cases would
likely have been overlooked in experiments in which the original mot-
tled type is detected. The cytological properties of seventeen x-ray
induced partial or complete reversals of roughest variegation associated
with the rst® inversion (Fig. 1) were studied by Kaufmann (1942). In
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these cases, transfer of the rst+ gene to a new euchromatic region was
the general rule.

Studies of induced changes in variegated types are complicated by
the possibility that the x-ray treatment has caused the production of
more or less non-specific suppressors and enhancers of variegation.
Schultz (Morgan et al., 1937) has pointed out that some of the new x-ray
induced derivatives of an R(bw*) type obtained by Dubinin (1936)
may have been of this nature, especially those derivatives in which new
rearrangements had occurred at some distance from the brown locus and
had acted as modifiers of the dominant brown phenotype.

The frequency with which reversions of variegated types arise is
expected to be high if the sole requirement is the removal of the gene
from its new heterochromatic association to any non-heterochromatic
region. In the case of w™3, such conditions are probably essentially sim-
ilar to those required in the case of position effects of the ¢i* gene (Sec-
tion I11.2), (cf., the position or cit in the normal fourth chromosome,
with the position of wt in w?*®18 which is similar to w™ except that in
the former w™ probably immediately adjoins heterochromatin of the
fourth chromosome, Fig. 2). Griffen and Stone (1940) cite data of
Mickey indicating 0.3% “true reversals” of w™ among 7,015 tested
gametes at a dosage of 4,000 r units. The frequency with which a weak-
ened dominance of ctt is obtained following x-ray treatment at this
dosage may be taken as being within the range of 0.3% (Muller, 1930)
and 1% (Stern et al., 1946), intermediate values having been found by
Khwostova and Gavrilova (1935, 1938). Kaufmann (1942) estimated
a frequency of 0.4% reversals of roughest variegation in rst® (4,000 r
units). The high frequency with which reversions of variegated types
is obtained provides additional indirect evidence that such rearrange-
ments still carry the normal allele of the gene in question as expected on
the position effect hypothesis. The question of whether the mutability of
such wild-type alleles is increased when they are adjacent to hetero-
chromatin is discussed in the next section.

7. The Question of Germinal Stability

Muller (1930), Gowen and Gay (1934) and Demerec (1941a) have
noted that R(w+*) types maintain the inheritance of the somatically
unstable phenotype with no evidence that stable reversions or stable
mutant changes in the rearranged w* allele occur spontaneously. In the
progeny of males carrying the sc® inversion (Fig. 3) a high spontaneous
rate of lethal changes resembling simultaneous mutation of the yellow
and achaete genes occurs. Sidorov (1940, 1941a) found that the rate of
these changes was 0.019% among 250,366 tested gametes and demon-
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strated that these types arise as the result of crossing over between the
X and Y chromosomes. It was established that such erossovers involved
the distal heterochromatin contained in the scute-8 inversion and the
short arm of the Y chromosome (pairing in reverse order). The lethal
yellow-achaete changes represented X chromosomes in which the tip of
the chromosome had been replaced by the tip of the short arm of the
Y chromosome. On this scheme a complementary crossover type carry-
ing the tip of the X chromosome attached to the proximal part of the
short arm of the Y chromosome is expected, and was detected by a special
test. The addition of such a Y chromosome and the complementary,
deficient X chromosome restores the normal balance, and was found to
give a variegated phenotype identical with that of the original sc®
chromosome and a normal Y chromosome. Crew and Lamy (1940) also
obtained a crossover chromosome having the tip of sc¥ (Fig. 3) at-
tached to the Y chromosome in the above manner and found that such
an attachment did not alter the variegation of genes in that region.
Such exceptions, then, have served to prove the rule; namely, that varie-
gation is a process which is confined to the somatic cells of an organism.
The same rule seems to apply in the case of position effects in Oenothera
(Section V).

The high mutability of the y and ac genes in the sc® inversion when
x-rayed (Patterson, 1932a; Sidorov, 1936; Belgovsky, 1939; and Muller,
1940) is in part due to the deficient types of crossovers with the Y
chromosome, occurring spontaneously, as pointed out by Sidorov (1941a).
Among the non-lethal changes in these loci which were induced, it was
proposed, see Muller (loc. cit.), that minute rearrangements of these
genes had occurred. Possibly, rearrangements involving the hetero-
chromatin adjoining these genes in the inverted chromosome contributed
to some of these by producing extreme variegation of these genes.

8. Cytological Aspects of Variegation

There is general agreement (Schultz and Caspersson, 1939; Pro-
kofyeva-Belgovskaya, 1939; Cole and Sutton, 1941) that the euchromatic
regions of the salivary gland chromosomes tend to lose their capacity
to stain as sharply banded regions when they are brought into close
proximity to heterochromatin as in the V-type rearrangements, just as
the distinction between euchromatin and heterochromatin in the normal
chromosomes is not clearly defined (see divisions 19 and 20 in Fig. 4).
Prokofyeva-Belgovskaya suggested that this represents a weakening of
the conjugational properties of the chromonemata of the euchromatic
regions as a result of proximity to the loosely organized heterochromatin.
An analysis of this effect was made by Caspersson and Schultz (1938)
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and by Cole and Sutton (1941), who have measured the relative amounts
of ultraviolet absorbing substances in specific euchromatic bands
brought next to heterochromatin. In these studies the R(w+) type.
w2831 (Fig, 2), was investigated. The breakpoint in the X chromosome
in this translocation was found to lie between the bands 3E5 and 3E6

L5 L7 30 46 55
w Y'S{' 'fa CI\'(\ ec

Genetic and cytological correspondences in four regions of the X chromosome
which have been widely studied for position effects. Details and references are
contained in the work of Bridges and Brehme (1944) and in the text. The draw-

ing of the salivary gland chromosome is based on Bridges’ (1938) revised map of
the X-chromosome.
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(Fig. 4) and Demerec (1942) found that variegation of the genes, w,
rst, fa and dm, but not ec occurs, From measurements of the double
band 3F1-2, Schultz and Caspersson concluded that an increase in the
nucleic acid content of this band appeared when it was adjacent to het-
erochromatin in the rearranged chromosome as compared to the amount
found in the same band of a normal chromosome present in the same
nucleus. On the other hand, Cole and Sutton (1941), using a similar
type of technique, were unable to demonstrate consistent differences in
the density of absorbing substances in the bands 3E1-2 and 3C2-3; the
latter two bands being associated with the white gene which was known
to show variegation in this rearrangement. The later discovery (Dem-
erec et al., 1942) that the locus of echinus is associated with the 3F1-2
band, suggests, since no variegation for this gene was reported, that the
differences in intensity of absorption of this band have no direct bearing
on the variegation process as it is detected genetically by means of
changes in gene activity. Prokofyeva-Belgovskaya (1939) observed
that the chromonemata or interband regions which ordinarily do not
take the Feulgen stain in the euchromatic regions begin to stain when
such regions are brought next to heterochromatin, in a manner similar
to that of the interband regions of normal heterochromatin (see section
20 in Fig. 4). More recently (1945, 1947), she has reported that the
degree to which a euchromatic region resembles heterochromatin in the
case of the V-type rearrangements depends on whether the rearrange-
ment is homozygous or heterozygous and on the previous history of the
chromosome, that is, whether or not it was derived from a male parent, or
the female parent. It was claimed that complete confirmation of the
results of Noujdin (1944) on the paternal and maternal effects and the
state of structural heterozygosity or homozygosity on variegated types
was obtained (see Section II.5).

ITII. Tur BeEHAVIOR OF GENES LOCATED IN OR NEAR HETEROCHROMATIN

1. Variegation of the Light Gene

A rearrangement which involves euchromatin and heterochromatin
may in some cases be associated with a change in action of a gene lying
in or near the heterochromatic region concerned. In one case, that of
the light gene (Itt) in the left arm of the second chromosome it is
clear that the change may be of the variegated type (Schultz and Dob-
zhansky, 1934). Although several rearrangements have been recorded
as having a light variegated effect and a correlated break in the hetero-
chromatin of the left arm of the second chromosome (Schultz, 1936),
little is known about the necessary conditions which call forth the posi-
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tion effect in this case. It has however been noted that variegation of
the light gene in such cases is suppressed in the XO male and enhanced,
that is, more mutant tissue is present, in individuals with extra Y chromo-
somes (Schultz, loc. cit.). The latter then constitutes the inverse of the
relationship found for variegation of genes located in the wholly euchro-
matic regions. These results suggest that the V-type position effects
may be approached in two ways which in a sense complement each
other; on the one hand, there is the antagonistic effect of heterochro-
matin on the action of genes normally lying remote from it, and at the
same time, there is an indication that some genes depend for their normal
funetioning on proximity to heterochromatin. The cubitus interruptus
gene (ct) which lies in the neighborhood of, if not within, the proximal
heterochromatin of the fourth chromosome appears to represent another
example of the latter phenomenon as discussed below; here, the pheno-
type of the mutant ¢t is highly variable and confined largely to a single
wing vein, so that the detection of a variegated-phenotype in the case
of position effects of this gene is scarcely possible.

2. The Dubinin Effect

Position effect of the cubitus interruptus gene, sometimes referred
to as the “Dubinin effect,” was first discovered by Dubinin and Sidorov
(1934a, 1934b) who found that ten among nineteen translocations in-
volving the fourth chromosome showed a weakened dominance of cit
when they were tested against a chromosome bearing the recessive, ci
mutant. Such R(cit) types, or “position alleles” (following the termi-
nology of Stern and Heidenthal, 1944) were remarkable in that the
hemizygotes, which were obtained for four of the original ten cases, and
the homozygotes viable in two cases possessed normal venation in con-
trast to the gaps which appeared in the fourth vein of R(4-) / ¢t and
ct / ct genotypes. Moreover, eight combinations made up by combining
two different R(cit) types also gave normal venation. Two examples
of R (ctt) types, w?351% and w?%-21 are shown in Fig. 2. The validity
of the position effect hypothesis was best attested to by Khwostova’s
(1939) extensive study by the salivary gland chromosome method of
196 x-ray induced ¢t changes. Of these 193 were associated with chromo-
somal rearrangements and for the most part only rearrangements of the
euchromatic-heterochromatic type gave the Dubinin effect; in all cases
a break had occurred in the proximal heterochromatic region of c¢hromo-
some four. These results had already been foreshadowed by the extensive
genetic analysis of R(cit) types by Panshin (1935). Only two types
of exceptions to the eu-heterochromatic relation were observed: (a) re-
arrangements involving the fourth chromosome and the distal as opposed
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to the proximal heterochromatic regions of the X or Y chromosomes,
gave the Dubinin effect (cf., Panshin’s (1938) finding of a similar
anomaly in the case of reversals of white variegation—Section I1.6) and
(b) those involving the heterochromatic regions or the adjoining
euchromatic regions of the autosomes gave the effect only when such
regions were removed through inversion from the centromere region.
Dubinin et al., (1935) showed that the break in the proximal hetero-
chromatin of the fourth chromosome need not be identical in different
R(ctt) types, it being to the left of the bent gene in one case and to the
right of this locus in another. It was evident that the position effect
spread through the locus of bent but no detectable effect on the bent
gene was observed. Stern et al. (1946) also found that the breakpoint
in two R(ci*) types had occurred to the left of the cubitus interruptus
gene.

Khwostova’s plot of the observed breaks in the euchromatic region
of 193 R(cit) types revealed no evidence for excessive grouping of
breaks in any given region, and such grouping as was observed appears
to be of the same type expected if some regions show a somewhat higher
breakage frequency per unit salivary gland chromosome length than
others (Bauer et al., 1938). Her results did however reveal a possible
significant departure from randomness in that breaks in the euchromatic
regions immediately adjoining the centromere regions of the other auto-
somes were not found. It may be assumed that any rearrangement in-
volving the removal of the cit gene from heterochromatin of the fourth
chromosome and its transfer to any euchromatic region, not immediately
adjoining the proximal heterochromatin, will show a weakened dom-
inance of ci+t.

If the position effect of the ci gene were due solely to structural
heterozygosity then it would follow that R(4-) / ci and R(ct) / + would
be identical in phenotype when R is the same rearrangement in each
case. Although such a comparison has not yet been technically feasible,
Stern et al. (1946) have obtained indirect evidence that it can not play
a major role in evoking the Dubinin effect just as it played little or no
role in the V-type position effects of the hairy and curled genes (Section
I1.2). After treating wild type and ¢t males with the same dosage of
x-rays and mating separately to ¢ and to wild-type females respectively,
it would be anticipated, were R(-}) / ¢t and R(ci) / + in general iden-
tical in phenotype, that individuals with vein interruptions of the ct
type would arise with equal frequencies in the two experiments, other
factors being equal. From the mating of ¢t females and treated wild-
type males (4,000 r units), 39 individuals having gaps in the fourth vein
were obtained among a total of 4,358 progeny reared at 26°C.; using
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the same x-ray dosage and temperature conditions, they found that the
reciprocal mating gave no individuals of this type in a comparable num-
ber of progeny (4,639). In the latter as well as in the former experi-
ment, several individuals were obtained having a slight ¢t phenotype,
consisting in a thinning of the fourth vein. Earlier experiments (Stern
and Heidenthal, 1944) had shown that rearrangements involving the ci
mutant, R(ct), detected on the basis that they gave a more extreme ci
phenotype opposite ¢i than did the ¢t homozygotes, give a slight ¢t pheno-
type in the heterozygote with a normal allele and that this dominance
is enhanced at 18°C. (see also Sidorov, 1941b). Although this result
might suggest that the action of the ci* allele in the normal chromosome
had been directly interfered with, it is known that a much more striking
dominant ci effect can be given by either of two dominant mutations,
c¥ (Wallace) and ci?, the latter known to be apparently normal
cytologically (Bridges, 1935b).

For an adequate appreciation of the nature of position effect of the
ci gene it becomes particularly necessary to consider the properties of the
mutant alleles of this gene when they lie in their normal position. Such
a study has been given by Stern (1943) and Stern and Schaeffer (1943a,
1943b). It was determined that three doses of the ¢i mutant gene (the
triplo-IV condition) lead to more nearly normal venation than do two
doses (diplo-IV), which in turn were more nearly normal than one dose
(either as the haplo-IV condition or in tests opposite a deficiency,
Minute-4, for the ¢t gene). The mutant, ct’%, on the other hand was
nearly normal in one dose and very extreme in venation abnormality in
two doses. These and other relationships with the R(+) and R(c?)
types will be summarized here by the use of series expressing the relative
degree of venation disturbance. Thus, when ¢i and ¢tV are compared
with each other by testing each opposite a chromosome bearing ¢i (or
¢i?), then the following seriation results with reference to cit (where
the sign, >, means has more nearly normal venation than):

+ >c > a¥ (1)

If, however, the same set of alleles is tested against a deficiency for the
¢t gene the position of ¢t and ci¥ in the series was significantly reversed
as follows (where the sign, =, means equivalent to or more nearly normal
than) :

+ = ct¥ > ci. (2)

The same contradiction expressed in series one and two was later (Stern
et al., 1946) found to hold for ¢t and those R(-) alleles which were
especially selected because they gave greater vein defects in the het-
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erozygote with ci than did ¢i homozygotes. The seriation opposite ci
was, therefore, by definition:

+ > > R(+) (3)

In tests opposite a deficiency the same three alleles gave the following
series:

+=ZR(H) > (4)

In complete confirmation of the above results of Dubinin and Sidorov,
the four R(+) types appeared wild-type in the hemizygote. Series 4
also held true when the test chromosome was the same R(+) allele;
again three of the four R(+) types gave normal venation in the homozy-
gote; in the exceptional case designated, in Stern’s notation, R?(+), the
homozygote was very similar to the ci homozygote. This exception was
notable in another respect; namely, it had involved a break in the left
arm of the fourth chromosome. In the light of Panshin’s (1938) dis-
covery that sixteen rearrangements having breaks in the short arm of
the fourth chromosome did not show a Dubinin effect, it is possible that
the R%(+) allele had in fact an associated mutant allele of ¢ induced
by the x-ray treatment at the same time as the rearrangement; i.e., its
effect appears to conform to that of the R(ci) type, described below.

Finally, similar relationships were obtained with R(ct) alleles,
selected because they gave the following seriation with respect to c
in tests opposite ci:

4+ > ¢t > R(cd) 5)

More recently (Stern, 1948b) it was reported that R (c?) types in general
give normal or nearly normal venation in the hemizygote, so that the
following series holds in tests opposite a deficiency:

+ = R(et) > ¢ (6)

It had earlier been shown (Stern and Heidenthal, 1944) that series 6
also holds if the test is made opposite an R(-) type.

Series 1 through 6 summarize some of the complex relationships
observed with position alleles of the ci gene. Whatever plays a role in
causing the shift in position of ¢i and the position allele in series 3 and
4, or 5 and 6, may well be related to the factor or factors responsible
for a similar shift observed for ¢i and ct¥ as between series 1 and 2.
In a sense, the R(+) alleles of series 3, act more like a deficiency for
the gene than like either ¢i or ct¥; possibly the ci phenotype results
from an accumulation of one substance relative to another produced in an
adjoining region (or locus) such that the partial inactivation of the
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whole region, which might occur in R(+4), would fail to give the ci
phenotype (see discussion of other genes having dominant mutant alleles
in Section II.1). The R(c:) alleles, by comparison with the R(4)
alleles more closely resemble the ¢i¥ allele in that (a) they are slightly
dominant to the normal allele, (b) the hemizygote approaches normality,
(¢) and the homozygote is as extreme or more extreme (Stern, 1948b)
than the ¢t homozygote, But series 1 and 2 indicate that the transition
between a ¢t and ¢i¥ type of change would involve a discontinuity. Such
a discontinuity is observed, however, among different R(ct) alleles:
those which give the least dominance of the ci phenotype (closest to ct)
opposite a normal chromosome bearing ci* give the greatest amount of
vein interruption when opposite an R(cit) allele (Stern and Heidenthal,
1944). Further clues may be obtained when results of tests of the R(c7)
and R(4) types with ci¥ or ¢i® alleles are reported.

Some of the observed relationships between the mutant alleles and
position alleles of the ¢z gene could be explained (Stern et al., 1946) by
assuming that the gene possesses two, more or less independently vary-
ing attributes, (a) its “combining power,” ¢, for a substrate (S), and
(b) an “efficiency,” e, with which 8 is converted into a gene product (P).
Since the effectiveness of a particular allele in its production of P must
be represented by the product, c-e, the hypothesis proved insufficient to
account alone for any one of the three discrepancies which are expressed
by the above series. In the case of series 3 and 4, many facts could be
brought into line if it was assumed that (a) the cit allele in the rear-
ranged chromosome has a reduced amount of substrate available in its
new position, and (b) competition between alleles in homologous chromo-
gomes occurs.in R(+) / oi such that c¢i has a priority, by virtue of its
normal position, over the R(+) allele for 8. In the R(4-) homozygote
or hemizygote this competition would no longer be present and the cit
allele could still lead to normal venation even in the presence of reduced
amount of S, because of its relatively high combining power and ef-
ficiency in comparison to the ci allele. Additional assumptions would
have to be made however to fit in the later results expressed by series
5 and 6 in which the ci allele in the R(ci) hemizygote appears to function
in & more nearly normal fashion than when it is in its regular position.
Stern (1948a) also obtained evidence which strongly indicated that com-
petition between alleles for a common substrate would have to occur
independently of whether or not the alleles are close together as in the
structural homozygote, or are far removed, as in one R(+}) allele where
a minute region of the fourth chromosome carrying the cit allele was
transferred and inserted to another chromosome.

Stern (1948b) suggested that qualitatively different phenomena may
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be involved in some of the R(ct) types. In several independent occur-
rences of these, the rearrangement had a break within a narrow region
of the right arm of the second chromosome and at the same time these
cases were stated to be exceptional in having a break to the right of the
ci gene instead of to the left which appears to be the rule for the R(-+})
alleles and presumably other R(ci) alleles. Whether this result indi-
cates that a specific type of association with the ct gene has occurred
with respeet to genes located in this region of the second chromosome,
or whether the effect is due to a position effect on genes in that region
which enhances or simulates the ci phenotype is not clear. Although the
position effect interpretation can, in most cases, be considered valid for
the known R(+4) rearrangements giving the Dubinin-effect, the evidence
suggests that the R(ct) types represent a complex group of changes not
all of which necessarily involve position effects of the ¢t gene itself.

If the Dubinin effect is considered as another example of variega-
tion then the behavior of the R(+4) types might be explained by assum-
ing that in the homozygote the addition of a variegation pattern for the
ct character would tend to give wild-type because the probability that
the alleles in both chromosomes would be effected simultaneously would
be low; to explain the fact that the hemizygote is wild-type it might be
assumed that the deficiency for heterochromatin of the fourth chromo-
some in such individuals would by analogy with the effect of the loss
of the Y chromosome on the variegation of the light gene (Section III.1)
cause a suppression of the variegation. Panshin (1936) and Khwostova
(1939) have both reported that R(+) alleles are more extreme in the
XXY female than in the XX female; the published data indicate that this
effect is rather slight and not always consistent. Results of tests in the
XO male have not appeared. The variegation hypothesis cannot be
regarded as very satisfactory and would not explain the finding that the
R(ct) hemizygote has normal or nearly normal venation.

1V. THE StasLE-TyprE PositioNn ErFrecTs

1. Position Effect without Chromosomal Abberration

Position effects associated with a stable change in gene action are
rare by comparison with the number of examples of V-type position
effects. Indeed there are no established cases in which a stable change
arising in association with a chromosomal rearrangement has been proven
to be due to position effect rather than to intragenic mutation. Proofs
of the stable type position effects have been obtained, however, in other
types of phenomena: (a) The behavior of different dosages of the Bar
region as studied with the Bar duplication (Section IV.3) and (b) the
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apparent allelism exhibited by the closely linked genes, Star (S) and
asteroid (ast). In the latter case (Lewis, 1945), a quite different pheno-
type is obtained depending on whether the two mutants are in the same
chromosome and their normal alleles in the other, that is, S ast / + +
as compared to the equivalent genotype having the mutants in opposite
chromosomes, namely, S + / + ast. This example of the position effect
did not depend on the presence of a chromosomal rearrangement since
each of these mutants appeared normal in the salivary gland chromo-
somes. In the former case the phenotype was equivalent to that of
S / + in having a slightly smaller than normal rough eye; while in the
latter case extreme reduction in the size and roughness of the eye oc-
curred in all individuals. A similar comparison involving another
asteroid allele, ast*, also showed a marked difference in phenotype be-
tween the equivalent genotypes. Finally a comparison of the two equiv-
alent genotypes, S ast / 4+ ast* and S ast* / -+ ast indicated that the
former produces a larger eye than the latter. From females of the type,
S ast / + +, an asteroid mutant allele was recovered as a crossover
on three occasions and possessed the same properties as the original
asteroid mutant. A cytogenetic analysis of these mutants showed that
they were correlated with a doublet structure (see Fig. 5; other ex-
amples: 1B3-4, 19F1-2, in Fig. 4) near the end of the left arm of the
second chromosome. It was therefore suggested that these exceedingly
closely linked loci might represent an instance of a duplication, now
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established in the species, of a single ancestral gene. Another case of
linked genes, namely, bithorax and bithoraxoid, exhibiting a position
effect of this sort has been noted (Lewis, 1948). The evidence suggests
that the two genes involved in each of these pseudo-allelic series are
gimilar but not identical in function. Two simple models suggest them-
selves: (a) the two genes are competing for the same substrate (S),
(b) each gene controls a separate step in a reaction series of the follow-
ing type: 8 - A — B. Results of studies with the bithorax and -bi-
thoraxoid mutants (unpublished) support the latter model. It is
suggested that the position effect may in some cases be brought about
by the direct dependence of one gene upon the reaction product of its
neighbor gene in the same chromosome and that these products are pro-
duced in such limited amounts, or diffuse so slowly, that each chromo-
some behaves more or less independently of its homolog with respect to
these reactions. The possibility that duplicate genes may often diverge
by a process whereby one comes to control a reaction successive (or
antecedent on the Horowitz (1945) hypothesis) to that controlled by
the old, receives support from an independent consideration of enzyme
specificities. Thus in a reversible reaction series of the type:. A=B =C,
the enzymes which control these two steps may in many cases have to
be structurally very similar to one another if they are to share a com-
mon specificity for the intermediate product, B. Such a specificity
might only be possible in the case of enzymes produced by genes which
were once identical.

Bridges’ (1935a) interpretation of the doublet structures in the sali-
vary gland chromosomes as one-band duplications and their widespread
occurrence throughout the chromosomes, suggests that there may be
many pairs of closely linked, functionally related, genes in this organism.
Wherever their functioning is dependent upon close proximity a basis
is provided for detecting position effects of the S-type. Rearrange-
ments, especially those associated with stable, as opposed to variegated-
type, changes in gene action may in some cases be position effects on
genes of the above type.

2. Possible Examples of the S-type Position Effects

A considerable number of chromosomal rearrangements in Droso-
phila have been found to be associated with stable as opposed to varie-
gated changes in gene action. As a rule, such rearrangements involve
the wholly euchromatic regions of the chromosomes and the associated
stable change exhibits quite different properties from that of variegation
of genes accompanying the eu-heterochromatic rearrangements. Demeree
(1941a, 1941b) and his coworkers have described many such cases in-
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volving stable changes at such loci as w, rst, N, and ¢t. The locus of
the affected gene was usually adjacent or only a few bands removed
from the point of rearrangement. It was noted, therefore, that the sensi-
tive region of the gene change was much narrower in these cases than
in the V-type position effects. Significantly, there was no evidence of
the spreading effect (Section II1.4); that is, an extreme change usually
resembling inactivation of the gene occurs when the gene is one or several
bands removed from the point of rearrangement, while the intervening
loci remain unaffected.

A common example of the above phenomenon is the high frequency
with which chromosomal rearrangements of x-ray origin are found to be
associated with lethal changes near the point of breakage. Although
these have often been assumed to be the result of position effect, Lea and
Catcheside (1945) found that the existing data relating x-ray dosage
to the frequency of production of sex-linked recessive lethals do not
require such an assumption, it being sufficient to assume that in a certain
proportion of rearrangements a lethal gene mutation is induced at the
same time (estimated roughly to be about three in eight breaks). They
estimated that the maximum proportion of lethals of the position effect
type, which could be reconciled with existing data (Timoféeff-Ressovksy,
1939) relating dosage to sex-linked lethal frequency, would not be likely
to exceed 17%. It should be noted that some lethals of the position
effect type are expected in the case of X-chromosome rearrangements
having extreme variegation effects, but even the proportion of these
may be low; examples are several of the Notch-variegated types which
act as lethals in the XY male, but which survive in the XYY male
(Section I1.5), indicating that no permanent change within the gene has
occurred. Kaufmann (1947) found that when the frequency of rear-
rangements following x-ray treatment at 4,000 r units was increased by
pretreatment with infrared radiation, the proportion of lethals associated
with rearrangements diminished with respect to the proportion in the
control, which was treated at the same dosage but without the infrared
pretreatment. This was the result expected on the basis that few posi-
tion effect lethals occur, but the results were not statistically significant.
On the basis of extensive cytological analyses of x-ray induced sex-linked
lethals and their rate of production over a wide range of doses, Dubinin
et al. (1941) have also concluded that lethals arise largely as the result
of a primary effect of the x-rays.

It is likely that the frequency with which lethal or “visible” gene
changes occur in Drosophila in association with chromosomal rearrange-
ments is too high to be accounted for on the basis of chance coincidence
of two independent processes or “hits.” Demerec and Fano (1941) have
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concluded that a “single-event” process may account for the production
of most of the short (less than 15-band) deficiencies of x-ray origin. It
is therefore reasonable to assume that mutation may sometimes be in-
duced simultaneously with chromosomal breakage in genes several bands
removed from, as well as those adjacent to, the breakpoint; just as
Hoover’s (1938) cytological analysis of a selected group of eighteen
breakage points revealed the presence of small deficiencies at these
points in five cases. An example derived from the V-type rearrange-
ments is the inversion, N26457 (Fig. 1), in which the stable change at the
roughest locus, several bands removed from the point of rearrangement,
may be viewed as an intragenic mutation, if not loss, of this gene
(Demerec, 1941a).

There is some possibility that certain genes, such as, scute, cut,
Star, and asteroid, exhibit a stable-type position effect when rearrange-
ments occur directly adjacent to the gene. In the case of the latter pair
of closely lined genes, there was some reason to suppose that breaks did
not actually occur between them but that breaks to the right of the
asteroid locus when induced in a normal chromosome, were effective in
producing an inactivation of both genes; or curiously, if ast was x-rayed,
reverse (non-lethal) mutations of asteroid were found to be associated
also with a break immediately to the right of these genes (Lewis, 1945).
Breaks and new reunions which occur immediately to the right of the
band 1B3-4 (Fig. 4) are associated with a whole series of scute changes
(see discussion by Muller, 1941) ; Sutton (1943b) found additional cases
of such changes, however, in which the break near scute had occurred to
the left of this doublet,and even in some cases to the left of 1B1-2. Un-
fortunately, it is very difficult to obtain an unselected sample of breakage
points close to specific loci, Sutton, however, in the above work ob-
tained several rearrangements having breaks just to the left of 1B3-4
or 1B1-2 detected as yellow changes, which did not have associated ef-
fects on the scute gene; similarly, breaks just to the left of and one to
the right of the Star-asteroid loci did not have associated changes in these
genes, in a total of three cases analyzed (Lewis, loc. cit.).

One means of testing the position effect hypothesis in the case of
stable changes accompanying rearrangements is to try to induce re-
versals of that change on the assumption that the occurrence of a new
rearrangement of the gene in question might restore its normal action.
Raffel and Muller (1940) did not obtain reversals of the scute-4 pheno-
type, associated with the sc* inversion (Fig. 3), among “approximately
50,000” male offspring from a mating of attached-X females and treated
(3,000 r units) sc* males. Goldat (1936) obtained no reverse mutations
of the scute-7 change, associated with a rearrangement of the wholly
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euchromatic type (having a break just to the right of scute, as in sct),
among 46,842 daughters from a mating of scute females (which were
also yellow and achaete-3) and treated (4,000 r units) sc’ males, where
the occurrence of any reversals associated with recessive lethals could
have been detected. Reversals of the dominant phenotypic effect of
certain changes associated with chromosomal aberrations, such as, Di-
chaete and Lyra (Dubovsky and Kelstein, 1938), or Glazed (Griffen
and Stone, 1939) may not be cogent, since here it is likely that partial
or complete inactivation of the gene concerned would also lead to such
a reversal; that is, such cases may still have been lethal or abnormal in
the homozygous condition. An apparent reversal of the Punch pheno-
type, a dominant non-variegated eye color change, associated with a
rearrangement, was lethal when homozygous and abnormal in combina-
tion with Punch, as shown by Oliver (1941).

Another somewhat more probable example of the S-type position
effect than those discussed above, is the finding that x-ray induced Bar-
like (small-eye) phenotypes (or induced reversals of such phenotypes in
the case of Bar itself) are often accompanied by a rearrangement having
a break very near the 16 A1-2 bands (Figs. 4 and 5). In these cases,
however, the situation appears mueh more complex and difficult to
analyze as discussed in Section IV.3.

A special application of the problem of the origin of the stable
change in action associated with rearrangements is that of deficiency-
bearing chromosomes, in which such a change may occur in a gene close
to, but not actually included in, the deficient segment. Such a deficiency
then becomes totally unsuitable as a means of identifying the cytological
location of that gene with any precision. Examples of such cases were
found by Sutton (1943b) in the case of the yellow and scute genes.
These cases are puzzling if one assumes that the locus of the gene has
to be within the deficient segment, for one would then have to conclude,
a8 Goldschmidt (1944) has done in this case, that within a whole region
near the tip of the X chromosome the ‘locus’ of yellow could be prac-
tically anywhere. The accurate location of genes in the chromosomes
clearly demands much more refined methods, namely, the use of only
those rearrangements which do not have associated stable changes in
the action of the gene or genes in question. It was by the use of such
rearrangements that Sutton (1943b) was able to obtain an unequivocal
placing of the yellow and achaete genes in the region from 1A5 to 1AS,
inclusive (See Fig. 4).
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3. Position Effect and Intrachromosomal Duplications

As the result of the independent cytological studies of Bridges (1936)
and Muller et al. (1936), it is now known that the original case of po-
sition effect found by Sturtevant (1925) depends on the way in which
four doses of a given region of the X chromosome are distributed with
respect to homologous chromosomes (rather than two, as originally sup-
posed). Thus, the Bar “mutation,” B, was found to be a duplication in
tandem, or contiguous, direct order for the bands of division 16A of the
salivary gland X-chromosome, and the unequal crossover product (see
Fig. 5) known as double-Bar (BB) was shown by Bridges to be a serial
triplication for this region. It will be recalled in this case that the posi-
tion effect was in evidence by the fact that B / B females had signifi-
cantly larger eyes than those of the equivalent genotype, B B / +;
more recently, Chevais (1943) has shown that this difference is main-
tained when individuals of these two genotypes are fed on the so-called
B+ substance, which results in significant increases in the number of eye
facets in each case. The fact that attached-X females of these two geno-
types likewise can be distinguished by the difference in their facet num-
ber suggests that the Y chromosome has little influence, if any, on this
position effect (L. V. Morgan, 1931). Although the position effect hy-
pothesis may be considered established in this case, the nature of the
change which brings about the Bar phenotype is by no means clear.
Rapoport (1936, 1940a) synthesized higher derivatives of the Bar dupli-
cation and obtained a five-fold repetition of the Bar region, called
quadruple-Bar, B? or BBBB, from homozygous BB females. A compari-
son of BB / BB with BBBB / + females indicated that the latter prob-
ably had significantly smaller eyes than the former. Eye size diminished
with increasing doses of the Bar region until only a few facets remained
in the BBBB male.

Results of studies with an enhancer of Bar, symbol, E-B, have been
reported by Bonnier et al. (1943) and Bonnier et al. (1947). The locus
of this change appeared to be either near the right end of the right section
of the duplication or somewhat beyond. The mutant acted as a reces-
sive lethal change. A position effect comparison was possible in the
case of females of the following genotypes: B + / + E-B and B E-B
/ ++; the former, which were similar to B / B in phenotype, had con-
sistently larger eyes than the latter.

It may be seen from a diagram of the Bar duplication (Fig. 5) that
a new rearrangement of genes has been accomplished at the point where
the end of the first or left section of 16 A joins the beginning of the second
section. Griffen (1941, and Bridges and Brehme, 1944) noted from a
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cytogenetic analysis of a rearrangement which had separated the two
sections at approximately this same point, the Bar-Stone translocation,
that the extreme dominant Bar effect was associated only with the sec-
ond or right section. A Bar effect was induced, however, in what had
constituted the original left section, by further x-ray treatment and in
this case a new association of the 16 A1-2 doublet contained therein
had occurred. Slight dominance of Bar-like effects which did not depend
upon the presence of a duplication for the Bar region have also been
found in two other cases to have involved a break very close to 16 A1-2;
i.e., just to the left in the case of B?%3-48 analyzed by Sutton (1943a);
and, according to Bridges (Morgan et al., 1936), between 16 Al and 2
in the case of “Baroid,” studied by Dobzhansky (1932, 1936). These
results then point to the conclusion that there are at least two separate
components of the Bar phenotype to be considered, (a) a stable change
in the action of a gene or genes lying next to the point of rearrangement,
possibly within the 16 A1-2 doublet at that point, and (b) an influence
somehow exerted by the close juxtaposition of two sels of identical loci.

Dubinin and Volotov (1936, 1940) and Sutton (loc. cit.) found that
the change which produces the reversal of the dominant Bar phenotype
(or that of double-Bar) can also arise without cytologically detectable
change in the duplication (or triplication) or elsewhere. A genetic analy-
sis of one such case by Dubinin and Volotov (1940) revealed that it
resembled B / B when opposite B, even though the homozygous females
and males had normal eyes, From females homozygous for this apparent
reversal of Bar, Bar-like sons were derived. These proved to be asso-
ciated with crossing over (in the forked-Beadex region) and proved to
be triplications for the Bar region, as in BB; their frequency was 0.04%
(among 16,364 sons) which corresponds to that obtained by Sturtevant
(1928) for what are now recognized as triplication types, Their method
of analysis did not permit a decision between the possibility that this
change was a dominant suppressor mutant, linked, perhaps closely, to
the Bar duplication, or a change near the point of rearrangement in the
Bar duplication. Rapoport (1941) found the analysis of x-ray induced
modifications of the Bar phenotype, was complicated by the induction
of suppressor and enhancer mutants at other loci.

In all of the above studies in which reversals of the dominant Bar
phenotypes appeared, it was found as expected on the basis of a known
Bar deficiency that loss of the 16A region does not give a Bar effect nor
does it enhance or suppress Bar, that is B / Df-B resembled B / +
(Bridges, 1917). Again the problem as to the nature of a gene change
which can produce such results arises (Section I1.1); if the bands 16A1-2
are considered as representing two closely linked genes with similar
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effects (Section IV.1) the problem becomes a very complex one, indeed,
in the Bar case.

Demerec and Hoover (1939) found that the Hairy-wing mutant
was associated with a tandem duplication of the bands 1B1-2, at the left
tip of the X chromosome (Fig. 4), and suggested that the associated
phenotype was the result of a position effect as in the case of the Bar
duplication. Spontaneous reversions of Hairy-wing (or triplications)
following unequal crossing over are not expected with an appreciable
frequency in this case, assuming the duplication to be of the direct type
(t.e., ABAB), because of the excessively low crossing over in this region
of the X chromosome; Rapoport (1940b) reported none among over
33,000 offspring from homozygous Hw females. Rapoport obtained two
reversals of the dominant Hw effect following x-ray treatment (3,000
r units) among 9,005 tested gametes; these proved to be lethal and were
evidently deficiencies. Schultz (Morgan et al., 1941) found that the
dominant, Confluens mutant was associated with a tandem duplication
of a section involving the Notch locus, and assumed a position effect was
at work.

A cytogenetic analysis of the Star-duplication (Fig. 5), which in-
cludes the Star and asteroid genes and which arose from homozygous
females showed that the mutant allele in the right section of the duplica-
tion had remained unchanged whereas the asteroid gene in the left sec-
tion behaved as though it had reverted to wild type (Lewis, 1941, 1945).
Extensive tests of the possibilities that the left section still carried a
mutant asteroid allele were negative, however. In a whole series of
position effect comparisons which were made possible by introducing
various combinations of alleles of the Star and asteroid genes into the
duplication there was no evidence for the existence of a position effect
extending from the loci in one section of the duplication to those in the
other. A comparison of the homozygous duplication versus a triplica-
tion of this region opposite a normal chromosome gave identical (but
practically wild-type) phenotypes in each case. A comparison of the
homozygous triplication (having slight venation and facet abnormali-
ties) with the equivalent genotype carrying a quintuplication for this
region in one chromosome and a normal complement of genes in the other
chromosome likewise failed to show evidence of a position effect.

V. PositioNn ErFrecT IN OENOTHERA BLANDINA

An important advance in position effect studies came with the dis-
covery and proof of position effect in Oenothera blandina (Catcheside,
1939, 1947a). A remarkably close parallel exists between this case and
the V-type position effects of Drosophila. The position effect was
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detected in a rearrangement, symbol, A, involving the 3.4 and 11.12 chromo-
somes. Variegation was observed for the dominant alleles, Pr (red sepal-
color) or P* (light red sepals, recessive to P* but incompletely dominant
to the lower alleles, P and p, causing green sepal-color) of the P gene,
and for the S (S, causing yellow petal-color; s, sulfur-colored petals)
gene located in arm 3. It was found that R(P?®) / Pr had deep red sepal-
color in the flower buds as with Pr / Pr and Pr / P* genotypes, while
R(P7) / P® had variegated sepals containing deep red patches and green
areas intermingled. Since the homozygous P* plant has light red sepal-
color (with narrow green stripes) the direction of change in Pr is evi-
dently towards one of the lower alleles, P or p. Variegation also
appeared in plants of the type, R(P*) / P?, these having variegated
sepals with light red tissue like that of P* / P* and green tissue like that
of P# / p, therefore, no change of P* towards P" was in evidence.

It was shown that Pr, or P*, loses its unstable action when extracted
from the rearrangement by crossing over; and a return of these alleles to
the rearranged chromosome resulted in a complete restoration of the
variegated behavior. A total of 58 transfers of these alleles in and out of
the A interchange was detected. In a single homozygous R(Pr) plant
obtained, sepal-color variegation was much less extreme than in R (P")
/ P?, and was such as “would be expected if two P" variegations were
superposed” (Catcheside, 1947a) (contrast with Drosophila examples,
Section I1.5).

Variegation of the S allele could be detected when the normal
chromosome carried the s allele. Thus plants of the type R(S) / s had
yellow- and sulfur-colored petals, while introductions of s into the inter-
change to give R(s) / S plants led to uniformly yellow-colored petals.
Variegation of at least the S gene was found to be influenced widely by
environmental conditions.

Rarely, variegation with respect to the P locus led to large patches
of green tissue comprising whole branches of the plant; within some cases
of this kind an occasional bud was variegated or even wholly red. How-
ever, progeny derived from green buds of the wholly green branches
were again variegated. Evidence of a “spreading effect” (Section I1.4)
was obtained in a case in which genetic analysis had indicated the
presence of a duplication for the P and S genes in the interchange chromo-
gome (Catcheside, 1947b). In such a chromosome it was found that the
variegation process affected only the P and S loci lying nearer to the
point of rearrangement, thus ruling out the possibility that the variegated
pattern represented losses of the distal portion of the translocated arm
by an unstable breakage mechanism. Although cytological proof was
lacking, it seemed likely that the break in the A interchange had oc-
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curred in the proximal arm of chromosome three, presumably within
heterochromatin (see Marquardt, 1937).

VI. INTERPRETATIONS OF THE PosITioN EFFECT PHENOMENON

There exist two general hypotheses regarding the mechanism of the
position effect. The first involves the assumption that it is primarily
related to immediate or early gene products; e.g., Sturtevant (1925),
Offerman (1935), and Stern and co-workers (see Section II1.2); on this
basis the gene itself is assumed to remain unaltered. Ephrussi and Sut-
ton (1944) have called this the kinetic hypothesis. The latter workers
and Muller (1941, 1947) have argued for a structural hypothesis, which
is based on the assumption that the gene itself is altered, but in a way
which is readily reversible and which may be analogous to structural,
as opposed to chemical, changes in large protein molecules. Either of
these hypotheses has two fundamental aspects of the problem to con-
sider: (a) intrachromosomal position effects due, e.g., to the association
of a gene with heterochromatin as in the V-type position effects, whereby
the effect can be manifested in the total absence of a homologous chromo-
some, as in the XO male, and (b) the possibility that position effects
may occur in which an influence extends from one chromosome to its
homolog. In the latter consideration, advocates of the structural hy-
pothesis assume that the forces of somatic pairing operating in an indi-
vidual heterozygous for a chromosomal rearrangement exert a stress,
imposed by pairing difficulties, on the genes located near the points of
rearrangement; while on a kinetic hypothesis it would be assumed that
such forces acting in a structural homozygote would facilitate interac-
tions (e.g., competition) between gene products produced in one chromo-
some and those produced in the homolog by bringing homologous loci
into close proximity, and that these interactions break down in the struc-
tural heterozygote. This consideration, however, can be disposed of as
a primary factor in the production of the known and established types
of position effect in either Drosophila or Oenothera. That is, the po-
sition effect has been demonstrated in several cases to be manifested as
between two identical structural heterozygotes, e.g., in R(4) / h and
R (k) / +, where R was the same rearrangement in each case and the
phenotypes corresponded to a variegated-hairy effect and to wild-type, re-
spectively (Section I1.2), or similar examples in Oenothera, (Section
V), where somatic pairing itself would be more or less unlikely as
Catcheside (1947a) has discussed.

There is the distinct possibility that “interhomolog” position effect
is sometimes superposed on the intrachromosomal type. Gersh and
Ephrussi (1944) performed experiments to test the possibility of a modi-
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fying influence of structural heterozygosity on the manifestation of a
variegated phenotype. As already discussed (Section I1.5) the evidence
is not yet conclusive that a specific modification of the position effect
was induced in this case. The possibility of such an action remains an
attractive one, since it lends itself very well to experimental test. It
has been noted that some evidence suggests that, in the case of the
V-type position effects, the modifying influence may be to cause the
structural homozygote or hemizygote to be more extreme than that pre-
dicted for the structural heterozygote (Section I1.5) ; evidently structural
homozygosity of the heterochromatic regions might be a more potent
factor in modifying the adjoining euchromatic gene, than any stresses
exerted on the latter by pairing forces in the structural heterozygote.

In the case of the intrachromosomal position effect, which must be
- regarded as the fundamental one, a decision between the kinetic and
structural hypothesis is far more difficult. In the case of the V-type
position effects, the spreading of a structural disturbance initiated
within the heterochromatic region by stresses from non-homologous
pairing forces (e.g., Ephrussi and Sutton, loc. cit.), or the spreading,
along the chromosome, of some substance possibly nucleic acid, produced
in the heterochromatic region and interfering with gene reproduction
(Schultz, 1941b) represent alternative but sufficiently non-specific
processes to accord with the finding that variegation effects are exerted
upon genes without regard to their specific functions (Section II.1 and
11.4). In the case of the S-type position effects, far more specific asso-
ciations of genes appear to be required. In such cases the concept of
localized interactions between gene products may constitute a better
working hypothesis than the structural one (Section IV.1).

The V-type position effects have established a division of the genetic
material into two major components, which happen to correspond, per-
haps not accidentally, with euchromatin and heterochromatin, as seen
in the salivary gland chromosomes. This type of position effect may
well be very widespread in other animals and in plants, especially judg-
ing by the example of position effect in Oenothera. On the other hand,
the evidence from the Drosophila and Oenothera studies indicates that
a great number of conditions may have to be met before it is possible
to detect the phenomenon. It is possible to conceive of many situations
in which the V-type position effect would be present but not detectable;
e.g., in the case of Drosophila itself, its detection is often made impos-
sible in the presence of extra Y chromosomes, presumably meaning an
excess of heterochromatin with respect to euchromatin.

The S-type position effects suggest that the chromosomes are or-
ganized not wholly at random with respect to the specific roles which the
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genes are to play in development; but rather that there occur, perhaps
in most organisms, instances of adjacent genes which are related in func-
tion probably as the result of an origin by duplications of a single gene
{(Section IV.1). When such genes are dependent for their normal func-
tioning on close proximity, the possibility of detecting a position effect
arises; otherwise proximity probably reflects only a more or less recent
origin of such genes. One of the practical consequences of such a rela-
tion is that the separate genes which exhibit a positional dependence may
act like multiple alleles of a single gene, in a phenotypic sense. Exam-
ination of apparent multiple allelic series, or closely linked genes, from
this standpoint are under way in many cases and may reveal the existence
of the S-type position effect in other organisms (e.g., Dunn and Caspari,
1945; and Laughnan, 1949),

There have been isolated reports of the occurrence of very slight
phenotypic changes, which might be slight V- or S-type position effects,
associated with rearrangements (Brink, 1932; Jones, 1944; Roberts,
1942, in the case of maize; and see, e.g., Goldschmidt et al., 1939, in the
case of Drosophila). Here, however, it would be all but impossible to
exclude the possibility that differences within modifying genes were
responsible for the apparent position effect.

VII. SUMMARY

Position effects in Drosophila can be divided into two rather distinct
categories: (a) the variegated- or V-type, associated with a mosaic
phenotype, and (b) the stable- or S-type, in which a phenotypic change
occurs which is similar to, if not identical with, that of a stable intra-
genic mutation. The V-type appear to be detectable whenever a gene
normally lying in euchromatin is brought next to heterochromatin, pro-
vided certain other conditions, not fully understood, obtain. They are
subject to an almost bewildering number and variety of modifying fac-
tors. It is clear that the “variegation of a gene” is not initiated by struc-
tural heterozygosity but is an intrachromosomal phenomenon somehow
brought about by an influence of heterochromatin, and possibly only spe-
cific portions of such material, on genes abnormally set next to it. The
fact that the change in gene action does not occur in every somatic cell,
the fact that no germinal instability has been detected, and the ready
reversibility of the change all suggest that the gene itself has not been
altered in any permanent way; finally, it has been possible to prove this
in several instances. Variegation of a gene lying in or near the hetero-
chromatic region may occur when it is abnormally set next to euchro-
matin; whether position effects of the cubitus interruptus gene are of
this type is not clear.
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The S-type position effects do not require a chromosomal rearrange-
ment as a necessary basis for their detection; when one is present, it often
involves the wholly euchromatic regions of the chromosomes. The
S-type, when associated with x-ray induced rearrangements, is open
to confusion with the phenomenon whereby x-rays appear to cause
chromosome breakage and intragenic mutation in a gene close by as the
result of a single “hit.”” The valid cases of the S-type position effect
probably depend for their existence on the presence of specific func-
tional relationships between neighboring genes; rearrangements which
separate such genes, the artificial production of such genes as the result of
an intrachromosomal duplication of the Bar-type, and intragenic mu-
tation within one of such genes, provide means whereby a position effect
of the S-type may be detected. The position effect will be present how-
ever only in those cases in which proximity of such genes is a require-
ment for their normal functioning.

VIII. REFERENCES

Alikhanian, 8. 1., 1938, Zool. Zh. 16, 247-279.
Bauer, H., Demeree, M., and Kaufmann, B. P., 1938, Genetics 23, 610-830.
Belgovsky, M. L., 1938, Bull. Acad. Sci. U.R.8.S. Ser. Biol. 1017-1036.
1939, Bull. Acad. Sci. U.R.S.S. Ser. Brol. 159-170.
1944, J. Gen. Biol. (USS.R.) 5, 325-356.
1046, Amer. Nat. 80, 180-185.
Bonnier, G., and Nordenskiold, M., and Bagman, G., 1943, Hereditas, Lund. 29,
113-133.
Bonnier, G., Rasmuson, B., and Rasmuson, M., 1947, Hereditas, Lund. 33, 348-366.
Bridges, C. B, 1917, Genetics 2, 445-465.
1935a, J. Hered. 26, 60-64.
19356b, Trud. Dinam. Razvit. 10, 463-474.
1938, Science 83, 210-211.
1938, J. Hered. 29, 11-13.
Bridges, C. B. and Brehme, K., The mutants of Drosophila melanogaster. 257 pp.
Carnegie Institution of Washington Publ. §52. Washington, D. C. (1844).
Brink, R. A, 1932, Amer. Nat. 66, 444-451.
Caspersson, T., and Schultz, J., 1938, Nature 142, 204.
Catcheside, D. G., 1939, J. Genet. 38, 345-352.
1947a, J. Genet. 48, 31-42.
1947b, J. Genet. 48, 99-110.
Chen, 8. Y., 1948, Bull. Biol. 82, 114-129.
Chevais, S., 1943, Bull. Biol. 77, 1-108.
Cole, P. A, and Sutton, E., 1941, Cold Spring Harbor Symposia Quant. Biol. 9,
66-70.
Crew, F. A. E, and Lamy, R., 1940, J. Genet. 39, 273-283.
Demerec, M., 1940, Genetics. 25, 618-827.
1941a, Proc. 7th Intern. Congr. Genet. 99-103.
1941b, Univ. Penn. Bicentennial Conf. 1-11,
Demerec, M., and Fano, U.,, 1841, Proc. nat. Acad. Sci., Wash. 27, 24-31



THE PHENOMENON OF POSITION EFFECT 113

Demeree, M., and Hoover, M., 1939, Genelics 24, 271-277.

Demerec, M., and Slizynska, H.,, 1937, Genelics 22, 641-649.

Demeree, M., Kaufmann, B. P,, Fano, U., Sutton, E., and Sansome, E., 1942, Yearb.
Carneg. Instn. 41, 190-199,

Dobzhansky, Th., 1932, Genetics 17, 369-392.
1936, Biol. Rev. 11, 364-384.

Dubinin, N. P., 1938, Biol. Zk,, Mosk. 5, 851-874.

Dubinin, N. P., and Heptner, M. A, 1935, J. Genet. 30, 423-446.

Dubinin, N. P., Khwostova, V. V., and Mansurova, V. V., 1841, C. R. Acad. Sci.
URSS. NS. 31, 387-389.

Dubinin, N. P., and Sidorov, B, N., 1933, Biol. Zh., Mosk. 2, 132-144.
1934a, Biol. Zh., Mosk. 2, 132-144.
1934b, Amer. Nat. 68, 377-381.
1935, Biol. Zh., Mosk. 4, 555-568.

Dubinin, N, P,, Sokolov, N. N,, and Tiniakoff, G. G., 1935, Biol. Zh., Mosk. 4, 707-
720.

Dubinin, N. P. and Volotov, E. N, 1936, Bull. Biol. Med. exp. U.R.SS. 1, 327-329.
1949, J. Gen. Biol. 1, 205-232,

Dubinin, N. P. and Goldat, 8. J., 1936, Biol. Zh., Mosk. 5, 881-884.

Dubovsky, N. V., and Kelstein, L. W., 1938, Bull. Biol. Med. ezp. U.R.SS. 6, 733-
735.

Dunn, L. C, and Caspari, E., 1945, Genetics 30, 543-568.

Emmens, C. W., 1937, J. Genet. 34, 191-202.

Ephrussi, B., and Sutton, E., 1944, Proc. nat. Acad. Sct., Wash. 30, 183-197.

Gersh, E, 8, and Ephrussi, B, 1946, Proc. nat. Acad. Sci., Wash. 32, 87-84,

Glass, H. B., 1933, J. Genet. 28, 69-112.

Goldat, 8. J., 1936, Biol. Zh., Mosk. §, 803-812.

Goldschmidt, R. B, Science in the University. 183-210. Univ. Calif. Press (1944).
1946, Ezxperientia 2, 1-40. :

Goldschmidt, R., Garduer, E. J., and Kodani, M., 1939, Proc. nat. Acad. Sci., Wash.
25, 314-317.

Gowen, J. W,, and Gay, E. H,, 1933a, Proc. nat. Acad. Sci., Wash. 19, 122-126.
1933b, Science 77, 312.
1934, Genelics 19, 189-208,

Griffen, A. B., 1941, Genetics 26, 154-155. (abstract).

Griffen, A. B, and Stone, W. S, 1939, Genetics 24, 73 (abstract).
1940, Univ. Texas Pub. 4032, 190-200.

Griineberg, H., 1937, J. Genetl. 34, 169-189.

Hoover, M. E,, 1938, Z. 1. A. V. 74, 420-434.

Horowitz, N. H., 1945, Proc. nat. Acad. Sci., Wash. 31, 153-157.

Jones, D. F,, 1944, Genetics 29, 420-427.

Kaufmann, B. P., 1942, Genetics 27, 537-549.
1944, Yearb. Carneg. Instn. 43, 115-120.
1946, exp. Zool. 102, 293-320.
1947, Proc. nat. Acad. Sci., Wash. 33, 366-372.
1948, Bot. Rev. 14, 57-126.

Khwostova, V. V., 1839, Bull. Acad. Sci. U.R.S.8., 541-574,

Khwostova, V. V., and Gavrilova, A. A., 1935, Biol. Zh., Mosk. 4, 905-916.
1938, Biol. Zh., Mosk. 7, 381-390.



114 E. B. LEWIS

Laughnan, J. R., 1949, Proc. nat. Acad. Sci., Wash. 35, 167-178.
Lea, D. E,, and Catcheside, D. G., 1945, J. Genet. 47, 10-24.
Lewis, E. B,, 1941, Proc. nat. Acad. Sci., Wash. 27, 31-34.
1945, Genetics 30, 137-166.
1948, Genetics 33, 113 (abstract).
Marquardt, H., 1937, Z. Zellforsch. 27, 159-210.
Mohr, O. L., 1919, Genetics 4, 275-282.
Morgan, T. H., Bridges, C. B., and Schultz, J., 1936, Yearb. Carneg. Instn. 35, 289-
297.
1937, Yearb. Carneg. Insin. 36, 298-305.
Morgan, T. H,, Schultz, J, and Curry, V., 1941, Yearb. Carneg. Instn. 40, 282-287.
Morgan, L. V., 1931, Proc. nat. Acad. Sci., Wash. 17, 270-272.
Muller, H. J., 1930, J. Genet. 22, 299-334.
1940, J. Genet. 40, 1-66.
1941, Cold Spring Harbor Symposia Quant. Biol. 9, 151-165.
1947, Proc. roy. Soc., B. 134, 1-37.
Muller, H. J., Prokofieva-Belgovskaya, A. A, and Kossikov, K, V. 1936, C. R.
Acad. Sci. URS.S. 1, 87-88.
Muller, H. J., Raffel, D., Gershenson, 8. M., and Prokofieva-Belgovskaya, A. A,
1937, Genelics 22, 87-93.
Noujdin, N. I, 1935, Zool. Zh., Mosk. 14, 317-352.
1936, Nature 137, 319-320.
1938, Bull. Biol. Med. exp. U.RSS. 5, 548-551.
1944, J. Gen. Biol. (USS.R.) 5, 357-388.
1945, J. Gen. Biol. (USS.R.) 6, 381-410.
19462, Bull. Acad. Sci., U.R.8.S,, Ser. Biol. §#5, 519-545.
1946b, J. Gen. Biol. (USS.R.) 7, 175-208.
Offermann, C. A., 1935, Bull. Acad. Sci. U.RS.S,, Ser. Biol. 129-152,
Oliver, C. P, 1941, Proc. Seventh-Intern. Congr. Genet., 228.
Pahshin, I. B, 1935, C. R. (Dokl.) Acad. Sci. URSS. N. 8. 4, 85-88.
1936, C. R. (Dokl.) Acad. Sci. UR.S.S. N. S. 1, 83-86.
1938, Biol. Zh., Mosk. 7, 837-868.
Patterson, J. T., 1932a, Amer. Nat. 66, 193-206.
1932b, Genetics 17, 38-59.
Patterson, J. T., Stone, W. S., Bedichek, S, and Suche, M., 1934, Amer. Nat. 68,
359-369.
Prokofyeva-Belgovskaya, A. A, 1939, C. R. (Dokl.) Acad. Sci. URSS. N. 8. 22,
270-273.
1945, J. Gen. Biol. (USS.R.) 6, 93-124.
1847, J. Genel. 48, 80-98.
Raffel, D., and Muller, H. J., 1940, Genetics 25, 541-583.
Rapoport, J. A, 1936, Bull. Biol. Med. c¢xp. U.R.S.S. 2, 242-244,
1940a, J. Gen. Biol. (USS.R.) 1, 235-270.
1940b, C. R. (Dokl.) Acad. Sci. U.R.SS. N. 8. 29, 616-619.
1941, C. R. (Dokl.) Acad. Sci. U.RS.S. N. 8. 31, 270-272.
Roberts, L. M., 1942, Genetics 27, 584-603.
Sacharov, V. V., 1938, Biol. Zh., Mosk. 5, 293-302,
Schultz, J., 1936, Proc. nat. Acad. Sci., Wash. 22, 27-33.
1941a, Proc. Seventh Intern. Congr. Genet. 257-262.
1941b, Cold Spring Harbor Symposia Quant. Biol. 9, 55-65.



THE PHENOMENON OF POSITION EFFECT 115

Schultz, J., and Caspersson, T., 1939, Archiv. exp. Zellforsch. 22, 650-654.
Schultz, J., and Dobzhansky, Th., 1934, Genetics 19, 344-364.
Sidorov, B. N., 1936, Biol. Zh., Mosk. 5, 3-26.
1940, Bull. Biol. Med. exp. URS.S. 9, 10-12,
1941a, C. R. (Dokl.) Acad. Sci. URS.S. N. 8. 30, 248-249,
1941b, C. R. (Dokl.) Acad. Sci. U.R.S.8. N. 8. 31, 390-391.
Stern, C., 1943, Genetics 28, 441-475,
1948a, Genelics 33, 215-219.
1948b, Science 108, 615-621.
Stern, C., and Heidenthal, G., 1944, Proc. nat. Acad. Sci., Wash. 30, 197-205.
Stern, C., MacKnight, R. H., and Kodani, M., 1946, Genetics 31, 598-619.
Stern, C., and Schaeffer, E. W, 1943a, Proc. nat. Acad. Sci., Wash. 29, 351-361.
1943b, Proc. nat. Acad. Sci., Wash. 29, 361-367.
Stern, C., Schaeffer, E. W., and Heidenthal, G., 1946, Proc. nat. Acad. Sci., Wash.
32, 26-33.
Sturtevant, A. H., 1925, Genetics 10, 117-147.
1928, Genetics 13, 401-409,
Sutton, E., 1943a, Genetics 28, 97-107.
1943b, Genetics 28, 210-217.
Timoféeff-Ressovsky, N. W., 1939, Chromosoma 1, 310-316.





