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1 . Introduction 

The cytogenetic aspects of position-effect variegation were thought- 
fully and ably reviewed by Lewis (1950). and any reader interested in 
the historical development of the subject or in the details of experi- 
ments performed until that date should become familiar with his re- 
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view. A brief summary of our current cytogenetical knowledge of the 
phenomenon will be undertaken; however, the main emphasis of this 
review will be on aspects of variegation that have been discovered or 
have been exploited within the past decade or two. Because of space 
limitation, variegated phenotypes observed, for example, in tobacco and 
tomatoes, will not be discussed ; their position-effect nature is uncertain. 

The “rules” for the association between the affected gene and the 
heterochromatic regions of chromosomes have only been slightly modi- 
fied during this period. Perhaps the greatest advances concern (1) the 
generality of variegation, having been discovered and extensively stud- 
ied in mice and Drosophila virilis, and shown to apply to  practically 
any gene in D. melanogaster; (2) extensive analyses of the effects of 
the parental genotypes on expression of variegation in the offspring; 
and (3) the use of position-effect variegation as a tool in studies of 
developmental biology. 

The greatest disappointment of research in this area over the past 
15 years is that we have learned so little about the underlying cyto- 
chemical basis of variegation, and nothing about its molecular cause. 
Explanations of the reason a gene is not producing its product (or at 
least, a normal one) in a given region of the variegated tissue are still 
put in terms of “heterochromatiaation” or “compaction,” terms that, in 
reality, expose our ignorance rather than our understanding. Some 
speculations will be made as to possible reasons for the refractivity of 
this problem. A fresh approach to the subject is badly needed. 

II. Cytogenetic Aspects 

A. THE cis-trans RELATION 

Position-effect variegation is the name given to the phenomenon of 
suppression of gene action caused by a chromosomal rearrangement 
(R) located cis to the allele of the gene affected. For example, consider 
a gene g whose wild-type allele is dominant over the mutant allele. If 
a chromosomal rearrangement has a break close to  this locus, and if 
this rearrangement fulfills certain other criteria discussed subsequently, 
then the heteroaygote R ( g + ) / g  will often show a mosaic of wild-type 
and mutant expression within the tissue affected by this gene, whereas 
the R(g)/g+ will most often be wild type. The break in the rearrange- 
ment that is responsible for this gene suppression is invariably found 
within the heterochromatic regions close to a centromere in Drosophila, 
and within the X chromosome of the mouse. One of the two X chro- 
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mosomes of a female mouse also becomes heteropycnotic. Therefore, if 
position-effect variegation of a particular gene is to be observed, there 
are two requirements of the rearrangement: one break must occur in a 
heterochromatic region, and a second break must be such that  the 
“heterochromatic” breakpoint is brought close to the gene whose action 
is being studied. It is not sufficient t o  have the gene brought close to 
a heterochromatic region; rather i t  is necessary that the gene be 
brought into proximity with a heterochromatic region that has itself 
been broken. Therefore, if we let the symbol b p  indicate the “hetero- 
chromatic” breakpoint, and bp+ denote the normal chromosomal ar- 
rangement in the heterochromatic region, a more adequate description 
of the genotypes pertaining to  variegation is 

R(g+ bp)/g bp+ (variegated) vs. R(g  bp)/g+ bp+ (wild type). 
You will note in the first genotype that the mutant condition of the 
gene and the chromosomal arrangement are trans to each other and a 
mutant gene expression is observed, whereas in the second genotype, 
they are Cis t o  each other and this produces wild-type expression. Thus 
this type of variegation should be considered as a special case of the 
usual cis-trans position effect. This more complete notation of the geno- 
types involved emphasizes the dual nature of the interesting questions 
raised by this gene suppression: How is the gene action suppressed in 
particular cells of the affected tissue? Why is a break in the linear 
sequence of a heterochromatic region necessary for any gene suppres- 
sion to occur? The latter question has only seldom been raised, and no 
experiments have been directed toward it-a rather surprising fact 
since i t  implies a higher level of organization of the heterochromatic 
regions as compared with the euchromatic regions of chromosomes. 

B. PROOFS OF POSITION-EFFECT NATURE 

1. Trans to cis Proof 

This notation also makes clear the experimental conditions that  must 
be met for a direct proof that  an observed variegation is caused by 
position effect: one observes whether the phenotype changes from var- 
iegated to  wild type upon a change from the trans to the cis genotype 
caused by crossing over between the gene and the breakpoint. Such 
direct proofs had been obtained in D. melanogaster by Dubinin and 
Sidorov (1935) for the hairy gene, and for the curled gene by Panshin 
(1935). More recently, direct proofs have been obtained for the white 
gene of D. melanogaster by Judd (1955), the peach locus in D. virilis 
by Baker (1954), and for the brown locus in the mouse by Russell 
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and Bangham (1961). The last case will be discussed further in Sec- 
tion 111. 

9. Reversion of Phenotype with Reversion of Rewrangement 
A less critical type of proof has been obtained by irradiating R(g+) 

chromosomes and then studying induced chromosomal changes that  
revert the variegation to wild type. Gruneberg (1937) found that a 
reversion of the rsts phenotype in D. melanogaster was accompanied 
by a complete reinversion of the original In( l ) rs tS inversion. Novitski 
(1961) was able to obtain 11 phenotypic reversions of the rstS pheno- 
type by irradiating I n  (l)rstS/+ heterozygotes. Six were accompanied 
by reinversions of the chromosome that were indistinguishable from 
the normal gene order either by analysis of the salivary gland chro- 
mosomes or by a sensitive genetic test. (Novitski argues convincingly 
that these reversions are not induced multiple crossovers which switch 
the markers between the rstS and the wild-type chromosome.) The test 
consisted of recovering the two complementary crossover products be- 
tween each reinversion and a normal chromosome. If the breaks of a 
reinversion were not a t  precisely the same breakpoints as the originaI 
inversion, then the crossovers would be duplication-deficiency products 
and should show phenotypic effects, None was observed. The break- 
points could have differed by a small heterochromatic region which 
remained undetected by the cytological and genetic tests. Perhaps a 
recombinations1 fine structure analysis in the rst region of the rein- 
versions might be revealing. Since it would be highly unlikely that the 
two breaks in the reinversion occurred a t  the same molecular spots as 
the original inversion, one concludes that there remains in the re- 
vertants a cytologically invisible piece of the originally basal hetero- 
chromatic region now located distally near the rst locus, and that the 
new basal heterochromatic region has the corresponding deficiency. This 
condition does not produce variegation, implying that  the heterochro- 
matic regions are discrete insofar as their variegation, as well as other, 
properties are concerned, a conclusion to which attention will be given 
later. 

Hinton and Goodsmith (1950) obtained similar complete phenotypic 
and cytological revertants of the bwD phenotype in D. melanogaster, 
which was shown conclusively by Slatis (1955a) to be a case of variega- 
tion at the brown locus caused by the insertion of a few bands of het- 
erochromatic material next t o  this locus. Even when the induced change 
in expression of the variegated phenotype may not revert completely 
to wild type, this change is often accompanied by a new chromosomal 



POSITION-EFFECT VARIEGATION 137 

rearrangement with one or both breakpoints close to the original ones 
as Hinton (1950) found with the In (2LR) 40d arrangement. 

3. One Break in a Heterochromatic Region 

It is obvious that  the latter proof of the position-effect nature of a 
variegated phenotype is difficult and sometimes impossible to execute. 
Most cases of variegation in Drosophila are assigned a position-effect 
cause (even if only the trans genotype is observed) if one of the breaks 
in the accompanying rearrangement is in a heterochromatic region and 
another break close to  the gene whose action is seen to variegate, and 
(or) if the expression of variegation is more toward wild type with the 
addition of extra Y chromosomes and more toward the mutant pheno- 
type upon removal of Y chromosomes. Either of these criteria appears 
to be adequate. In  the new "Mutants of Drosophila melanogaster" 
(1968) Lindsley and Grell list 72 different genes whose expression has 
been shown to variegate when involved with rearrangements. In  all 312 
cases, there is one break in the proximity of the locus affected, and in 
all but five cases another break is in a recognized heterochromatic 
region near a centromere or in the Y chromosome. It is believed that 
most of the exceptions are the result of inaccurate cytological analysis. 

4. Suppression by Y Chromosomes 

Just as striking confirmation of the adequacy of these criteria are the 
sex-linked, X-ray induced, recessive loci discovered by Lindsley et al. 
(1960) which are viable as XY males but lethal as XO. If lethals in 
the nucleolus-organizing region of the X are excluded, each of these 
lethals was accompanied, without exception, by a chromosomal re- 
arrangement with one break in the euchroniatic region of the S and an- 
other break in a heterochromatic region. Thus, although the phenotype 
of these lethal genes cannot give a variegated appearance in somatic 
tissue, these are genes whose actions are being suppressed by the same 
process that is responsible for position-eff ect variegation. Ratty (1954) 
has also provided evidence for variegation of lethal genes. 

Lindsley e t  al., noted that with a dosage of 3 or 4 kr about 20% of 
all X-ray induced sex-linked recessive lethals were of the position-effect 
type. This points to  the ubiquity of the phenomenon. In  fact, there is 
no evidence against the assumption that  every gene is subject t o  this 
type of suppression. The importance of this generality should not be 
overlooked because i t  implies that whatever the nature of this sup- 
pression, it affects a process common to the action of all genes. I n  terms 
of molecular biology, i t  means that the suppression is acting probably 
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a t  the levels of transcription or translation rather than at the level 
of en~ymes  and substrates. 

c. VARIEGATION OF GENES NORM.4LLY IN A HETEROCHROMATIC REGION 

As we have seen, the requirements of a rearrangement necessary to  
evoke variegation are one break in a heterochromatic region, and an- 
other break close to  the affected gene. These are sufficient to  cause 
variegation of the expression of genes normally located in euchromatic 
chromosome sections; however, there appears to  be a further require- 
ment for genes normally located in heterochromatic regions. This was 
first pointed out by Khvostova (1939) in studies with D. melanogaster 
dealing with position effects of the cubitus interruptus (ci) gene lo- 
cated on chromosome 4. Position effects at this locus are detected by 
comparing the length in the gap of the fourth longitudinal vein be- 
tween individuals of the R(+)/ci and +/ci genotypes, and between 
R (ci) /ci and ci/ci. Khvostova found that X-ray induced position-effect 
rearrangements in R(+)/ci flies always had one break in the cen- 
tromeric region of chromosome 4;  however, the other break was not 
located a t  random in the other chromosomes, but was primarily limited 
to the distal portions of euchromatic regions, although in a relatively 
few cases the second break was within another heterochromatic region 
near a centromere. Practically none of the breaks associated with var- 
iegation were found in the proximal euchromatic regions although other 
rearrangements that  did not produce variegation had breaks induced 
in these regions. It appeared, therefore, that suppression of ci+ by a 
rearrangement did not occur unless this allele was removed from the 
centromere of chromosome 4 and placed either a t  the distal end of an- 
other chromosome or into another disrupted heterochroniatic region. 
Stern and Kodani (1955) confirmed these observations on the R(+)/ci  
position effects, and found they also apply to R(ci)/ci position effects. 

The same restrictions on variegation of genes normally located in 
heterochromatic regions were found by Baker (1953) in studies of 30 
rearrangements causing variegation of the peach gene of D. virilis which 
is located in the distal end of the heterochromatic region of chromo- 
some 5 next to the centromere (Baker, 1954). Finally, Hessler (1958) 
reported the same breakage distribution among 35 rearrangements re- 
sponsible for variegation of the light gene (located in basal hetero- 
chromatic region of 2L) in D. melanogaster, with the exception that  no 
Y-2 translocations were observed nor were any breaks reported in other 
heterochromatic regions. The latter exception may be an artifact since 
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the cytology of the rearrangements was analyzed in salivary gland 
chromosomes where translocations between two heterochromatic regions 
would not be detected. In  fact, she mentioned two additional cases of 
variegation which were not associated with observable rearrangements; 
however, no genetic analyses were made. 

I n  view of the apparent generality of this “centromere distance” ef- 
fect on variegated expression of genes normally located in heterochro- 
matic regions, its significance as an indication of higher levels of chro- 
mosome organization should not be overlooked. One way of redescribing 

b 
g-var iegat ion  u u  

FIG. 1. The centromere-distance effect on the variegated expression of genes 
normally located in a heterochromatic region. Three illustrative translocations, A, 
B, and C are shown. The arrows indicate the extent of spread of the hypothetical 
repair process from an undisturbed heterochromatic region linearly along the 
chromosome. 

the effect is pictured in Fig. 1. The wild-type allele of these “hetero- 
chromatic” genes acts normally only when moved (case B) to  a eu- 
chromatic region that is close to  an  undisturbed heterochromatic region, 
whereas if they are placed in a distal euchromatic region (case A) or 
in another disrupt,ed heterochromatic region (case C) , then variega- 
tion results. It is as if only the products of an undisturbed heterochro- 
matic region can repair the damage, and then only if the affected gene 
is close by; that  is, the repair mechanisms spread linearly along the 
chromosome. This spreading is indicated in Fig. 1 by the black arrow. 
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The centromere-distance effect is subject to  experimental verification 
and study. In  theory, this could be accomplished by obtaining a cross- 
over between the gene and the breakpoint of the rearranged chromo- 
some causing variegation with another rearranged chromosome that has 
this interstitial section located close to a normal heterochromatic region 
-in other words, to  go from a genotype like A to  B in Fig. 1 by crossing 
over and then see if the phenotype changed from variegated t o  wild 
type. I have made several large-scale attempts to do this in D.  virilis, 
but have been thwarted by technical problems. In  order to  obtain a 
euploid gamete of the desired type from the heterozygote between two 
translocations, i t  is not only necessary to  recover the interstitial cross- 
over, but this must occur in an egg which resulted in the proper type 
of segregation; furthermore, a second crossover is required. The simul- 
taneous occurrence of these three events must be quite rare. Further 
study of the centromere-distance effect would be rewarding. 

D. Y CHROMOSOME SUPPRESSION AND THE It EXCEPTION 

One of the diagnostic characteristics of position-eff ect variegation, 
at least in Drosophila, is the suppression of the variegation toward wild 
type upon the addition of a Y chromosome and, conversely, the en- 
hancement of the variegation toward the mutant phenotype upon the 
deletion of this element. This effect was first discovered by Gowen and 
Gay (1933a) and has since been observed in almost all cases in which 
a critical study has been made. Exceptions have been reported, how- 
ever, in D. melanogaster (the rolled locus, Morgan and Schultz, 1942; 
the white mottled of Cicak, Oster, 1957) and in D. viriZis (the yellow 
locus, Girvin, 1949). There is one long-known exception to this general 
rule, the light (It) locus of D.  melanogaster. As pointed out by Schultz 
(1936), the effect of Y chromosomes is diametrically opposed to  the 
usual situation: addition of Y’s enhances the mutant tissue in the 
light-variegated eyes, whereas the deletion of Y’s suppresses the mutant 
tissue. It has been critically shown (Baker and Rein, 1962) that  this is 
indeed an opposite effect. One and the same Y chromosome, or frag- 
ments thereof, was introduced by single individual males into a geno- 
type which would show It variegation and then into two genotypes 
which would exhibit white variegation. Quantitative measurements 
were made of the pteridines responsible for the drosopterin pigmenta 
in the variegated eyes. The results were unequivocal: the same Y frag- 
ments that were most effective in suppressing the mutant tissue in the 
white variegated genotypes were the ones most effective in enhancing 
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the mutant phenotype in the light system. In  fact, i t  was suggested 
from the data that Y chromosomes are having opposite effects in the 
It and w variegated systems in spite of the fact that apparently the 
same biosynthetic pathway leading to  the drosopterin pigments is in- 
volved. 

Since Et is located within the heterochromatic region of 2L, i t  has 
been suggested (Schultz, 1941; Lewis, 1950) that  this antagonistic ef- 
fect of added Y chromosomes is characteristic of genes normally located 
in heterochromatic regions. This has proved not to be the case. In  a 
careful study, Grell (1959) found that  in R(ci+)/ci heterozygous fe- 
males the addition of a Y chromosome definitely shortens the gap in 
the wing vein. The presence of two Y’s made the vein more normal than 
one Y, which was more normal than a female with no Y. Altorfer (1952) 
also reports Y suppression of the wing-vein gap in R(ci)/ci heterozy- 
gotes. The peach gene in D .  uirilis is the other gene normally located 
in a heterochromatic region that has been extensively studied from the 
standpoint of variegation, and Schneider (1962) likewise found that  an 
extra Y suppresses the mutant tissue in the variegated eye. It appears 
that It variegation is a unique case in this respect, although it is similar 
to other “heterochromatic” loci with regard to the centromere-distance 
effect. 

The suppression of variegation is not limited to  the heterochromatic 
Y chromosome but may be observed with other chromosome elements 
containing heterochromatic regions. Grell (1958) reported a particu- 
larly interesting gynandromorph in D. melanogaster that was exhibiting 
variegated expression of the autosomal brown locus. The left side of the 
head on this individual was female and XXY and showed wild-type 
expression of brown, whereas the right side was male and XY and 
showed the mutant expression of brown over almost the entire eye. The 
somatic loss of an X chromosome enhanced the mutant expression and 
thus had the same effect as the loss of a Y would have had. 

These studies, along with the commonly held belief that the hetero- 
chromatic regions are relatively inert insofar as their number of discrete 
genes, have been responsible for the widespread use of the term “het- 
erochromatin” to describe the material in these chromosomal regions. 
If this term is used, i t  should not imply genetic homogeneity or inert- 
ness. This has been emphatically pointed out and fully documented by 
Cooper (1959) in his elegant study of the heterochromatic regions of 
the X and Y chromosomes of D .  melanogaster. Evidence of the inhomo- 
geneity of the Y chromosome with regard to its suppression of variega- 
tion was studied by Baker and Spofford (1959), under rather rigidly 
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controlled genetic backgrounds, by investigating the effect of 15 differ- 
ent fragments of Y chromosomes on white variegation in D. melano- 
gaster. The drosopterin pigments and some of their presumed precursors 
in the variegated eyes were separated chromatographically and their 
relative amounts determined photometrically. The Y fragments differed 
remarkably in their suppressive ability, some were even more effective 
than complete Y chromosomes, and this ability was not necessarily 
correlated with the cytological length of the fragment since some of the 
shorter ones were the most effective. 

Brosseau (1960b, 1964) utilized his series of Y fragments containing 
various numbers of the five kl and the two lcs fertility factors (Brosseau, 
1960a) to  localise within the Y chromosome the factors which suppress 
position-effect variegation at  the Bar loci, Variegation for Bar was ob- 
served among some derivatives of the Bs.Y chromosome that had been 
irradiated. In these BsV*Y derivatives, the eye was normal in males 
instead of being Bar-shaped. Since the Bar phenotype is caused by a 
duplication of the 16A region in the salivary gland chromosomes, ap- 
parently in these derivatives one of the loci had been inactivated. If 
this is correct, then addition of another Y to the genome should re- 
activate this locus (suppress the variegation) with the result that the 
eye would once again appear as Bar. This was found to be the case. By 
use of this system, Brosseau was able to show (1964) the presence of 
one suppressor of variegation to be located near the lcl-2 fertility factor 
on YL, and another was on Ys proximal to lcs-1. We conclude, therefore, 
that there are discrete loci which suppress variegation located within 
the Y chromosome and that most Y chromosomes contain alleles of 
these genes that are active. It would be illuminating to  learn the 
molecular mechanism by which this type of suppressor acts. 

E. THE POLARIZED SPREADING EFFECT 

Three facts have been mentioned which suggest that position-effect 
variegation is operating a t  the transcriptional, or possibly the transla- 
tional, level of gene expression: (1) the ubiquity of genes affected, 
(2) the &-trans nature of the effect, and possibly (3) the centromere- 
distance effect. The second and third of these illustrate a linear effect 
that extends along one homologue, but not between homologues. There 
is a fourth fact which also supports this argument. The suppression of 
gene activity spreads from the "heterochromatic" breakpoint t o  the 
nearest gene, and if its activity is blocked, then the next most distal 
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gene may be affected. This was illustrated quite clearly by Demerec 
and Slizynska (1937) and by Schultz (1941) in their studies of the as- 
sociation between variegation of roughest and split and variegation a t  
the white locus. In both of these cases, rst+ and spl+ (genes that pro- 
duce a ((rough” arrangement of the eye facets) were located closer to 
the breakpoint than was w+. In  a variegated eye, the white areas were 
invariably rough, whereas a normally pigmented area could be either 
rough or not. Cohen (1962) showed that polarization of this spreading 
effect was the result of the location of the breakpoint in the hetero- 
chromatic region and not to the orientation of the centromere. It has 
previously been noted (Baker, 1963) that the spreading effect observed 
by Cohen cannot be explained as a sequential limitation of pigment 
differentiative abilities imposed on disarranged ommatidia; we are in- 
deed dealing with a polarization along the chromosome. 

It is quite remarkable that this suppressive action of the “hetero- 
chromatic” break can extend for appreciable distances along the chro- 
mosome. In the euchromatic regions it has been shown to extend from 
white t o  bifid in D. melanogaster, a distance of about 50 salivary chro- 
mosome bands, or in terms of crossing over, a distance of about 6% 
(Demerec, 1941). In D. virilis the breakpoint may be removed from the 
affected peach gene by almost the complete basal heterochromatic re- 
gion, a distance of about one-third the length of the mitotic chromo- 
some 5 (Baker, 1954). Russell and Montgomery (1965) reported that 
in the mouse a gene may be 25 crossover units removed from the break- 
point and still a detectable phenotypic effect is observed. The mouse 
results will be discussed in detail later. It need hardly be emphasized 
that these linear (intrahomologue) interactions extend over distances 
of entirely different magnitudes than operons in microorganisms. 

The vast majority of cases of position-effect variegation are like those 
previously described in which i t  is necessary to have the (‘heterochro- 
matic” break and the affected gene in the same homologue. Slatis 
(195513) described some interesting cases of variegation of the brown 
locus in D. melanogaster in which R(bw) /bw+ flies show variegation, 
whereas bw/bw+ individuals are wild type. Although this variegation 
may be ascribed to  an interhomologue effect since the bw allele behaves 
as an amorph, completely blocking the production of the red drosopterin 
pigments, the possibility should be considered that bw is a complex 
locus and that rearrangements of the locus may restore activity, pro- 
ducing a dominant type of variegation. 

Certainly the phenomenon of position-effect variegation is overly 
blessed with the number of interesting observations that have been 
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made. It is difficult to decide which are relevant to the underlying cause 
of variegation and which are not. 

111. Position-Effect Variegation in the Mouse 

Until 1959 some biologists viewed position-effect variegation as of 
rather limited interest since its occurrence was restricted to  Drosophih 
and to a single case in Oenothera (Catcheside, 1947). But like other 
genetic discoveries, its generality did not remain hidden. Russell and 
Bangham (1959) reported the first case in the mouse and have sub- 
sequently shown that variegation in mice and in Drosophila share many 
common characteristics. In fact, the mouse work has added important 
information to our general knowledge. 

A. CYTOCENETICS 

Variegation has been observed by utilizing primarily the following 
autosomal genes which affect coat color: b = brown, genophore 8;  
cch = the chinchilla allele of the albino gene, genophore 1 ; p = pink eye, 
genophore 1. A t  the present time, eight different rearrangements which 
evoke variegation have been found, and seven extensively studied: one 
translocation between the X chromosome and genophore 8 which ex- 
hibits brown variegation, and six translocations between X and geno- 
phore 1 which show variegation for c or p or both, All the rearrange- 
ments occurred in mice bearing the wild-type alleles of these genes. 
Five were radiation induced, one induced by a chemical mutagen, and 
one was spontaneous. It is important to note that all are X-autosome 
translocations. Although translocations between autosomes would have 
been produced and were detected, none showed variegation for the 
autosomal genes. 

The variegated phenotype is produced only in XX females, the XY 
males have a wild-type coat (Russell and Bangham, 1961 ; Cattanach, 
1961). That this is due to the X chromosome constitution and not to  
the sex of the individual is demonstrated by the fact that  XO females 
carrying the translocation are wild type (Russell and Bangham, 1961), 
whereas XXY males are variegated (Cattanach, 1961). It is clear that 
one possible basis of variegation may be the well-known “inactivation” 
of one of the X chromosomes in XX somatic tissue (Lyon, 1961). There- 
fore, in a R ( g + ) / g  heterozygote, if the part of the translocated X bear- 
ing the wild-type alleles of the autosornal genes is inactive in particular 
cells of the variegated tissue, then those cells may express the mutant 
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phenotype; if the normal X is inactivated, then the wild-type pheno- 
type will be exhibited in these cells. It is obvious, of course, that in a 
female heteroeygous for a reciprocal translocation involving the X and 
an autosome there are three elements that have X-chromosome ma- 
terial: the normal X, and each of the two translocated chromosomes. 
Single-X inactivation, or suppression as I prefer to call it, will be dis- 
cussed more fully subsequently. 

If the reasonable assumption is made that it is the association of the 
autosomal loci with the X chromosome that causes variegation, then 

SUPRESSION OF 

C+ P+ 
R 2  0 + 
R 3  +tt (t1 
R 4  t O ?  
R 5  ttt t+t? 
R 6  tt? +tt? 

Fro. 2. The breakpoints of translocations between the X chromosome and geno- 
phore I which cause suppression of genes c+ and p+ in the mouse. The table at the 
top of the figure indicates the extent of suppression in each of the five rearrange- 
ments (Russell, 1963). The breakpoints and their recombination values are taken 
from Russell and Montgomery (1965). 

translocations between the X and genophore 1 containing c and p can 
provide information relative to breakpoints and affected loci, Figure 2 
summarises the data on the location of the autosomal breaks in these 
translocations as reported by Russell and Montgomery (1965), along 
with the data on the relative suppression of c+ and p +  in these re- 
arranged chromosomes (Russell, 1963). Notice that the crossover dis- 
tance may be quite large between the breakpoint and the affected locus; 
for example, R5 and R6 cause suppression of cf although removed from 
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this locus by approximately 20 crossover units. On the other hand, c+ 
is not suppressed by R.2 although it is only 0.3 units from the break. 
The simplest and most logical interpretation of this finding is that  the 
part of the X chromosome attached to c+ in R2 has no suppressive ac- 
tivity. You will note from this figure that in general the gene closer to  
the breakpoint is suppressed to a greater extent than the more distant 
gene, Cattanach (1961) reported a similar spreading effect in a trans- 
position in which c+ and p +  have been inserted into the X. Now this 
spreading effect and the lack of c+ suppression in R2 are suggestive; 
perhaps there is a site within the X chromosome from which the sup- 
pression spreads (Russell e t  aZ., 1962). 

It has been possible to place some limits on the location of this site 
of suppression (Russell and Montgomery, 1965). At the top of Fig. 2 
are shown the X breakpoints of R2, R3, R5, and R6 relative to the lo- 
cation of the Tabby (Ta)  gene on the X chromosome. In  these four 
translocations, R (+) / T a  has the same phenotype as +/Ta,  indicating 
that this locus is under the influence of the suppression site. Therefore, 
the autosomal loci that show suppression must be on the same member 
of the translocated pair as the Ta+ allele. This fact, in conjunction with 
the frequency of exchange between T a  and the breakpoint for each of 
the translocations, allows one to  place the breaks in the positions shown 
in this figure. The centromere location is unknown for either chromo- 
some, but in this figure the chromosomes have been so oriented relative 
to one another that  both centromeres are either to  the left or to the 
right. 

The suppression site is delimited by the breaks in R2 and R5. The 
reason for this is apparent upon examination of Fig. 3, which portrays 
the translocation heterozygotes of R2, R3, R5, and R6. Since Ta+,  c+, 
and p +  may be suppressed in R5, the site must be between the R5 
break and the “distal” end of the X shown at the top of the figure. The 
“distal” limit of the site location is given by R2. In  this translocation 
c+ is not suppressed; therefore, the portion of the X “distal” to the R2 
break does not contain the site. These limits for the site of suppression 
are indicated in Fig. 3 for R3 and R6. It is not known on which side of 
Ta the site lies within this limited region. A spreading effect from the 
site is shown (Russell and Montgomery, 1965) by the relation between 
the Ta-p crossover distance and the extent of the recessive phenotype 
shown in the variegated coat. For example, with R5 where the cross- 
over distance is 9 to 12 units, 50% of the coat is phenotypioally p and 
38% c, whereas with R6 the distance is 14 t o  23 units and only 24% of 
the coat is p and 12% c. Therefore, the findings are similar to those 
known in Drosophila: the closer the affected gene is to the “hetero- 
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chromatic” breakpoint, the more extreme the variegation (Schultz, 
1941). 

The position-effect nature of the variegation in the mouse was defini- 
tively demonstrated by Russell and Bangham (1961) by use of a trans- 
location between the X chromosome and genophore 8 which produced 
brown variegation. Approximately 15% crossing over was observed be- 
tween b and the breakpoint, enabling the following genotypes to be 
constructed in sequence: R ( b + ) / b  (variegated) to R(b) /b+  (no var- 
iegation) to  R(b+) /b  (variegated). The cis-trans nature of the rela- 
tion between breakpoint and affected gene is obvious. 

R2 

I T o  

6 I 

T“ 
R3 

i Ta 

FIQ. 3. Location of the suppression site on the X chromosome of the mouse. The 
shaded area indicates the limits within which the site resides, based on rearrange- 
ments R5 and R2. Dats, from Russell and Montgomery (1965). 
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One of the unique features of the mouse research on variegation is 
the finding reported by Ohno and Cattanach (1962) of the correlation ' 
between phenotypic expression and cytologically observed heteropycno- 
sis in T p  (X; l )  Ct. This rearrangement discovered by Cattanach (1961) 
is a transpositional insertion of a region of genophore 1 into the X 
chromosome, and reciprocally there appears t o  be a small piece of the 
X inserted into the autosome (Sliaynski, 1967). The autosomal insertion 
contains c+ and p + ,  the left breakpoint being between Hbb and sh-1 and 
the right between p and pu (Eicher, 1967; Wolfe, 1967). The location 
of the insertion within the X chromosome has been shown (Cattanach, 
1966) to be Gy-Insertion-Mobr-Tu-Bn-spf. Both C+ and p +  var- 
iegate in their expression, producing colorless patches on the fur. This 
insertion makes an appreciable increase in cytological length of the X 
chromosome and i t  can be distinguished from a normal X. Ohno and 
Cattanach took advantage of this situation to  ask the question whether 
the X with the insertion was heteropycnotic (suppressed) in the skin 
cells in which the phenotype was white (both c+ and p +  were sup- 
pressed), and whether the normal X was the heteropycnotic element 
in the pigmented patches. They report a complete correlation between 
the cytological picture and the phenotypic expression, a remarkable 
finding indeed. It remains to  be shown that the pigment granules, or 
their absence, were derived from the same cells as the skin cells which 
were examined cytologically. 

B. RELATION BETWEEN NORMAL S SUPPRESSION AND 
POSITION-EFFECT VARIEGATION 

There is considerable debate on the question as to the relevance of 
the facts learned about gene suppression in the X-autosome transloca- 
tions to the normal suppression of genes on one X chromosome in an 
XX individual (Russell, 1964; Lyon, 1966). The data previously dis- 
cussed clearly point to the existence of a suppression site on the X near 
Ta whose action can spread to  attached autosomal genes. The question 
raised by Lyon (1966) is whether there is evidence for such a site in 
normal X chromosomes, or whether, alternatively, all genes on a normal 
X are suppressed to the same degree, namely completely inactivated. 

In  support of the alternative explanation, Lyon (1966) studied ex- 
pression of X chromosomal genes in an X-autosome translocation, 
T(X;?) 16H, in which the translocated part of the X containing !Pa+ was 
never suppressed, while the normal X bearing Ta was always sup- 
pressed (Lyon et  al., 1964). In other words the R(Ta+) /Ta  heterozy- 
gote was wild type. There is no evidence on the activity of genes on the 
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other part of the translocation that does not contain the Tabby locus. 
The experiment was designed around the X chromosome gene sparse 
fur, spj, which shows no mosaicism when heterozygous with ita wild- 
type allele when in normal chromosomes. Russell (1963, 1964) raised 
the possibility that genes of this type on the X are never suppressed, 
presumably because of their distant location relative to  the suppression 
site. Lyon (1966) was able to show that in Rl6H(spf+)/spf hetero~y- 
gotes there is never any indication of sparse fur, whereas in 
R16H (spf) /spf+ individuals the sparse fur phenotype is invariably ex- 
pressed, and in some spf+/spf heterozygotes there is a mild expression. 
Since these three heterozygotes differ in expression, Lyon considers this 
as evidence that  suppression is actually occurring (but is not often 
phenotypically expressed) in spj/+ individuals. Viewed in a different 
light, these experiments might support a localized site of suppression. 
Why are the Ta+ and spf+ genes always fully expressed on the trans- 
located chromosomes, but never on the normal X? One possibility is that  
the translocation break has occurred between the suppression site and 
the loci of Ta and spf, placing the suppression site on the other member 
of the translocated pair. If the breakpoint was a t  or close to the sup- 
pression site, perhaps the site could be inactivated, allowing the site 
on the normal X to  be continually active in suppression. To obtain evi- 
dence on this possibility i t  would be necessary to  study the suppression 
of autosomal and (or) X-linked genes located on the complementary 
member of the translocated pair, that  is, the member not containing 
Ta+ and spff. 

Position-effect variegation in the mouse is always associated with 
rearrangements of the X, an element that is known to  become hetero- 
pycnotic in one of the X’s of an XX cell. This correlates well with the 
heterochromatic regions responsible for variegation in Drosophila. One 
clear distinction between this heterochromatic suppression in the two 
organisms must be kept in mind: the suppression does not spread in a 
normal X chromosome of Drosophila, only if the heterochromatic region 
has become interrupted by rearrangement can i t  spread to  contiguous 
euchromatic regions. 

IV. Parental Modification of Variegated Gene Expression 

A. DISCOVERY OF THESE EFFECTS 

The expression of variegation is not only the product of the genome- 
environment interactions in the individuals being studied, but i t  can 
also be modulated by the parental genotype. This was first reported in 
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some detail by Noujdin (1944). His results have received little atten- 
tion in spite of their striking and unexpected nature. Perhaps, among 
other things, this is due to the fact that the measure of expression of 
variegation used was solely its penetrance (that is, percentage of var- 
iegated flies), with no measure of the extent of variegation within an 
individual. The main body of work is a study of achaete variegation 
caused by In(l)sc8 and yellow variegation evoked by In(l)ysP, al- 
though similar results were reported for brown variegation caused by 
In(2r)PmD1. A small portion of his data has been abstracted in Table 
1, but this will suEce to  illustrate his three main observations. The 

TABLE 1 
A Sample of Noujdin’s (1944) Data showing Effect of Parental Genomea 

on Expression of Variegation 

Percentage 
Cross No. Mother Father Offspring variegated 

Maternal Homozygosity for Rearrangement 
S 8 / +  4.8  

+/y 40.0 
13.9 

4 Sc“/ + SCs/Y SC0/8C8 40.6 

+/Y s8/+ 
1 scs/scs 
2 sc8/ + 
3 sce/scs scs/Y scs/sca 

Effect of Maternal X Fragment 
3 sc yscs SCyY sCs/scs 13.9 
5 scs/scs/XR s c y y  scs/sca 7 . 0  

Effect of Paternal Y Material 

6 F/Pp/XR laply %p/XRrY 16.4 
7 y”/@P/XR X . Ys/Y 2/”/XR/Y 3 . 2  
8 Y”/@~/XR X*YL/Y 1/3’/XR/Y 2.6 

first four crosses clearly show that mothers which are homozygous for 
the rearrangement responsible for variegation produce fewer variegated 
offspring than heterozygous mothers. His second parental effect can be 
seen by comparing the frequency of variegation in the sca/sc8 offspring 
of crosses three and five: extra heterochromatic elements in the mother 
lowers the penetrance of variegation even though these elements are 
not in the genome of the offspring examined. (XR presumably is the 
element of T(1;4)A1 which carries the proximal portion of the X in- 
serted into 4.) The third finding is a similar lowering of penetrance 
when the male parent carries extra heterochromatic regions (in this 
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case parts of the Y are attached to  the X) as illustrated in the last 
three crosses. Note that the males which differed in the amount of Y 
chromosome attached to the X did not carry the rearrangement causing 
variegation. Luning (1954) also briefly reported a maternal effect on 
yellow variegation. 

A similar set of parental effects was rediscovered by Spofford (1958) 
and Baker and Spofford (1959), and have been studied rather exten- 
sively in D. melanogaster (Spofford, 1959, 1961, 1962, 1965; Hessler, 
1961; Cohen, 1962) and in D. wirilis (Schneider, 1962). The studies 
in D .  melanogaster dealt with white-eyed variegation caused by 
Dp (wm)264-58a, a 20-band insertion of the X chromosome containing 
the w+ locus into the heterochroniatic region a t  the base of 3L. The 
D .  virilis work concerned peach variegation caused by a series of trans- 
locations involving the fifth chromosome which normally contains, in 
its basal heterochromatic region, the peach ( p e )  locus (Baker, 1953). 

B. PARENTAL HOMOZYGOSITY FOR REARRANGEMENT 

One of the most consistent and general of the parental effects on 
variegation concerns the homozygosity of the rearrangement in the 
parents of the individuals being studied. If the mother is hoinozygous 
for the rearrangement, there is more wild-type tissue in the variegatcd 
eye than if she is heterozygous. This has been conclusively demon- 
strated not only by the penetrance of variegation but by visual esti- 
mates of the eye pigmentation and by quantitative measurements of 
the amount of drosopterin pigments, using chromatographic techniques 
in both D .  melanogaster (Spofford, 1959; Hessler, 1961) and D. virilis 
(Schneider, 1962). It should be noted that  in both white and peach 
variegation the testis sheath as well as the compound eye shows vnric- 
gation and the homozygosity effect was also observed in this tissue 
(Hessler, 1961; Schneider, 1962). Spofford (1966) suggests that a great 
deal of this maternal effect in D. inelanogaster may be caused by the 
maternal effect of a suppressor gene (Su-V) closely linked to the dupli- 
cation (see Section IV, d). The D p ( ~ 1 ~ )  utilized in D. naelanogaster 
usually does not survive homozygously in males SO that  this effect could 
not be tested in fathers. However, Schneider (1962) observed some 
suppression of variegation with the peach-variegated rearrangements 
in heterozygous offspring of homozygous, as compared with heterozy- 
gous, fathers. This observation, therefore, would not support as an ex- 
planation of the suppression any simple scheme of cytoplasniic in- 
heritance. 
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C. EFFECT OF PARENTAL Y CHROMOSOMES 

Although the suppressive action on variegation of extra Y chromo- 
somes in the genome has long been known, i t  was not realized that a 
similar suppression is observed if a Y chromosome is present in the 
genome of the mother although not present in the genome of the off- 
spring whose variegation is being studied. Quite striking effects were 
observed by Spofford (1959) not only with the presence and absence 
of Y’s in the mother, but also with Y fragments, one of which was even 
more effective than a complete Y in this maternal suppression. The 
suppression was more complete if Dp(wm) was in the maternal genome, 
but this was not necessary for an effect. Schneider (1962) showed that 
variegation of the p e  gene in D .  virilis (normally located in a hetero- 
chromatic region) was also subject to suppression by the presence of a 
Y in the mother. 

Although this suppression may be a case of maternal inheritance, 
Spofford reported (1959) that in certain experiments, but not in others, 
the Y chromosome constitution of the father affected the extent of off- 
spring variegation; in this case, only if the Dp(wm) was maternal in 
origin and thus not in the same genome as the Y chromosome causing 
suppression. It will be recalled that Noujdin reported such a paternal 
effect of extra Y material. 

D. PARENTAL SOURCE OF REARRANGEMENT 

It has been shown (Spofford, 1959, 1962; Hessler, 1961; Schneider, 
1962) that the parent contributing the rearrangement to the offspring 
is influential in determining the extent of variegation in these offspring. 
In D .  virilis and in one of the ‘Lstates” (Dp‘) of the duplication in 
D .  rnelanogaster, the variegated offspring have more wild-type tissue 
if the rearrangement comes from the mother as compared with a pater- 
nal origin. One could interpret this as an extension of the maternal 
homozygous vs. heterozygous effect of the rearrangement i f  i t  were not 
for the fact that  another state of the duplication (Dpa) behaved 
strikingly in the opposite manner, that is, much more pigment was 
present in the eye of variegated offspring if the duplication was pater- 
nal in origin. This was in no way connected with a maternal effect per 
se since Baker (1963) found that this greater paternal suppression was 
observed among sibs from crosses in which identical mothers were used. 
Two groups of sibs from the same mothers were compared: one group 
received Dp” from the father, the other from the mother. The variega- 
tion was greatly suppressed in the first group. 
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The basis for the two different states of the duplication is now 
known. Spofford (1Qf32, 1967) has shown convincingly the presence of a 
semidominant suppressor of variegation, Su-V, which is rather closely 
linked (about 6%) with the duplication on the third chromosome. Var- 
iegation is suppressed more in Su-V/Su-V individuals than in Su-V/+ 
heterozygotes. In  addition to  this direct effect of Su-V in the genome 
of the variegating individual, this suppressor also acts maternally. As 
much pigment is formed in the eye of a fly by the presence of Su-V 
in its mother as by its presence in the genome. Spofford has demon- 
strated that the difference between Dpf and Dpa is solely due to the 
presence of Su-V in the former state; that  is, Dpf = Su-V Dp(w") and 
Dpa = Dp (wm). We conclude that the primary parent.al-source effect 
is that exhibited by Dp", suppression caused by passage of Dp(zo*) 
through the sperm as compared with passage through the egg. 

E. COMMENTS ON PARENTAL EFFECTS 

In  contrast to  the claim of Noujdin (1946), none of the investigations 
described above gives any indication that the parental effects last more 
than one generation; there is no evidence of grandparental effects 
(Spofford, 1959; Hessler, 1961). There. still remains an intriguing pua- 
ele: How is the parental information transmitted to the offspring, and 
how is this information retained during ontogeny until the time the 
tissue exhibiting variegation is differentiated? There would appear to  
be two types of information transmitted: one maternal and, therefore, 
possibly cytoplasmic; the other presumably nuclear. The maternal sup- 
pression of Su-V and the action of Y chromosomes in maternal ge- 
nomes that do not contain the variegation-evoking rearrangement are 
presumably cases of cytoplasmic modification acting through the ma- 
terials poured into the Drosophila oocyte by nurse and follicle cells 
during its formation. On the other hand, the paternal suppression evi- 
denced by the parental-source effect of Dpa is a nuclear determination, 
probably acting a t  the chromosome level on the duplication itself. 

It is not too difficult to  imagine how a chromosomal change might 
be somatically inherited through the mitotic divisions of the developing 
tissue until the time when pigment differentiation, for example, takes 
place, It is somewhat more difficult t o  envisage how cytoplasmic com- 
ponents would be perpetuated unless one wishes to  propose replicating 
cytoplasmic particles, a concept which, in my opinion, has not been 
fruitful in explaining development in higher organisms. Another pos- 
sibility remains. Perhaps the variegation pattern is determined very 
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early in the anlage of the compound eye, a t  a much earlier time than 
the actual pigmentation, and thus i t  is not necessary for the cytoplasmic 
suppressors to persist throughout larval development. In  any event, a 
study of the developmental biology of variegating tissue is necessary 
for our understanding of parental effects. 

V. Variegation, a Model System for Simplified 
Studies in Developmental Biology 

A. A PROCESS OF RECULATION OF GENE ACTIVITY 

The term “variegation” implies a tissue composed of at least two 
different phenotypes. In  certain cases of white variegation in D. 
melanogaster, the pigmented areas of the eye appear visually to  be 
composed primarily of wild-type pigmentation and colorless mutant 
areas, although small amounts of pigment can be seen in some sectors. 
These alternative states are evident even at  the level of the pigment 
granules in the individual pigment cells. Electron microscope studies 
(Shoup, 1966) show that in a white variegated eye all the pigment 
cells within B given ommatidium either do or do not have pigment 
granules. This raised the question as to  whether the alternative pheno- 
types have their basis in somatic mutation, in the sense that the in- 
formational DNA has been altered, or in the suppression of genic ac- 
tivity in a portion of the tissue. There are five lines of evidence against 
the somatic mutation hypothesis (Baker, 1963) : 

1. The antagonistic effect of Y chromosomes on the expression of 
variegation of the light and white genes of D .  melanogaster militate 
against the hypothesis. As previously discussed, a given Y chromosome 
would have to be at the same time a mutagenic agent in the one sys- 
tem and an antimutagen in the other if i t  is to  increase the amount 
of mutant tissue in the light-variegated eye and to  decrease the amount 
in a white-variegated eye. 

2. Raising Drosophila showing eye-pigment variegation a t  a low 
temperature often increases the amount of mutant tissue (e.g., Gowen 
and Gay, 193313). The period a t  which the low temperature is effective 
is during pupation (Chen, 1948; Becker, 1961) when pigment is being 
deposited and not during the end of the first larval instar when the 
pigment potentialities of the eye anlagen are being determined (see 
Section V, B)  . Furthermore, such a hypothetical mutation process 
would have a negative Ql0. 

3. No germinal mutations are observed in individuals that show 
position-effect variegation. If somatic mutation were the cause of var- 
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iegation, these mutations would have to be limited strictly to  somatic 
cells, even excluding gonial cells. 

4. Chromatographic studies of the pteridines in white-variegated 
DrosophiEa (Baker and Spofford, 1959; Hessler, 1961; Baker and Rein, 
1962) show the accumulation of certain pteridine precursors of the 
drosopterin pigments in amounts in excess over that  observed in wild 
type. These precursors are virtually absent in the eyes of white-eyed 
adults. No such accumulation is seen in any flies homozygous for the 
tested mutant alleles a t  this locus (Hadorn and Mitchell, 1951). It is 
not known whether these intermediates are accumulating in the color- 
less areas of the tissue or in the pigmented areas, but such accumula- 
tion is not characteristic of known mutants. 

5. The effect of chromosome elements of the parent on the expression 
of variegation in the offspring even though they do not enter the off- 
spring’s genome can hardly be accommodated by any reasonable muta- 
tion hypothesis. 

When taken together, these lines of evidence seem overwhelming- 
position-effect variegation is not based on somatic mutation. Therefore, 
variegation and certain differentiative processes taking place during 
development share the common property of differential genic activity 
within a tissue. 

€3. CLONAL NATURE 

One of the conspicuous features of certain cases of eye-pigment vari- 
egation in Drosophila is that large areas of the eye may be either mu- 
tant or wild type. As examples, the ventral portion of a series of eyes 
of D .  melanogaster with the Dp  (w”)26&58a duplication are pre- 
sented in Fig. 4. Aside from the large size of the mosaic areas, two 
other facts should be noted. First, there appear t o  be repeated pat- 
terns of pigmentation; for example, the horizontal sector across the 
middle of the eye (eyes b, c, f ,  and g) , or the vertical division in the 
middle of the eye (eyes f and g) .  The variegation is occurring within 
definite sectors. Second, the members of each pair of eyes shown in the 
figure have been picked so that one is the “negative” image of the other 
b and c, d and e, f and g) ,  insofar as these were represented in a 
sample of eyes from which the ones in this figure were picked. This ob- 
servation means that within a given sector, pigment either may, or 
may not, be formed. These three features of variegated eyes raise the 
interesting possibility that the pattern may be based on the cell lineage 
of the ommatidia. 
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This lineage has been determined by the pattern of twin spots pro- 
duced in the eye by somatic crossing over when such exchanges are 
X-ray induced in the developing eye anlagen of larvae of particular 
genotypes in D. meEanogaster (Becker, 1957) and in D. virilis (Baker, 
1967). Such studies also allow one to put a time scale on the eye anlage 
development: the smaller the number of cells in the anlage, the larger 
the twin spots in the eye of the adult. This is true because the earlier 
the crossover is induced, the larger the number of cell divisions that 
will ensue to form the adult eye. 

By making a comparative study of the induced twin spots and the 
patterns of position-effect variegation, one can answer two questions: 
Are similar sectors of the eye affected in both cases? If so, i t  means 
that  position-effect variegation has a cell-lineage basis. If the first ques- 
tion is answered affirmatively, then a second question can be framed. 
At what developmental time does an induced somatic crossover occur 
such that the twin spots formed will have the same shape as the sectors 

a. 

FIQ. 4. Patterns of white variegation in the eyes of Drosophila melanogmter. 
Eyes b and c ,  d and e, f and g are pairs of positive-negative images. Eye a indi- 
cates diagrammatically the areas filled by the descendants of the eight cells present 
at the end of the first larval instar which will form the ventral half of the eye. 
(From Baker, 1963.) 
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in the variegated eyes? This time will then coincide with the time that 
the gene suppression is determined within the anlagen of variegated 
eyes. Conclusive answers to  these questions have been given by studies 
with D .  melanogaster by Becker (1961, 1966) utilizing the T(1;4) 
~"258-18 rearrangement, and by Baker (1963) using the Dp(wm)264- 
58a duplication to induce variegation; and in D. virilis by Baker (1967) 
using t.he T (Y ;5) pemnr translocation. The variegated pattern in these 
systems was compared with the twin spots produced in w/wco hetero- 
zygotes in D .  melanogaster, and in w +/+ up heterozygotes in D. 
t&ilis. A sample of the twin spots and variegation patterns in D. virilis 
from which this comparison was made is shown in Fig. 5. The somatic 
exchange which formed the twin spots was induced a t  the end of the 

w 9P + 

FIG. 5. Patterns of position-effect variegation (eyes F to K) in peach-mottled 
eyes and patterns of twin spots (eyes A to E, and M to Q )  caused by sometir 
crossing over induced at the end of the first larval instar in Drosophih vidis. A 
comparison of the patterns from the two event,s indicate the cell-lineage nature 
of posit.ion-effect variegation. (From Baker, 1967.) 
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first larval instar. Therefore, we conclude that position-effect variega- 
tion in these systems is based on cell lineage, and the pattern of varie- 
gation is determined in the eye anlagen a t  the end of the first larval 
instar a t  which time there are from 16 to 20 presumptive eye cells 
present. Some of the sectors formed from the descendants of these cells 
are diagrammed in Fig. 4a. 

This early determination of pattern leads to the suggestion that  the 
maternal effects on variegation expression discussed previously may 
operate on this determinative event. 

C. IMPLICATIONS FOR DEVELOPMENT 

The implications of these findings are of some importance. The deter- 
mination of gene suppression in a variegated eye is made very early 
in development of the eye anlage, many days and many cell divisions 
before the actual differentiation of pigment (during the mid-pupal 
stage). The determinative and differentiative events of variegation are 
widely separated in time. The same time separation is also seen in 
normal Drosophila development. For example, the cells in the larval 
genital disc are determined as to the structures (anal plates, claspers, 
and so on) they will form although they do not become differentiated 
and form these structures until pupation (Hadorn, 1965). The second 
important implication is that  this determination of gene suppression 
in the case of variegation is clonal; that is, it is somatically inherited 
within a cell lineage. This, also, is a property of normal Drosophila 
development. Hadorn (1965) has shown that  determined, but undiffer- 
entiated, genital discs may be transplanted almost indefinitely in aduIts 
where the cells multiply but remain undifferentiated as long as they 
are in adult hosts. However, even after many such adult transfers, the 
tissue usually differentiates into one or more genital structures if it is 
transplanted into a larval host which is allowed to pupate. These im- 
plications raise two fundamental questions : What is the molecular 
basis of this determination, and how is this determination of gene 
regulation inherited from one cell generation to the next? It is doubtful 
if the second question will be answered before information is obtained 
on the first. 

The pattern of variegation as seen in the adult eye apparently re- 
mains unaltered when actinomycin D is administered to larvae during 
a period including the end of the first larval instar when this pattern 
is determined (Baker, 1967). This is in spite of the fact that cell di- 
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vision within the eye anlage is completely blocked by this inhibitor 
from this stage on through the second instar (Perez-DBvila and Baker, 
1967). At the end of the first instar, there are about 140 cells present 
in a head anlage in both the treated and control larvae, whereas, a t  
the end of the second instar, there are almost 1200 cells present in 
controls but still only 140 in the actinomycin-treated larvae. In  order 
to learn whether the 16 t o  20 presumptive eye cells within the late 
first-instar head anlage exhibited the same lack of cell division upon 
actinomycin treatment as did the remaining 120 or so other cells in the 
anlage, somatic crossing over was induced in treated and control larvae 
at  the end of the first and a t  the end of the second instar, and the 
twin spots scored. Contrary to expectation, i t  was found (Perez-Dhvila 
and Baker, 1967) that more, but smaller, twin spots were observed in 
both control and treated series when crossing over was induced a t  the 
end of the second instar as compared with induction a t  the end of 
the first. This was in spite of the fact that no increase in cell number 
within an anlage was observed during this period i f  the larvae were 
administered actinomycin D. 

Two possible explanations can be proffered: either only the presump- 
tive eye cells divided and the other cells in the anlage did not, or the 
chromosomes replicated within the treated anlage cells but there was 
no cell division. One would have to assume as a corollary to  the latter 
explanation that upon removal of the larvae from the actinomycin 
treatment, the replicated chromosomes segregated out in the normal 
manner, as in colchicine-treated cells, for example. The first explanation 
does not seem likely since two cell divisions of the 20 presumptive eye 
cells would make a detectable rise in the total number of cells in the 
anlage, and this was not observed. No obvious cell necrosis was seen 
in either series. The second explanation is directly testable by making 
measurements of the DNA content in the nuclei. These were accom- 
plished on Feulgen-stained squashes of head anlagen using microspec- 
trophotometry (Baker and Swift, 1967). The preliminary results are 
equivocal. The actinomycin-treated anlagen when squashed a t  the end 
of the second instar sometimes contain a larger number of cells with 
poly -C values than do the control cells, but this may be an artifact of 
dissection. 

If this preliminary finding is verified, an interesting conclusion can 
be reached concerning the determinative event that  sets the pattern 
of position-effect variegation: the determination is made at  the level 
of the chromosome, and not made by other nuclear or cytoplasmic 
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components. This is so because the variegated patterns were unaffected 
by actinomycin treatment which, however, produced a polytene( 1 )  con- 
dition. The only known component of a polytene cell that  can later 
segregate out in a normal mitotic fashion is a chromosome. Such a 
conclusion would be of some importance in framing our concepts of 
regulative processes during development, but i t  is unfortunate that oiir 
present preliminary experiments are inconclusive. 

VI. Thoughts, Perhaps Themselves Too Variegated 

The reader may now feel overwhelmed by the myriads of facts known 
about position-effect variegation which have yet to fall within a simple, 
rational, biological framework. If this review has not saturated his 
storage capacity for a confusing array of information, he is referred 
to  the recent reviews of Schultz (1965) and Brown (1966) or the older 
ones of Hannah (1951) and Cooper (1956) which cover broader as- 
pects of the role of heterochromatic chromosomes or chromosmal re- 
gions in addition to  their role in position-effect variegation. After such 
a survey one could readily come to the conclusion that  the basis of 
the phenomenon is much too complex for profitable continuation of its 
investigation a t  this time. Justification for such a view could be based 
on the fact that we are no closer to a chemical or molecular inter- 
pretation than we were 30 years ago. 

Is the situation really as complex a s  i t  appears? It seems to  me 
that the process of gene suppression accompanying position-effect 
variegation is so ubiquitous, so subject to the stringent cis-trans rules 
of action, and so polarized in its suppression, that i t  cannot be com- 
plex a t  the molecular level. The basic simplicity of the process re- 
mains hidden among the great diversity of experimental observation, 
and I wish to suggest that  the primary reason for this shroud is that 
many of these observations are really irrelevant to the basic mcch- 
anism involved. The reasons for this irrelevancy are threefold: (1) 
There has been a failure to  diatinguish between the determinative 
event which underlies the pattern of variegation and the differentia- 
tive event which exposes the variegated gene expression; (2) the 
cytology and cytochemistry is often done on tissues other than those 
known to be expressing variegation; (3) the variegating phenotypes 
usually studied are so far removed from the molecular level of the 
suppression that they are relatively uninformative insofar as the basic 
process is concerned. Each of these points will be developed more fully. 
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A. DETERMINATIVE AND DIFFERENTIATIVE EVENTS 

The evidence is quite clear in several Drosophila cases that the 
pattern of eye-pigment variegation is determined in the anlage a t  the 
end of the first larval instar. It is a t  this time that the cells are 
programmed for their eventual activity in eye pigmentation or, to be 
more explicit, i t  is a t  this time that the program of gene suppression 
associated with the position-effect aspects of variegation is laid down. 
It seems valid, therefore, to assume as a working hypothesis that 
the molecular action lying a t  the basis of the variegation is occur- 
ring a t  this stage. As has been previously discussed, i t  is likely that  
this basis lies in the transcription or, possibly, the translation process. 
In any event, this is the stage of the developing eye anlage when one 
should be looking for the presence of ~ new molecules, possibly attached 
to  the sites of affected genes which have the potentiality of blocking 
transcription when it eventually occurs. The evocation of this early 
determined program only becomes a morphological reality after the 
tissue, or the process expressing variegation, becomes differentiated. 
Certainly the predetermined program can be modulated during the 
differentiative process, and certainly different morphological struc- 
tures differentiate a t  different developmental times. 

It would seem logical to attempt to divide the confusing array of 
facts a t  our disposal concerning position-effect variegation into two 
groups: those most likely dealing with the determinative event and 
thus a t  the basis of variegation, and those dealing with the secondary 
differentiative process. It is fortunate that  in Drosophila the determi- 
nation of the pattern of eye pigmentation and the differentiation of 
pigment are so widely separated in time that experimental distinc- 
tion between the processes is possible. 

Let us first consider two modifying effects of variegation which al- 
most certainly act on the differentiative process: temperature and 
chromosomes added to  the genome (Becker, 1961). Experiments by 
Becker (1961) and Chen (1948) show that the long-known enhancement 
of the mutant area in a variegated eye caused by decreased tempera- 
ture is observed solely for a lowering of the temperature during pupa- 
tion when pigment differentiation is occurring; a lowering during the 
larval instars is ineffective. From a study of the relative number of 
eye sectors expressing the mutant phenotype upon combining tempera- 
ture shifts and added Y chromosome material to  the genome, Becker 
(1961) argues that Y suppression cannot be acting by shifting the 
time of the determinative event that affects the pattern. Although the 
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evidence in this case is circumstantial instead of being direct, his 
conclusion seems reasonable. Therefore, temperature and perhaps Y 
suppression are only modulating a previously determined pattern, as 
if they were effective by changing a threshold for pigment production, 
conceivably by acting a t  the enzyme-substrate level. It is doubtful if 
the reported (Schultz, 1956, 1965) effects of Y chromosome on RNA 
metabolism, while interesting in themselves, will tell us much about 
the basis of variegation. 

The time separation of the determination and the differentiation of 
variegation allows for a simpler understanding of many spreading 
effects in Drosophila (see Section 11, E). Schultz (1965) assumes that 
the reason the roughest areas in an eye may or may not show white 
facets when both w+ and rst+ are expressing variegation and the 
break is closer to  rst is that “, . . the effect on the arrangement of 
the ommatidia occurs prior in development to that on the eye pig- 
ment, so that one has within a roughest area both normally colored 
and changed facets.” Of course, as he states, it would be necessary 
to assume the reverse developinental timing if the break in a re- 
arrangement was closer to w than rst, and the roughest areas were in- 
variably white. This precise test, however, has not been made to  my 
knowledge. Cohen’s data (1962) suggest that  there is no reversal of 
developmental timing. It is much simpler to  assume that  a polarized 
suppression of potential gene activity occurs a t  the pattern-determin- 
ing stage and spreads from the breakpoint. If rst+ is closer t o  the 
breakpoint and i t  is suppressed, then a more distal gene like W +  may 
be suppressed in some cells and not in others. The embryological fact 
that the differentiation of facet arrangement is evident a t  the end of 
the third instar whereas pigmentation occurs in the mid-pupal period 
is irrelevant to the spreading effect. The fact that position effect may 
suppress genes whose morphological expression may become differen- 
tiated a t  different developmental periods is no evidence that the initial 
suppression occurred a t  different times. 

I do not wish to  leave the impression that these differentiative 
events are unimportant or uninteresting, but it does not seem likely 
that we can understand their modulating effects on variegation until 
the basis of the suppression pattern determined a t  a much earlier 
developmental stage is known. 

B. TISSUE SPECIFICITY OF VARIEGATION 

If one sets out to use the tools of cytology and cytochemistry to  
investigate Drosophila chromosomes in variegated tissue, the almost 
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invariable result is that the tissue exhibiting variegation has chromo- 
somes that are unsuitable for analysis. One cannot observe, for ex- 
ample, if there is “heterochromatization” of the rearranged chromo- 
some carrying the wild-type alleles of the affected genes within the 
mutant part of the variegated eye tissue and not in the wild-type 
part. Therefore as a substitute, the cytologically beautiful salivary 
gland chromosomes are examined but, as a matter of fact, there is 
no evidence that variegated suppression of the genes under investiga- 
tion is actually occurring in this tissue. We just do not know if there 
if, any tissue specificity involved in the initial determination of sup- 
pression. Even if not, we do not know if the determination occurs 
a t  the end of the first instar in wing or leg anlagen as i t  does in 
the eye anlage. Furthermore, even though the determinative event 
may occur in all tissues, i t  seems unlikely that this determination 
woiild become differentiated into a structure with the same cytological 
appearance in all tissues. This is why the cytological study of Ohno 
and Cattanach (1962) on the chromosome appearance within the 
nuclei of cells of the mutant and wild-type areas of the variegated 
mouse coat was so potentially important. It is unfortunate that  in 
vertebrates the pigment granules which determine the coat color may 
migrate into the skin cells from areas quite distantly removed; there- 
fore, evaluation of their results is difficult. Perhaps the picture is not 
quite so dismal. Schultz (1965) discussed and Rudkin (1965) pictured 
the salivary gland chromosomes in a case of white variegation in 
which the region (including the white locus) close to  the break is 
sometimes compacted in the translocated chromosome as compared 
with the normal X in the same cell. A band between the break and 
the white locus that normally puffs does not do so in the compacted 
member, an indication of the suppression of gene activity. 

In view of these circumstances, i t  might be profitable to look for 
position-eff ect variegation of chromosome morphology in cells on which 
localized cytochemistry can be accomplished ; for example, variegation 
in the puffing pattern of a particular band in salivary gland chromo- 
somes caused by a rearrangement involving a heterochromatic region, 
If such variegation could be found, and if i t  obeyed the criteria set 
out for variegations of the position-effect type, then cytochemical an- 
alysis could be done on cells with both wild-type and mutant puffing 
within the same gland. It should be recalled, however, that even if all 
this could be accomplished, one would still have to determine if this 
variegated puffing were the differentiative event or the determinative 
event. It is conceivable that the pattern of cells within the gland which 
will show chromosomal puffs a t  a part,icular time has already been 
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determined during the cell divisions of gland anlage, and that the cyto- 
chemical analysis would be relevant primarily to the differentiative 
process. Cell lineage studies would be informative for this question 
(Baker, 1967). 

It is important to establish cases of variegation in the puffing pat- 
terns of salivary gland chromosomes per se because Rudkin (1965) 
has established the fact that in these chromosomes, in contrast to 
neuroblast cells, the DNA in the heterochromatic regions replicates 
very little, or possibly very late. Since he and Schultz attribute the 
variegated phenotype to this abnormal replication, known position- 
effect variegation within the salivary gland is essential for support 
of their hypothesis. 

C. POSSIBILITY OF STUDYING VARIEGATED TRANSCRIPTION 

One of the advantages of studying variegation of a process like 
chromosome puffing over eye-pigment variegation is that the pheno- 
type is much closer to the initial gene suppression: a long series of 
biosynthetic pathways does not intervene. An even more revealing 
phenotype would be a study of the variegation of the transcribed 
RNA itself. Such a product is available for study in Drosophila: the 
ribosomal RNA which is transcribed from the genes in the nucleolus- 
organizer region of the X and Y chromosomes (Ritossa and Spiegel- 
man, 1965). Since these genes are normally located in a heterochro- 
matic region, one would expect them to show variegated expression 
if there were a rearrangement with a break between their loci on the 
X chromosome and the centromere such that they would be moved to 
a distal euchromatic region. Inversions sc8 and scsl have appro- 
priate breakpoints, and interestingly, sca/O and scsl/O males are 
usually inviable. Is this lethality caused by position-eff ect varie- 
gation of the genes in the euchromatic tip of the X whose lethality 
is expressed in the absence of the Y chromosome (an element that 
retards mutant expression in a variegated phenotype), or is the 
lethality caused by variegated expression of the ribosomal RNA 
genes in the absence of a normal set of these genes in the Y chromo- 
some? The first alternative may be unlikely since the addition of a 
duplication of the tip of the X down to sc (scJ4, a translocation of 
the X tip to the tip of 3L) does not allow either the sca/O or 
the scS1/0 males to survive (Baker, 1968). Although this rules out 
variegation of lethal genes located on the X to the left of sc as 
being the lethal agent, there are known lethal genes close to the 
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right of sc, and duplications covering these are being tested. If the 
latter duplications do not cover the lethality, i t  will be interesting 
to study the r-RNA content of the scH/O and scsl/O larvae before 
their death. 

In  this connection one recalls the interesting case described by 
Green (1960) in which alleles of the hairy gene (chromosome 3) 
showed enhanced expression when present with X inversions in which 
the break was between the nucleolus organizer and the centromere, 
but no such enhancement when an X inversion (sc4) with breaks 
distal to the nucleolus organizer was used, Although this is probably 
a position effect on the Hw locus a t  the tip of the X chromosome, it 
might possibly be an expression of position-eff ect Variegation of the 
r-RNA genes. 
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