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INTRODUCTION

HE linear arrangement of genes within chromosomes is constant

from generation to generation in each line of descent. The degree of
this stability is comparable to that of the gene structure; genes change
by mutation, chromosomes change by the occurrence of chromosomal
aberrations. Strains and races of the same species, as well as distinct
species, may differ in gene arrangement. One of us (STURTEVANT 1917,
1931) has shown that strains of Drosophila melanogaster coming from the
same or from distinct geographical localities may differ in having blocks
of genes rotated by 180° (inversion). The method of detection of inver-
sions used in these early studies was based chiefly on observations on the
strength of linkage in hybrids between different strains, but the laborious-
ness of this method limits its applicability. The discovery of the salivary
gland chromosome method has rendered the task much easier. TAN (1935)
in Drosophila pseudoobscura, and DuBmNIN, SokoLov and TINIAKOV (1936)
in melanogaster have observed numerous inversions in hybrids between
strains and races. DoBzHANSKY and TAN (1936) and DoBzHANSKY and
Baugr (unpublished) have found extensive differences between the gene
arrangements in two pairs of species of Drosophila, namely pseudoobscura
and miranda, athabasca and azteca.

In the present article we shall report the results of comparisons of the
gene arrangement in the chromosomes of strains of D. pseudoobscura com-
ing from different geographical regions. This species has five pairs of
chromosomes; one of them, the third, is especially variable in the gene
arrangement. Other chromosomes are relatively more constant, yet some
variation has been observed in every chromosome, except the small fifth.
Some of the gene arrangements are encountered in populations inhabiting
a major part of the species area, while others are more restricted in their
distribution. In many localities the population is mixed with respect to
the chromosome structure, and inversion heterozygotes are very common
in nature. Moreover, as pointed out in our preliminary communication
(STurTEVANT and DOBZHANSKY 1936a), a comparison of the different
gene arrangements in the same chromosome may, in certain cases, throw
light on the historical relationships of these structures, and consequently
on the history of the species as a whole.

* The cost of Plate 1 is paid for by the Galton and Meudel Fund.
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MATERIAL AND METHODS

In the salivary gland cells of many Diptera, including Drosophila, the
homologous chromosomes undergo a very intimate pairing. It is now clear
that this pairing is due to a mutual attraction between the homologous
loci in the chromosomes rather than between chromosomes as wholes.
Two chromosomes containing the same genes arranged in identical linear
orders fuse to form a double strand in which homologous loci lie on ex-
actly the same levels. Pairing of chromosome sections having dissimilar
disc patterns (and consequently dissimilar genes) is never observed, at
least in our species. If the gene arrangements in two chromosomes are
not identical, the homologous discs still tend to become associated, forc-
ing the chromosomes to form at times very complex pairing configura-
tions. For example, if two homologous chromosomes have a section in-
verted, a loop-like configuration appears in the salivary gland cells (fig. 1).

This chromosome pairing furnishes an easy and accurate method for
comparison of the gene arrangements in different strains of the same
species, or in different species if these can be crossed. A strain is selected
the gene arrangement in which is arbitrarily chosen as a standard. Strains
to be tested are crossed to the standard one, and the chromosomes are
examined in the salivary glands of the larvae of the first generation hy-
brids. If the strains crossed are identical with respect to gene arrangement,
all the chromosomes in the hybrids are represented by paired strands radi-
ating from the chromocenter. If the gene arrangements are different in
any respect, some of the chromosomes in the hybrids show abnormal
pairing configurations, from the appearance of which the precise nature
of the difference can be deduced.

The procedure just outlined has been followed in the present investi-
gation. A strain of race A of D. pseudoobscura carrying the third-chromo-
some recessives orange and purple was chosen as a standard, and the
chromosomes in the hybrids between this and various other strains have
been examined. As a rule, orange purple females have been crossed to
males from the strains to be tested. The presence of the recessive mutant
genes has served as a check against the possible non-virginity of the
mothers. Tests of the race B strains were usually performed by crossing
them to a race B strain from Klamath, California, homozygous for orange.
The Klamath strain of race B differs in the gene arrangement from the
standard race A strain, but the nature of the difference being known, the
results obtained may be translated in terms of the standard race A ar-
rangement.

The known distribution area of pseudoobscura extends from the Pacific
coast to the Rocky Mountains, the western edge of the prairies, into
central Texas, and from central British Columbia to southern Mexico. In
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recent years a fairly large collection of strains of this species has been
accumulated in this laboratory. The wild ancestors of these strains have
been collected out of doors with the aid of traps containing fermenting
banana mash. Both females and males come to the traps; a majority of
the females are already fertilized by one or more males before coming to
the traps. Each laboratory strain is derived from a single wild female. In
most localities where collecting has been done several strains have been
isolated. The strains are designated by the name of the locality in which
their wild ancestors have been collected, and by serial numbers. Thus,
“Taos-4” is the strain No. 4 from Taos, New Mexico.

Examination of the chromosomes in the hybrids between the standard
strain and strains coming from various geographical localities furnishes
qualitative, as well as roughly quantitative, information regarding the
kinds of gene arrangements encountered in the populations inhabiting
these localities. For a more precise quantitative analysis of wild popula-
tions this technique is however unsatisfactory, since the variety of gene
arrangements originally present in a given strain may be decreased if this
strain is kept in the laboratory for many generations. Therefore, the rela-
tive frequencies of the different gene arrangements in some localities have
been determined by a different method. Wild males collected out of doors,
or single sons of wild females, are outcrossed to the standard orange
purple females, and the chromosome configurations are studied in several
hybrid larvae from each cross. If the wild fly was a structural heterozy-
gote (for example, if it had one third chromosome differing from the other
in gene arrangement), at least two types of hybrid larvae must appear.
This has been observed in many instances. Sometimes all hybrid larvae
examined are alike, which may be due either to the parents being structur-
ally homozygous, or to the smallness of the sample tested. The following
convention was therefore adopted: if three or more larvae from a given
cross have been examined and found to be alike, the tested individual is
regarded as having been structurally homozygous; if less than three lar-
vae have been examined and only one type was found, only one chromo-
some is assumed to have been tested. It may be noted that in most cases
six or seven larvae were examined from each cross.

Cytological examination has been made mostly on temporary aceto-
carmine mounts. This method is unrivalled as a time-saving device, and

EXPLANATION OF PLATE 1

Plate 1.—Above—a map of the standard gene arrangement in the third chromosome of Droso-
phila pseudoobscura, showing the division into the sections and sub-sections, and also the loci of
the breakages in some of the inversions recorded in this chromosome. Below—configurations ob-
served in the third chromosome in various inversion heterozygotes. The scales (40 and 50 micra)
indicate the magnification used for making the drawings of the standard map and of the other
configurations respectively.
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moreover fresh temporary mounts are frequently superior even to the
best permanent preparations. The drawings of the chromosomes repro-
duced below were made with the aid of a camera lucida, under the magni-
fication of go X objective, 10 X ocular (Zeiss). The map of the standard
third chromosome (Plate 1) is a composite drawing made up of several
separate ones representing the given part of the chromosome most clearly.
The magnification here is 120 X objective, 10 X ocular. In all the drawings
which are not composites the parts of the chromosomes in which the disc
patterns were not clear enough in a given preparation are represented
by dotted outlines only. In general, cells in which the amount of pairing
of homologous chromosome sections was at its maximum were selected for
making the drawings.

GEOMETRICAL CONSEQUENCES OF MULTIPLE INVERSIONS

The occurrence of an inversion in a chromosome leads to the emergence
of a “new” chromosome having a modified gene arrangement. This “new”
chromosome may, in turn, undergo further change due to another inver-
sion, or due to a translocation, deficiency, or to some other chromosome
aberration. The occurrence subsequently of several inversions in the same
chromosome may, theoretically, lead to particularly interesting results,
which should be considered before the data on the gene arrangement in
the chromosomes of D. pseudoobscura are presented.

Assume that a chromosome has genes arranged in the order ABCDEF.
An inversion of the section containing the genes from B to E inclusive
gives rise to a chromosome AEDCBF. If the original and the derived
chromosome are present in the same individual (inversion heterozygote),
a configuration resembling that shown in the upper right corner of figure
1 will be formed in the salivary gland cells.

A chromosome once changed by an inversion may undergo a further
change due to another inversion. The location of the second inversion
with respect to the first may vary. Three possibilities present themselves.
(1) The second inversion may occur in the part of the chromosome not
affected by the first. A chromosome ABCDEFGHI may be changed first
to AEDCBFGHI and then to AEDCBFHGI. An individual heterozy-
gous for ABCDEFGHI and AEDCBFHGI will have in its salivary glands
a chromosome forming a double loop shown in figure 1, second line from
above. Such inversions may be termed independent. (2) An inversion may
take place wholly inside of the region affected by another inversion, or it
may include that region. The chromosome ABCDEF changes first to
AEDCBF and then to AECDBF, or else the change is ABCDEF—
ABDCEF—AECDBF. Such inversions may be called included ones. An
individual having chromosomes ABCDEF and AECDBF is expected to
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have in its salivary gland cells a double loop configuration shown in fig-
ure 1, second line from below. (3) The second inversion may have one
end inside and the other outside of the region included in the first inver-
sion. For example, the chromosome ABCDEFGHI may change consecu-
tively to AFEDCBGHI and to AFEHGBCDI. Such inversions may be
described as overlapping ones. The chromosome configuration expected
to appear in the salivary gland cells of an individual heterozygous for
overlapping inversions is like that shown in figure 1, lower right corner.

A.‘B_C.Q.E.‘E...__.
ABCDEF. ..
AEDCEF .
ABCDEF GH)
AEDCBFGHI ABCOEFGHI
—l T AEDCBFAGI
AEDCBFAGI
ABCDEF. . .
AEDCEF. . . ABCDEF. .
S AECDBF. ..
ABCDEFGHI
A [
ABCDEFGHI
HI P ——
AEDCBFGH) AEHGFBCDI
AEHGFBCDI

FIGURE 1.—A schematic representation of the pairing of chromosomes differing in a single or
a double inversion. Above—a single inversion; second from above—two independent inversions;
third from above—two included inversions; below—two overlapping inversions. Further explana-
tion in text.

Overlapping inversions deserve an especially careful consideration. Sup-
posé that three gene arrangements, ABCDEFGHI, AFEDCBGHI, and
AFEHGBCDI, are encountered in a species. The first of these arrange-
ments might have originated from the second through a single inversion;
or else, the first might have given rise to the second, likewise through a
single inversion. Similar relations exist between the second and the third
of these arrangements: each of them might have originated from or given
rise to the other by means of a single inversion step. But the supposition
that the first has originated from the third, or vice versa, leads to great
difficulties, which can be obviated only by supposing that the change has



CHROMOSOMES OF DROSOPHILA PSEUDOOBSCURA 33

been accomplished in two steps, the second arrangement being the inter-
mediate stage. Indeed, in order that the chromosome ABCDEFGHI may
become transformed at once into AFEHGBCDI, or vice versa, the chro-
mosome must become broken simultaneously in four places: between A
and B, D and E, F and G, and H and I. The occurrence of such a mul-
tiple breakage is in itself not very difficult to visualize, since such com-
plex breakages have in fact been observed in some X-ray experiments
with Drosophila. Whether they occur also without X-ray treatments is
for the time being an open question. Much more important is the fact
that the fragments of a chromosome broken in four places may reunite in
a variety of ways: AGHEFBCDI, AEFBCDHGI, AEFHGBCDI, AFE-
HGBCDI, and others, all of which are theoretically equally likely to
occur.

If the three arrangements, ABCDEFGHI, AFEDCBGHI, and AFE-
HGBCDI, are all observed to occur in nature, the probability of the di-
rect origin of the first from the third, or vice versa, becomes almost nil.
Indeed, this would involve the assumption that due to a mere coincidence
the chromosome has been broken at exactly the same two places on at
least two separate occasions. Since a chromosome of a moderate length
may undergo breakage presumably at hundreds or even at thousands of
points, such coincidences must be extremely rare. Even if the supposition
is made that certain points in the chromosome are more likely to break
than others, the coincidence of two breaks at exactly the same loci re-
mains improbable, for at least some chromosomes are known to have
undergone breakage at many points. It follows, then, that the phylo-
genetic relationships of the three gene arrangements represented above
must be 1—52—3, or 3-—>2—1, or T<2—3, but not 1=23. In other words,
although we can not determine directly which of the three arrangements
is the ancestral and which are the derived ones, if any one is selected as
the original then the course of the evolution is thereby fixed.

If only the first and the third arrangements are actually observed to
occur in nature, then the second may be postulated theoretically as a
form that either has lived in the past but has become extinct, or else is
still living but has not been discovered. For if the change from the first
to the third arrangement has taken place in two steps, each involving a
single inversion, there could have been but a single intermediate, namely
the second arrangement. Among the seventeen gene arrangements that
are known in the third chromosome of pseudoobscura, at least one ar-
rangement has been so predicted, and subsequently discovered to occur
on Santa Cruz Island, off the coast of California, and in some other places.

The geometrical properties of the overlapping inversions that render
them amenable to a phylogenetic analysis of the sort just outlined are not
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found in the independent and the included ones. If only two sequences,
ABCDEFGHI and AEDCBFHGI, are encountered, their genetic re-
lationships are ambiguous. Supposing that inversions occur one at a time,
the relationships ABCDEFGHI=2AEDCBFGHI=2AEDCBFHGI and
ABCDEFGHI=2ABCDEFHGI=2AEDCBFHGI are equally probable.
In other words, the intermediate steps in the phylogenetic series can not
be reconstructed with a sufficient degree of assurance, while such a re-
construction is practicable for overlapping inversions. If one of the
two theoretically possible intermediates (that is, AEDCBFGHI or ABC-
DEFHGI) is actually encountered in nature, it is of course likely that it,
rather than its alternative, is the actual connecting link between the two
end members of the series. But even in this most favorable case the
method remains less precise than it is for overlapping inversions; it is pos-
sible, for example, that the arrangement ABCDEFGHI has given rise in-
dependently to AEDCBFGHI and ABCDEFHGI, and that a crossing-
over between the latter has produced AEDCBFHGI.

In practice, it becomes important to establish whether two or more in-
versions observed in the same chromosome do or do not helong to the
class of the overlapping ones. Fortunately, the salivary gland chromosome
method is sufficiently accurate to permit a decision to be made in every
adequately studied case. Even if the degree of the overlapping is small
(that is, if one of the breaks in one of the inversions lies very close to a
breakage point in the other), a careful investigation shows where in the
“new” chromosome every section of the “old” one is located.

GENE ARRANGEMENTS IN THE THIRD CHROMOSOME OF RACE A

A composite map of the standard gene arrangement in the third chro-
mosome of race A of pseudoobscura is represented in the upper part of
Plate 1. It should be reiterated that the choice of this arrangement as a
standard is arbitrary, and the results of the investigation would not be
altered in the least if a different choice were made. Tan (1935) and
DoszraNskY and Tan (1936) have already published maps of the same
standard arrangement, but it is believed that the map here given is more
accurate. We do not claim however that even this map represents all the
faintest discs that may be found in this chromosome.

To facilitate description, the chromosomes of pseudoobscura have been
subdivided into one hundred arbitrary sections; the third chromosome
contains sections from 63 to 81 inclusive (DoszHANSKY and TAN 1936).
Each section is further subdivided into sub-sections denoted by letters A,
B, C, etc. The limits of the sections and sub-sections are indicated by
lines in Plate 1. In the standard arrangements the sections run in the
natural order, from the proximal to the distal end, thus: 63 ABCDE, 64
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ABC, 65 ABCD . .. 81 ABCD. Gene arrangements other than the stand-
ard one can be described most conveniently in terms of these numbered
sections and sub-sections.

When the strain Arrowhead-s5, derived from a single female collected
near the village of Arrowhead, British Columbia, is crossed to the stand-
ard, the third chromosomes in the hybrid form a pairing configuration
like that represented in Plate 1. From this configuration one can easily
deduce that the Arrowhead strain differs from the standard in having a
single inversion in the third chromosome. The origin of this inversion can
be represented as being due to a breakage of the standard third chromo-
some in the sections 70B and 76B, and a rotation of the middle fragment
by 180°. The arrangement of sections in the third chromosome of the
Standard and the Arrowhead strains are as follows:

Standard 63,64 . .. 69,70A:70BCD,71 ... 75,76AB:76C,77 . . . 81
Arrowhead 63,64 . . . 69,70A:76BA 75 . . . 71,70DCB:76C,77 . . . 81

The signs : indicate the loci of the breakages. Configurations similar
to that observed in the Arrowhead/Standard hybrids have been found
also in hybrids between the standard and many other strains. It follows
that the gene arrangement first detected in the Arrowhead-5 strain is
encountered rather commonly elsewhere; this will be referred to as the
“Arrowhead” arrangement. In strains that are homozygous for the third
chromosome of the Arrowhead type no loop-like configuration similar to
that shown in Plate 1 is, of course, formed. The examination of the disc
pattern in the third chromosome shows however that the seriation of the
sections is like that just indicated for the Arrowhead rather than that for
the Standard chromosome.

In crosses between certain strains collected on the slopes of Pikes Peak
Colorado, and the standard strain, the third chromosome in the salivary
gland cells has been observed to form a configuration like that shown in
Plate 1 under the label “Pikes Peak/Standard.” Although this configura-
tion is identical in type with that in Arrowhead/Standard hybrids, a more
careful inspection shows that different sections of the chromosome are
involved in the formation of the loops in the two cases. It follows that
the gene arrangement found in the Pikes Peak strains is different both
from that found in the Arrowhead and in the standard strains. A compari-
son of the standard and the Pikes Peak arrangements may be represented
thus:

Standard 63,64,65AB:65CD,66 . .. 75ABC:%6 . . . 81
Pikes Peak 63,64,65AB:75CBA . .. 66,65DC:76ABC . .. 81

It is worth while to compare the Arrowhead and Pikes Peak arrange-
ments with each other. Both can be thought of as being derived from, or
giving rise to, the standard arrangement by a single inversion. The two
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inversions are however of the overlapping type: the distal break in Pikes
Peak lies further from the free end of the chromosome than the distal
break in Arrowhead, while the proximal break in Pikes Peak is much
closer to the base of the chromosome than the proximal break in Arrow-
head (Plate 1). The origin of the Pikes Peak arrangement directly from
Arrowhead, or vice versa, is therefore very improbable. The relationships
of the three arrangements may be represented as Arrowhead=Standarde
Pikes Peak, but not as Arrowhead=Pikes Peak. In hybrids carrying one
Arrowhead and one Pikes Peak chromosome a configuration resembling
the double loop shown in figure 1, lower right corner, may be expected.
One of these loops must be formed by the sections from 65C to 70A in-
clusive (corresponding to FGH in figure 1), and the other loop by sec-
tions from 70B 75C (corresponding to BCD in fig. 1), while the base (sec-
tions 63 to 65B) and the free end (sections 76B to 81) must pair normally
(corresponding to I and A in fig. 1). Sections 76A and 76B are too short
to be expected to pair frequently with their homologues (corresponding to
E in fig. 1). The cross Arrowhead by Pikes Peak has actually been made,
and the expected chromosome configuration has been observed in the
hybrids.

Crosses between standard and certain strains from Santa Cruz Island
California, show in the third chromosome a double-loop configuration de-
picted in Plate 1. An analysis of this configuration leads to the conclusion
that the arrangement of sections in the third chromosome of the Santa
Cruz strains is as follows:

63 ...67,68ABC:79BCD:76A,75 . .. 69,68D:79A,78,77,76CB :80,81

It is interesting to determine in what relation the Santa Cruz sequence
stands to the previously described ones. An attempt to derive the Santa
Cruz sequence from either Arrowhead or Pikes Peak shows immediately
that at least three inversion steps are necessary, one of which transforms
the Arrowhead or Pikes Peak sequences respectively into the standard
one. Only two inversion steps are needed to derive Santa Cruz from the
standard arrangement. These two steps can be represented as follows:
Standard 63 ... 67,68ABCD,69 . . . 75,76A:76BC,77,78,70ABCD :80,31
Hypothetical 63 ... 67,68ABC:D,69 ... 75,76A,70DCB:A,78,77,76CB,

80,81
Santa Cruz 63 ... 67,68ABC,79BCD,76A,75 ... 69,68D,79A,78,77,
76CB 80,81

The hypothetical link between the standard and Santa Cruz has as
yet not been discovered in pseudoobscura. It will be shown below that the
essential characteristics of the hypothetical sequence are encountered in
the X2 chromosome of a related species, miranda. The relationships of the
sequences described thus far are therefore as follows:



