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ABSTRACT Although the chromosomal polymorphism
for inversions in Drosophila pseudoobscura is one of the best
studied systems in population genetics, the identity of the
ancestral gene arrangement has remained unresolved for more
than 50 years. There are more than 40 gene arrangement and
4 ofthem (Standard, Hypothetical, Santa Crum, and Tree Lne)
have been considered as candidates for the ancestral type. We
propose a framework of competing hypotheses to dstinsh
among the alternatives. Two conclusions come from contrast-
ing each hypothesis with the results from DNA sequencig and
restriction mapping. First, not only Standard but also Hypo-
thetical can be excluded as the ancestral gene arrangement.
Second, although either Tree Line or Santa Cruz could be the
ancestral type, the available data provide greater support for
Santa Cruz.

Nineteen forty-four was a special year in the history of
evolutionary biology. George Gaylord Simpson published
7'empo andMode in Evolution (1), bringing paleontology and
the concepts of macroevolution into the modern synthesis of
evolutionary theory. Nineteen forty-four also saw the pub-
lication of Contributions to the Genetics, Taxonomy, and
Ecology ofDrosophila pseudoobscura and Its Relatives by
Theodosius Dobzhansky and Carl Epling (2). This mono-
graph presented a detailed analysis of chromosomal poly-
morphism for inversions in D. pseudoobscura and Drosoph-
ila persimilis, summarizing earlier studies and presenting
extensive new data. These inversions, often referred to as
gene arrangements, constitute a genetic system that has
played a prominent role in studies of population genetics and
evolutionary biology during the past 50 years. In one of the
three papers making up the 1944 monograph, Epling reasoned
on biogeographical grounds that the distribution pattern of
these gene arrangements was ancient, dating from perhaps
the Miocene. It follows from Epling's hypothesis that the
gene arrangements themselves are ancient. Simpson was one
of the principals in a lively correspondence that ensued
between Epling and other evolutionary biologists about the
age of this genetic system. Simpson, Mayr, and Stebbins
published their views as a Symposium on the Age of the
Distribution Pattern ofthe Gene Arrangements in Drosoph-
ila pseudoobscura in 1945 (3). Stebbins supported Epling's
hypothesis and argued that the inversion system was quite
old, while Mayr disagreed with Epling and favored a more
recent origin of the distribution pattern. Simpson concluded
that the age of the system could not be determined from the
available evidence. It thus seems appropriate in this collo-
quium honoring the 50th anniversary of Simpson's seminal
work to address a question about the history of the D.
pseudoobscura inversions, not quite the question of age that

Simpson considered, but rather the related question ofwhich
gene arrangement was the ancestral one.

In D. pseudoobscura, the third chromosome is polymor-
phic for more than 40 gene arrangements resulting from
overlapping paracentric inversions (4), which can be ordered
in a phylogeny based on the breakpoints of inversions under
the parsimonious assumption that each inversion arose only
once (Fig. 1). With the single exception of Hypothetical, all
of the gene arrangements necessary to reconstruct the com-
plete phylogeny have been observed in nature. Four of these
arrangements-Standard (ST), Hypothetical (HY), Santa
Cruz (SC), and Tree Line (TL)-are central to the phylogeny,
with all the others being their one- or two-step derivatives.
The tree in Fig. 1 is unrooted, and the question of which of
these four gene arrangements is ancestral has remained
unanswered for more than 50 years, inasmuch as cytogenetic,
biogeographic, and electrophoretic data have not consis-
tently supported a single hypothesis.
ST was the first arrangement proposed as ancestral (5),

because it is the only one shared by D. pseudoobscura and its
sibling species, Drosophila persimilis. HY was suggested (6)
because its inverted region resembles the banding pattern of
the homologous chromosome in Drosophila miranda, a re-
lated species more distant from D. pseudoobscura than is D.
persimilis. Historically, SC has received less attention than
the other arrangements, although it too has been suggested
(2, 7). More recently, TL has been considered a favorite
candidate for the ancestral gene arrangement on the basis of
its distribution pattern (4, 8, 9) and comparison of alleles at
protein loci in D. pseudoobscura, D. persimilis, and D.
miranda (4) and because it pairs more fully with the miranda
homolog of the pseudoobscura third chromosome in inter-
species hybrids than does either SC or ST (8-10). The only
informative molecular data on this topic come from a recent
analysis of restriction site polymorphism (RSP) within these
arrangements (11) that produced two important results. First,
the phylogeny based on RSP data corroborates the cytoge-
netic phylogeny. Second, it was estimated that the TL branch
diverged from the SC-ST group about 1.7 million years ago.
The greater depth ofthe TL branch and its early splitting have
been used to support the ancestral status of the TL arrange-
ment, which represents the consensus view today (11, 12).
We decided to approach the question of the ancestral

arrangement in the following way. First, an independent
assessment of the phylogenetic relationships among the cen-
tral gene arrangements was made on the basis of nucleotide
sequences flanking the amylase 1 (Amy)) gene, which is
located within the inversions. Second, a framework of com-
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FIG. 1. Cytogenetic phylogeny of the D. pseudoobscura gene
arrangements examined in the present study.

peting hypotheses regarding the ancestral type was devised
on the basis of the known relationships among central ar-
rangements, and each of these hypotheses was compared
with the empirically derived phylogenies. Third, several
additional chromosomes were added to our earlier RSP data
set (11) and analyzed by several different methods to deter-
mine whether this more extensive phylogenetic analysis still
supported an ancestral status for TL.
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FIG. 3. An illustration of the phylogeny that would result from
three successive inversion events, beginning with the ST gene
arrangement. In A, an inversion of the ST gene arrangement gives
HY; in B, an inversion ofHY gives SC; and in C, an inversion of SC
gives TL.

MATERIALS AND METHODS
Lines ofD. pseudoobscura stocks homozygous for the third
chromosome were constructed using balancer stocks (13).
Salivary glands were dissected from third-instar larvae, 30
per line, and gene arrangements were diagnosed from squash
preparations of the polytene chromosomes. The six strains
used for determining DNA sequences flanking Amy) are as
follows: ST, Ayala reference strain, from northern Califor-
nia; SC, strain BAJA 859#3, from Baja California, Mexico;
Chiricahua (CH), strain AH 87#2, from northern California;
TL, strain AH 73#2, from northern California; Estes Park
(EP), strain BC p430#4, from British Columbia, Canada;
Olympic (OL), strain s14AR-D; from British Columbia, Can-
ada. Three SC strains from Michoacan, Mexico, were added
to the original RSP data set: strain MEX z67w, strain MEX
z53y, and strain MEX zl3w. Restriction mapping of these
strains was carried out as described (11).

Isolation of total genomic DNA was accomplished by
extraction from freshly ground flies and purification by CsCl
density gradient centrifugation (14). Genomic DNA was
digested with HindIII and EcoRI restriction enzymes and
then loaded onto a 5-30%o sucrose step gradient (15). The
fraction containing 5- to 6-kb fragments was cloned into the
vector pBluescript SK- (Stratagene) and transformed by
high-voltage electroporation (16, 17). D. pseudoobscura
clones containing Amy homologous sequences were isolated
from a genomic library by colony hybridization (16) using the
plasmid pFA4 (18) containing the D. pseudoobscura Amy)
coding sequence as probe. All sequences were determined
using an automatic sequencer (Applied Biosystems 373A)
following the manufacturer's protocol. In all cases both
strands were sequenced. Some regions were sequenced again
manually (19) using the Sequenase DNA sequencing kit

(United States Biochemical). Sequenced regions include 667
nucleotides (from bases 701 to 35) upstream ofthe start codon
and 391 nucleotides (from bases 62 to 452) downstream ofthe
stop codon. These sequences have been deposited in Gen-
Bank (accession numbers U09746-U09757). Sequences were
aligned with each other using the GENALIGN program (Intel-
liGenetics) and checked again by eye. Sequence divergence
estimates were calculated as direct counts of nucleotide
sequence differences, since no correction is needed for
differences as small as those in our study (20).
The phylogenetic analysis was carried out using the neigh-

bor-joining (NJ) and maximum likelihood (ML) methods in
the PHYLIP package (21), the NJ method in the MEGA package
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FIG. 2. Dendrogram based on the combined flanking sequences
of theAmy) gene, obtained by the NJ algorithm. A separate analysis
of the two (5' and 3') flanking regions generated the same basic
topology. Numbers refer to the percentage of times a node was
supported in 200 bootstrap replications.
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FIG. 4. The six possible scenarios showing relationships among
ST, HY, SC, and TL gene arrangements. In A, ST is ancestral,
whereas in B, TL occupies that position. In Cl and C2, HY is the
ancestor and the first bifurcation leads to ST and SC. In DI and D2,
SC is the ancestral type with the first bifurcation leading to TL and
HY. Branches leading to HY are indicated by dotted lines, since this
gene arrangement has not been found in nature.
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(22), and the maximum parsimony (MP) method in PAUP (23).
For the RSP data, we excluded strains with a redundant
restriction pattern, which reduced the number of strains that
were phylogenetically analyzed from 33 to 21. To bootstrap
the NJ tree derived from RSP data, we followed the advice
kindly given to us by Walter Fitch. First, "1" and "0" in the
data set were replaced with "A" and "T," respectively.
Second, the SEQBOOT program (PHYLIP) was used to produce
100 bootstrapped data sets. Third, the DNADIST, NEIGHBOR,
and CONSENSE programs (PHYLIP) were used in succession to
produce the bootstrap values.

RESULTS AND DISCUSSION
A Test of Hypotheses Regarding the Ancestral Gene Ar-

rangement. Amylase in D. pseudoobscura is a family of three
genes, located within the inverted region in most gene
arrangements (11). The Amyl gene is the only copy present
in all arrangements, and it has been suggested that the Amy2
and Amy3 copies arose by duplication ofAmyl (18). In this
study, we used only 5' and 3' flanking regions specific to the
Amyl gene.
A phylogenetic analysis of each flanking region generated

the same branching topology, so we combined the two
regions (Fig. 2). In the deduced phylogeny, the TL arrange-
ment splits off early from the SC-ST group, a finding con-
cordant with the results of the previous RSP data analysis
(11): An intuitive interpretation of this phylogeny is that the
TL arrangement is ancestral to both SC and ST arrange-
ments. An estimate of sequence divergence (3.2%) between
the TL arrangement and the SC-ST group calculated from
our sequence data agrees well with that based on RSP data
(2.9%6). These findings seem to support the ancestral status of
TL. What they do not provide is an exclusion of other gene

A , ST: I B

TL: 23
TL: 21

arrangements as potential ancestors. Thus, we are still left
with the following questions: Are our results consistent with
another arrangement than TL being ancestral? And what
about the HY arrangement, which has never been found in
nature? Since no data are available for it, the phylogenies in
Fig. 2 cannot be used to rule out the possibility that HY was
in fact ancestral.
To settle these questions, we developed a framework of

competing hypotheses based on the assumption that each
inversion type is monophyletic in origin, which accords with
the RSP data (11), and the assumption that the relationships
among the four central arrangements (Fig. 1) are derived
parsimoniously, with each inversion arising by two break-
points from its parental arrangement. Under these assump-
tions, we successively chose each of the four possible ar-
rangements to represent the ancestral type and asked in each
case what the branching pattern of the resulting phylogenetic
tree would be. For the reader not familiar with the construc-
tion of phylogenies, this reasoning is shown in Fig. 3. By
applying this approach to each of the four central arrange-
ments, we generated the six phylogenies displayed in Fig. 4.
Since the ST and TL arrangements are at the ends of the
phylogeny, each produces only one tree (Fig. 4 A and B).
Because they are located in the middle of the phylogeny, the
HY and SC arrangements have two possibilities for the first
node, thus producing two possible trees each (Fig. 4 Cl, C2,
Dl, and D2).
Of the six possible trees, four are incompatible with the

empirically obtained tree in Fig. 2, which rules out the
scenarios based on the ancestral status of ST and HY (Fig. 4
A, Cl, and C2), as well as the one assuming both that SC is
ancestral and that the first node leads to HY (Fig. 4D2).
Although the HY arrangement has never been found in
nature, we are still able to exclude it as a potential ancestor.
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FIG. 5. Phylogenetic trees inferred from the RSP data. Taxa are labeled as in the previous study (11), with three new SC strains indicated
by an asterisk. (A) NJ tree. Numbers refer to the bootstrap values as percentages for 100 replicates. (B) Maximum likelihood tree. AR,
Arrowhead.
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Each of the two remaining trees agrees with the empirical
tree. One of them (Fig. 4B) follows from the assumption that
TL is ancestral, while the other (Fig. 4DI) represents the case
where SC is the ancestor and the first node leads to TL. On
the basis of this analysis, then, either the TL or the SC
arrangement could be ancestral.
Could SC be the Ancestral Arrangement? In the previous

section, we used Amy flanking regions to generate the
empirical phylogeny. These regions appear to be functionally
unconstrained, with sequence divergence levels comparable
to that of the RSP data. This makes them useful for phylo-
genetic analysis. At the present moment, however, the lack
of information from the outgroup species, D. miranda, limits
our ability to distinguish between the two candidates (TL and
SC) on the basis of sequence data. This leaves the RSP data
as the only source of further insight into the ancestral
arrangement. Therefore, we decided to reanalyze the data set
from the original RSP study with the following additions.
First, we added three more SC strains to assure that SC was
adequately represented, since the original data set contained
only two SC strains. Second, the data were analyzed with the
NJ, MP, and ML methods. All three methods have been
shown (24) to be superior in finding the correct tree topology
over the unweighted pair-group method of averages (UP-
GMA) algorithm used previously. It is especially instructive
to see if the phylogenetic analysis of the enlarged RSP data
set also supports an ancestral status for TL.
The NJ tree (Fig. 5A) shows one SC strain and all of CH

strains as being closest to the outgroup (D. miranda), with
very short branch lengths. The rest of the SC strains join
either theTL or the ST arrangements. In contrast, the ST and
TL arrangements form separate clades (along with their
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FIG. 6. MP trees. Numbers refer to parsimony bootstrap values
in percentages (out of 100 replicates). Branch lengths are not
proportional to the number of nucleotide changes. (A) This tree is a
strict consensus of 10 trees of length 25. The consistency index was
0.80. (B) Strict consensus of 10 trees of length 27, with a consistency
index of 0.78. Taxa are labeled as in the previous study (11).
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FIG. 7. The two possible scenarios showing the relationships
among all gene arrangements represented in the RSP data set. In A,
TL is assumed to be ancestral; in B, SC is assumed to be ancestral.

derivatives). Except for the short branches that are replaced
with a multifurcation at the ancestral node, the same tree
topology was generated with the ML method (Fig. SB). The
parsimony analysis was performed both on the complete data
set (results not shown) and on selected subsets of the data,
two of which are shown (Fig. 6). Again, all of the MP trees
show no difference from the previously generated NJ andML
trees. Therefore, the same basic topology was generated with
the three different methods, although each method is based
on a different set of assumptions. The major characteristic of
this common topology is that while the TL and ST arrange-
ments (and their derivatives) form separate clades, the SC
arrangements are spread throughout the phylogeny. One SC
arrangement is closest to the outgroup (according to the NJ
and ML methods), while the rest join either the TL or ST
clades. Also, the CH arrangements split offfrom the ancestral
node, withoutjoining any of the SC strains. These results are
somewhat different than those obtained with the UPGMA
method in the previous study (11). This discrepancy is due
partially to the addition of three more SC strains, after which
the scattering of SC arrangements throughout the phylogeny
becomes obvious, and partially to the varying rate of evolu-
tion among different arrangements, combined with the low
level of observed divergence (at most 4%6). Recently, it has
been shown that the UPGMA method performs inadequately
under either circumstance, especially for RSP data (24).
We decided to investigate this matter further by modifying

our framework ofcompeting hypotheses so it would take into
account all arrangements represented in the RSP data. Two
main changes were inclusion of both the outgroup (D. mi-
randa) as well as derivatives of the SC and ST arrangements.
Also, for simplicity, the HY inversion was not included. By
following the same sort of reasoning depicted in Fig. 4, we
derived two trees that assume that either TL or SC was the
ancestral gene arrangement (Fig. 7). The main difference
between them is the branching pattern at the ancestral node.
IfTL is the ancestral arrangement, then TL and D. miranda
should share a common ancestor, whereas SC and D. mi-
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randa should not. Phylogenetically, this scenario would
require TL to branch off immediately after the outgroup. In
contrast, the ancestry ofSC predicts an unresolved branching
pattern, represented with a trifurcation at the ancestral node.
This same lack of resolution can be observed in all empirical
trees, combined with the dispersal of SC throughout the
phylogeny.

Therefore, comparison of the two competing hypotheses
with the empirical results is more supportive of an ancestral
status for SC. George Gaylord Simpson would probably have
been pleased to know that 50 years after he considered the
history of gene arrangements in D. pseudoobscura, a molec-
ular evolutionary approach has brought us close to an un-
derstanding of the origin of this genetic system.
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