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ABSTRACT
For more than 60 years, evolutionary cytogeneticists have been using naturally occurring chromosomal

inversions to infer phylogenetic histories, especially in insects with polytene chromosomes. The validity
of this method is predicated on the assumption that inversions arise only once in the history of a lineage,
so that sharing a particular inversion implies shared common ancestry. This assumption of monophyly
has been generally validated by independent data. We present the first clear evidence that naturally
occurring inversions, identical at the level of light microscopic examination of polytene chromosomes,
may not always be monophyletic. The evidence comes from DNA sequence analyses of regions within or
very near the breakpoints of an inversion called the 2La that is found in the Anopheles gambiae complex.
Two species, A. merus and A. arabiensis, which are fixed for the “same” inversion, do not cluster with each
other in a phylogenetic analysis of the DNA sequences within the 2La. Rather, A. merus 2La is most closely
related to strains of A. gambiae homozygous for the 2L1. A. gambiae and A. merus are sister taxa, the
immediate ancestor was evidently homozygous 2L1, and A. merus became fixed for an inversion cytologically
identical to that in A. arabiensis. A. gambiae is polymorphic for 2La/2L1, and the 2La in this species is nearly
identical at the DNA level to that in A. arabiensis, consistent with the growing evidence that introgression
has or is occurring between these two most important vectors of malaria in the world. The parallel evolution
of the “same” inversion may be promoted by the presence of selectively important genes within the
breakpoints.

DEDUCING phylogenetic relationships based on identical to the inversion itself. When this has been
attempted, in all cases until now, the gene tree deducedchromosomal inversions stems from the classic

work of Sturtevant and Dobzhansky (1936) and is a from DNA sequences within breakpoints has been con-
gruent with the inversion tree (Aquadro et al. 1991;well-accepted methodology that has been applied to

a number of species, especially insects with polytene Popadic and Anderson 1994; Rozas and Aguadé 1994;
Garcı́a et al. 1996). Furthermore, in the only case wherechromosomes. The method relies on the reasonable

assumption that inversions are monophyletic in origin; the actual breakpoints of an inversion have been se-
i.e., they occurred once in a single chromosome, and quenced from a number of independent copies of the
all present-day carriers of the inversion trace their ances- inversion, all have identical breakpoints down to the
try to this single event. Thus, carriers of the same inver- precise nucleotide (Wesley and Eanes 1994), an ex-
sion (gene arrangement) must have a shared common tremely unlikely observation in the absence of mono-
ancestor. Independent phylogenetic data (e.g., morpho- phyly.
logical and molecular) have been generally congruent Here, we provide the first evidence that cytologically
with inversion-deduced phylogenies, thus corroborating identical, naturally occurring inversions may not always
the validity of the methodology. be monophyletic. The evidence comes from a mosquito

Another test of the monophyly of inversions has been group, the Anopheles gambiae complex. This complex
to study gene sequences that lie within the breakpoints. consists of six presently described species that are all
This approach is predicated on the assumption that in native to sub-Saharan Africa. Many naturally occurring
addition to being monophyletic, inversions effectively inversions exist in the group, both as floating polymor-
suppress recombination between and immediately adja- phisms and fixed differences among species (Coluzzi

cent to the breakpoints. Thus, the allele captured by the et al. 1979, 1985). Based on the reasoning described
single inversion event will have a phylogenetic history above, Coluzzi and colleagues (1979, 1985) produced

a phylogenetic network, a modified version of which is
in Figure 1a. There are two clear fixed synapomorphic
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TABLE 1

Details of the genomic regions and numbers of strains sequenced

Length (bp)c No. of strains sequenced
DNA 2L
regiona diva Acc. no.b Total Coding Noncoding gam ara mer mel quad

pkm122 22F9 U51225 2239 2076 163 3 1 2 2 1
pkm2 23″ U50477 727 641 86 3 2 2 2 2
pkm79 23C9 U50478 711 — — 2 2 2 2 2
pkm129 26B U50476 816 — — 2 1 2 1 1

a Polytene band designations following della Torre et al. (1996).
b GenBank database accession numbers of the original cDNA clones.
c Lengths are from alignments and include gaps. “Noncoding” includes three putative introns for pkm122

and pkm2. pkm79 and pkm129 are anonymous DNA regions that do not have any open reading frames.

other publications (Besansky et al. 1994; Caccone et al. 1996;a gene within the Xag confirm its monophyly and, thus,
Garcı́a et al. 1996) and geographic origins in parentheses,supports the phylogenetic affinity of A. gambiae and A.
are as follows: ara1 (ARZAG, Burkina Faso), ara2 (AJ, Madagas-merus (Garcı́a et al. 1996). Phylogenetic analysis of mito- car), ara3 (AB3, Eritrea), mel1 (BAL, Gambia), mel2 (BRE,

chondrial DNA sequences confirm the sister status of Gambia), mer1 (V12, Kenya), mer2 (ZULU, Zululand), quad1
A. melas and A. bwambae (Caccone et al. 1996), consis- (CHIL, Zimbabwe), and quad2 (SQUAD). For the 2La poly-

morphic species, A. gambiae, we studied one strain homozygoustent with the monophyly of the 3La. Although there is
for 2L1 (abbreviated gam1/1) and one homozygous for 2La

no inversion indicating the sister status of A. quadriannu-
(gama/a1) derived from a laboratory population from Westlatus and A. arabiensis, accumulating DNA sequence in- Africa. We also studied an individual from a recently collected

formation is converging on this conclusion (our un- strain (AG, Agbabilame, Benin) that was homozygous for 2La

published data). (gama/a2). All A. gambiae strains were provided by Mario
Coluzzi and Alessandra della Torre; all others were providedIf the network in Figure 1a accurately reflects the
by Nora Besansky and Frank Collins (University of Notrephylogenetic history of these species, it is extremely
Dame). One to three individuals per strain were sequenced.difficult to explain the phylogenetic distribution of the

DNA sequencing: Total DNA was extracted from frozen2La inversion. This inversion is fixed in A. merus and or Carnoy preserved specimens using a modified Drosophila
A. arabiensis and is polymorphic along with the 2L1

extraction protocol (Livak 1984) or the Easy-DNA extraction
arrangement inA. gambiae ; the 2L1 arrangement is fixed kit (Invitrogen, San Diego, CA). We chose four DNAfragments

from a set of random cDNA clones from A. gambiae that hadin all other species. To maintain the hypothesis of mono-
been mapped by hybridization to microdissected divisionalphyly of naturally occurring inversions, two hypotheses
probes (Mathiopoulos and Lanzaro 1995) and by in situcan be erected. First, the 2La/2L1 polymorphism may
hybridization to polytene chromosomes (della Torre et al.

be an ancestral state with the alternative arrangements 1996). The polytene chromosome band locations for the four
becoming fixed in the different species while remaining regions are listed in Table 1 and are illustrated in Figure 1b.
polymorphic in one species. Second, the 2La may have Table 1 also reports the GenBank accession numbers of the

cDNA sequences and the lengths of the fragments studied,arisen in one species and may have been transferred
with specifics on the occurrence of putative introns and openvia introgression among the species, a phenomenon
reading frames. Using the sequence information availablethought to occur at least between A. gambiae and A.
from each cDNA clone, we designed several sets of external

arabiensis (Besansky et al. 1994; Caccone et al. 1996; and internal primers to PCR amplify and sequence the corre-
Garcı́a et al. 1996). Hybrids formed among all six spe- sponding nuclear DNA in the five species of the A. gambiae

complex. PCR amplification conditions varied depending oncies consist of fertile females and sterile males (David-

the strain and on the DNA fragment studied. They are avail-son et al. 1967). Alternatively, the 2La may not be mono-
able from the authors together with the exact sequence andphyletic, and what appears to be the identical inversion
location of the external and internal primers used. PCR frag-has arisen independently in different species. We set ments were gel purified by gelase treatment (Epicentre Tech-

out to test the monophyly of the 2La by sequencing four nologies, Madison, WI) or by glass milk extraction (GeneClean
DNA fragments known to lie within or extremely close III kit; BIO 101, Vista, CA). The amplified double-stranded

DNAfragments were either directly sequenced or cloned usingto the breakpoints of the 2La. The results are inconsis-
the TA-Cloning kit (Invitrogen). Plasmids were extracted us-tent with the monophyly of this inversion.
ing the Plasmid kit (QIAGEN, Chatsworth, CA). Both direct
sequencing of PCR products and sequencing of cloned prod-
ucts were performed on an ABI 373A automated sequencerMATERIALS AND METHODS
(Applied Biosystems, Foster City, CA); both strands were se-
quenced. When using cloned products, to minimize amplifi-Mosquito strains: The number of strains used in this study
cation errors, multiple clones were sequenced for each strain.are listed in Table 1. Species names are abbreviated as follows:

Data analysis: Sequences from multiple individuals or multi-gam, gambiae ; ara, arabiensis; mer, merus; mel, melas; and quad,
quadriannulatus. Strain names, with their acronyms used in ple clones from the same strain were combined into a single
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was tested by bootstrapping (Felsenstein 1985), using 1000
pseudoreplicates for MP and NJ. For ML, we used 100 pseudo-
replicates for the individual data sets and 500 for the combined
analysis. For the combined data set, we evaluated competing
phylogenetic hypotheses using two statistical tests. For the MP
analysis, we used Templeton’s (1983) nonparametric test,
using the conservative two-tailed Wilcoxon rank sum test (Lar-

son 1994). For the ML analysis, we used the log likelihood
test (Kishino and Hasegawa 1989). The sequence data pre-
sented in this article have been submitted to GenBank under
accession numbers AF020849–AF020878.

RESULTS

We sequenced a total of 4493 bp for four DNA regions
between or very close to the breakpoints of the 2La

inversion (Figure 1b) from multiple individuals belong-
ing to several strains of five species of the A. gambiae
complex. Table 2 summarizes the levels of sequence
variation and the potential phylogenetic information of
variable sites. A total of 211 variable sites occur across
all strains. The variability of the four regions is quite

Figure 1.—(a) Inversion phylogeny of the Anopheles gambiae
similar, ranging from 3.9 to 5.4% of all sites. For thecomplex species, showing the only two inversions (Xag and

3La) that are synapomorphies linking sister taxa (at the nodes). two regions with open reading frames (pkm122 and
The distribution of the 2La inversion is shown; species with pkm2), the majority of variation is in the introns, where
no designations are fixed for 2L1. For A. merus, we have desig- z20% of sites vary. Only z3% of the sites in the coding
nated the inversion 2La9 as we present evidence that it is not

regions vary, with silent substitutions being most com-the same as 2La in the other two species. (b) Schematic map
mon. Although all four regions were obtained by usingof the left arm of chromosome 2. The positions of the DNA

regions sequenced are noted below; the circle on the left sequence information from cDNA clones, both pkm79
indicates the centromere. pkm122 is just outside the inversion. and pkm129 include multiple stop codons in all reading

frames in all the species studied and in the original A.
gambiae clone, precluding any further partitioning ofconsensus sequence for each strain, using polymorphic desig-
variability among different functional regions. (We sus-nations for sites variable among individuals or clones. Se-
pect that the lack of open reading frames in what werequences were aligned by eye and by using CLUSTAL W

(Thompson et al. 1994); alignments are available from the thought to be cDNA clones results from some kind of
authors. Phylogenetic analyses were carried out on each data cloning artifact; the in situ mapping was done with the
set and on the combined data set. Because not all strains

identical clones we used, so there is no doubt about thewere sequenced for all four DNA regions, a single consensus
chromosomal location.) Intraspecific variability was verysequence for each species was used for the combined analyses,

coding variable sites as polymorphic, with the exception of low, with a maximum of 4 variable sites between conspe-
the A. gambiae strains with different 2L arrangements. Phyloge- cific strains for any region. Variable sites occurred
netic trees were reconstructed by maximum parsimony (MP, mostly as fixed differences between species and between
Farris 1970) and neighbor joining (NJ, Saitou and Nei 1987)

different karyotypes (2L1/1 vs. 2La/a). Of the 169 poten-using PAUP* (version 4.0.0d54; kindly provided by D. Swof-
tially informative sites, 33 synapomorphies are sharedford); maximum likelihood (ML, Felsenstein 1981) was per-

formed on the PHYLIP 3.57c program package (Felsenstein between A. arabiensis and A. gambiae 2La/a strains, while
1995). Because of the heterogeneous nature of the DNA re- only one synapomorphy groups A. merus with the other
gions studied, we compared non-gamma and gamma distances 2La/a strains, i.e., makes the 2La monophyletic (Table 2).of Tamura and Nei (1993) with the PAUP* program (default

Figures 2 and 3 show the results of the phylogeneticgamma parameter a 5 0.5). Gamma distances allow for hetero-
analyses as majority rule MP consensus trees after 1000geneity of rates among sites. Both methods produced nearly

identical distances and did not affect the results; results from bootstrap replicates. In Figure 2, the four DNA regions
using only the non-gamma distances are presented. In the ML were analyzed separately, combining individuals from
analyses, the options “global rearrangement,” “empirical base the same strains but keeping strains distinct. Figure 3frequency,” “jumble” with 10 replicates, and “2.0 transition/

is the combined analysis with a single consensus se-transversion ratio” were used. The MP method was carried
quence for each species except A. gambiae. Trees without using the branch-and-bound option with equal weighting

of all nucleotide substitutions. Accelerated transformation the same topologies were obtained by MP, NJ, and ML
(ACCTRAN) was always used for character state optimization. analyses. Further details on the MP analyses are pro-
For the two regions (pkm122 and pkm2) with open reading

vided in Table 3.frames and putative introns, MP analyses were performed on
Conspecific strains of all the species (except A. gam-coding and noncoding regions separately and on third codon

positions only. The robustness of the phylogenetic hypotheses biae) always cluster together when each DNA fragment is
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TABLE 2

Summary of sequence variation and phylogenetic importance of polymorphic sites

Coding regions Noncoding regions
Total

Region vara Var S/Rb Aut.c Syn.d Var Aut. Syn.

pkm122 106 (4.7) 75 (3.6) 56/19 7 68 (20, 1) 31 (19.0) 4 27 (4, 0)
pkm2 33 (4.5) 13 (2.0) 13/0 2 11 (4, 0) 20 (23.3) 8 12 (1, 0)
pkm79 28 (3.9) — — — — — 4 24 (1, 0)
pkm129 44 (5.4) — — — — — 17 27 (3, 0)

a Number of variable sites (with percentage in parentheses).
b Number of silent (S) vs. replacement (R) sites is listed.
c Number of autoapomorphic sites.
d Number of potentially synapomorphic sites. The two numbers in parentheses are the number of synapomor-

phic changes that support the A. gambiae 2La/a-A. arabiensis and A. gambiae 2La/a-A. arabiensis-A. merus clades,
respectively.

analyzed separately, implying that intraspecific variation (pkm122, pkm129, and pkm2), A. gambiae individuals
homozygous for 2L1 or the 2La cluster on distantdoes not cloud interspecific or interinversion differ-

ences (Figure 2). In three out of four DNA regions branches of the trees. However, not all the other strains

Figure 2.—Majority rule bootstrap consensus trees based on DNA sequences within or close to the 2La inversion in five species
of the A. gambiae complex. Abbreviations of species names and strains are in materials and methods. Bootstrap values are
percentages of 1000 pseudoreplicates for MP and NJ, and 100 for ML (top, middle, and bottom values in the boxes, respectively).
Bootstrap values are shown only for nodes for which all three phylogenetic methods had bootstrap support of $70%. Numbers
on branches are the number of steps separating each node in the MP tree.
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A. merus strains do not cluster with the A. arabiensis and
A. gambiae a/a clade. The clustering among the other
taxa is less uniform across the four DNA regions. Two
fragments (pkm122 and pkm129) support clustering A.
quadriannulatus with the A. arabiensis- A. gambiae a/a
clade, while pkm2 favors A. melas as sister taxa of the
same clade.

The topology of the tree obtained by combining all
data confirms the results obtained from the single-
region trees (Figure 3). The arabiensis-gambiae 2La/a and
merus-gambiae 2L1/1 clades are very strongly supported

Figure 3.—Majority rule bootstrap consensus tree based
with bootstrap percentages of 99 or 100 for all phyloge-on the combined data set (pkm122, pkm2, pkm79, and pkm-
netic methods, as well as the relatively long branch129) of DNA sequences within or close to the 2La inversion

in five species of the A. gambiae complex. Multiple strains, lengths that define each clade: 53 for the arabiensis-
individuals, or clones sequenced for each species were com- gambiae 2La/a clade and 12 for the merus-gambiae 2L1/1

bined into a single sequence coded for polymorphisms; for clade. Both MP and ML trees were statistically signifi-
A. gambiae, the data for 2La/a and 2L1/1 strains were kept

cantly better than the shortest trees with A. merus inseparate. Numbers on branches are the number of steps sepa-
the same clade as A. arabiensis and A. gambiae a/a, asrating each node in the MP tree. Bootstrap values in boxes

are as in Figure 2, except that 500 pseudoreplicates of ML determined by the Templeton (1983) test on the MP
were performed. Symbols after species name indicate the gene trees (n 5 31; Ts 5 80; P , 0.001) and the Kishino

arrangement of the 2L. and Hasegawa (1989) test on the ML trees (difference
ln likelihood 5 296.32637, SD 5 26.9713, P , 0.001).

The anomalous phylogenetic position of A. merus,carrying what is cytologically the same inversion karyo-
which does not cluster with the other 2La carriers buttype (2La/a) cluster together. A. merus clearly does not
is the sister taxon of A. gambiae 2L1/1, was also confirmedcluster with the other 2La/a strains, but it clusters with
by genetic distance comparisons (Table 4). The averageA. gambiae 2L1/1. This topology is confirmed by the
genetic distances between strains with the same 2La ar-number of steps separating the MP tree from the short-
rangement (excluding A. merus) is 0.014 (SD 5 0.004)est tree having the 2La inversion monophyletic (Table
for the combined data set. The average distance of A.3). The topology of the MP tree for pkm79 is poorly
merus to gam1/1 is 0.011, whereas the average distancesupported (low bootstrap values, short branch lengths,
of A. merus to the other 2La/a strains is 0.027 (SD 5and only one step separating the MP tree from a tree
0.004), which is comparable to the average distancewith the taxa carrying the 2La inversion in a single
(excluding A. merus) between 2L1/1 and 2La/a strainsclade). However, though weak, the pkm79 tree is still
(D 5 0.024, SD 5 0.004).not consistent with the monophyly of 2La because the

DISCUSSION
TABLE 3

These results are incompatible with the hypothesis of
Details of maximum parsimony analyses

monophyly of the 2La inversion in this species group.
The evidence that the 2La fixed in A. merus and A.DNA No. inf. No. Tree 2La/a

arabiensis are the “same” inversion is based on the usuallyregion sitesa treesb length CIc monod

accepted criteria: Under light microscopic examination,
pkm122 95 1 135 0.82 8 the banding patterns in polytene chromosomes are

Exons 68 1 85 0.92 4 identical (Coluzzi and Sabatini 1969). Furthermore,
Introns 27 3 43 0.76 10

in F1 hybrids between these species, the second chromo-pkm2 23 4 36 0.92 3
some pairs perfectly (Coluzzi and Sabatini 1969).Exons 11 2 14 0.92 0
However, based on our results, the 2La in A. merus andIntrons 12 3 22 0.93 3

pkm79 24 1 32 0.96 1 A. arabiensis very likely arose independently. It remains
pkm129 27 1 50 0.84 17 to be determined whether, at the nucleotide level, the
Combined 82 1 260 0.82 21* two are truly identical (perhaps because of a “hot spot”

for chromosome breakage), or just that they are suffi-a Number of informative sites.
b Number of equally parsimonious trees. ciently similar to be indistinguishable at the level of
c Consistency index excluding uninformative sites. cytological examination and pairing of homologs.
d Number of additional steps from the MP tree to the short- An alternative to polyphyly would be that the ancestral

est tree having the 2La/a inversion monophyletic.
lineage to the whole group was polymorphic for 2La/1

* Significance at P , 0.001 for the Templeton (1983) test
and remained polymorphic in A. gambiae while becom-on the MP tree and for the Kishino and Hasegawa (1989)

test on the ML tree. ing fixed in the other species. If so, it is still difficult to
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TABLE 4

Average genetic divergences within and between strains fixed for the 2La or the 2L1 inversions

Average genetic distancesa

a/ad mere merf merg

Withinb Withinc vs. vs. vs. vs.
DNA region a/a 1/1 1/1 a/a 1/1 gam1/1

pkm122 0.009 6 0.003 0.010 6 0.005 0.027 6 0.004 0.031 6 0.003 0.016 6 0.003 0.012
pkm2 0.005 6 0.003 0.013 6 0.006 0.019 6 0.005 0.021 6 0.004 0.014 6 0.003 0.012
pkm79 0.006 6 0.004 0.009 6 0.005 0.013 6 0.004 0.022 6 0.003 0.023 6 0.002 0.019
pkm129 0.013 0.025 6 0.014 0.030 6 0.009 0.036 6 0.004 0.023 6 0.015 0.004
Combined 0.014 6 0.006 0.014 6 0.002 0.024 6 0.004 0.027 6 0.004 0.016 6 0.004 0.011

a Average distances based on uncorrected P values with associated standard deviations.
b,c D values within individuals homozygous for the 2La (within a/a, excluding A. merus) and the 2L1 (within 1/1) inversion.
d D values between 2La/a and 2L1/1 individuals.
e D values of A. merus from 2La/a carriers (A. gambiae 2La/a and A. arabiensis).
f D values of A. merus from all 2L1/1 carriers.
g D values of A. merus from A. gambiae 2L1/1.

rectify the close affinity of the A. merus 2La to the A. A. arabiensis 2La likely passed into A. gambiae via this
route and remains polymorphic in that species. Severalgambiae 2L1 but not to A. arabiensis 2La. If monophyletic,

all copiesof 2La should coalesce into a commonancestor years ago, Coluzzi and colleagues (1985) had already
proposed the introgression of 2La from A. arabiensis tobefore they coalesce with any 2L1. Moreover, if the

ancestral gambiae/merus lineage was polymorphic for A. gambiae based solely on biogeographic and ecological
considerations. Furthermore, in laboratory populations,2La/1, the copies of 2La in A. gambiae and A. merus should

be more similar to one another than either is to 2La in it has been shown that the A. arabiensis 2La persists in
a freely interbreeding hybrid population formed byA. arabiensis, a prediction that is clearly at odds with

our data. One could hypothesize that in the ancestral backcross of fertile F1 females to A. gambiae males from
a strain homozygous for 2L1 (della Torre et al. 1997).gambiae/merus lineage, selection acted to bring about

convergence of DNA sequences within 2La and 2L1. In fact, judging from its increase in frequency and excess
of heterozygotes over Hardy-Weinberg expectations inHowever, virtually all our analyses are based on noncod-

ing DNA or synonymous substitutions in coding regions. these laboratory populations, this introgressed inversion
may actually be forming a stable heterotic polymor-These are the kinds of substitutions thought to be least

subject to selection. phism.
Although it has generally been argued that the ar-Gene conversion is another alternative; i.e., there was

gene conversion in the lineage common to A. gambiae rangements designated 1 in the gambiae complex are
the ancestral state (Coluzzi et al. 1979, 1985), we cannotand A. merus such that the 2La acquired sequences from

the 2L1. Gene conversion between inversions has been formally rule out the possibility that 2La is the ancestral
state and 2L1 is the derived state. This would affect ourdocumented (Rozas and Aguadé 1994; Popodic et al.

1995). However, in these studies, #10% of an inversion historical interpretation in the previous paragraph, but
it would not affect our interpretation of the multiplehas been found to be converted in any single chromo-

some. Given that all four regions we studied showed a origin of cytologically identical gene arrangements. Our
data would then be interpreted as a second origin ofvery similar pattern, this would seem to be an unlikely

explanation. 2L1 in A. gambiae compared to this arrangement in all
other species.What then is the likely history of the 2La distribution

in this group? The most parsimonious scenario is that Cases of different inversions sharing one breakpoint
are not uncommon, including among these species ofthe lineage common to A. merus and A. gambiae had

the 2L1 arrangement. After these species split, A. merus mosquitoes (Coluzzi et al. 1979), although no clear
cases exist where independent inversions share bothindependently generated a second chromosome inver-

sion indistinguishable from the A. arabiensis 2La, and breakpoints. In Hawaiian Drosophila, cases of parallel
evolution of inversions have been observed (Carsonsubsequently, it became fixed in this species. There is

increasing evidence that A. gambiae and A. arabiensis are 1969) where very similar but not quite identical inver-
sions arose independently for the same region of a chro-or recently were undergoing gene exchange, most likely

through introgressive hybridization (Besansky et al. mosome. Carson (1969) attributed this to selective re-
tention of inversions in that particular region caused1994; Caccone et al. 1996; Garcı́a et al. 1996); fertile

female hybrids between these species have been found by the presence of genes that “have some unspecified
tendency toward a high fitness when in the heterozygousin nature (Coluzzi et al. 1979; Touré et al. 1998). The
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Rozas, J., and M. Aguadé, 1994 Gene conversion is involved inAquadro, C. F., A. L. Weaver, S. W. Schaeffer and W. W. Anderson,

the transfer of genetic information between naturally occurring1991 Molecular evolution of inversions in Drosophila pseudoob-
inversions of Drosophila. Proc. Natl. Acad. Sci. USA 91: 11517–scura: the amylase gene region. Proc. Natl. Acad. Sci. USA 88:

305–309. 11521.



814 A. Caccone, G-S. Min and J. R. Powell

Saitou, N., and M. Nei, 1987 The neighbor-joining method: a new W: improving the sensitivity of progressive multiple sequence
alignment throughsequence weighting,position specific gap pen-method for reconstructing phylogenetic trees. Mol. Biol. Evol.

4: 406–425. alties and weight matrix choice. Nucleic Acids Res. 22: 4673–4680.
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