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ABSTRACT

As whole-genome sequence assemblies accumulate, a challenge is to determine how these can be used
to address fundamental evolutionary questions, such as inferring the process of speciation. Here, we use
the sequence assemblies of Drosophila pseudoobscura and D. persimilis to test hypotheses regarding diver-
gence with gene flow. We observe low differentiation between the two genome sequences in pericen-
tromeric and peritelomeric regions. We interpret this result as primarily a remnant of the correlation
between levels of variation and local recombination rate observed within populations. However, we also
observe lower differentiation far from the fixed chromosomal inversions distinguishing these species and
greater differentiation within and near these inversions. This finding is consistent with models suggesting
that chromosomal inversions facilitate species divergence despite interspecies gene flow. We also docu-
ment heterogeneity among the inverted regions in their degree of differentiation, suggesting temporal
differences in the origin of each inverted region consistent with the inversions arising during a process of
divergence with gene flow. While this study provides insights into the speciation process using two single-
genome sequences, it was informed by lower throughput but more rigorous examinations of poly-
morphism and divergence. This reliance highlights the need for complementary genomic and population

genetic approaches for tackling fundamental evolutionary questions such as speciation.

HE availability of multiple annotated whole-
genome sequence assemblies has allowed the sci-
entific community to examine patterns of molecular
evolution at an unparalleled scale. Despite this unprec-
edented opportunity, such data have been only rarely
used to examine modes (or signatures) of the process
of speciation (but see PATTERSON el al. 2006). Com-
paring genome sequences can potentially identify
general patterns that are not obscured by diverse evo-
lutionary forces that may act on single loci. However,
such comparisons are complicated by having a sample
size of one because typically only single genomes of
each species have been sequenced. Hence, differences
between the genome sequences may reflect divergence
between the species or polymorphism within one or
both species.

Over the last several years, the genomes of 12 Dro-
sophila species have been sequenced, assembled, and
annotated (GILBERT 2005), and more genome sequen-
ces are sure to follow. Among these are the co-occurring
(sympatric) species Drosophila pseudoobscura (RICHARDS
et al. 2005) and D. persimilis. These species are known to
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hybridize at low levels in nature (DoBZHANSKY 1973;
PoweLL 1983), and the signature of introgression is
apparent in the sequences of some loci (MACHADO et al.
2002, 2007; MacHapo and Hey 2003). Introgression
appears to be limited at loci within chromosomal in-
versions that distinguish these species (MACHADO et al.
2002, 2007), consistent with many recent theories re-
garding the role of chromosomal inversions in facilitat-
ing the persistence of hybridizing species (see reviews in
ORTIZ-BARRIENTOS et al. 2002; BuTLIN 2005). Recently,
MACHADO et al. (2007) examined polymorphism and
divergence at 18 loci across the second chromosome of
these species, and they observed that interspecies in-
trogression is restricted ~2 Mb into collinear regions
adjacent to the inversion. This finding suggests that the
“islands of differentiation” between hybridizing species
may be larger than the inverted regions alone, as pre-
dicted by some chromosomal speciation models (e.g,
NAVARRO and BArRTON 2003).

Here, we examine the signature of speciation and
divergence using the full genome sequences of D. pseu-
doobscura and D. persimilis. First, we examine general
patterns of sequence divergence between these species
across the lengths of their six chromosome arms. Using
three “neutral” measures of divergence between these
two single genome sequences, intergenic noncoding
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divergence, coding silentsite, and intron divergence, we
test whether introgression is restricted only within in-
verted regions or whether collinear regions near inver-
sions also serve as islands of differentiation. Because of
the close relationship of these species, we are able to
use noncoding measures of divergence (POLLARD et al.
2006). These three measures have different dynamics:
coding silent site divergence can sometimes be affected
by codon bias, and intron and intergenic divergence
sometimes evolves under different constraints as well
(e.g., OMETTO et al. 2006). Because the inverted regions
have been important for the divergence of this species
pair, we test whether specific classes of genes (based on
Gene Ontology terms) are overrepresented in those
regions and may have a functional connection to species
differences. Finally, we discuss our findings in the con-
texts of theories of speciation and the utility of emerging
whole-genome sequences for testing such theories.

D. pseudoobscura and D. persimilis bear five chromo-
somes: ametacentric X chromosome (having arms named
XL and XR), three large telocentric autosomes (chro-
mosomes 2—4), and one “dot” small autosome (chro-
mosome 5). The chromosomal arms of these species
correspond to the six “Muller’s elements” (MULLER
1940) as follows: Muller’s element A, XL; B, chromo-
some 4; C, chromosome 3; D, XR; E, chromosome 2;
and F, chromosome 5. The XL and second chromo-
somes of these species differ by fixed paracentric in-
versions spanning five to six major cytological sections
(Dopzuansky and TanN 1936; DoBzHANSKY and
STURTEVANT 1938; DoBzHANSKY and ErPLING 1944),
corresponding to just over 7 Mb of DNA sequence each
(MACHADO et al. 2007). The XR chromosome arm is
polymorphic for two arrangements in D. persimilis: the
common standard and rare sex-ratio arrangements.
The D. persimilis standard arrangement differs from
the D. pseudoobscura arrangement by a paracentric in-
version spanning 10 major cytological sections (almost
half its length), corresponding to ~13 Mb of DNA
sequence. Rare strains of D. persimilis bear the sex-ratio
arrangement, which has the same gene order as the
D. pseudoobscura XR chromosome, but D. persimilis males
bearing this arrangement produce all female offspring
through a form of strong meiotic drive. The positions of
the breakpoints of these three inversions are described
in MACHADO e¢f al. (2007), and in all three cases, the
D. persimilis arrangement is derived and the D. pseudoobs-
cura arrangement is the ancestral type (DOBZHANSKY
and TaN 1936 and see REsSULTS). The third chromo-
some is highly polymorphic for a very old gene arrange-
ment polymorphism (DoBzHANSKY and EpPLING 1944;
LEWONTIN et al. 1981; SCHAEFFER et al. 2003), including
one arrangement shared between the species (“stan-
dard”). The strains of D. pseudoobscura and D. persimilis
that had their genomes sequenced carry the “arrow-
head” (RicHARDS et al. 2005) and standard arrange-
ments, respectively, and these arrangements differ by a

single paracentric inversion (DOBZHANSKY and STUR-
TEVANT 1938; DoBZHANSKY and EprLING 1944).

MATERIALS AND METHODS

Our analyses used comparative analysis freeze 1 (CAF1) of the
D. pseudoobscura and D. persimilis genome sequences. While
the lack of annotation of the D. persimilis genome sequence at
the time of initial analysis complicated our efforts, the high
degree of sequence similarity between the two species and
their recent divergence made it possible to use the annotated
coding sequences (CDS) from D. pseudoobscura (RICHARDS et al.
2005) to predict intron—exon boundaries in the D. persimilis
genome. Our annotation method consisted of two steps: (1)
the identification of homologous genomic regions in the two
species to identify the full-length genomic sequence for each
D. persimilis gene with a D. pseudoobscura homolog and (2) an
alignment between the D. pseudoobscura annotated CDS and
the full-length D. persimilis gene identified in step 1 to delin-
eate exon—intron boundaries. Filtering steps were applied
at each step and at the end of the process to minimize the
number of false homologies identified as well as to remove
low-quality sequence reads (see below).

Full-length D. pseudoobscura gene sequences and the full,
unannotated D. persimilis genome sequence were downloaded
from http:/rana.lbl.gov/drosophila/. To identify homologous
regions, BLAST (ALTscHUL et al. 1990) was used to align each
D. pseudoobscuragene to the D. persimilis genomic sequence, and
the best alignments were identified. Because BLAST optimizes
local alignments, syntenic and homologous sequence may be
separated into multiple alignments. Custom scripts were thus
written to connect multiple high-scoring alignments to span
the full D. pseudoobscura genome sequence. Alignments were
kept only if the assembled D. persimilis sequences conserved the
original gene synteny and were found on the same D. persimilis
scaffold. If necessary, the start and end of the D. persimilis
sequence were extended up to 10 bp to ensure that the full
sequence of the first and last exons was included in the
alignment. To minimize confusion between paralogs or other
stretches of similar sequence, the D. persimilis sequence
identified was then BLLASTed back against a database of the
D. pseudoobscura gene sequences and kept only if the best hit
identified was the original D. pseudoobscura gene. Sequences
with large stretches of N’s were discarded.

Each pair of homologous sequences along with the corre-
sponding D. pseudoobscura CDS was then aligned using the TBA
and MULTIZ programs (BLANCHETTE ef al. 2004). We found
that these programs generated vastly improved alignments
compared to CLUSTAL, which is not designed to deal with the
gaps generated by aligning CDS and full gene sequences
(HIGGINS et al. 2005). Any subsequence within the D. persimilis
genomic sequence that aligned only with the D. pseudoobscura
genomic sequence was labeled as an intron, while any D.
persimilis subsequence that aligned with both the D. pseudoobs-
cura CDS and genomic sequence was labeled as an exon and
part of the D. persimilis CDS. The resulting CDS alignments
were passed, using Perl scripts, to PAML for estimation of K
and K, using the codeml program with the pairwise distance
estimation option (runmode = —2) (YANG 1997). Intronic
sequences were pairwise aligned using the Smith—-Waterman
algorithm included with ClustalW, and the similarity of the
resulting alignment was calculated using custom scripts after
removing the 2 bases at the 5" and 3’ bases ends of the intron,
which may be under selection to maintain splice acceptor/
donor sites.

As an additional quality-control step, we removed from the
analysis any genes in which a stop codon was found in the first
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two-thirds of the D. persimilis CDS. This eliminated most
alignment errors, pseudogenes, and D. persimilis sequences
of low quality in which erroneous base calls introduced
artificial stop codons and frameshifts (D. GARFIELD, personal
observation). All sequence processing was carried out using
custom scripts written in Python unless otherwise noted above.

Despite all the quality-control steps above, we obtained
some unrealistically high estimates of K, for many genes that
almost certainly result from misalignment, misannotation, or a
frameshift (possibly resulting from sequencing error) within a
sequence. Hence, we excluded 10% of the 5599 predicted
genes remaining in the data set, consisting of genes with the
highest K, values, from further analyses except where specified
(this 10% is referred to later as “outlier loci”). We chose 10%
arbitrarily, but we feel it is conservative given that several of the
excluded loci had believable K values.

We assembled the unassembled contigs of D. pseudoobscura
into a linear order for our analyses and determined the dis-
tance from inversion breakpoints to a particular locus (see
S. W. SCHAEFFER, unpublished results). Calculations were
made such that there was assumed to be no gap between the
scaffolds, which is surely incorrect but does not introduce a
specific bias into our analyses. For analysis, we used the PAML
outputs of K; and K, and our own calculation of the percentage
of difference between intron sequences of the two genomes
(excluding gaps). Statistical analyses were performed using
StatView (SAS Institute, Cary, NC) software. Median diver-
gence values within bins of 1 Mb were plotted—this size was
necessary to consistently have at least 9-10 analyzed loci per
bin. The set of genes located inside the inverted regions was
characterized using the web-based tool FuncAssociate (BERRIZ
et al. 2003), which finds overrepresented classes of genes in a
list of genes of interest using gene ontology (GO) attributes.
Analyses were conducted jointly for all inverted regions and
independently for each inverted region. Further, we analyzed
the set of genes from our data set that were candidates for
positively selected genes to determine if any class of genes was
overrepresented in that list. Analyses were conducted with
genes showing K,/K; values >1 or >0.7, as the latter value
has been shown to be a sensible indicator of positive selection
using more sensitive methods (SwANSON et al. 2004).
FuncAssociate allows correcting for multiple hypothesis test-
ing using Monte Carlo simulations (BERR1Z et al. 2003).

Intergenic noncoding sequence divergence was subse-
quently estimated from total genome alignments generated
by Mercator (http:/www.biostat.wisc.edu/~cdewey/mercator/)
and MAVID (Bray and PacHTER 2004). These alignments
were engineered by Anat Caspi (University of California,
Berkeley, CA). Mercator identifies orthologous exons using
the output of a gene prediction program to define anchor
points for the alignment of intervening noncoding regions.
The alignments of the D. pseudoobscura and D. persimilis whole-
genome sequences were obtained from the internet (http:/
www.biostat.wisc.edu/~cdewey/fly_ CAF1/) and included
both coding and noncoding sequences. The coordinates of
coding sequences for D. pseudoobscura were extracted from a
synpipe analysis (BHUTKAR ef al. 2006). Two adjustments were
made to the list of coding sequences. First, genes that mapped
within the coordinates of other genes were removed. Second,
genes whose 5’ and 3’ ends overlapped were fused into a single
coding region. The coding coordinates were used to infer the
boundaries of the intergenic noncoding regions that would be
extracted from the Mercator alignment. Gaps and ambiguous
sites were excluded from the analysis. Average divergence
values within bins of 0.25 Mb were plotted to observe local
patterns in noncoding divergence across the chromosome.

RESULTS

General trends: We examined patterns of sequence
divergence between D. pseudoobscura and D. persimilis
along the lengths of chromosomes XL, XR, 2, 3, and 4.
The first three chromosomes all differ by a fixed or
nearly fixed single inversion between the two species,
chromosome 3 is highly variable for arrangements (al-
though the two sequenced lines differ by a single in-
version), and chromosome 4 is homosequential along
its length. By comparing the gene order of these species
to the distant outgroup species D. melanogaster, we con-
firmed the cytological interpretation that the arrange-
ments on all major chromosomes in D. persimilis are
derived (DoBzHANSKY and TAN 1936; supplemental
Figure 1 at http:/www.genetics.org/supplemental/).

Actotal of 81 Mb ofintergenic noncoding sequence was
compared between D. pseudoobscura and D. persimilis.
Noncoding divergence varied across the genome from
0.011 on chromosome 5 to 0.033 on XL (Table 1). Figure 1
shows that there is a large amount of regional variation
in divergence levels across the six chromosomes. Chro-
mosome 5 has low levels of differentiation across the
entire (small) chromosome. Among the five major
chromosome arms, estimates of variation based on
mean or median divergence per noncoding region
showed a similar trend: low differentiation near the
telomeres and centromeres and higher differentiation
in the central regions (Figure 1 and Table 1). The 3-Mb
regions nearest the centromeres and telomeres of all of
the major chromosomes except XR show significantly
lower levels of divergence than the middle sections of
the chromosomes with a Mann-Whitney U-test [chro-
mosome (Chr) XL, ends = 0.018, middle = 0.031, P <
0.0001; Chr XR, ends = 0.015, middle = 0.016, P =
0.499; Chr 2, ends = 0.012, middle = 0.021, P < 0.0001;
Chr 3, ends = 0.010, middle = 0.017, P< 0.0001; Chr 4,
ends = 0.011, middle = 0.018, P < 0.0001].

On most chromosome arms, this same general pattern
was also observed in K; and intron divergence (Figure 2):
median (or mean) divergence was lower near the ends
(toward the centromere and telomere) than in the middle
of the chromosome (3 Mb at both ends vs. the remainder:
Mann-Whitney Crest, P < 0.001 for all major chromo-
somes). This pattern was least apparent in divergence
measures on the telomeric side of the XL chromosome
arm. Numbers of genes examined on each chromosome
are presented in supplemental Table 1 (http:/www.genetics.
org/supplemental/) and supplemental Table 2 (http://
www.genetics.org/supplemental/) presents all the raw
data.

Multiple phenomena can explain this pattern of
lower divergence near the chromosome ends, and we
hypothesize that the effect of distance from the inverted
region on introgression may be one contributing factor.
The inversions differentiating these species are para-
centric and located near the middle of most of the
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TABLE 1

Estimates of divergence between D. persimilis and D. pseudoobscura in intergenic noncoding sequences on the six chromosome
arms (Muller’s elements)

Muller’s element XL (A) XR (D) 2 (E) 3 (C) 4 (B) 5 (F) Total
Total sites 12,876,771 17,793,177 19,879,428 12,444,131 18,237,488 642,465 81,873,460
Divergent sites’ 430,843 393,725 490,799 230,862 456,568 6,785 2,009,582
Total divergence* 0.033 0.022 0.025 0.019 0.025 0.011 0.025
Regions’ 1,635 2,571 3,011 2,362 2,149 94 11,822
Median 0.027 0.015 0.020 0.015 0.017 0.004 0.018

“Number of homologous sites compared excluding gaps and ambiguous bases.

’Number of bases that differed within the total sites.
‘Divergent sites/total sites.

“Number of intergenic noncoding segments.

‘Estimates of the median across the n intergenic regions.

chromosome arms, so the end regions with lower
divergence are further from the inversion than central
parts of the chromosomes. This pattern can thus result
from introgression occurring more readily in the end
regions than in regions closer to the inversions. How-
ever, contrary to this hypothesis being a sufficient
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species (e.g., BEGUN and AQUADRO 1992), and we discuss
this interpretation in detail in the DISCUSSION.

This low divergence in regions of low recombination
was also observed on the dot fifth chromosome.
Virtually no crossing over occurs on this chromosome,
and genes on it have a median K; of 0.005 and median
intron divergence of 0.000 (over half were identical)
differentiating the two genome sequences, significantly
lower than the other chromosome arms studied (in-
dividually or in combination) irrespective of whether
outlier loci were excluded or not (excluded 10% outlier
data, Mann—-Whitney U-test, P < 0.0001; all data, Mann—
Whitney U-test, P << 0.0001).

We also observed that the proximal region of chro-
mosome XR has relatively low levels of intergenic
noncoding divergence compared to the rest of the
chromosome. The region of XR nearest the centromere
includes genes that are on Muller A in the other
sequenced Drosophila genomes (SEGARRA el al. 1995).
The mechanism thatled to the movement of genes from
the A element to the D element is not clear at this time,
but this genome rearrangement may have influenced
the pattern of divergence.

Divergence and distance from inversion breakpoint:
fixed inversion differences: We sought to examine the
effect of distance from the inversion breakpoints on

divergence between the two genome sequences. Ap-
proximate positions of the breakpoints of the inversions
in chromosomes XR, XL, and 2 are presented in
MACHADO et al. (2007). In all three chromosome arms
bearing fixed or nearly fixed inversion differences, the
inverted regions exhibited greater divergence than the
collinear regions (Table 2). Proximal and distal sides of
the inversion did not differ to a notable degree. Given
our observation of a centromeric/telomeric effect (see
above), we excluded the 5 Mb on both ends of all the
chromosomes from further analyses. This exclusion was
conservative, as the effect did not seem to extend that
far on chromosome 4 (Figures 1 and 2).

We then used Spearman’s rank correlations to test the
hypothesis that divergence decreases with increasing
distance from the inversion breakpoint into collinear
regions. On the second chromosome, the intergenic
noncoding sequence divergence matched this predic-
tion, but similar trends in K and intron divergence were
not statistically significant (intergenic noncoding di-
vergence, centromeric side, p = —0.159, P < 0.0001;
telomeric side, p = —0.131, P = 0.006; K|, centromeric
side, p=—0.071, P=0.1870; telomeric side, p = —0.093,
P = 0.2065; intron divergence, centromeric side, p =
—0.059, P = 0.3221; telomeric side, p = —0.091, P =
0.2597). These trends were also not significant when
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TABLE 2

Estimates of intergenic noncoding divergence in proximal
(centromeric side), inverted, and distal (telomeric side)
regions in four chromosomes with inversion differences

between D. pseudoobscura and D. persimilis

Muller’s element Proximal Inverted Distal
A (XL)
Total sites 6,007,785 4,449,178 2,419,808
Divergent sites 164,947 187,203 78,693
Total divergence 0.027 0.042 0.033
C (3)
Total sites 5,544,486 3,811,977 3,087668
Divergent sites 96,039 77,496 57,327
Total divergence 0.017 0.020 0.017
D (XR)
Total sites 7,008,960 7,239,062 3,545,155
Divergent sites 131,709 186,451 75,565
Total divergence 0.019 0.026 0.019
E (2)
Total sites 6,181,220 4,919,099 8,779,109
Divergent sites 138,541 145,458 206,800
Total divergence 0.022 0.030 0.022

tested using mean or median values for stretches (of
varying size) for multiple adjacent genes. On the XL
chromosome arm, divergence was significantly related
to distance from the inversion on the centromeric side
(intergenic noncoding divergence, p = —0.312, n = 354,
P < 0.0001; K, p = —0.287, P = 0.0013; intron di-
vergence, p = —0.331, P=0.0012). We did not examine
the telomeric side of XL, as the inversion breakpoint
appears to be within 5 Mb of the telomeric region.
Intergenic noncoding sequence divergence had a sig-
nificant negative correlation with breakpoint distance
on the centromeric side of the XR chromosome arm,
but no significant relationship was detected for other
comparisons on this arm (intergenic noncoding diver-
gence, centromeric side, p = —121, P= 0.004; telomeric
side, p = 0.064, P = 0.721; K, centromeric side, p =
0.100, P= 0.4797; telomeric side, p = 0.137, P=0.5615;
intron divergence, centromeric side, p = —0.135, P =
0.3811; telomeric side, p = —0.036, P = 0.8937), al-
though the range of distances examined was limited
because of the large size of this inversion. None of these
relationships changed if a parametric linear regression
or logarithmic regression was performed (data not
shown).

The regressions above assume a generally constant
relationship between divergence and distance from the
inversions. However, on the basis of MACHADO e/ al.’s
(2007) findings, there may be three distinct types of
regions: regions within the inversions (IN), regions
outside the inversions but within 2 Mb of a breakpoint
(NEAR), and regions >2 Mb outside the inversion
(FAR). Hence, we examined whether these three
regions differed from each other via a Kruskall-Wallis
test within each chromosome arm. As the inversion on

TABLE 3

Median values for intergenic noncoding divergence, K;, and
intron divergence between three regions of chromosomes

XL, XR, and 2

IN NEAR FAR
Chr XL, intergenic div 0.036 0.029 0.023
Chr XR, intergenic div 0.017 0.015 NA
Chr 2, intergenic div 0.026 0.026 0.020
Chr 3, intergenic div 0.018 0.017 0.017
Chr XL, K, 0.059 0.052 0.036
Chr XR, K 0.028 0.031 NA
Chr 2, K 0.042 0.039 0.033
Chr 3, K, 0.031 0.033 0.034
Chr XL, intron div 0.042 0.028 0.017
Chr XR, intron div 0.017 0.017 NA
Chr 2, intron div 0.032 0.032 0.023
Chr 3, intron div 0.020 0.023 0.021

the XR chromosome is very large, and because we
excluded the 5 Mb near the centromere and telomere,
there was virtually no “FAR” region left to test on this
chromosome arm.

Within chromosomes XL and 2, we found significant
heterogeneity in intergenic noncoding divergence (Chr
XL, H=172.69, P < 0.0001; Chr 2, H = 138.32, P <
0.0001), K, (Chr XL, H=25.72, P< 0.0001; Chr 2, H =
28.45, P<<0.0001), and intron divergence (Chr XL, H=
43.92, P<0.0001; Chr 2, H=32.37, P<0.0001) among
the three regions. For XR, there was significant hetero-
geneity among the regions in the intergenic noncoding
divergence (Chr XR, H = 65.60, P < 0.0001); however,
we failed to observe a difference between these regions
in K, or intron divergence (Table 3). Breaking these
down into pairwise comparisons of groups within the
chromosomes using the Mann-Whitney U-tests, we
frequently observed highly significant differences be-
tween IN and FAR, significant differences between
NEAR and FAR, and weaker or no differences between
IN and NEAR (Tables 3 and 4).

If there has been gene flux between these species
subsequent to the origins of these inversions, we predict
that regions immediately adjacent to inversion break-
points should be most differentiated (NAVARRO et al.
1997; ScHAEFFER and ANDERSON 2005). Consistent with
this expectation, 11 of the 12 intergenic noncoding re-
gions immediately adjacent to the mapped fixed in-
version difference breakpoints have higher levels of
divergence than the median divergence observed for
the respective chromosome (Table 1; supplemental
Table 3 at http://www.genetics.org/supplemental/).
Four of these regions have some of the largest diver-
gence values seen within their chromosome. We did not
test for this pattern in K; and intron divergence because
there was often a very long stretch of noncoding DNA
between the inversion breakpoint and the nearest
predicted gene.
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TABLE 4

Statistical significance (determined by Mann—Whitney U-test)
of pairwise differences in divergence between regions
of chromosomes

IN wvs. NEAR wvs. IN wvs.

FAR FAR NEAR
Chr XL, intergenic div <0.0001 <0.0001 <0.0001
Chr XR, intergenic div NA NA 0.013
Chr 2, intergenic div <0.0001 <0.0001 0.684
Chr 3, intergenic div 0.064 0.066 0.712
Chr XL, K; <0.0001 0.0099 0.090
Chr XR, K, NA NA 0.424
Chr 2, K, <0.0001 0.012 0.761
Chr 3, K 0.404 0.975 0.479
Chr XL, intron div <0.0001 0.0010 0.0093
Chr XR, intron div NA NA 0.969
Chr 2, intron div <0.0001 0.0001 0.320
Chr 3, intron div 0.826 0.184 0.117

Divergence and distance from inversion breakpoint:
polymorphic inversion: We also examined whether
divergence was greater far from the third chromosome
inversion breakpoints than within the third chromo-
some inversion or near its breakpoints. In contrast to the
results above, we found essentially no difference between
IN, NEAR, and FAR on the third chromosome (Tables 3
and 4), reflecting a difference between inversions that
are fixed between species and inversions that are poly-
morphic within species (with an abundant arrangement
that is shared). For intergenic noncoding regions, chro-
mosome 3 has the lowest level of noncoding divergence
of the major chromosomal arms. Chromosome XR has
a similar level of overall divergence, but the range of
values in XR is much greater than that in chromosome 3.
Two of the four noncoding regions immediately adja-
cent to the third chromosome breakpoints are greater
than the median value for the chromosome, but these
values are not significantly different from the average.

Differences in relative rates of nonsynonymous to
synonymous change: We investigated whether the ratio
of nonsynonymous to synonymous nucleotide diver-
gence (K,/K;: also called “w”) exhibited any differences
between the three regions IN, NEAR, and FAR. Within
chromosomes XL, XR, and 3, we failed to observe
significant heterogeneity in K,/K; (XL, H = 3.8, P =
0.15; XR, U= 16,752, P = 0.59; 3, H= 1.0, P = 0.61)
among the regions. However, we did observe significant
heterogeneity among the three regions of the second
chromosome (H = 10.6, P=0.0050).

Examining the variation among the three regions of
the second chromosome by Mann—-Whitney U-tests, we
found significant differences between IN and NEAR (P=
0.0026) and between NEAR and FAR (P = 0.0023), but
curiously not between IN and FAR (P = 0.7543). The
highest K,/K; on this chromosome was observed in

region NEAR (supplemental Table 4 at http:/www.
genetics.org/supplemental/).

Differences between inverted regions among chro-
mosomes: We examined measures of divergence between
the fixed and nearly fixed inverted regions of the three
chromosomes (XL, XR, 2) studied. In a model assuming
contact between the species and some gene flow through
the divergence process, this comparison could indicate
the relative age of the three inversions. Kruskall-Wallis
tests indicated significant heterogeneity (P < 0.0001) in
both intergenic divergence, K;, and intron divergence
between the inverted regions of the three chromosomes,
with chromosome XL being the most divergent and XR
being the least (Tables 2 and 3). Each pairwise compar-
ison also displayed a significant difference wherein XL >
2 > XR for these measures (< 0.0001). This pattern and
its statistical significance were robust to inclusion of the
excluded outlier loci and to limiting the data set to loci at
specific distances from the inversion breakpoints.

Gene ontology analyses: Finally, we looked for func-
tional categories that may be overrepresented among the
genes in the inverted regions and those likely evolving
under positive selection. We applied these analyses to the
full sets of genes, without excluding the outliers. Two GO
attributes are significantly overrepresented in the list of
2631 genes from the three inversions, FAD binding/flavin
adenine dinucleotide binding and choline dehydrogenase
activity (supplemental Table 5 at http:/www.genetics.
org/supplemental/). However, the number of genes as-
sociated with these GO attributes is very small (16 and 7,
respectively) and almost all the genes are organized in
tandem in the same genomic region of the XL inversion.

As our analyses have shown (see above), significant
differences in the average level of silent divergence
among inverted regions suggest different times of origin
for the three fixed inversions. For this reason, we
conducted separate analyses for each inverted region.
Each inverted region rendered a set of significantly
overrepresented GO attributes (supplemental Table 5 at
http:/www.genetics.org/supplemental/). Five GO at-
tributes are significantly overrepresented in the XL
inverted region (supplemental Table 5). The two terms
with the highestsignificance are the same GO terms that
were significant in the joint analyses (see above), but
this region also exhibits an overrepresentation of genes
with oxidoreductase activity (see DpIscussioN). The
second chromosome inverted region has two overrep-
resented GO terms. Interestingly, genes that are struc-
tural constituents of the cuticle are overrepresented in
the XR inverted region. Previous studies have shown
differences in cuticular hydrocarbons between these
two species (NOOR and CoyYNE 1996).

Finally, no GO attributes are significantly overrepre-
sented among the set of genes from our data set that
were candidates for positively selected genes. Consider-
ing just those genes with K,/K; > 1.0 or K,/K; > 0.7
made no difference (data not shown).
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DISCUSSION

We used three estimates of divergence between the
genome sequence assemblies of D. pseudoobscura and
D. persimilis to test a variety of hypotheses regarding a
model of divergence with gene flow for the history of
these two species. First, we observed a general pattern of
low differentiation between the two genome sequences
in pericentromeric and peritelomeric regions. This
pattern was observed in all major chromosomes exam-
ined. We focused most of our analyses on the collinear
regions of those three chromosome arms bearing
inversions that differentiate the two species, excluding
these pericentromeric and peritelomeric regions. As in
the polymorphism/divergence study of MACHADO el al.
(2007), we observed that loci far from the second
chromosome inversion breakpoints were less divergent
than loci within 2 Mb of the breakpoints, and loci close
to the inversion breakpoints were essentially no less
divergent than loci within the inverted regions. Since the
present study used only single sequence representatives
of the two species (each from an inbred isofemale line),
our analyses are also not complicated by differences
between the species in nucleotide variation resulting
from the fixation of the novel inversions in D. persimilis.
We further expand upon the result of this previous study
by documenting the same relationships on the XL and
XR chromosome arms, butfailing to note this pattern on
the polymorphic third chromosome. However, we did
not observe a consistent difference in the ratio of
nonsynonymous to synonymous divergence (K,/K;)
between loci inside wvs. outside the inverted regions.
Finally, we observed that loci within the XL. chromosome
arm inversion were more divergent than those within the
second chromosome inversion, which in turn were more
divergent than loci within the XR chromosome arm
inversion. We discuss these results in turn.

We interpret at least some of the lower differentiation
between the D. pseudoobscura and D. persimilis telomeric
and centromeric genome sequences as reflective of
ancestral patterns of polymorphism rather than the
process of divergence between these species. If two D.
pseudoobscura genome sequences were compared, we
expect to see lower “divergence” between them in low-
recombination regions because polymorphism levels
are typically lower in pericentromeric and peritelomeric
regions, both in D. pseudoobscura and in general (e.g.,
AQuaDRO and BEGUN 1993; NacHMAN and CHURCHILL
1996; HAMBLIN and AQUADRO 1999; ORTIZ-BARRIENTOS
et al. 2006). Similarly, outside of inverted regions, these
two species share many nucleotide polymorphisms.
There may have been insufficient time for fixed differ-
ences to accumulate in regions of low recombination to
overcome the intraspecific correlation between exchange
and variation. Given that many polymorphisms are
shared between these species, the low divergence at
the ends of the chromosome arms between the two

genome sequences may reflect this reduced shared
polymorphism resulting from low crossover rates. We
cannot rule out, however, that some of this effect may
result from greater introgression in these regions.

This observation illustrates a potential problem with
the use of single genome sequences from closely related
species to examine the process of divergence or specia-
tion. While one may be tempted to infer sequence
differences as reflecting the species divergence, ancestral
polymorphism patterns are ignored and can conflate the
interpretations of patterns documented. As observed in
studies of single or small numbers of genes, some D.
pseudoobscura are more similar at some loci to D. persimilis
individuals than to some other D. pseudoobscura individ-
uals (MacHADO and Hey 2003; MacHADO el al. 2007), so
intraspecific polymorphism must be considered.

We also observed generally lower levels of noncoding
divergence on chromosomes 3 and 5 than on the others.
This pattern also may result from the lower levels of
recombination experienced by these chromosomes.
Meiotic exchanges are rare for the homolog of chro-
mosome 5 (elementF) in D. melanogaster (QUESNEVILLE
et al. 2005, p. 449). The lower level of divergence on
chromosome 3 and the lack of differentiation near the
inversion breakpoints are likely a consequence of the
gene arrangement history for this chromosome. First,
the wealth of gene arrangement polymorphism in
populations of D. pseudoobscura and D. persimalis is likely
to limit nucleotide diversity due to the reduced amount
of recombination experienced by the third chromo-
some (DoBzHANSKY and EpLIiNG 1944). Second, the
arrowhead arrangement, the chromosome type that was
sequenced in D. pseudoobscura, was recently derived from
astandard arrangement, the chromosome type that was
sequenced in D. persimilis (AQUADRO et al. 1991; S. W.
ScHAEFFER, unpublished data). The divergence data
between D. pseudoobscura and D. persimilis are consistent
with a very recent origin of the two arrangements be-
cause there has been insufficient time for regions near
the inversion breakpoints to differentiate (NAVARRO
et al. 2000) and show a negative relationship between
divergence and distance to the nearest breakpoint.

Role of chromosomal inversions in divergence of
species: Chromosomal inversions and other means of
restricting recombination have been suggested to be
important in maintaining differentiation between hy-
bridizing species (see reviews in ORTIZ-BARRIENTOS
et al. 2002; Ayara and Coruzzi 2005; ButLin 2005).
Several studies have shown that introgression between
hybridizing species is reduced or absent in such regions
of restricted recombination (e.g., inside inversions),
while other regions may show comparatively high levels
of introgression or homogenization (RIESEBERG ef al.
1999; Noor et al. 2001b; FEDER et al. 2003; BROWN et al.
2004; PANITHANARAK et al. 2004; Stump et al. 2005;
BAsseT et al. 2006). Hence, genomic regions such as
inversions may represent islands of differentiation.
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However, the “inside inversion” vs. “within collinear
region” dichotomy may be overly simplistic for investi-
gating introgression and divergence. Crossing over may
be substantially reduced for several megabases from the
inversion breakpoint into collinear regions, at least
when assessed in a single-generation cross. Depending
on the extent of crossover reduction, the level of hy-
bridization, and the number of generations, this cross-
over reduction may cause the islands of differentiation
to be substantially larger than the inverted region alone.

Our analysis of the two single whole-genome sequen-
ces of D. pseudoobscura and D. persimilis provided further
evidence consistent with the hypothesis of islands of
differentiation substantially larger than the inverted
region on chromosome 2 (MACHADO el al. 2007). Our
analysis also provided novel evidence for this hypothesis
on the two arms of the X chromosome. Given the lack of
asignificant difference in intraspecific variability among
these regions (after excluding the pericentromeric and
peritelomeric regions: HAMBLIN and AQUADRO 1999;
MAacHADO el al. 2007), the simplest explanation for our
observation is that greater interspecies introgression has
occurred between D. pseudoobscura and D. persimilis in
collinear regions >2 Mb from the inversion breakpoints
than close to or within the inverted regions. From the
results reported, we cannot completely exclude the
possibility that regions closer to (or within) inversion
breakpoints have diverged faster because of differences
in local mutation rate. However, this hypothesis would
be inconsistent with results of detailed studies that have
focused on handfuls of these loci (MACHADO et al. 2002,
2007; MacHADO and Hey 2003) and the lack of differ-
ence in intraspecific polymorphism across chromosome
regions. We tested this hypothesis further by measuring
K, for coding sequence alignments of D. melanogaster to
both D. pseudoobscura and D. persimilis. We examined
1706 genes on these three chromosome arms, and the
Kruskall-Wallis test for IN vs. NEAR vs. FAR showed no
significant difference among these regions within any
chromosome (data not shown). Hence, there is no
evidence that the differences between these regions in
divergence is related to mutation rate differences.

In contrast, we failed to detect a relationship between
divergence and inverted regions on chromosome 3.
Unlike the chromosomes XL, XR, and 2, this chromo-
some has a very old and rich inversion polymorphism,
and both the standard and arrowhead arrangements are
found in D. pseudoobscura. Because these two arrange-
ments are found within one of the two species, the
opportunity for gene flux within (or near) inverted
regions will necessarily be high, as intraspecific inversion
heterozygotes will appear many orders of magnitude
more often than interspecific inversion heterozygotes
(hybrids). Gene flux between arrangements within
D. pseudoobscura has been documented in a recent
polymorphism study of seven gene regions on chromo-
some 3 (SCHAEFFER and ANDERSON 2005).

NAvVARRO and BARTON (2003) posited a model of
chromosomal inversions facilitating differentiation of
partially isolated populations wherein the inversions
were fixed by positive selection. Following fixation, the
different arrangements accumulate alleles that are
adaptive for their population but incompatible or
detrimental in the alternate population. Such alleles
fail to accumulate outside of inversions because they
would be eliminated by migration, recombination, and
selection. Although other recombinational models of
chromosomal speciation have been posited (NOOR et al.
2001b; RieseBERG 2001), this model yields a unique
prediction: the molecular signature of positive selection
should be stronger in inverted regions than in collinear
regions. We tested, and failed to find evidence, for the
molecular signature of positive selection (defined by
high K,/ K, estimates in inverted regions) predicted by
the NAVARRO and BARTON (2003) model (supplemental
Table 4 at http:/www.genetics.org/supplemental/).

Given that the fixed chromosomal inversions have
been important for the divergence of this species pair
and harbor nearly all the reproductive isolation factors
that could be genetically mapped (NoOR et al. 2001a,b;
BrowN et al. 2004), we predicted that an analysis of
Gene Ontology term representation would provide lists
of gene classes that may have been important in the
evolution of phenotypic differences between the spe-
cies. The inversions harbor 2631 genes, ~19% of the
genes in the genome, assuming a total of 14,000 genes.
Although two GO attributes were overrepresented in
the 2631 genes from the three inversions (supplemental
Table 5 at http: /www.genetics.org/supplemental /), we
do not consider this a relevant result because the two
GO terms are associated with very few genes in the
genome (7-16) and almost all of these genes are located
close to each other in the same genomic region of the
XL inversion. However, when the analyses were con-
ducted separately for each inverted region we observed
additional overrepresented GO attributes (supplemen-
tal Table 5). Among those, two stand out. First, one of
the overrepresented classes of genes in XL corresponds
to genes with oxidoreductase activity, a result that
matches recent results for this species pair using a
microarray survey (C. MacHADO, unpublished data).
Second, genes that are structural constituents of the
cuticle are overrepresented in the XR inverted region,
a result that is also significant given that previous stud-
ies have shown differences in cuticular hydrocarbons
between these two species (NOOR and CoyNE 1996).
Although these analyses are potentially useful for
identifying candidate classes of genes important for
phenotypic divergence that may have been “captured”
by the fixed inversions, they depend on the available GO
classifications. It will be thus important to repeat these
analyses as GO classifications are refined.

Insights into divergence in this species group: It
seems clear that chromosomal inversions have affected
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levels of sequence divergence between D. pseudoobscura
and D. persimilis. Further, we have shown here and
elsewhere (MACHADO et al. 2007) that an effect associated
with the inverted regions extends beyond the inversion
breakpoints. The inverted regions of these species are
associated with a variety of known barriers to gene flow
between them, including hybrid male sterility, hybrid
inviability, a hybrid courtship dysfunction, and behavioral
discrimination (NOOR ¢t al. 2001a,b; BROWN et al. 2004).

The sequence of events leading to the formation of
these species (or their “genotypic clusters” sensu MALLET
1995) remains unknown, however. One possibility is
that the progenitor of these species was split into two
isolated (allopatric) populations, during which time the
population that eventually became D. persimilis fixed
three inversions that distinguish it from the other pop-
ulation. Meanwhile, both species evolved incompati-
bilities that prevent gene flow. Finally, the two incipient
species came together, and while homogenization oc-
curred in collinear regions, the inverted regions re-
mained distinct and allowed for the persistence of the
two species. This homogenization could have elimi-
nated reproductive isolation factors that were presentin
collinear regions (BROWN et al. 2004).

A second possibility is that some or much of the
divergence between these populations occurred despite
some gene flow between the two incipient species in
sympatry. Local adaptation (possibly through preexist-
ing clines) may have fixed the three inversions in what
became D. persimilis, and alleles involved in incompat-
ibilities between the two populations could then have
accumulated within these inverted regions (NAVARRO
and BArTON 2003; KIRKPATRICK and BARTON 2006).

The first possibility, complete isolation followed by
inversion formation and incompatibilities, predicts that
the average divergence between the species in the three
inverted regions should be fairly similar because it
should match the time of the original population split.
In contrast, the second possibility (divergence with gene
flow) makes no such assumption, and divergence within
the inversions should reflect the approximate time
frame within which they arose. Our data here seem to
support this latter model, as we observe significant
differences between the XL, the XR, and the chromo-
some 2 inverted regions in divergence. In addition, the
least divergent D. pseudoobscura XR arrangement is
found in rare D. persimilis individuals exhibiting sex-
chromosome meiotic drive, suggesting this inversion
either is very old or may have spread between the species
early in divergence. These D. persimilis gene arrange-
ments may have been part of the east-west inversion
cline transect observed in D. pseudoobscura (DOBZHANSKY
and EprLING 1944). That the three fixed inversions of
D. persimilis are derived from the gene arrangements
within D. pseudoobscura also supports the suggestion that
D. persimilis emerged from within a chromosomally
differentiated D. pseudoobscura population. Subsequent

(or continued) sympatry would permit exchange in
collinear regions and possibly to a much more limited
extent in some inverted regions (SCHAEFFER and
ANDERSON 2005).

However, several caveats apply such that we cannot yet
confidently accept the extreme divergence-with-gene-flow
model. First, these comparisons assume a constant
mutation rate and fixation probability, and local differ-
ences in these parameters are certainly plausible. Second,
these comparisons assume that there is no gene flux
between the inverted arrangements. Such gene flux has
been detected between inversions in intraspecific chro-
mosomal polymorphisms (SCHAEFFER and ANDERSON
2005), presumably through double crossovers or gene
conversion. However, such flux between the fixed in-
version differences separating these species will likely be
reduced over time as incompatibility genes emerge and
the low fitness of hybrids reduces the opportunities for
exchange (DoBzHANSKY 1973; POWELL 1983). In our data
set, we failed to observe lower sequence divergence be-
tween central regions of inversions than between periph-
eral regions near breakpoints (data not shown), as would
be predicted if there was gene flux via double crossover or
gene conversion (NAVARRO ¢t al. 1997; SCHAEFFER and
ANDERSON 2005). It is possible that ancestral gene con-
versions are present in the data, resulting in some regions
showing low levels of divergence, but we cannot tell
without more extensive data. As a result of these compli-
cations, it is premature to accept a fully (or primarily)
sympatric divergence model in these species.

Prospects: The accumulation of whole-genome se-
quence assemblies and ease of computational analysis
will certainly be a boon for studies of speciation and the
process of divergence. In this study, using two genome
sequences, we examined patterns of divergence be-
tween a species pair that has been a classic system to
study the process of speciation. We noted several caveats
and areas where one could easily have been misled. For
instance, although significantly lower divergence at
some genomic regions could be interpreted to be the
result of increased levels of introgression, lower poly-
morphism in those same regions can also affect the
observed divergence between the single genome se-
quences compared. Disentangling the relative contri-
bution of each factor (divergence vs. polymorphism)
using single genome sequences is not possible. How-
ever, our analyses were highly informed by lower
throughput but more rigorous examinations of poly-
morphism and divergence within the two focal species
(HaMBLIN and AQUADRO 1999; MacHADO et al. 2002,
2007; MacHADO and Hey 2003). The combination of
impressive advances in computational analysis and the
acquisition of genomic data with “old-school” reduc-
tionist benchwork can play a major role in inform-
ing genomic analysis of fundamental evolutionary
questions, including understanding the origin of spe-
cies (Noor and FEDER 2006).
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