Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Testing the Chromosomal Speciation Hypothesis for Humans and
Chimpanzees

Jianzhi Zhang, Xiaoxia Wang and Ondrej Podlaha

Genome Res. 2004 14: 845-851
Access the most recent version at doi:10.1101/gr.1891104

References This article cites 30 articles, 14 of which can be accessed free at:
http://genome.cshlp.org/content/14/5/845.full.html#ref-list-1

License

Email Alerting  Receive free email alerts when new articles cite this article - sign up in the box at the
Service top right corner of the article or click here.

CRISPR and RNAi Genetic Screening.

Your new superpower.

CELLECTA

To subscribe to Genome Research go to:
https://genome.cshlp.org/subscriptions

Cold Spring Harbor Laboratory Press


http://genome.cshlp.org/lookup/doi/10.1101/gr.1891104
http://genome.cshlp.org/content/14/5/845.full.html#ref-list-1
http://genome.cshlp.org/cgi/alerts/ctalert?alertType=citedby&addAlert=cited_by&saveAlert=no&cited_by_criteria_resid=protocols;10.1101/gr.1891104&return_type=article&return_url=http://genome.cshlp.org/content/10.1101/gr.1891104.full.pdf
http://genome.cshlp.org/cgi/adclick/?ad=58174&adclick=true&url=https%3A%2F%2Fcellecta.net%2Ffxl-gen-scrn-genres-2606-728x90
https://genome.cshlp.org/subscriptions
http://genome.cshlp.org/
http://www.cshlpress.com
http://genome.cshlp.org/
http://www.cshlpress.com

Downloaded from genome.cshlp.org on June 5, 2026 . Published by Cold Spring Harbor Laboratory Press

Letter

Testing the Chromosomal Speciation Hypothesis
for Humans and Chimpanzees

Jianzhi Zhang,' Xiaoxia Wang, and Ondrej Podlaha
Department of Ecology and Evolutionary Biology, University of Michigan, Ann Arbor, Michigan 48109, USA

Fixed differences of chromosomal rearrangements between isolated populations may promote speciation by
preventing between-population gene flow upon secondary contact, either because hybrids suffer from lowered fitness
or, more likely, because recombination is reduced in rearranged chromosomal regions. This chromosomal speciation
hypothesis thus predicts more rapid genetic divergence on rearranged than on colinear chromosomes because the
former are less porous to gene flow. A number of studies of fungi, plants, and animals, including limited genetic
data of humans and chimpanzees, support the hypothesis. Here we reexamine the hypothesis for humans and
chimpanzees with substantially more genomic data than were used previously. No difference is observed between
rearranged and colinear chromosomes in the level of genomic DNA sequence divergence between species. The same
is also true for protein sequences. When the gorilla is used as an outgroup, no acceleration in protein sequence
evolution associated with chromosomal rearrangements is found. Furthermore, divergence in expression pattern
between orthologous genes is not significantly different for rearranged and colinear chromosomes. These results,
showing that chromosomal rearrangements did not affect the rate of genetic divergence between humans and
chimpanzees, are expected if incipient species on the evolutionary lineages separating humans and chimpanzees did
not hybridize.

[Supplemental material is available online at www.genome.org. The DNA sequences from this study have been
submitted to GenBank under accession nos. AY561437-AY561498. The following individuals kindly provided

reagents, samples, or unpublished information as indicated in the paper: S. Paabo.]

The chromosomal speciation hypothesis asserts that chromo-
somal rearrangements cause reproductive isolation between
populations and lead to speciation (White 1978). The traditional
model assumes that recombination between rearranged chromo-
somes generates unbalanced gametes that have lowered fitness,
which creates a reproductive barrier (White 1978). This model
has been criticized because if a rearrangement causes a substan-
tial reduction in fitness of heterozygotes, it cannot be fixed in a
population unless the population is very small (Walsh 1982;
Lande 1985; Rieseberg 2001, and references therein). The newly
developed model (Noor et al. 2001; Rieseberg 2001; Navarro and
Barton 2003a) differs from the traditional one in assuming that
recombination is suppressed in rearranged chromosomal regions
and the fitness effect of rearrangements is minimal. As gene flow
requires recombination in the presence of incompatibility genes,
the reduction in recombination associated with chromosomal
rearrangements results in lowered gene flow in rearranged chro-
mosomal regions compared with colinear chromosomes and
generates a partial reproductive barrier. Several studies in fungi,
plants, and animals provided substantial evidence for the new
model of chromosomal speciation (Rieseberg et al. 1999; Noor et
al. 2001; Rieseberg 2001; Machado et al. 2002; Delneri et al.
2003). For instance, genetic loci responsible for hybrid male ste-
rility and female species preferences in Drosophila pseudoobscura
and D. persimilis, two occasionally hybridizing species, are lo-
cated in rearranged chromosomal regions (Noor et al. 2001). A
multilocus analysis of the same species pair also indicated re-
duced gene flow in rearranged chromosome regions (Marchado
et al. 2002). The rate of introgression in colinear chromosomes
between sunflowers Helianthus petiolaris and H. annuus are twice
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that in rearranged chromosomes (Rieseberg et al. 1999). Yeasts
Saccharomyces cerevisiae and S. mikatae have reciprocal transloca-
tions involving three chromosomes, and their hybridization pro-
duces sterile progenies. Delneri et al. (2003) engineered the chro-
mosomes of S. cerevisiae to make them colinear with those of §.
mikatae. Interestingly, the interspecific hybrids are now fertile.

Nine chromosomes (1, 4, 5, 9, 12, 15, 16, 17, 18) contain
pericentric inversions between humans and chimpanzees, and
human chromosome 2 resulted from a fusion of two acrocentric
chromosomes common to other great apes (Yunis and Prakash
1982). An examination of the influence of these chromosomal
rearrangements on the genetic divergence between humans and
chimpanzees may reveal the history of the speciation events that
eventually led to modern humans and chimpanzees. Navarro
and Barton (2003b) recently addressed this question and found
some evidence for the effect of chromosomal rearrangements.
Most strikingly, they found in an analysis of 115 genes of hu-
mans and chimpanzees that the rate of protein sequence evolu-
tion is 120% higher for genes located on rearranged chromo-
somes than for those on colinear chromosomes. However, their
data were few, and some of the results were inconclusive (Na-
varro and Barton 2003b). Concerns have also been raised with
regard to their data analysis and interpretation (Bowers 2003;
Hey 2003; Lu et al. 2003). By using substantially larger genomic
data sets, we here examine four predictions of the chromosomal
speciation hypothesis for humans and chimpanzees. We show
that there is no difference between rearranged and colinear chro-
mosomes in the level of genomic DNA sequence divergence or
protein-coding sequence divergence between species. When the
gorilla is used as an outgroup, no acceleration in protein se-
quence evolution associated with chromosomal rearrangements
is found. Divergence in expression pattern between orthologous
genes is also similar for rearranged and colinear chromosomes.
We discuss these results in the context of human and chimpan-
zee evolution.
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RESULTS

Divergence of Genomic Sequences Between Humans

and Chimpanzees

The chromosomal speciation hypothesis predicts that the level of
neutral sequence divergence between species is higher for rear-
ranged chromosomes than colinear chromosomes because gene
flow between populations is hampered for rearranged chromo-
somes (Rieseberg 2001). To examine this prediction for humans
and chimpanzees, we analyzed completely determined chimpan-
zee bacterial artificial chromosome (BAC) sequences and their
human orthologs that are available in GenBank at the time of
this study (July 2003). Because >98% of the human genome is
noncoding (Venter et al. 2001), the BAC sequences can be effec-
tively regarded as neutrally evolving sequences. After we aligned
the orthologous sequences and removed gaps, our data contain
~1.8 and 2.3 Mb (10° bases), located on seven of the 10 rear-
ranged chromosomes and six of the 14 colinear chromosomes,
respectively. We then computed the percentage of sequence di-

vergence between the two species for regions on rearranged and
colinear chromosomes. In contrast to the prediction of the chro-
mosomal speciation hypothesis, the divergence is slightly lower
on rearranged than colinear chromosomes, although their differ-
ence is not significant (P > 0.2, Z test; Table 1). The male-driven
evolution hypothesis predicts a higher mutation rate for Y chro-
mosome than autosomes (Li et al. 2002). Indeed, the divergence
level is higher for Y than autosomes in our data (P <0.001, Z
test). Nevertheless, even when only autosomes are considered,
the sequence divergence for rearranged chromosomes is still
slightly lower than that for colinear chromosomes (P > 0.3; Table
1). Because the percentage of G and C nucleotides (GC%) in a
chromosomal region may affect the mutation rate (Yi et al.
2002), we examined whether GC% is different between rear-
ranged and colinear chromosomes but found no significant dif-
ference (P > 0.5, with or without Y data; Table 1). Furthermore,
there is no significant correlation between GC% and sequence
divergence in our data (R= —0.1, P> 0.2). Of the 36 BACs ana-
lyzed here, two are located within rearranged chromosomal re-

Table 1. Genomic DNA Sequence Divergence Between Humans and Chimpanzees

Chimpanzee Corresponding human Length % Divergence % Divergence

BACs chromosomes (nt)? for BAC for chromosome GC%

Rearranged chromosomes
ac092859 1 132,507 0.76 0.76 44.7
ac097335 2 98,048 1.60 1.83 37.7
ac120781 2 165,984 1.64 43.2
ac120782 2 82,520 1.99 46.7
ac122175 2 73,988 2.70 41.0
ac122731 2 83,811 2.04 42.1
ac125393 2 102,840 1.43 37.4
ac125392 4 163,428 0.90 0.90 37.5
ac006582 12 136,913 1.17 1.18 37.6
ac007214° 12 93,824 1.19 38.2
ac123983 15 141,549 1.55 1.44 41.9
ac120838 15 112,821 1.30 42.4
ac097265 16 140,954 1.23 1.35 47.9
ac097268 16 179,913 1.28 45.5
ac113435 16 43,672 2.02 38.0
ac097264° 17 78,904 0.92 0.92 46.3
Subtotal 1,831,676 1.20 = 0.14 41.8

Colinear chromosomes
ac140949 7 141,018 1.16 1.19 40.5
ac140950 7 171,457 1.34 37.8
ac140951 7 128,809 1.13 39.5
ac140952 7 169,376 0.97 38.3
ac140953 7 174,528 1.36 40.8
ac124148 10 149,881 1.34 1.30 42.8
ac124219 10 12,520 2.52 39.2
ac125391 10 91,167 1.08 42.1
ac123982 19 109,950 1.28 1.28 44.6
ac096630 20 126,851 1.35 1.35 44.1
ac129098 22 104,792 1.47 1.56 47.3
ac093571 22 72,564 1.68 46.3
ac093573 22 182,860 1.51 50.1
ac119407 22 101,211 1.53 46.4
ac123980 22 101,606 1.70 40.1
ac139189 Y 141,909 1.50 1.71 37.9
ac139190 Y 91,398 1.61 36.4
ac139192 Y 76,179 1.94 38.0
ac139193 Y 25,946 1.47 39.5
ac139194 Y 103,135 1.97 39.0
Subtotal 2,277,157 1.40 = 0.08 41.5

Subtotal (excluding Y) 1,838,590 1.34 = 0.06 42.6

Total 4,108,833 1.29 = 0.09 41.6

“Alignment length after the removal of gaps.
PLocated within rearranged regions.
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gions (Table 1). The levels of sequence divergence for these two
BACs (1.19% and 0.92%, respectively) are not higher than the
average of the 36 BACs (1.49%). Our results contrast with those
of Navarro and Barton (2003b). In that study, the investigators
found significantly higher sequence divergence on rearranged
chromosomes than on colinear ones using ~450 kb (10* bases) of
BAC sequences from five chromosomes, of which two (with a
total of ~82 kb) are rearranged chromosomes (Yi et al. 2002). The
sequence divergences for the two rearranged chromosomes are
the second and third highest, respectively, among the five chro-
mosomes. When the variation in sequence divergence among
BACs or chromosomes is considered, the statistical significance
that they reported disappears (P > 0.3; Z test). The second data set
analyzed by Navarro and Barton (2003b) includes ~1.9 Mb of
sequences (Ebersberger et al. 2002), which showed virtually iden-
tical levels of divergence for rearranged (1.25%) and colinear
(1.23%) chromosomes (Navarro and Barton 2003b), as in the
present case of ~4.1 Mb sequences. It should be pointed out that
although our data are substantially larger than what Navarro and
Barton (2003b) had, it still only constitutes ~0.14% of the ge-
nome. It will be interesting to verify our findings when the com-
plete chimpanzee genome sequence becomes available.

Divergence of Protein-Coding Sequences

Between Humans and Chimpanzees

If rearranged chromosomes are less prone to gene flow, it may be
predicted that genes located in these chromosomes can accumu-
late species-specific adaptive changes more easily and rapidly,
resulting in higher rates of protein evolution and more inci-
dences of positive selection compared with those in colinear
chromosomes (Navarro and Barton 2003b). Recently, Hey (2003)

questioned the validity of this prediction from a theoretical point
of view. Here we examined whether there is any empirical evi-
dence for the prediction. Let dg be the number of synonymous
nucleotide substitutions (s) divided by the number of potentially
synonymous sites (S) between orthologous coding sequences of
the human and chimpanzee, and dy be the corresponding num-
ber of nonsynonymous nucleotide substitutions () divided by
the number of potentially nonsynonymous sites (N). Because dg
is approximately equivalent to the mutation rate, dy/ds = [(n/N)/
(8/8)] = [(n/s)/(N/S)] is a measure of the rate of protein evolution,
standardized by the mutation rate (Nei and Kumar 2000). N/S is
mainly determined by the ratio of the rate of transitional muta-
tions to that of transversional mutations, which is approximately
constant across the nuclear genome (Rosenberg et al. 2003).
Thus, N/S is virtually invariant among different genes, and n/s
can be used as a proxy of dy/ds when different genes are com-
pared. We analyzed a recently published set of 1126 human-
chimpanzee orthologous gene pairs (Hellmann et al. 2003). The
chimpanzee sequences in this data set are randomly picked
cDNAs from testis and brain cDNA libraries. Because individual
cDNA sequences are short (average, ~360 nucleotides), we con-
catenated the sequences belonging to the same chromosomes
and estimated s and n between the human and chimpanzee for
the concatenated sequences of each chromosome. The results
(Table 2) show that, opposite to the prediction, the n/s ratio is
slightly lower for the rearranged (288/596 = 0.483) than colinear
chromosomes (287.5/531.5 = 0.541), with the difference being
statistically insignificant (P > 0.1, Fisher’s test). Similarly, the av-
erage dy/dg ratio for rearranged chromosomes (0.235 + 0.028) is
almost identical to that for colinear chromosomes
(0.239 * 0.019). The same results are obtained when only the

Table 2. Synonymous and Nonsynonymous Divergences Between Humans and Chimpanzees

No. of Total length
Chromosomes genes (nt) n n/s dy X 100 ds X 100 dy/ds
Rearranged
104 39,495 54 119 0.45 0.197 0.989 0.199
2 83 31,017 43 0.61 0.202 0.733 0.276
4 50 17,919 27 54 0.50 0.216 0.993 0.218
5 56 21,402 35 49 0.71 0.232 0.775 0.299
9 33 14,163 24 63 0.38 0.248 1.407 0.176
12 67 25,017 34 0.46 0.199 0.932 0.214
15 70 14,052 10 43 0.23 0.104 0.974 0.107
16 35 11,307 25 45 0.56 0.321 1.281 0.251
17 56 22,179 30 0.42 0.195 1.056 0.185
18 14 5,904 6 1.00 0.145 0.338 0.429
Subtotal 568 202,455 288 596 0.483 0.206 + 0.018 0.948 + 0.093 0.235 + 0.028
Colinear
3 67 26,271 38 66 0.58 0.207 0.834 0.248
6 54 21,396 35 67 0.52 0.233 1.053 0.221
7 55 20,151 34 55 0.62 0.247 0.858 0.288
8 40 14,124 14 44 0.32 0.144 0.996 0.145
10 36 12,225 18 0.56 0.214 0.839 0.255
11 58 20,124 27 61 0.44 0.194 0.986 0.197
13 20 7,698 15 1.00 0.275 0.670 0.410
14 54 20,034 39.5 56.5 0.70 0.282 0.938 0.301
19 38 12,192 17 0.45 0.203 0.992 0.205
20 24 8,181 14 0.47 0.245 1.212 0.202
21 9 3,081 6 0.38 0.276 1.757 0.157
22 21 6,234 9 0.50 0.206 0.960 0.215
X 36 13,017 21 0.64 0.228 0.867 0.263
Subtotal 512 184,728 287.5 531.5 0.541 0.227 + 0.011 0.997 + 0.072 0.239 + 0.019
Subtotal (excluding X) 476 171,711 266.5 498.5 0.535 0.227 + 0.012 1.008 + 0.078 0.237 + 0.021
Total 1080 387,183 575.5 1127.5 0.510 0.218 + 0.010 0.976 + 0.057 0.237 += 0.016

There are only two Y-linked genes in the data set, and they are not used here.
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autosomes are considered (Table 2). Interestingly, the average dg
values for colinear and rearranged chromosomes are close
(P> 0.4), indicating similar levels of neutral sequence divergence
for the two sets of chromosomes, consistent with the above result
from the BAC sequences.

We also separated the 1126 cDNA sequences into two
groups: those with dy/ds>1 and those with dy/ds<1. We limited
our analysis to the sequences that have at least 150 codons, as
dy/dg cannot be reliably obtained for short ones. A total of 367
genes were analyzed: 63 of them showed dy =ds =0 and were
excluded from further analysis. Surprisingly, we found that co-
linear chromosomes harbor disproportionately more genes with
dy/ds>1 than rearranged chromosomes do (P < 0.01, Fisher’s ex-
act test; Table 3), opposite to the result of Navarro and Barton
(2003b). These investigators analyzed 115 genes and found a
120% increase in dy/ds and significantly more genes with dy/
dg > 1 for rearranged chromosomes compared with colinear ones.
One may argue that the genes analyzed by us do not represent
the entire genome equally because they are all expressed in either
testis or brain. This appears an unnecessary concern as >40% of
human genes are expressed in brain and >40% are expressed in
testis (Su et al. 2002). On the other hand, because linked genes
tend to have similar rates of protein evolution (Williams and
Hurst 2000), it is possible that a small sample such as the one
used by Navarro and Barton (2003b) is incidentally biased. One
way to examine this possibility is to use another species. If high
dy/dg ratios are due to chromosomal rearrangements between
humans and chimpanzees, the high ratios should not be ob-
served when the human is compared with another species such
as the rhesus monkey. By using this strategy, Lu et al. (2003)
found that those genes in Navarro and Barton’s (2003b) data
with high dy/ds also have high dy/ds between the human and
another species, suggesting that the high d\/ds ratio is unrelated
to chromosomal rearrangements. Navarro et al. (2003), however,
contended that the same chromosomal regions are often rear-
ranged over and over in different primates. They believe that Lu
et al.’s observation supports the chromosomal speciation hy-
pothesis rather than rejects it.

Divergence of Protein-Coding Sequences

Among the Human, Chimpanzee, and Gorilla

To resolve the above controversy, we compared dy/ds or n/s ratios
for a set of genes before and after chromosomal rearrangements
using the gorilla as an outgroup. Because the chromosomal rear-
rangements among the great apes are known (Yunis and Prakash
1982), there is no controversy as to whether high dy/d, ratios are
attributable to chromosomal rearrangements. The 22 autosomes
and two sex chromosomes of humans may be classified into four
groups. On the unrooted tree of human, chimpanzee, and gorilla,
two chromosomes (15 and 18) experienced rearrangements in
either the human or chimpanzee branches, but not in the gorilla
branch. They are classified as group A chromosomes. Ten chro-

Table 3. Effect of Chromosomal Rearrangements on the
Proportion of Genes Under Positive Selection

Chromosomes
dy/ds Rearranged Colinear Total
>1 23 46 69
<1 125 110 235
Total 148 156 304

P = 0.003, Fisher’s exact test.
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mosomes (3, 6, 11, 13, 19, 20, 21, 22, X, Y) did not experience
rearrangements in any of the three branches and are classified as
group B. Four chromosomes (7, 8, 10, 14) rearranged only in the
gorilla branch, and they are group C. The remaining eight chro-
mosomes (1, 2, 4, 5,9, 12, 16, 17) are group D. Let ny and sx be
the numbers of nonsynonymous and synonymous substitutions
in branch X of the tree, where X = H, C, and G for the human,
chimpanzee, and gorilla, respectively. Under the hypothesis that
chromosomal rearrangements enhance dy/ds or n/s, we expect to
see [(ny + ne)/(Sy + S¢)] > ng/sg for genes on group A chromo-
somes, because these chromosomes do not have rearrangements
on the gorilla branch, but have rearrangements on either human
or chimpanzee branches. Similarly, we expect [(ny + ng)/
(Su+sc)] = ng/sg for group B genes and [(ny + ne)/(Sy + o)l < ng/
sg for group C genes. These predictions can be tested with or-
thologous gene sequences from the human, chimpanzee, and
gorilla. We searched the GenBank and identified 3, 35, and 15
genes, respectively, for group A, B, and C chromosomes. Because
we are concerned with chromosomal rearrangements between
humans and chimpanzees, the focus is the comparison between
groups A and B. To have comparable sets of data for A and B, we
sequenced 31 segments of coding sequences in chimpanzee and
gorilla from group A chromosomes, bringing the total number of
group A genes to 34. The results are shown in Table 4. It is seen
that [(ny + nc)/(Sy + Sc)] is 6.6% higher than is ng/sg for group A
chromosomes, but the difference is not significant (P > 0.4, Fish-
er’s test). We then classified the genes on group A chromosomes
to those that are located inside the rearranged regions and those
outside. The [(ny + nc)/(sy + S¢)] value is 3% higher than ng/sg
for the former class, but 12% higher for the latter class, opposite
to the prediction of the chromosomal speciation hypothesis.
Nevertheless, in neither class is the difference between [(11; + 1)/
(Su + Sc)l and ng/sg statistically significant (P > 0.4). For group B
chromosomes, [(1ny + 1)/ (S + Sc)] is 15% higher than is ng/sg,
although the difference is again not significant (P > 0.2). Because
group B genes do not have any chromosomal rearrangements
among the human, chimpanzee, and gorilla, they serve as a base-
line in the comparison between [(ny + n¢)/(sy + s¢)] and ng/sg.
When this baseline is used, group A genes do not show elevated
[(nyg + ne)/ (S + Sc)] over ng/sg. In other words, there is no evi-
dence for an elevation in the rate of protein sequence evolution
associated with the chromosomal rearrangements in humans
and chimpanzees.

In the above analysis, we assumed that gorilla is the out-
group species of human and chimpanzee. Because the time in-
terval between the separation of gorillas from the common an-
cestor of humans and chimpanzees and the separation of the
later two species was relatively short (Chen and Li 2001), ances-
tral polymorphisms may not have been sorted out at the time of
human-chimpanzee speciation. In result, for some genes, the
divergence of the human and chimpanzee sequences may pre-
date the divergence of either one with the gorilla sequence. But
this should not affect our analysis because we considered the
unrooted tree of human, chimpanzee, and gorilla, which is
unique regardless of the presence or absence of ancestral poly-
morphisms.

Divergence of Gene Expression Between Humans

and Chimpanzees

It may also be predicted by the chromosomal speciation hypoth-
esis that divergence in gene expression patterns between species
is greater for genes in rearranged chromosomes than those in
colinear chromosomes, regardless of whether the divergence is
neutral or adaptive. By using Affymetrix microarrays, Karaman et
al. (2003) identified 219 genes that show differential expression
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Table 4. Synonymous and Nonsynonymous Divergences Among the Human, Chimpanzee, and Gorilla Genes

Number Total
Chromosomes® of genes length (nt) ng sg ng/sg Ny+nc Sy+5Sc  (Ng+ no)/(sy + sc)
Group A 34° 19,950 36 51 0.706 48 64 0.750
Within rearranged regions 14 8,199 12 18 0.667 22 32 0.688
Outside rearranged regions 20 11,751 24 33 0.727 26 32 0.813
Group B 35 29,382 81.5 85 0.956 121 110 1.100

2See text for the classification of chromosomes.

“Thirty-one of the 34 genes are newly sequenced in this study.

levels in cultured fibroblasts among the human, pygmy chim-
panzee, and gorilla. They did not find clustering of these genes in
rearranged chromosomal regions. In their analysis, however,
only those regions with finely mapped breakpoints were consid-
ered. We reanalyzed their data, considering all 10 rearranged
chromosomes between humans and chimpanzees. The data in-
clude 138 genes that exhibit at least twofold difference in expres-
sion level between the human and chimpanzee, of which 75 are
on rearranged chromosomes and 63 are on colinear chromo-
somes. Considering that the total length of the rearranged chro-
mosomes is ~49.3% of the entire genome (Venter et al. 2001), the
frequency of gene-expression divergence per Mb is [(75/0.493)/
(63/0.507)] = 1.23 times higher in rearranged chromosomes than
in colinear chromosomes. But the difference is not significant
(P> 0.1, binomial test). Considering that the total number of
predicted genes in rearranged chromosomes is ~48.6% of all
genes (Venter et al. 2001), the frequency of expression divergence
per gene is ~[(75/0.486)/(63/0.514)] = 1.26 times higher in rear-
ranged chromosomes than in colinear chromosomes. Again, this
difference is not significant (P > 0.1, binomial test). Note that the
Y chromosome is not considered in the above analysis because
the data do not include any Y-linked genes.

We also analyzed a large set of gene expression data ob-
tained from cortex samples of five humans and four chimpanzees
(Caceres et al. 2003). In these data, the expression patterns of
~10,000 genes were first examined by Affymetrix oligonucleotide
arrays, and the genes showing different expressions between spe-
cies were confirmed by cDNA arrays and real-time RT-PCR. One
hundred fifty-two genes were identified and confirmed to have
significant expression differences between human and chimpan-
zee cortexes, among which 80 were located on rearranged chro-
mosomes. The frequency of gene-expression divergence per Mb is
about [(80/0.493)/(72/0.507)] = 1.14 times higher in rearranged
chromosomes than in colinear chromosomes, their difference
being not statistically significant (P > 0.2, binomial test). The fre-
quency of expression divergence per gene is ~[(80/0.486)/(72/
0.514)] = 1.18 times higher in rearranged chromosomes than in
colinear chromosomes. Again, this difference is not statistically
significant (P > 0.1, binomial test).

DISCUSSION

Statistical Power

Our analyses of BAC sequences, protein-coding DNA sequences,
and gene expression data showed no significant elevation in the
rate of genetic divergence between the human and chimpanzee
on rearranged chromosomes compared with colinear ones. One
question is whether our analyses are of sufficient statistical power
to detect the differences if they indeed exist. For the genomic
sequence data, we noticed that there is substantial variation in
human-chimpanzee sequence divergence among BACs and
chromosomes, which is consistent with earlier observations of

mutation rate variation among genomic regions (for review, see
Ellegren et al. 2003). In our data, the average human-
chimpanzee divergence is 1.29%, and the standard error for the
difference between the average divergence of rearranged chromo-
somes and that of colinear chromosomes is V0.14%? + 0.06%? =
0.15% (Table 1). Thus, a 19% increase in the genomic sequence
divergence on rearranged chromosomes would result in a Z value
of 1.29% X 19%/0.15% = 1.65 in the standard Z test, giving
a significance level of 5%. In other words, our BAC data can
detect a 19% difference in human-chimpanzee divergence be-
tween rearranged and colinear chromosomes. The statistical
power, however, is irrelevant here, because the divergence in
colinear chromosomes is higher than that in rearranged chromo-
somes.

Similarly, for the cDNA data, the average d\/ds ratio is 0.237,
and the standard error for the difference in dy/dgs between rear-
ranged and colinear chromosomes is V¥0.028% + 0.021% = 0.035. A
24% increase in dy/dg on rearranged chromosomes would result
in a Z value of 0.237 X 24%/0.035 = 1.65 in the standard Z test,
giving a significance level of 5%. That is, our cDNA analysis can
detect a 24% difference in dy/ds between rearranged and colinear
chromosomes. Again, the statistical power is irrelevant here, be-
cause dy/dg in colinear chromosomes is higher than that in rear-
ranged chromosomes.

Our further analysis of the cDNA data showed significantly
fewer genes with dy/ds > 1 on rearranged chromosomes than ex-
pected. This is opposite to what Navarro and Barton (2003b)
observed. We think that the classification of genes into groups
with dy/ds > 1 and dy/ds < 1 is not biologically meaningtul, be-
cause for most of the genes analyzed here the numbers of sub-
stitutions are so small that the dy/ds ratio is subject to substantial
stochastic error. For any individual gene, the d/dg ratio may not
reliably indicate the form and strength of natural selection. For
this reason, we believe that the results obtained from the con-
catenated sequences are more reliable.

Our analyses of the two sets of gene expression data did
show relatively higher expression divergences for genes located
on rearranged chromosomes than those located on colinear ones,
but their differences are not statistically significant. For the data
set of Karaman et al. (2003), we estimated that doubling the
sample size would result in a statistically significant result (at
P =0.03, binomial test) if the proportion of expression-divergent
genes found on rearranged chromosomes is the same as esti-
mated here (i.e., 75/138 = 0.543). For the data set of Caceres et al.
(2003), a sample size that is 2.5 times of current size would result
in a statistically more or less significant result (at P = 0.06) if the
proportion of expression-divergent genes found on rearranged
chromosomes is the same as estimated here (i.e., 80/152 = 0.526).
Thus, further studies using larger data sets may help resolve the
problem.

Previous studies of Drosophila and sunflowers suggested that
chromosomal rearrangements reduce gene flow by 40% to 50%
(Rieseberg et al. 1999; Machado et al. 2002). This level of differ-
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ence would have been detected in several of our analyses. We
believe that the consistent findings of no significant elevation in
the rate of genetic divergence between the human and chimpan-
zee on rearranged chromosomes are not due to the lack of statis-
tical power.

Implications and Conclusions

The absence of virtually any signature of 10 major chromosomal
rearrangements on the rate of genetic divergence suggests that
the speciation processes in the evolutionary lineages separating
humans and chimpanzees are substantially different from what
the chromosomal speciation hypothesis presumes. In particular,
the preventive effect of chromosomal rearrangements on gene
flow occurs during the secondary contact of populations after an
initial period of isolation, but ceases upon the establishment of
complete reproductive isolation. Given the number of extinct
hominid species described so far (Boyd and Silk 2000; Brunet et
al. 2002) and the presence of at least two chimpanzee species, the
speciation events on the evolutionary lineages that eventually
led to modern humans and chimpanzees may be numerous. Our
results thus imply that hybridization has been rare among incipi-
ent species on these lineages. It is noteworthy that chimpanzees
lack a fossil record (Kelly 1992; Boyd and Silk 2000). This phe-
nomenon suggests that early hominids and chimpanzees prob-
ably did not live in proximity (Kelly 1992) because otherwise
chimpanzee fossils should be excavated along with hominid fos-
sils. The current distribution of chimpanzees only has a small
overlap with the distribution of the early hominid fossils around
the Rift Valley in East Africa (Kelly 1992; Gagneux et al. 2001;
Brunet et al. 2002). Although it is difficult to infer the historical
geographic distribution of chimpanzees without a fossil record,
we note that chimpanzees generally favor tropical rain forests
whereas hominids lived mostly in open forests and savannas.
This difference in their favored ecological environments may
have prohibited their secondary contact and hybridization. (Of
course, one cannot exclude the possibility that some early
hominids also lived in rain forests with chimpanzees, and their
fossils are likewise unknown.) Hybridization may also be rare if
prezygotic isolation had already evolved when the secondary
contact occurred. It is worth noting that the four recognized
subspecies of common chimpanzees (P. troglodytes schweinfurthii,
P. t. troglodytes, P. t. vellerosus, and P. t. verus) are not known
to form hybrid zones, nor do they hybridize with the pygmy
chimpanzee (Pan paniscus) in nature. Although this phenom-
enon is probably due to current geographical isolation, the
historical pattern may be assessed by population genetic analysis.
Analyses of paternally inherited Y-linked genetic markers and
maternally inherited mitochondrial DNA markers show that
alleles from each subspecies generally form a monophyletic
group (Gagneux et al. 1999; Stone et al. 2002), consistent with
lack of hybridization across subspecies. By contrast, autosomal
and X-linked markers show intermingling of alleles from differ-
ent subspecies, a likely result from incomplete lineage sorting
and indicative of relatively short separation times (Kaessmann et
al. 1999; Deinard and Kidd 2000). A three- to fourfold greater
effective population size and longer coalescent time for the bi-
sexually transmitted markers than the unisexual markers (Hartl
and Clark 1997) can explain the above disparity. Thus, the cir-
cumstantial paleontological, ecological, and population genetic
evidence is consistent with our genomic data. Together, they
suggest that chromosomal rearrangements did not affect the rate
of genetic divergence between humans and chimpanzees, and
this is likely due to the lack of hybridization among incipient
species on the evolutionary lineages separating humans and
chimpanzees.
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METHODS

Completely sequenced and assembled BAC sequences of the
chimpanzee (P. troglodytes) were downloaded from GenBank and
BLASTed (Altschul et al. 1990) against the human genome se-
quence to find their human orthologs. We analyzed those cases
in which the best hit and query overlap for at least 90% of the
query sequence. Segments of BLAST alignments between the
query and the best hit with lengths >10 kb were subsequently
analyzed.

The 1126 alignments of human and chimpanzee cDNA se-
quences were from Hellmann et al. (2003), and the gene loca-
tions were determined from BLAST and MapViewer searches
(http://www.ncbi.nlm.nih.gov/mapview/). Y-linked genes were
not analyzed because there are only two of them. We also re-
moved those genes with chromosomal locations that cannot be
confidently placed or with sequence lengths <50 nucleotides.
The final data include 1080 genes. The modified Nei-Gojobori
method (Zhang et al. 1998) was used for the analysis of synony-
mous and nonsynonymous substitutions.

Thirty-one segments of coding regions each with ~550
nucleotides were randomly chosen from group A chromosomes
(see main text), with the only requirement being that each seg-
ment is fully contained within an exon at least 600 nucleotides
long. The 31 segments were from 31 different genes. Primers were
designed following the human sequences. The chimpanzee (P.
troglodytes) and gorilla (Gorilla gorilla) orthologs were PCR ampli-
fied and sequenced in both directions. Other genes with ortholo-
gous sequences of the human, chimpanzee, and gorilla available
in the GenBank were downloaded and analyzed. A list of all the
genes is in Supplementary Table 1. The numbers of nucleotide
substitutions on branches of the tree of human, chimpanzee, and
gorilla were estimated from pairwise nucleotide distances using
the least-squares method (see Nei and Kumar 2000).
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