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Abstract
Interest in brain size clearly stems from the greatly enlarged brains of
humans relative to our ape relatives. Understanding the molecular mechanisms
that underlie this dramatic change (along with others in human evolution) is one
of the major goals of molecular anthropology. Analyses in this thesis investigate
molecular genetic changes related to increased brain size in the anthropoid
primates and humans in particular. An analysis of the evolution of
mitochondrial DNA in the primates reveals that mitochondrial proteins of
anthropoids (monkeys, apes and humans) show dramatic differences in both the
number and positions of variable sites when compared to those of other
mammals, including non-anthropoid primates. These changes have serious
implications for using mitochondrial sequences as molecular clocks for
estimating divergence dates. However, a simple and reliable approach to using
mitochondrial DNA to date primate divergences is presented.
Genes that have been shown to be responsible for human genetic
disorders involving brain size reduction and/or changes in cerebral
development are investigated next. Two published papers are presented that
examine the evolution of the structure (amino acid sequence) of specific genes
(ASPM and AHI1) that may have been involved in hominid brain expansion and
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development. Evidence of evolutionary selection is detailed along the branch
leading to modern humans as well as other branches of the primate tree.
The use of microarray technology in cross-species studies illuminates an
area of evolutionary divergence that has been neglected because of the difficulty
in obtaining data. Human to chimpanzee differences in the expression of genes
in different tissues, including brain, are examined and compared to human to
chimpanzee structural divergence between these genes. Brain tissue seems to be
different than other tissues in the overall magnitude of human to chimpanzee
expression differences, the overall amount of protein structural change in tissue
specific genes and in the overall relationship between protein expression and
structural differences. Both protein expression and structural differences are
lower, on average, than in other tissues and, at least in some comparisons, there
is a weak, but still significant, negative association between these two kinds of
change.
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Chapter 1
General Introduction
Relative brain size in the primates

1

Brain size in the primates
Interest in brain size clearly stems from the greatly enlarged brains of
humans relative to our ape relatives. Human brain mass is 300% greater than
chimpanzee brain mass even though our body mass is only 20% greater, and we
shared a common ancestor as recently as 6.5-7 million years ago. Understanding
the molecular mechanisms that underlie this dramatic change (along with others
in human evolution) is one of the major goals of molecular anthropology. Within
the primates, anthropoid species (monkeys and apes) generally show greater
relative brain size (encephalization) and brain complexity (cortical folding) than
non-anthropoid primates (strepsirhines plus tarsier) (Stephan, 1981). In addition
to overall size, the relative sizes of individual areas of the brain, i.e. the cerebral
cortex, may vary between species (Stephan, 1981; Clark, 2001). The same
molecular mechanisms that were involved in hominid brain expansion may have
been generally involved in primate brain evolution.
Since brain mass increases with body mass, comparisons between species
must be made taking body mass into account. Brain mass, like many
morphological features, scales in an allometric (non-linear) fashion to body mass.
Comparisons are generally made using log transformed data (or graphed using
log scales) as in Figure 1.1, (Martin, 1981).

2

Figure 1.1 – Reproduced from Martin 1981 (Figure 1, pg. 58) Allometric
relationships between brain and body weights for 309 placental mammal species.
Primates are solid triangles. Arrow is human (dolphin lies just below human).
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Figure 1.1 (Continued)
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On such a graph, each species is represented by a single point, and those
points above the regression line indicate greater relative brain mass in that
species. Generally, a sex-averaged body and brain mass values are used even
though there are significant differences between the sexes in many species. The
encephalization quotient (EQ) is defined as the observed brain mass over the
brain mass predicted by the line of regression (Holloway, 1982). Reported EQs
can vary greatly depending on the number and selection of species used to
generate the regression line (Martin, 1982). If large numbers of taxa are used, a
regression line with a slope of about 0.75 is generated (as Figure 1.1). This may
indicate a relationship of brain size with metabolic rate as BMR also scales to
body weight with a slope of 0.75, (Kleiber, 1961). Smaller numbers of taxa can
result in different slopes, though these differences may not be significant.
The graph in Figure 1.2 shows slopes of 0.74 for the anthropoids (upper,
red line) and 0.67 for the strepsirhines (lower, blue line) but the confidence
intervals (light, dashed lines) for the lines clearly indicate that the slopes are not
significantly different (this and all subsequent statistical analyses were
preformed using JMP, Version 5 - Macintosh. SAS Institute Inc., Cary, NC, 19892005). When a single regression line is fit for all primate points and residuals are
calculated using this line, there is a significant difference between the mean
anthropoid and the strepsirhine residuals (anthropoid mean 0.053, strepsirhine
mean – 0.104, P<0.0001).
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Figure 1.2 – Primate brain and body mass relationships - 37 anthropoids (red
circles) and 19 strepsirhines (blue squares). Data from the literature (Stephan,
1981; Leonard, 2003). Tree shrews are orange and tarsier is green but these taxa
are not included in the analysis). Arrow is human.
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Figure 1.2 (Continued)

7

More sophisticated analyses have tried to remove the effects of phylogeny
(Reader, 2002) and have examined individual regions of the brain (Stephan, 1981;
Clark, 2001; Barton and Harvey 2000), Figure 1.3.

Figure 1.3 – Fraction of the neocortex in primate and insectivore brains, (Figure
3a, pg. 190) from (Clark, 2001).
There is some disagreement regarding the development of individual
parts of the brain. In contrast to authors that have suggested different areas of
the brain evolve separately in the primates, Finlay and Darlington claimed that
individual parts of the brain varied in a predictable, non-linear way with overall
brain size (1995). Similarly, Semendeferi and co-workers compared human
frontal cortex measurements with great ape frontal cortex measurements using
magnetic resonance imaging. They found that the human frontal cortex is as
expected for a primate brain of our size. There is agreement that overall relative
brain size varies within the primates and certainly has shown dramatic increases
along the hominid branch, (Figure 1.4); indeed, this is one of the diagnostic
criteria for inclusion in the genus Homo (Wood and Collard 1999).
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Figure 1.4 – Body weight and brain volume (or endocranial volume) for
hominids (green circles), australopithecines (red squares) and great apes (blue
triangles), (Figure I, pg. 256) from (Roth and Dicke, 2005).
In an effort to understand the selective pressures responsible for brain size
evolution, variation in relative brain size in the primates has been related to
differences in gut size/diet, social structure and longevity. Since brain and
digestive system tissues are metabolically “expensive”, that is require a lot of
energy even when resting, a tradeoff has been hypothesized regarding the size of
these organs in a given species. Human brains are 2% of body mass yet require
20% of our metabolism (Roth and Dicke, 2005). To make way for a larger brain,
gut size has to be reduced. Conversely, brains must be reduced to allow a larger
gut (Aiello, 1995; Fish, 2003). Gut size tends to be inversely related and relative
brain size directly related to dietary quality (often measured as the percentage of
roughage in the diet, lower percentage = higher quality), see Leonard, (2003) for
an analysis of this in primates. It’s unclear, however, if the correlated changes
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found between gut size and brain size are dictated by energetics or if they are
both the result of selection based on ecological parameters.
Increases in brain size and neocortex in the primates have also been
explained by the need for “processing power” for complex social interactions
(Barton, 1996; Sawaguchi 1992). In addition to having the highest quality diet,
human social interactions are arguably the most complex of all primates. Allen
and co-workers suggest that brain size co-evolved with increases in longevity.
The extra brain mass was required to ensure that intergenerational social support
networks would function. This emphasis on a healthy aging brain is referred to
as the “cognitive reserve hypothesis” (Allen et al. 2005). Allman and co-workers
demonstrated a correlation between brain weight and longevity in the
haplorhine (but not the strepsirhine) primates (1993).
The molecular investigations
Analyses in this thesis investigate molecular genetic changes related to
increased brain size in the anthropoid primates and humans in particular.
Chapter 2 is an analysis of the evolution of primate mitochondrial DNA
(mtDNA). Mitochondria are the cellular sites of energy metabolism and all
proteins encoded by mtDNA are directly involved in this process. Since brain
tissue is metabolically “expensive”, (Aiello, 1995), the increased relative brain
size of anthropoid primates may have left a signal in the evolution of primate
mtDNA.
Selection on differences in protein structure and/or expression may have
had a role in hominid brain expansion. Chapter 3 is comprised of two papers
that investigate the evolution of the structure (amino acid sequence) of specific
genes that may have been involved in hominid brain expansion. Chapter 4
10

investigates the role of cross-species (human to chimpanzee) differences in the
expression of genes in different tissues, including brain. Microarray technology
allows the quantification of expression of thousands of genes at once. The use of
this technology in cross-species studies illuminates an area of evolutionary
divergence that has been neglected because of the difficulty in obtaining data.
Chapter 5 summarizes and ties these investigations together.
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Chapter 2
The Evolution of Primate Mitochondrial DNA

12

Part 1 – Introduction to mitochondrial DNA and its relation to primate
energetics
This chapter is an analysis of the evolution of mitochondrial DNA in the
primates. Mitochondria are ubiquitous eukaryotic organelles that share a
common ancestor of eubacterial origin. A single endosymbiotic event is believed
to have given rise to all subsequent eukaryotes including plants, fungi, animals
and protists (Gray et al., 1999; Margulis, 1970). The main cellular function of
mitochondria, producing energy by oxidative phosphorylation (production of
ATP), is well known, but recently they have been shown to play an important
part in programmed cell death (apoptosis) as well. Apoptosis is a critical process
for multi-cellular animals that removes unneeded or damaged/dangerous cells
(Hengartner, 2000). Owing to their origin as eubacterial cells, all mitochondria
contain their own DNA (mtDNA) that varies widely in size and gene
complement throughout the eukaryotes.
Mammalian mtDNAs, however, are highly conserved and contain 13
protein-coding genes, two ribosomal RNA (rRNA) genes and transfer RNAs
(tRNA) (Gray et al., 1999). All the remaining proteins (perhaps 1,000 total) that
form the complexes involved in oxidative phosphorylation, transcription,
translation and other mitochondrial functions are encoded in the nucleus and
transported to the mitochondria. Many of these nuclear-encoded mitochondrial
genes were originally of mitochondrial origin but have transferred to the nucleus
by a process that is not well understood but continues to the present time
(Collura and Stewart, 1995; Gray et al., 1999; Scheffler, 1999; Zischler et al., 1995).
This explains why mitochondrial genomes are much smaller than closely-related
eubacterial genomes.
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Because of the central role in cellular energy metabolism that
mitochondria play, recent research has focused on the importance they may have
in aging and disease. Certain specific diseases are known to be caused by
impairment of mitochondrial function, in turn caused by defects in mtDNA
(Wallace, 1999). Because mitochondria are the site of oxidative phosphorylation,
damage may accumulate over time due to the presence of reactive oxygencontaining radicals (Scheffler, 1999; Lin and Beal 2003). The role of diminished
mitochondrial function in the aging process is under active investigation, and
studies have shown an age-related decrease in mitochondrial function in the
primate brain (Bowling et al., 1993). Since brain tissue is metabolically
“expensive”, (Aiello, 1995), the increased relative brain size of anthropoid
primates may have left a signal in the evolution of primate mtDNA.
Part 2 of this chapter is a paper that investigates the unique evolution of
anthropoid primate mitochondrially-encoded proteins. Part 3 describes a simple
approach to using mitochondrial DNA to date primate divergences.
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Part 2 - Isofunctional Remodeling of Anthropoid Primate Mitochondrial
Proteins
Summary
Background: Homologous protein-coding genes from closely-related species
whose products have the same primary function are generally assumed to be
under the same or very similar molecular evolutionary constraints. This should
result in the same numbers and positional patterns of sites that are free to vary
along the length of these gene sequences. Molecular evolutionary analyses have
traditionally relied on this reasonable but rarely-tested assumption.
Principal Findings: Here it is demonstrated that proteins encoded in the
mitochondrial genomes of anthropoid primates (monkeys, apes and humans)
show dramatic differences in both the number and positions of variable sites
when compared to those of other mammals, including non-anthropoid primates.
These vital respiratory proteins have apparently undergone significant changes
in evolutionary constraints with no indication of changes in primary function;
i.e., their position and role in electron transport chain enzyme complexes. This
phenomenon is termed isofunctional remodeling.
Conclusions: These changes have serious implications for using mitochondrial
sequences as molecular clocks for estimating divergence dates. Indeed, some
primate divergence dates previously estimated from mitochondrial proteins are
at least twice as ancient as suggested by the fossil record and other molecular
studies and are almost certainly biased by the phenomenon reported here. These
changes may be related to co-evolution of respiratory chain subunits or of
episodes of positive Darwinian selection on these genes. The latter possibility
15

suggests an adaptive shift in mitochondrial respiration which may be connected
to brain expansion in the anthropoid primates.
Introduction
The elegant and powerful concept that protein and DNA sequences can be
used as a molecular clock to date evolutionary divergences is almost 40 years old
(Zuckerkandl and Pauling 1965). However, the application of the molecular
clock has remained controversial, despite its widespread use. Variability has
been shown in the rate of molecular evolution within and between organisms,
groups of organisms, and in many genes (Li 1997), including those in
mammalian mitochondrial DNA (mtDNA) (Gissi et al. 2000). Differences in rates
of sequence evolution between different species are generally assumed to be
caused by differences in the mean substitution rate (the underlying mutation rate
times the mean fixation rate), expressed as the probability of change per site per
unit time (Li 1997). A change in either the mutation rate or the fixation rate could
cause an overall change in substitution rate. Differences in metabolic rate
(Martin and Palumbi 1993) or generation time (Li and Wu 1987) leading to
changes in the underlying mutation rate are often invoked to explain
heterogeneity in the rate of molecular evolution. Fixation rate differences can be
accounted for either by an overall change in the probability of fixation (due to
selection or differences in long-term population size) or changes in molecular
constraint (the number of sites that are free to vary) (Palumbi 1989) or both.
Changes in constraint can occur when there is an alteration in the function of a
gene or a translocation of genetic material to a different location in the genome
(Li 1997).
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A rarely-questioned yet implicit assumption is that homologous proteincoding genes from closely-related species whose products have the same
primary function are under the same or very similar molecular evolutionary
constraints. However, in some distantly-related species the pattern of constraints
in the cytochrome c gene has been found to vary to some extent even though the
primary function of the gene product remains unaltered (Fitch 1971). A recent
analysis of vertebrate mitochondrial cytochrome b sequences similarly found
within-site rate variation over time (dubbed “heterotachy”) (Lopez et al. 2002).
Here is presented an analysis of mammalian mtDNA and inferred protein
sequences using datasets of 140 cytochrome b sequences and 48 sets of 12
mitochondrial protein-coding genes including a newly generated New World
monkey (Aotus) sequence. The analysis shows that, compared to other
mammals, anthropoid primates (monkeys, apes, and humans) have undergone
dramatic changes in their mitochondrial sequences in both the pattern of amino
acid change and the numbers of amino acid sites free to vary. This results in the
accumulation of relatively greater amino acid change for a given amount of silent
DNA change. However, there is no indication of an accompanying change in the
primary function of these proteins.

Results and Discussion

Differences in evolutionary rate among lineages become apparent on
phylogenetic trees if branches are drawn in proportion to the amount of
sequence change. Faster rates of evolution appear as longer branches in such
trees, which are termed phylograms. Figures 2.1a and 2.1b show silent
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(synonymous) DNA and protein phylograms constructed from 140 mammalian
cytochrome b sequences. A list of all taxa used is in Appendix 1 and a larger
version of the cytochrome b tree is found in Figure S1, Appendix 2. The
anthropoid primates clearly show an accelerated rate of protein sequence
evolution compared to most other mammalian groups, including the nonanthropoid primates. In contrast, differences in the silent evolutionary rate are
much less pronounced. Branch lengths can artifactually appear similar due to
saturation of multiple substitutions at silent sites. While it may not be possible to
eliminate all the effects of saturation, different classes of sites saturate at very
different rates. In particular, third position transversions are least prone to
saturation and for this reason were weighted heavily in silent estimates (see
Experimental Procedures). Undoubtedly mutation rates (and hence silent
substitution rates) vary among mammalian groups. For example, anthropoid
sequences are somewhat more quickly evolving than those of non-anthropoid
primates. Using the relative rate test on silent changes (four-fold degenerate
transversions) with tree shrew as an outgroup, the anthropoid mitochondrial
sequences (12 mitochondrial protein-coding gene dataset) are evolving about 7%
faster than the slow loris and tarsier sequences. However, this small difference
does not account for the dramatically faster protein evolution in the anthropoids
(64% faster), nor can it explain differences in the pattern of amino acid changes
observed. Thus, the accelerated rate of cytochrome b evolution in the
anthropoids does not appear to be caused by differences in mutation rate.
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Figure 2.1 Mammalian cytochrome b protein evolution. a, Phylogram of silent
DNA distances: Branch lengths are proportional to number of weighted
synonymous substitutions at four-fold degenerate sites. b, Phylogram of protein
distances: Branch lengths are proportional to Grantham-weighted amino acid
changes (Grantham 1974). The arrow points to the anthropoid primates. Clades
on the phylograms correspond (top to bottom, 20 taxa per clade) to mammalian
orders shown in (c). c, Numbers of variable sites (calculated in PAUP* (Swofford 1998)) in each group in the cytochrome b dataset split into variable
sites occurring in single species (lightly-shaded) and variable sites showing
changes in two or more species of the group (in black). Cetaceans are shown here
separately from other cetartiodactyls because they are evolving differently.
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Figure 2.1 (Continued)
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A site-by-site analysis of cytochrome b protein evolution reveals an
apparent alteration in constraint at a large proportion of amino acid sites in the
anthropoid primates. Figure 2.1c shows the number of variable amino acid sites
in each of the mammalian orders in the cytochrome b dataset. Variable sites are
divided into those that vary in a single taxon (autapomorphies) and those
varying in more than one taxon (non-autapomorphies). Because autapomorphies
may represent molecular evolutionary "noise" (partially fixed mutations) or DNA
sequencing errors, they are considered separately. Strikingly, the primates have
twice as many non-autapomorphic variable sites as most other groups (147 vs.
73). The relative ages of the groups will have an effect on the number of sites
that appear to be variable, however there is no palaeontological or molecular
evidence indicating that primates are significantly older than other mammalian
orders. Furthermore, except for very closely related taxa, the high mutation rate
of mitochondrial DNA assures that observed differences in the pattern of amino
acid change are the result of differences in constraint and not due to a lack of
time for mutations to occur. The primates also have more sites that vary
uniquely relative to other mammalian taxa: 23 in primates vs. 13 each in bats
and rodents, 9 in marsupials, 6 in artiodactyls and 3 each in cetaceans and
carnivores (out of 380 total sites). Examined along the length of the gene,
primate clade-specific variable (CSV) sites are not clustered at mutational "hot
spots" but instead are approximately evenly distributed (data not shown). Other
researchers have reported accelerated non-synonymous rates and unique
changes in anthropoid primate mitochondrial genes, but the number of sites
involved was small, and large changes in constraint were not reported (Adkins et
al. 1996, Wu et al. 2000, Pupko and Galtier 2002). The covarion model explains
21

correlated changes in the position of variable sites within a sequence but does not
account for large alterations in the total number of variable sites in the course of
a protein’s evolution (Lopez et al. 2002, Fitch and Ayala 1994).

To compensate for cross-species differences in mutation rate and to focus
on differences in protein evolution, the amounts of protein and silent change
were calculated along individual (independent) branches of the phylograms
shown in Figure 2.1. Only branches within each mammalian clade were used,
eliminating deeper branches (connecting clades) that are most prone to
saturation effects. Using branches of different lengths the amount of protein
change that accumulates for a given amount of silent DNA change in different
groups of mammals can be estimated. For a given amount of silent DNA
divergence, the anthropoid primates accumulate significantly more protein
differences than other mammals in the cytochrome b gene (Figure 2.2). Other
mammals vary in their accumulation of mitochondrial protein change per silent
change. Cetaceans and non-anthropoid primates show an intermediate value of
protein per silent change, while all other mammals overlap in value (Data not
shown). For each group, ! Pi/ ! Si summed over all independent i branches in
the group represents the cumulative protein change per silent change where Pi is
Grantham weighted protein change and Si is silent change at four-fold
degenerate sites with transversions weighted 20:1. The anthropoid primates
accumulate roughly three times the amount of protein change for a given
amount of silent change as the group containing the artiodactyls, bats,
carnivores, rodents and marsupials and one and a half times as much as the
cetaceans and as non-anthropoid primates. Similar results are obtained if
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pairwise sequence comparisons are made or maximum likelihood corrections are
done (Figure S2, Appendix 3). An analysis of replacement to silent (dN/dS)
ratios also finds a statistically significant difference between anthropoid primates
and other mammals (see Experimental Procedures). Therefore, a dramatic
change has occurred in anthropoid-primate cytochrome b protein evolution, both
in the pattern of amino acid change, and the numbers of amino acid sites free to
vary, resulting in the accumulation of many more protein changes for a given
number of silent changes with no indication of an accompanying change in
primary function. Specifically, there is no indication that the position or role of
these proteins has been altered in the tightly co-evolved protein complexes of the
electron transport chain. This unusual and wholly unexpected molecular
evolution, termed here “isofunctional remodeling”, violates the assumptions of
many kinds of analyses using sequence data.
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Figure 2.2 Protein vs. silent DNA evolution in cytochrome b. For each
individual branch of the tree from Figure 2.1 the amounts of reconstructed silent
and protein change (see Experimental Procedures) are represented as a single
point. Lines are simple regressions calculated for all points in a group. Groups
are anthropoid primates (arrow; upper red line), and all other mammals (nonanthropoid primates, cetaceans, artiodactyls, bats, carnivores, rodents and
marsupials; black line. Standard errors of the fit are indicated by the dashed
lines.
Isofunctional remodeling is not unique to cytochrome b. For each of the 12
mitochondrial genes analyzed, the anthropoid primates accumulate significantly
more protein change for a given amount of silent change than other mammals
(Figure 2.3). In total (12 genes), there are 26% more variable sites (1453 vs. 1156)
from 11 anthropoid primates than from 12 species of cetartiodactyls and
carnivores (ACC group), even though the latter group represents two (or three)
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mammalian orders with considerably greater time depth. Discarding sites that
are variable in both groups, there are twice as many sites that are variable in the
anthropoids and fixed in the ACC group than there are sites fixed in the
anthropoids and variable in the ACC group (587 vs. 290). There are also more
CSV sites in the anthropoids relative to other placental mammals (197 vs. 54).
Similar results are found when comparisons are made with other mammalian
taxa (data not shown). Anthropoid primates, therefore, have hundreds of sites
varying in mitochondrial proteins that are fixed in other mammals.

25

Figure 2.3 Protein vs. silent DNA evolution in 12 mitochondrial proteins. Each
data point represents the amount of summed protein changes along branches for
that gene within each group divided by the corresponding amount of summed
silent change. Groups are anthropoid primates (red line (top); 11 taxa), rodents
(blue line; 6 taxa), non-anthropoid primates (dark yellow line; 1 strepsirhine and
1 tarsier), ferrungulates (cetartiodactyls, carnivores and perissodactyls) (green
line; 16 taxa).
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Figure 2.3 (Continued)
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It would be a mistake to dismiss these changes as a generalized relaxation
of constraint. Constraint on individual amino acid sites can be thought of as a
continuum from sites absolutely vital to protein function, which can only accept
a specific amino acid, to sites which can accept almost any amino acid and many
variations in between. A large proportion (38%) of amino acid sites in
mitochondrial proteins are in fact fixed in all 48 taxa of the dataset. Most
variable sites (including anthropoid CSV sites) fall in the middle and accept a
small subset of amino acids. A close look at anthropoid CSV sites indicates a
complex pattern of constraint alteration. The constraint on some sites is not
simply relaxed but instead is different - of the 197 sites, nine are fixed in the
anthropoids for an amino acid that is different than the amino acid found in all
other placental mammals. Eight more sites are similarly fixed in the catarrhines
(9 taxa) and three are fixed in the hominoids (7 taxa). Thus, many of the changes
at primate-specific variable sites are shared by multiple species and occurred at
relatively deep nodes within the primate tree. In contrast, no ACC CSV sites are
fixed in all 12 taxa and only one is fixed in the cetartiodactyls (8 taxa).

Quickly-evolving mitochondrial sequences render traditional Ka/Ks
(dN/dS) comparisons problematic due to saturation at silent sites. Nonetheless,
tests of positive selection were performed with the program codeml of the
package PAML v. 3.13 (Yang 1997), using the methodology of likelihood ratio
tests as described elsewhere (Yang 1998). Using the cytochrome b data, a two
ratio model with "0 = background ratio and "A = dN/dS ratio along the
anthropoid branches is highly significantly better than a one ratio model. The
dN/dS ratios for this model are "0 = 0.026, "A = 0.064. A three ratio model that
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includes "0 = background ratio, "A = dN/dS ratio along the anthropoid branches
and "N = dN/dS ratio along the non-anthropoid branches is also highly
significantly better than the one ratio model. The dN/dS ratios for this model
are "0 = 0.026, "A = 0.063 and "N = 0.037. Further, the three ratio model is
significantly better than the two ratio model. As with the cytochrome b data,
likelihood ratio tests using PAML (Yang 1997, Yang 1998) on the 12 gene dataset
show a two ratio model with "0 = background ratio and "A = dN/dS ratio along
the anthropoid branches is highly significantly better than a one ratio model.
The dN/dS ratios for this model are "0 = 0.034, "A = 0.075.
Significant differences exist between the nucleotide composition of
anthropoid primate mtDNA sequences and those of other mammals at both
synonymous and non-synonymous sites. Schmitz and co-workers suggest that
nucleotide composition shift is the driving force behind molecular evolutionary
rate increases in anthropoid primate mtDNA (Schmitz et al. 2002). Although
there is a fairly good correlation between the shift in nucleotide bias and mtDNA
rate increases within the primates, an analysis of amino acid changes
reconstructed along key branches (e.g., the branch leading to the catarrhine
primates) shows that changes at primate CSV sites are neutral with regard to GC
content (data not shown). Furthermore, the changes in molecular evolution
reported here begin before the shift in nucleotide bias; in particular, New World
monkeys show shifts in constraint but have a mtDNA nucleotide composition
similar to most other mammals (Figure 2.4). Also, some non-primate taxa have
significant nucleotide biases (different from the anthropoids) but fail to show an
accelerated rate of protein evolution (data not shown). Thus, the unusual
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evolution of anthropoid mtDNA proteins (and its associated rate increase) is not
caused by changes in nucleotide bias.
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Figure 2.4 Major events related to isofunctional remodeling of primate
mitochondrial proteins. Evolutionary divergence dates are approximate. Percent
G+C refers to nucleotide composition at silent sites in the 12 mitochondrial gene
data set. A slightly different version of this figure is in Appendix 4.
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Figure 2.4 (Continued)
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Isofunctional remodeling of anthropoid mitochondrial proteins has
significant consequences for inferring evolutionary divergence dates. Recently,
Arnason and co-workers used inter-ordinal comparisons of mammalian mtDNA
with inferred protein sequences to calculate primate divergence dates (Arnason
et al. 1996; Arnason et al. 1998; Arnason et al. 2000). They estimated much earlier
divergence dates than are generally accepted for the primates. However,
because there are more sites that are free to vary in the primate sequences,
molecular distances based on primate mtDNA will necessarily be larger than
those based on non-primate mtDNA for any given divergence time. Applying
"local clock" corrections (Bailey et al. 1992) to the data, as Arnason et al. did, will
under-correct for this effect if changes in constraint have evolved incrementally
along a lineage as they have in the primates (see Figure 2.4). Specifically,
Arnason and co-workers incorrectly assumed that all primates were evolving at
the same rate as the hominoids. Furthermore, Arnason et al. calibrated the
primate tree with the cow/whale divergence date, but artiodactyls and cetaceans
have different mitochondrial protein patterns (hence rates), and both are
different from the anthropoid primate rate/pattern (Figure 2.2). More
sophisticated analyses of mammalian mtDNA and inferred protein sequences
(Cao et al. 2000; Huelsenbeck et al. 2000) yield primate divergence dates more in
accord with earlier estimates based on DNA-DNA hybridization and nuclear
DNA datasets (Goodman et al. 1998) but these dates may still biased by the
changes in anthropoid primate mitochondrial protein evolution reported here.
See Part 3 below.
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An understanding of anthropoid primate mitochondrial protein evolution
may have implications for medicine. The sites which vary uniquely in
anthropoid primates (relative to other placental mammals) constitute 5.5% of
amino acid sites in the twelve mitochondrial genes (197 sites of 3643 total). These
anthropoid-specific sites are disproportionately over-represented in human
mitochondrial diseases. Of the 49 amino acid sites within these 12 mitochondrial
genes where specific mutations are known to cause disease in humans
(MITOMAP: Reported Mitochondrial DNA Base Substitution Diseases: Coding
Region Point Mutations - http://www.mitomap.org 2/2002), 14% (7/49) occur at
anthropoid CSV sites, a statistically significant rate which is 2.5 times greater
than expected by chance. This supports the idea that constraint changes in the
anthropoids are not merely relaxed selection. See also de Magalhaes (2005).

These changes in mitochondrial protein evolution have occurred
incrementally within the primates: the non-anthropoid primates show an
intermediate amount of protein change for a given amount of silent change in
many of these 12 genes (Figure 2.3). The extent of change differs within the
anthropoids as well; Old World monkeys show more change than hominoids
(Figure 2.4). The fact that these changes are found in anthropoid primate
mitochondrial proteins involved in almost all enzyme complexes of the electron
transport chain points to a widespread co-evolutionary shift in the entire
oxidative phosphorylation system. Since there is tight co-evolution of
mitochondrial and nuclear subunits of these enzyme complexes (Barrientos et al.
1998), it is probable that at least some nuclear subunits may have undergone
accelerated evolution (Andrews et al. 1998). There is a strong link between
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nervous system function and mitochondrial respiration (Roubertoux et al. 2003)
so there is room for speculation that these changes may have an adaptive value
(Grossman et al. 2001). There is temporal correlation between the isofunctional
remodeling of mitochondrial proteins and the expansion of relative brain size in
the anthropoid primates (Radinsky 1975) and Figure 2.4.

The analyses presented here demonstrate that homologous protein-coding
genes from closely-related species whose products have the same function may
have surprisingly different molecular evolutionary constraints. Anthropoid
primate mitochondrial proteins, in particular, have undergone dramatic shifts in
evolution. Cetacean sequences appear to exhibit some shifts in mitochondrial
protein evolution as well. For the majority of mammalian orders which share the
same pattern of constraint variation, molecular clock calculations can be used
straightforwardly with mitochondrial protein sequences to obtain evolutionary
divergence dates (after correcting for saturation effects). However, using
molecular clock calculations between orders having different constraints or
within orders with incrementally changing constraints (like the primates) will
remain problematic unless algorithms which model and correct for this
phenomenon (resulting in variable gamma shape parameters) are used or rate
changes are accounted for in a sophisticated way. The higher rate of nucleotide
substitution in mammalian mtDNA compared to nuclear DNA (Adachi et al.
1993) makes it ideal for detecting differences in molecular constraints, but
nuclear genes might similarly exhibit isofunctional remodeling. Given the close
relationship between mitochondrial respiration and nervous system functioning
(Roubertoux et al. 2003), the distinctive evolution of anthropoid primate
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mitochondrial proteins may have been involved in brain evolution in this group;
indeed major changes in the molecular evolution of mitochondrial proteins
coincide with brain expansion in the primates.

Materials and Methods
Cytochrome b analysis The Aotus trivirgatus cytochrome b DNA sequence (see
below) was combined with 139 mammalian cytochrome b DNA sequences from
public databases and aligned in PAUP* (version 4.0b10 Macintosh) file (Swofford
1998). Sequences from seven mammalian orders (20 artiodactyls, 20 cetaceans, 20
bats, 20 carnivores, 20 primates, 20 rodents and 20 marsupials) were chosen to
represent the phylogenetic diversity of each order including the most divergent
taxa (as measured by pairwise sequence difference). The PAUP* files are
available upon request. A complete list of taxa and GenBank accession numbers
is available in Appendix 1. The tree topology shown was inferred by DNA
parsimony (with a transition:transversion (Ti:Tv) ratio of 1:5) in PAUP* using a
combination of constraints, including the monophyly of and relationships among
mammalian orders (Murphy et al. 2001) and well established branching patterns
within groups. This topology was used as a framework for the branch length
analyses, however, the results are robust to different topologies. Apparent
branching order differences between phylograms in Figure 2.1 are due to
differential collapse of zero-length branches.
Silent distances were calculated by PAUP* using synonymous
substitutions at four-fold degenerate sites, weighted with a Ti:Tv ratio of 1:20. In
order to get distances based solely on four-fold degenerate sites, a dataset was
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constructed manually that eliminated all codons except those with four-fold
degenerate third positions. Transversions at these sites are the least prone to
saturation (Yoder et al. 1996; Kocher and Carleton 1997), and are also neutrallyevolving. For neutral mutations, the substitution rate approaches the mutation
rate (Kimura 1983), and thus can be used to estimate it. Protein distances were
calculated in PAUP* using a Grantham distance matrix (Grantham 1974), which
weights amino acid changes by differences in their composition, polarities, and
volumes. Branch lengths were assigned using the mean character difference
(optimality criterion set to distance) as calculated by PAUP* and constrained to
be non-negative. Other silent and protein distance estimation methods including
likelihood give similar results (data not shown). Branches assigned zero values
for either silent or protein change were excluded. Tests of positive selection were
performed with the program codeml of the package PAML v. 3.13
(http://abacus.gene.ucl.ac.uk/software/paml.html), (Yang 1997), using the
methodology of likelihood ratio tests as described elsewhere (Yang 1998).
Mitochondrial DNA analysis A dataset of 48 mammalian mtDNA sequences
was assembled from public databases and aligned in a PAUP* file (Swofford
1998). Each of the 12 heavy strand-encoded genes was aligned separately using
the protein alignment as a guide for the DNA alignment. The ND6 gene was
excluded because it is encoded on the light strand and overlaps completely with
another gene. A complete list of taxa and GenBank accession numbers is
available in Appendix 1. In addition to the DNA dataset, a protein dataset was
created by MacClade using the mitochondrial genetic code to generate putative
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protein sequences. Protein and silent distances were calculated as in the
cytochrome b dataset.
Aotus sequence Whole cellular DNA was extracted from an Aotus trivirgatus
(#646-96 - New York Zoological Gardens) frozen liver sample using standard
protocols (proteinase K, phenol/chloroform extraction). A 14 kb fragment of
mitochondrial DNA was amplified by the polymerase chain reaction (PCR) using
a long range amplification kit (Epicentre Technologies). This product was
nebulized (fragmented) using the shotgun sub-cloning kit (Invitrogen) and
cloned into the kit vector. After transformation, bacterial colonies were tested for
the presence of insert DNA by the PCR (Qiagen) using primers that anneal to
regions flanking the vector multiple cloning site. PCR products were visualized
on an agarose gel and those containing insert DNA were purified using 30,000MW filter cartridges (Amicon) or PCR clean up mini columns (Edge BioSystems)
and used as template for cycle sequencing reactions. Vector primers were used
to sequence all clones. All sequencing reactions were done with the Taq
DyeDeoxy Terminator Cycle Sequencing kit (Applied BioSystems) and were
analyzed on an Applied BioSystems 373A DNA Sequencer or sequenced at the
Harvard Medical School core sequencing facility (Taq Big Dye Terminator
Sequencing kit - ABI 3700). Sequence fragments were assembled using
AssemblyLIGN (Applied BioSystems) and MacVector (Oxford Molecular). This
sequence has been deposited in GenBank under the accession number AY250707.
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Part 3 – A simpler approach to molecular dating using mitochondrial DNA
with comparisons to published data.
The first comparative analysis of primate mitochondrial DNA sequence
data was completed in Allan Wilson’s lab in 1982 using a ~900bp fragment from
five ape species (Brown et al. 1982). Prior to this work comparisons were based
on restriction enzyme analyses of mtDNA but these methods are not directly
comparable to DNA-DNA sequence comparisons. Both the length of mtDNA
sequences available and the number of primate species sampled has increased
dramatically in the last 24 years. There are currently complete mitochondrial
genomes from 17 primate species, and one partial genome from Aotus (my study
above which includes all protein-coding genes). Certain mitochondrial genes,
such as cytochrome oxidase II and cytochrome b, have been sequenced from a
large number of primate species while other genes are only available from taxa
with whole mitochondrial genomes sequenced (http://www.ncbi.nlm.nih.gov/).
In addition to the amount of sequence data available, the sophistication of
DNA analysis has also dramatically improved. Brown and co-workers reported
a much higher incidence of transition changes at the DNA level than
transversion changes – especially when closely-related taxa were compared. The
gradual decrease in the apparent transition to transversion ratio (Ti-Tv) with
phylogenetic distance was assumed to be an artifact of transversions eventually
masking multiple transition changes in more distantly-related sequence
comparisons (Brown et al. 1982). In order to compensate for this bias, models of
DNA evolution incorporated Ti-Tv weighting. More and more sophisticated
models allowed for variation in substitution rates between sites and in the
number of variable sites as well as corrections for multiple substitutions at the
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same site; for a review see Sullivan and Joyce (2005). Since the rate of molecular
evolution varies along different lineages, various methods have been developed
to calculate divergence dates compensating for these rate differences, for a
review see Kumar (2005).
In order to see if the current statistical methods of molecular distance
calculation and divergence estimation are really an improvement over previous
methods, I chose to take a relatively simple approach to molecular dating and
apply it to the available primate mitochondrial data. Dates calculated with these
methods are compared to dates obtained by more elaborate analyses taken from
the literature. Figure 2.5 shows the primate taxa used for this analysis.

Figure 2.5. – Phylogram of primate taxa used for molecular dating.
Taxa in red were added to the primate taxa analyzed in part 1 of this chapter.
Four–fold degenerate, third position sites were weighted 4-1 (Tv-Ti) to create the
distance matrix used to assign branch lengths using PAUP*.
DNA and protein distances were calculated using PAUP* as above.
Comparisons between protein distances and silent DNA distances (4-fold
degenerate 3rd position sites) clearly highlight the differences in protein evolution
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in the anthropoid primates. Figure 2.6 shows a plot of protein by silent DNA
distances.
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Figure 2.6. – Plot of protein by silent DNA distances.
Points in gray are pair-wise comparisons not involving anthropoid primates.
Several groups of points are labeled; H/C – human to chimpanzee, HC/G –
human/chimpanzee to gorilla, HCG/O – African apes to orangutans, HCGO/G
– great apes to gibbon, Cer/Col – cercopithecines to colobines, Ape/OWM –
hominoids to Old World monkeys, Cat/NWM – catarrhines to New World
monkeys. Red points in the upper right of the plot are comparisons between
anthropoid primates and other mammalian taxa. Unlabeled red points in the
lower left of the plot are additional comparisons within anthropoid primates.
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Figure 2.6 (Continued)
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Various transversion to transition (Tv-Ti) weightings from 1-1 to 20-1
were used to calculate pair-wise distances using 4-fold degenerate 3rd position
sites from 12 mitochondrial protein coding genes as above. No correction for
multiple substitutions was done. These distances were compared to DNA-DNA
hybridization data from the literature (Caccone and Powell 1989). DNA-DNA
hybridization data was chosen because it represents the aggregate distance of all
single-copy DNA and is therefore likely to be a better representation of the true
species genetic differences. Average #Tm and #T50H values were calculated for
all the primate comparisons reported. These average values were used to
compute ratios of primate distances. For example, the average human to
chimpanzee distance was 1.69 and the average ape to Old World monkey
distance was 7.30. The latter distance is 4.3 times the former. Fifteen ratios of
this kind were calculated for the DNA-DNA hybridization data and compared to
ratios calculated with distances generated with various Tv-Ti weightings. The
best fitting mitochondrial DNA distance ratios were calculated using Tv-Ti
weightings of 4-1 to 6-1. These distances were used for subsequent dating
analyses.
The choice of a calibration point (or points) is critical for molecular dating
as trees generated using molecular data are proportional trees without any
absolute measure of time. Calibration points are generally based on dated fossils
but are sometimes chosen without specific fossils as a basis. Arnason and coworkers claimed that there were no reliable fossil primate points and used nonprimate calibration points (Arnason et al. 1996, Arnason et al. 1998, Arnason et
al. 2000). This approach yielded unrealistically early primate divergence dates
(see part one) and recent primate dating studies using whole mitochondrial DNA
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have used both primate and non-primate calibration points (Yoder and Yang
2000, Glazko and Nei 2003, Raaum et al 2005). Yoder and Yang used three
calibration points (Ape/OWM – 20-25mya, whale/cow – 53-57mya and
eutherian/metatherian – 110-130mya) separately and looked for congruence.
Glazko and Nei used two calibration points (HCG/O - 13mya, primate/cow –
90mya) separately. Raaum and co-workers used three primate calibration points
(H/C - 6mya, HCG/O - 14mya and Ape/OWM – 23mya) simultaneously. The
effect of different Ti/Tv weightings and calibration points can be seen in Figure
2.7.
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Figure 2.7. – Plots of various primate divergence dates using two different
calibration points.
Lines correspond to various Tv-Ti weightings (1-1 to 20-1). Inferred primate
divergences are labeled (x axis) as follows; H/C – human to chimpanzee, HC/G
– human/chimpanzee to gorilla, HCG/O – African apes to orangutans,
HCGO/G – great apes to gibbon, Ape/OWM – hominoids to Old World
monkeys, Cat/NWM – catarrhines to New World monkeys, St/Anth –
strepsirhine to anthropoid. Y axis is in millions of years ago. Part a – a human to
chimpanzee calibration point of 7mya is used. Part b – a hominoid to Old World
monkey calibration point of 32mya is used, inferred by Steiper and co-workers
(Steiper et al. 2004).
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Figure 2.7 (Continued), Part a
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Figure 2.7 (Continued), Part b
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By using one calibration point to calculate dates of divergence using
different Tv-Ti weightings and then selecting a weighting that gives an
appropriate date for a second calibration point, two calibration points are
incorporated into the dating analysis in a simple manner. As an example, using
a African ape to orangutan calibration point of 14mya and selecting a Tv-Ti
weighting of 4-1 yields the following dates: H/C – 6.3mya, H/C/G – 8.4mya,
HCGO/G – 17.8mya, Ape/OWM – 23.9, CAT/NWM – 30.5mya, St/Anth –
38.6mya. A simple regression of these and other calculated dates against dates
from Raaum and co-workers is shown in Figure 2.8.
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Figure 2.8. – Regression of primate divergence dates from Raaum and coworkers by dates calculated using a simple 4-1 Tv-Ti weighting.
Both X and Y axes are in millions of years ago. Points correspond to various
primate divergences as detailed in Table 2.1.
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Table 2.1
Comparison
Abbreviation Raaum et al. 4F 3rd 4-1
Chimpanzee to bonobo
C/B
2.4
2.6
Orangutan to orangutan
O/O
4.1
4.6
Human to chimpanzee
H/C
6
6.3
Human to gorilla
HC/G
8.1
8.4
Macaque to baboon
M/B
9.8
10.7
Green monkey to M/Baboon
AGM/MB
11.6
11.3
Human to orangutan
HCG/O
14
14
Colobus to langur
C/L
10.9
14.2*
Human to gibbon
HCGO/G
16.8
17.8
Cercopithecine to colobine
Cer/Col
16.2
18.3*
Hominoids to OW monkeys
Ape/OWM
23
23.9
Calibration points are in bold with the human to chimpanzee point underlined
for the 4F 3rd 4-1 column as it is not a fixed date. Only two of the calculated dates
(indicated with a star) fall outside the 95% confidence intervals reported by
Raaum and co-workers.
The correspondence between these two sets of dates is remarkable
considering the differences in how they were calculated. For some of their
analyses, third positions were discarded entirely (HS12P dataset – Raaum et al.
pg. 246). The methods used included likelihood ratio tests to determine the best
model to estimate maximum likelihood (ML) branch lengths, tree-based relative
rate tests to find groups of taxa with different substitution rates, and two
different methods to calculate dates. One of these was the semi-parametric
method of Sanderson (Sanderson, 1997, 2002) with confidence intervals
calculated via a bootstrap procedure. The other was the “Bayesian method of
Thorne and Kishino (Thorne et al., 1998; Thorne and Kishino, 2002)”..which..
“derives the posterior distribution of rates and times using a Markov chain
Monte Carlo (MCMC) procedure that applies a probabilistic model to the
estimation of change in nucleotide substitution rate over time.” At least six
different computer programs were used to infer the dates presented.
The simple 4-1 dates above are also in broad agreement with dates from
Glazko and Nei and Yoder and Yang although there are a wide variety of dates
51

to chose from in the latter study. Using a calibration of 7mya for the human to
chimpanzee split, which would allow for the inclusion of recent hominin finds in
Chad (Brunet et al. 2002), and a Tv-Ti weighting of 5-1 yields the dates shown in
Table 2.2.
Table 2.2
Comparison
Abbreviation Raaum et al. 4F 3rd 5-1
Chimpanzee to bonobo
C/B
2.4
2.9
Orangutan to orangutan
O/O
4.1
5.2
Human to chimpanzee
H/C
6
7.0
Human to gorilla
HC/G
8.1
9.7
Macaque to baboon
M/B
9.8
12.2
Green monkey to M/Baboon
AGM/MB
11.6
13.2
Human to orangutan
HCG/O
14
16.8
Colobus to langur
C/L
10.9
16.8
Human to gibbon
HCGO/G
16.8
21.6
Cercopithecine to colobine
Cer/Col
16.2
22.0
Hominoids to OW monkeys
Ape/OWM
23
29.5
Catarrhine to NW monkeys
Cat/NWM
38.0
Capuchin to Aotus
C/A
19.1
Tarsier to anthropoids
T/Anth
48.1
Strepsirhine to anthropoids
St/Anth
48.4
Calibration points are in bold. Additional dates are included that are not
reported by Raaum and co-workers.
These dates are generally somewhat older than those reported in recentlypublished analyses but not unreasonable. The dates that differ most from other
published results are those divergences within the Old World monkeys. Relative
rate tests show that Old World monkey substitution rates are somewhat faster
than hominoid substitution rates, but this difference is less than 10%. Inferred
divergence dates older than the catarrhine to NW monkey date of 38mya are
almost certainly affected by saturation, or multiple subsitiutions at the same site,
as no inferred mammalian divergence dates are greater than 54mya and many of
these are undoubtedly much older.
In summary, I have shown that the currently-favored and
computationally-intensive statistical methods to generate distances from
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mitochondrial DNA sequence data and dates from these distances do not
necessarily produce better results than far simpler methods. Specifically, if the
most neutrally-evolving subset of mitochondrial DNA sites (four–fold
degenerate, third positions) are chosen, quite reasonable molecular dates can be
calculated using a simple two-parameter distance method.
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Chapter 3
Accelerated Evolution of Brain Size and Development
Related Genes in the Hominoids
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Introduction
Undoubtedly there are many genes that are involved in the evolution of
brain size in mammals (Cowie, 1987; Chenn, 2002; Keverne, 1996). Some will
affect overall brain size and may act early in neurogenesis (Bond, 2002). Others
may act later on and may affect only a portion of the brain. Some aspects of
brain evolution may involve specific patterns of cortical development and will
not alter overall size (Mochida and Walsh 2004). Genomic imprinting also plays
a role in this process as demonstrated by work on mouse embryos (Keverne,
1996). Since both overall brain size, the fraction of particular brain regions and
patterns of cortical development may have changed during primate evolution,
selection has likely acted on a variety of genes involved in neurogenesis.
Two routes have been taken to identify candidate genes for analyses. The
first route is to investigate genes that have been shown to be responsible for
human genetic disorders involving brain size reduction and/or changes in
cerebral development. Primary microcephaly is an autosomal recessive
condition characterized by a head circumference less than 3 standard deviations
below the age- and sex-related mean. The brain usually has no malformations
other than overall size but affected individuals are mentally retarded. Multiple
loci have been implicated in its causation (OMIM). Most, but not all, mutations
leading to human microcephaly cause premature termination and truncated
proteins from the microcephaly-related genes. Brain defects in Joubert syndrome
include malformation of the cerebellar vermis and brainstem as well as
abnormalities of axonal decussation (crossing). These defects cause motor and
behavioral abnormalities including characteristic “mirror” movements (Joubert
et al 1969). Additional candidate genes have been identified that determine brain
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size in mice. Since the genetic manipulation of mice is relatively easy compared
to primates (and more ethically acceptable), many “knockout” (and other
expression-altering) experiments have been done to generate functional data for
genes. Some of these have been shown to affect brain size and development.
Human and mouse candidate genes were identified in collaboration with
the laboratory of Dr. Christopher Walsh (affiliated with the Howard Hughes
Medical Institute, Beth Israel Deaconess Medical Center (BIDMC), and Harvard
Medical School). The Walsh laboratory focuses on “Researching the
development and function of the cerebral cortex and the genes involved in this
process” using both a clinical and basic science approach. They are actively
involved in finding genes that cause primary microcephaly in humans and
researching the mechanisms of action of these genes.
Identifying selection at the molecular level is most effectively done by
comparing synonymous (silent - dS/Ks) and non-synonymous (replacement dN/Ka) rates of DNA change in the protein-coding regions of genes (Yang,
2000). Neutral evolution (of a protein not under selection) should result in an
even number of silent and replacement changes or a dN to dS ratio close to one.
Proteins that are under purifying selection (where any changes would be
detrimental to function) should have far more silent changes than replacement
changes or a dN/dS much less than one. Positive selection (selection for changes
in protein function) should result in a dN/dS greater than one. These analyses
take into account the number of silent and replacement sites available for
possible change and correct for multiple substitutions.
Understanding the molecular mechanisms that underlie the evolution of
human brain expansion relative to our ape relatives is one of the major goals of
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molecular anthropology. The approach outlined here takes advantage of tragic,
but nonetheless useful, natural “experiments” (human genetic disorders) to
identify genes that are involved in brain development. Undoubtedly there are
many genes that are involved in brain development. Because these human
disease-related genes (and mouse genes) are, due to the method of identification,
known to be important a major step in looking for “candidate genes” has been
bypassed.
Two papers are presented in this chapter. The only changes made to the
text of the papers were to the figure numbers so they would conform to the
requirements of the thesis. My contribution to each paper was the analyses of
selection at the molecular level. A discussion section with a summary of the
literature follows the second paper.
Paper 1:
Accelerated evolution of the ASPM gene controlling brain size begins
prior to human brain expansion. Kouprina N, Pavlicek A, Mochida GH,
Solomon G, Gersch W, Yoon YH, Collura R, Ruvolo M, Barrett JC, Woods
CG, Walsh CA, Jurka J, Larionov V. PLoS Biol. May 2004; 2(5):E126. Epub
2004 Mar 23.
Paper 2:
Abnormal cerebellar development and axonal decussation due to
mutations in AHI1 in Joubert syndrome. Russell J Ferland, Wafaa Eyaid,
Randall V Collura, Laura D Tully, R Sean Hill, Doha Al-Nouri, Ahmed AlRumayyan, Meral Topcu, Generoso Gascon, Adria Bodell, Yin Yao
Shugart, Maryellen Ruvolo & Christopher A Walsh Nature Genetics 36,
1008 - 1013 2004
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Abstract
Primary microcephaly (MCPH) is a neurodevelopmental disorder
characterized by global reduction in cerebral cortical volume. The microcephalic
brain has a volume comparable to that of early hominids, raising the possibility
that some MCPH genes may have been evolutionary targets in the expansion of
the cerebral cortex in mammals and especially primates. Mutations in ASPM,
which encodes the human homologue of a fly protein essential for spindle
function, are the most common known cause of MCPH. Here we have isolated
large genomic clones containing the complete ASPM gene, including promoter
regions and introns, from chimpanzee, gorilla, orangutan, and rhesus macaque
by transformation-associated recombination cloning in yeast. We have sequenced
these clones and show that whereas much of the sequence of ASPM is
substantially conserved among primates, specific segments are subject to high
Ka/Ks ratios (nonsynonymous/synonymous DNA changes) consistent with
strong positive selection for evolutionary change. The ASPM gene sequence
shows accelerated evolution in the African hominoid clade, and this precedes
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hominid brain expansion by several million years. Gorilla and human lineages
show particularly accelerated evolution in the IQ domain of ASPM. Moreover,
ASPM regions under positive selection in primates are also the most highly
diverged regions between primates and nonprimate mammals. We report the
first direct application of TAR cloning technology to the study of human
evolution. Our data suggest that evolutionary selection of specific segments of
the ASPM sequence strongly relates to differences in cerebral cortical size.
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Introduction
The human brain, particularly the cerebral cortex, has undergone a
dramatic increase in its volume during the course of primate evolution, but the
underlying molecular mechanisms that caused this expansion are not known.
One approach shedding light on the molecular mechanisms of brain evolution is
the analysis of the gene mutations that lead to defects in brain development.
Among the best examples of such defects is the human primary microcephaly
syndrome. Primary microcephaly (MCPH) is an autosomal recessive
neurodevelopmental disorder in which the brain fails to achieve normal growth.
The affected individuals have severe reduction in brain size; however, the gyral
pattern is relatively well preserved, with no major abnormality in cortical
architecture (McCreary et al. 1996; Mochida and Walsh 2001). Moreover, there
are no recognizable abnormalities in the organs other than the central nervous
system. The most common cause of MCPH appears to be mutations in the ASPM
gene (Roberts et al. 2002).
The ASPM gene encodes a 10,434-bp-long coding sequence (CDS) with 28
exons, and spans 65 kb of genomic DNA at 1q31. ASPM contains four
distinguishable regions: a putative N-terminal microtubule-binding domain, a
calponin-homology domain, an IQ repeat domain containing multiple IQ repeats
(calmodulin-binding motifs), and a C-terminal region (Bond et al. 2002). Though
the exact function of the human ASPM in the brain needs to be clarified, the
homologue in the fruit fly, Drosophila melanogaster, abnormal spindle (asp), is
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localized in the mitotic centrosome and is known to be essential for both the
organization of the microtubules at the spindle poles and the formation of the
central mitotic spindle during mitosis and meiosis. Mutations in asp cause
dividing neuroblasts to arrest in metaphase, resulting in reduced central nervous
system development (Ripoll et al. 1985; do Carmo Avides et al. 2001; Riparbelli et
al. 2001). In the mouse (Mus musculus) brain, the Aspm gene is expressed
specifically in the sites of active neurogenesis. Expression in the embryonic brain
was found to be greatest in the ventricular zone, which is the site of cerebral
cortical neurogenesis (Bond et al. 2002). This expression profile suggests a
potential role for Aspm in regulating neurogenesis.
Interspecies comparisons of ASPM orthologs have shown their overall
conservation, but also a consistent correlation of greater protein size with larger
brain size (Bond et al. 2002). The increase in protein size across species is due
mainly to the increased number of IQ repeats, suggesting that specific changes in
ASPM may be critical for evolution of the central nervous system.
In an attempt to reconstruct the evolutionary history of the ASPM gene,
we isolated large genomic clones containing the entire ASPM gene in several
nonhuman primate species. Sequence analysis of these clones revealed a high
conservation in both coding and noncoding regions, and showed that evolution
of the ASPM gene might have been under positive selection in hominoids. These
clones could also provide important reagents for the future study of ASPM gene
regulation in its native sequence context.
Results
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Comparison of Genomic Organization of the ASPM Genes in Primates
Homologues from chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla),
orangutan (Pongo pygmaeus), and rhesus macaque (Macaca mulatta) were isolated
by transformation-associated recombination (TAR) cloning in yeast
(Saccharomyces cerevisiae), the technique allowing direct isolation of a desirable
chromosomal region or gene from a complex genome without constructing its
genomic library (Kouprina and Larionov 2003). The method exploits a high level
of recombination between homologous DNA sequences during transformation in
the yeast. Since up to 15% divergence in DNA sequences does not prevent
selective gene isolation by in vivo recombination in yeast (Noskov et al. 2003), for
cloning purposes, a TAR vector was designed containing short human ASPMgene-specific targeting hooks specific to the exon 1 and 3’ noncoding regions (see
“Materials and Methods”). The TAR cloning scheme for isolating the ASPM
gene homologues from nonhuman primates is shown in Figure 3.1. The yield of
ASPM-positive clones from chimpanzee, gorilla, orangutan, and rhesus macaque
was the same as that from the human DNA, suggesting that most homologous
regions from nonhuman primates can be efficiently cloned by in vivo
recombination in yeast using targeting hooks developed from human sequences.
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Figure 3.1. Isolation of the Syntenic Genomic Regions Containing the ASPM
Gene from Human, Chimpanzee, Gorilla, Orangutan, and Rhesus Macaque by
TAR Cloning
The method exploits a high level of recombination between homologous
DNA sequences during transformation in the yeast Saccharomyces cerevisiae. For
isolation, genomic DNA is transformed into yeast spheroplasts along with a TAR
vector that contains targeting hooks homologous to the genomic DNA sequence.
CEN corresponds to the yeast Chromosome VI centromere; HIS3 is a yeast
selectable marker. Recombination between the vector and the genomic DNA
fragment results in cloning of the gene/region of interest as YAC. Chromosomal
regions with sizes up to 250 kb can be isolated by TAR cloning. For cloning
purposes, TAR vector was designed containing a 5! hook specific to exon 1 and a
3! hook specific to the 3! end of the human ASPM. Transformation experiments
were carried out with freshly prepared spheroplasts for each species. To identify
ASPM-containing clones, the transformants were combined into pools and
examined by PCR for the presence of the unique ASPM sequences not present in
the vector. The yield of ASPM-positive clones from primate species was the
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same as that from the human DNA (3%). Because the TAR procedure produces
multiple gene isolates, six independent TAR isolates for each species were
checked. The detectable size of the cloned material corresponded to that
predicted if the entire ASPM gene had been cloned, i.e., all gene-positive clones
contained circular YACs with approximately 65-kb DNA inserts. Alu profiles for
each species were determined and found to be identical for each species,
suggesting that the isolated YACs contained nonrearranged genomic segments.
Finally the YACs were retrofitted into BACs, and their restriction patterns were
examined by three restriction endonuclease digestions. No differences between
ASPM clones for each species were found.
We have compared complete gene sequences from primate species with a
65-kb, full-size human ASPM gene. All the analyzed genes are organized into 28
exons encoding a 3,470–3,479-amino-acid-long protein. ASPM genes start with an
approximately 800-bp-long CpG island, that harbors promoter sequences, 5’
untranslated regions, and the first exon (Figure 3.2). ASPM sequences share a
high degree of conservation (Figure 3.2H), and pairwise DNA identity ranges
from 94.5% for macaque and gorilla to 99.3% for the human–chimpanzee
comparison (Table 3.1). Multiple alignment of the genes revealed a low
proportion of indels. Only ten insertions/deletions equal to or longer than 50 bp
have been found, all of them located within introns (Figure 3.2B). Seven
detected insertions were mainly associated with repetitive DNA: two (AT)n
microsatellite expansions, three Alu insertions, including retroposition of AluYi9
in the orangutan–gorilla–chimpanzee–human clade, and retroposition of a new
macaque-specific AluY subfamily similar to human AluYd2. Analysis of eight
different macaque individuals showed that this particular insertion is
polymorphic in the macaque population (data not shown), and thus the insertion
appears to be very recent. One macaque-specific 245-bp-long insertion is linked
to expansion of a 49-bp-long, minisatellitelike array. The remaining macaquespecific insertion (50 bp) is nonrepetitive. A closer analysis suggests that the
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insert is not a processed pseudogene of known genes (data not shown).

Figure 3.2. Structure and Evolution of the ASPM Gene in Primates
The scale of all plots corresponds to the consensus sequence obtained
based on a multiple alignment of five ASPM genes.
(A) Schematic representation of the alignment. Promoter regions, exons, and
introns are marked in gray, red, and blue, respectively. White segments
correspond to gaps.
(B) Positions of long (50 bp or longer) insertions/deletions. “O” denotes
orangutan, “M” macaque, “OGCH” the orangutan–gorilla–chimpanzee–human
clade, and “GCH” the gorilla–chimpanzee–human clade.
(C) Positions of polymorphic bases derived from the GenBank single nucleotide
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polymorphism (SNP) database.
(D) Positions of the CpG island. The approximately 800-bp-long CpG island
includes promoter, 5! UTR, first exon, and a small portion of the first intron.
(E) Location of an approximately 3-kb-long segmental duplication.
(F) Positions of selected motifs associated with genomic rearrangements in the
human sequence. Numbers in parentheses reflect number of allowed differences
from the consensus motif (zero for short or two ambiguous motifs, two for longer
sites).
(G) Distribution of repetitive elements. The individual ASPM genes share the
same repeats except of indels marked in (B).
(H) DNA identity and GC content. Both plots were made using a 1-kb-long
sliding window with 100-bp overlaps. The GC profile corresponds to the
consensus sequence; the individual sequences have nearly identical profiles.

Table 3.1. Pairwise Identity of Aligned Primate ASPM Genes

The pairwise identities were calculated for five complete ASPM genes and therefore include all
promoter regions, introns, and exons. The values above the diagonal show DNA identities (in
percent) calculated after removing indels. Under the diagonal are values for comparisons with
gaps. DOI: 10.1371/journal.pbio.0020126.t001

Of the two detected deletions, the macaque-specific 72-bp-long deletion
appears to be associated with nonrepetitve DNA. The second one, an 818-bplong deletion in orangutan, was probably caused by homologous Alu–Alu
recombination (see below and Figure S1). The remaining indels are related to
expansion/contraction of a short minisatellite array. It was caused either by a
53-bp expansion in the gorilla–chimpanzee–human clade or by two independent
deletions/contractions in the macaque and orangutan lineages.
An approximately 3-kb-long intronic segment between exons 4 and 5 is

66

present in several copies in the genome (Figure 2E; Figure S2). Closer analysis of
the human genome confirmed that copies of this region are homologous to 24
segmental duplications located mainly in telomeric regions of Chromosomes 1–8,
10, 11, 16, 19, 20, and Y. Based on the sequence similarity and the presence of an
L1P4 LINE insertion at the 5’ end, the most closely related are three duplications
at 7q11–13. The most similar copy is located on Chromosome 7 and shares 93%
identity with the ASPM intronic segment. Five duplications are located on
Chromosome 1; the closest copy is found 27 Mb away from the ASPM gene.
We looked for several common motifs associated with genomic
breakpoints in cancers (Abeysinghe et al. 2003). Figure 3.2F shows the positions
of such potentially unstable oligonucleotides. Interestingly, the orangutanspecific deletion (Figure 3.2B) has its 5’ breakpoint located just 1 bp upstream of
a sequence 100% identical to the chi-like consensus motif GCWGGWGG (see
Figure S1). The chi motif is recognized by the RecBCD-mediated recombination
pathway in prokaryotes and seems to be associated with rearrangements in the
human genome (Dewyse and Bradley 1991; Chuzhanova et al. 2003). Both
deletion breakpoints in the orangutan deletion are located within 5’ parts of two
Alu sequences, suggesting that the deletion was created by homologous Alu–Alu
recombination. Similar homologous recombinations with breakpoints located
near chi-like motifs in 5’ regions of Alu sequences were described previously
(Chen et al. 1989; Rudiger et al. 1995).
In summary, despite the presence of a few indels, coding and noncoding
regions of ASPM homologues show a marked degree of conservation.
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Evolution of the ASPM Protein
We have analyzed ASPM CDSs from six primate species: human,
chimpanzee, gorilla, orangutan, rhesus macaque, and African green monkey
(Cercopithecus aethiops). Except for orangutan and rhesus macaque, two or more
ASPM CDSs were used for analysis. ASPM proteins showed the same overall
length and domain structure (Figure 3.3A). The IQ repeat domain contains the
same number of repeats, suggesting that their expansion occurred in early
primate evolution. The CDSs are, as expected, more conserved than the
complete gene sequences with promoter and intronic regions (Table 3.2; Table
3.3). Only six short indels were identified (Figure 3.3B).
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Figure 3.3. Structure of ASPM CDSs and Evolution in Primates
The scale of all plots corresponds to the 3,480-amino-acid-long protein alignment;
positions in the CDS were scaled accordingly.
(A) Structure of the human ASPM CDS and protein. The first scheme shows
positions of major domains in the ASPM protein (Bond et al. 2002). The putative
microtubule-binding domain is in gray, the calponin-homology domain in
orange, IQ repeats in blue, and the terminal domain in black. Positions of exons
in the CDS are drawn in the second block. To separate individual exons, odd
numbered exons are colored in black and even numbered ones in white.
(B) Positions of insertions/deletions in the protein sequences. Coordinates
correspond to the human protein sequence. “O” denotes orangutan, “G” gorilla,
“M” macaque, “Gm” African green monkey, and “OGCH” the orangutan–
gorilla–chimpanzee–human clade.
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(C) Substitutions in hominoid CDSs relative to the common ancestor. The
expected ancestor CDS was derived using ML codon reconstruction
implemented in PAML. African green monkey and rhesus macaque were
outgroups. Nonsynonymous/synonymous (" = Ka/Ks) ratios were free to vary
in all branches. Positions marked in green correspond to synonymous changes
relative to the ancestral sequence; the red bars indicate nonsynonymous changes.
(D) Synonymous (red) and nonsynonymous (green) changes in ancestral lineages
leading to human. aOGCH–aGCH is the ancestral lineage from the orangutan
divergence to the gorilla divergence; aGCH–aCH represents the lineage from the
gorilla divergence to the chimpanzee common ancestor. aCH–human
corresponds to the human lineage after the chimpanzee divergence. There are
seven synonymous and 19 nonsynonymous human-specific substitutions.
Methods and description are the same as in (C).
(E) Positions of polymorphic bases for different CDSs of African green monkey,
gorilla, chimpanzee, and human. Positions marked in green correspond to
synonymous polymorphisms, and the red bars indicate nonsynonymous sites.
Numbers of compared sequences are in parentheses; in the case of human we
show nine polymorphic positions (four synonymous and five nonsynomous)
from the GenBank SNP database. ASPM mutations detected in MCPH patients
are shown separately in (F).
(F) Positions of 19 mutations reported for MCPH patients (Bond et al. 2002; Bond
et al. 2003). All the reported mutations introduce premature stop codons.
Mutation sites located within CpG dinucleotides are highlighted in red.
(G) Positions of CpG dinucleotides in the human CDS.
(H) Comparison of Ka and Ks rates with codon adaptation index (CAI). Ka and
Ks values are for all branches (fixed " ratio); CAI is an average for all five
primates (note that CAI differences are very small between the five species). The
window was set to 300 bp (100 amino acids) with a 30-bp (10-amino-acid) step.
(I) Conservation at the nucleotide and protein level in primates. Y-axis
corresponds to proportions of conserved (identical) positions in the CDS and the
protein alignment. The plot was obtained using 100-amino-acid-long,
overlapping windows, and the step was set to 10 amino acids. In the case of CDS
conservation, the window was 300 bp and step 30 bp.
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Table 3.2. Pairwise Identity of ASPM CDSs

The pairwise identities were calculated for six CDSs. The values above the diagonal show DNA
identities (in percent) calculated after removing indels. Under the diagonal are values for
comparisons with gaps. DOI: 10.1371/journal.pbio.0020126.t002

Table 3.3. Pairwise Identity of ASPM Proteins

The pairwise identities were calculated for six protein sequences. The values above the diagonal
show DNA identities (in percent) calculated after removing indels. Under the diagonal are values
for comparisons with gaps. DOI: 10.1371/journal.pbio.0020126.t003

From the DNA and protein conservation profiles (Figure 3.3I), ASPM
segments evolve differently along the length of the CDS. N- and C-terminal
regions and the region corresponding to exons 5–15 are conserved. In contrast,
exons 3 and 4 and the complete IQ repeat domain (positions 1,267–3,225) are
more variable. Indeed, nonsynonymous substitutions in hominoid primates
(Figure 3.3C) and in ancestral lineages (Figure 3.3D) and nonsynonymous
polymorphism (Figure 3.3E) are nearly absent in the conserved central (exons 5–
15) and C-terminal regions. This pattern indicates different rates of evolution
along the ASPM protein, visualized by plots of synonymous Ks and
nonsynonymous Ka rates (Figure 3.3H) and supported by phylogenetic analysis

71

(see below and Figure 3.4). It is notable that the comparison of the primate and
mouse proteins also revealed the same pattern of conservative and
nonconservative regions along ASPM protein (Figure S3).
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Figure 3.4. Phylogenetic Trees and " ratio for Complete ASPM and Three
Selected Segments
Trees and " (Ka/Ka) ratios were computed using the ML method for
codons implemented in PAML. Branch lengths represent ML distances for
codons, i.e., using both synonymous and nonsynonymous nucleotide sites, and
in all branches the " ratio was set free to vary. All trees are drawn to the same
scale. Branch labels mark the " ratios for corresponding branches. Values in
square brackets show " for additional cDNA sequences whenever available.
Default values and branch lengths were calculated from genomic copies.
Selected tested hypotheses are listed. "H stands for the " rate in the human
lineage, "C in the chimpanzee lineage, "CH in the common human–chimpanzee
ancestral lineage after the gorilla divergence, "G in the gorilla lineage, and "0 in
all other branches. Single asterisks indicate p < 0.05, #21 = 3.84; double asterisks
indicate p < 0.01, #21 = 6.63.
(A) Phylogeny for the complete ASPM CDS. In addition to testing different "
values in the human lineage, we also tested the hypothesis that the complete
gorilla–chimpanzee–human clade evolved at a constant rate, different from the
rest of the tree (compared to the one-ratio model, boxed).
(B) The ASPM phylogeny derived from a conserved segment from exon 5 to the
beginning of the IQ domain (amino acids 676–1,266). The branch connecting the
human and chimpanzee common ancestor with the gorilla–chimpanzee–human
common ancestor had no substitutions, therefore the " ratio could not be
calculated.
(C) IQ domain (amino acids 1,267–3,225). We also tested the hypothesis that the
gorilla and human lineages evolved at the same " rate, different from the rest of
the tree (compared to the one-ratio model, boxed).
(D) Phylogeny of eight primate sequences from a 1,215-amino-acid-long segment
of exon 18 (amino acids 1,640–2,855). We also tested the hypothesis that the
gorilla and human lineages evolved at the same " rate, different from the rest of
the tree (compared to the one-ratio model, boxed).
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Figure 3.4 (Continued)
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Analysis of the nonsynonymous/synonymous substitution ratio (" =
Ka/Ks) revealed an elevated value in the human branch (Figure 3.4A).
According to the likelihood ratio test, the human " rate is significantly different
from the rate in the rest of the tree (p < 0.05). Also the model that the complete
gorilla–chimpanzee–human clade is evolving at one " rate different from that in
the rest of the tree is well supported (p < 0.01). Because ASPM consists of regions
with different degrees of sequence conservation (see Figure 3.3), we separately
analyzed a conserved region (exons 5–15 plus a small part of exon 16) and a
variable IQ repeat domain. As can be seen (Figure 3.4B) the conserved region
has all branches shorter, indicating overall a slower rate of evolution. In the
human lineage, the " ratio equals zero; however, the test for whether the human
branch has a different (lower) " rate than the rest did not yield significant
values. In contrast, the tree based on the variable IQ repeat domain exhibits "
values greater than one for the human and gorilla branches (Figure 3.4C). The
likelihood ratio test supports the model in which human and gorilla lineages
evolved under a significantly higher " ratio than the rest of the tree. Similar
results were obtained for exon 18 with additional sequences from two New
World monkeys (Figure 3.4D). As seen from Figure 3.4A–3.4D, different
sequences from African green monkey, gorilla, and chimpanzee individuals
result in different " values for their corresponding terminal branches. One
chimpanzee sequence also produced an " ratio greater than one for exon 18
(Figure 3.4D). It is worth noting that neither codon bias nor selection on third
codon positions seemed to influence the synonymous rate Ks strongly (Table
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S1). Therefore, the high Ka/Ks ratios in human and gorilla are likely to be
products of adaptive evolution.
Sequencing of two CDSs in African green monkey, three in gorilla, and
three in chimpanzee allowed us to look for ASPM polymorphism in those species
(see Figure 3.3E). Human polymorphism data from ASPM mutant haplotypes
are not representative of wild-type variation so were not used in these
comparisons. For African green monkey, five synonymous and five
nonsynonymous changes were found between two sequences. The gorilla and
chimpanzee CDSs in particular showed an apparently high degree of
replacement polymorphism. Gorilla polymorphism included 35 point mutations
(15 silent mutations and 21 replacements). Chimpanzee sequences differed in
five synonymous and 11 nonsynonymous sites. In order to interpret this
seemingly high level of observed polymorphism, intraspecific diversity was
compared to interspecific diversity using the McDonald and Kreitman test
(McDonald and Kreitman 1991). In the case of chimpanzee polymorphism
compared to divergence with human, we could not reject the null hypothesis that
polymorphism and divergence between species were significantly different
(William's adjusted G statistic = 0.083, chi-square with 1 d.f., not significant;
values based on PAML-generated Ka and Ks values using the free ratio model).
Gorilla polymorphism was compared to divergence between the gorilla common
ancestor and the human–chimpanzee common ancestor. In this case we can
reject the null hypothesis (William's adjusted G statistic = 122.45, chi-square with
1 d.f., p < 0.001) to conclude that the pattern of gorilla polymorphism is therefore
different from the divergence pattern. Indeed gorilla polymorphism is less than
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variation resulting from divergence: within species, the " ratio is 1.43 for gorillas
compared to 2.2 for the divergence between the gorilla common ancestor and the
human–chimpanzee common ancestor. Intraspecific variation, although
seemingly unusual in showing so many replacement substitutions in both
chimpanzee and gorilla, is less than or in line with what we have observed for
ASPM divergence between species. Therefore, relaxation of selection cannot
explain the high nonsynonymous/synonymous substitution ratios among
African hominoids, further supporting the idea that adaptation has occurred in
ASPM.
Discussion
In this study, we applied TAR cloning technology to investigate molecular
evolution of the ASPM gene, which is involved in determining the size of the
human brain and in which mutations lead to MCPH. The ASPM homologue in
the fruit fly is essential for spindle function, suggesting a role for this gene in
normal mitotic divisions of embryonic neuroblasts. Complete gene homologues
from five primate species were isolated and sequenced. In agreement with the
predicted critical role of ASPM in brain development, both coding and
noncoding regions of ASPM homologues showed a marked degree of
conservation in humans, other hominoids, and Old World monkeys. The
differences found in noncoding regions were small insertions/deletions and
lineage-specific insertions of evolutionarily young Alu elements into introns.
Analysis of nonsynonymous/synonymous substitution ratios indicates
different rates of evolution along the ASPM protein: part of ASPM evolved
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under positive selection while other parts were under negative (purifying)
selection in human and African ape lineages. Such “mosaic” selection has been
previously described for other proteins (Endo et al. 1996; Crandall et al. 1999;
Hughes 1999; Kreitman and Comeron 1999). When our work was completed, the
paper by Zhang supporting accelerated evolution of the human ASPM was
issued (Zhang 2003). However, because the author did not analyze the gorilla
gene homologue, he concluded that accelerated sequence evolution is specific to
the hominid lineage. Our finding that selection on ASPM begins well before
brain expansion suggests that the molecular evolution of ASPM in hominoids
may indeed be an example of a molecular “exaptation” (Gould and Vrba 1982),
in that the originally selected function of ASPM was for something other than
large brain size.
In the case of ASPM, rapidly evolving residues are mainly concentrated in
the IQ repeat domain containing multiple IQ motifs, which are calmodulinbinding consensus sequences. While there is no direct evidence yet, it is likely
that the function of human ASPM is modulated through calmodulin or
calmodulinlike protein(s). Previous interspecies comparisons of ASPM proteins
have shown a consistent correlation of greater protein size with larger brain size
mainly because of the number of IQ repeats (Bond et al. 2002). For example, the
asp homologue of the nematode Caenorhabditis elegans contains two IQ repeats,
the fruit fly—24 IQ repeats, and the mouse—61 IQ repeats, and there are 74 IQ
repeats in humans (Bond et al. 2002). ASPM homologues in the nonhuman
primates examined here contain the same number of IQ repeats as human,
supporting the idea that repeat expansion occurred prior to the anthropoid
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divergence (which gave rise to New World monkeys, Old World monkeys, and
hominoids) and possibly even earlier in primate evolution. IQ motifs are seen in
a wide variety of proteins, but the ASPM proteins in primates are unique,
because they have the largest known number of IQ repeats. Given the proposed
role of ASPM in regulating divisions of neuronal progenitors, both the number of
repeats and the particular amino acid substitutions in the IQ repeats may be
strongly related to brain evolution.
Human ASPM gene mutations which lead to MCPH provide a direct link
between genotype and phenotype. ASPM is yet another example on the growing
list of positively selected genes that show both accelerated evolution along the
human lineage and involvement in simple Mendelian disorders (Clark et al
2003). However, ASPM is unique because its distinctive pattern of accelerated
protein evolution begins several million years prior to brain expansion in the
hominid lineage. Absolute brain size in orangutans (430 g in males; 370 g in
females) is barely different from that in gorillas (530 g in males; 460 g in females)
and common chimpanzees (400 g in males; 370 g in females) (Tobias 1971), yet
accelerated ASPM evolution began in the common ancestor of gorillas,
chimpanzees, and humans, approximately 7–8 million years ago. Only much
later did brain expansion begin in hominids, starting at 400–450 g roughly 2–2.5
million years ago and growing to its final current size of 1350–1450 g
approximately 200,000–400,000 years ago (Wood and Collard 1999). Therefore
genotypic changes in ASPM preceded marked phenotypic changes in hominoid
brain evolution, at least at the level at which they have currently been studied.
The molecular changes in ASPM may predict the existence of differences in early
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neurogenesis between orangutans, on the one hand, and gorillas, chimpanzees,
and humans, on the other, which may manifest as more subtle differences in
brain anatomy than gross changes in brain volume.
How might evolutionary changes in the ASPM protein affect cerebral
cortical size? One potential mechanism might be that changes in ASPM induce
changes in the orientation of the mitotic spindle of neuroblasts. Normally, neural
precursor cells can have mitotic spindles oriented parallel to the ventricle or
perpendicular to the ventricle. Mitoses in which daughter cells are oriented next
to one another at the ventricular zone are typically “symmetric” in that a single
progenitor cell generates two progenitor cells, causing exponential expansion of
the progenitor pool. In contrast, mitoses that generate daughter cells that are
vertically arranged are typically “asymmetric” so that one daughter cell becomes
a postmitotic neuron, whereas the other daughter cell remains as a progenitor,
causing only a linear increase in cell number. Control of this proliferative
symmetry can cause dramatic alterations in cerebral cortical size (Chenn and
Walsh 2002), and so changes in ASPM could regulate cortical size by making
subtle changes in spindle orientation. Alternatively, evolutionary changes in
ASPM may not themselves have led to increase in the size of the brain, but
instead perhaps ASPM might be essential to insure faithful DNA replication and
proper chromosome segregation. In rodents, a surprising number of cerebral
cortical neurons are aneuploid (Rehen et al. 2001). Perhaps directed selection of
specific domains of ASPM helps insure faithful chromosome segregation to allow
a larger number of cerebral cortical neurons to be formed without an unduly
high incidence of chromosome aneuploidy.

80

Functional genomics studies are clearly needed to elucidate the exact
nature of the molecular mechanisms affected by ASPM gene evolution in
hominoids. Here, we have demonstrated the utility of TAR cloning for
evolutionary sequence comparisons among humans and other primates. In
addition, the ASPM TAR clones isolated in these studies could provide valuable
reagents for studying ASPM gene regulation in its natural sequence context.
Overall, we anticipate this technology will be extremely useful in studying the
evolution of other genes that may be responsible for uniquely human traits.
Note - The related paper by Evans et al. (2004) was published in Human Molecular
Genetics shortly after this paper was submitted.
Materials and Methods
TAR cloning of the ASPM gene homologues by in vivo recombination in yeast.
To isolate the full-size ASPM gene from the human (Homo sapiens),
chimpanzee (Pan troglodytes), gorilla (Gorilla gorilla), orangutan (Pongo pygmaeus),
and rhesus macaque (Macaca mulatta) genomes, a TAR vector containing two
unique hooks was constructed. Two targeting sequences were designed, 131 bp
5’ and 151 bp 3’, from the available human genomic sequence of ASPM (positions
155,758–155,888 and 92,922–93,071 in the BAC RP11–32D17 [GI:16972838]). The
targeting sequences were PCR amplified from the genomic DNA using two
specific primers (Table S2). PCR products were cloned into a polylinker of the
basic TAR vector pVC604 as ApaI–SalI and SalI–XbaI fragments. Before
transformation experiments, the TAR cloning vector was linearized with SalI to
release targeting hooks. Genomic DNA samples were prepared from
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chimpanzee, gorilla, orangutan, and rhesus macaque fibroblast culture cell lines
(Coriell Institute for Medical Research, Camden, New Jersey, United States) in
agarose plugs. Spheroplast transformation experiments were carried out as
previously described in Kouprina and Larionov (1999). To identify clones
positive for ASPM, yeast transformants were examined by PCR using diagnostic
primers specific for exon 2 and exon 27 of ASPM (Table S2). Integrity of yeast
artificial chromosomes (YACs) and the issue of their stability during propagation
in yeast were examined. DNA was isolated from ten subclones carrying the
ASPM YACs for each primate, and their size was analyzed by NotI digestion
followed by CHEF. Each subclone carried a YAC of similar size, indicating that
these clones were stable in yeast. Alu profiles of the clones were checked by TaqI
digestion of 1 ug of total yeast DNA isolated from transformants. Samples were
run by electrophoresis, transferred to a nylon membrane, and hybridized with an
Alu probe. YACs were retrofitted into bacterial artificial chromosomes (BACs)
by homologous recombination in yeast using a BAC/NeoR retrofitting vector,
BRV1, and then transformed into a recA DH10B E. coli strain (Kouprina and
Larionov 1999). Before sequencing, the integrity of inserts in BACs was
confirmed by NotI, HindIII, EcoRI, and PstI digestions. The promoter regions of
the chimpanzee, gorilla, orangutan, and rhesus macaque (approximately 3.2 kb)
and exon 18 of the red-chested mustached tamarin (Saguinus labiatus) and blackhanded spider monkey (Ateles geoffroyi) (approximately 4.7 kb) were PCR
amplified using a pair of specific primers (Table S2) from primate genomic
DNAs (Coriell Institute for Medical Research) and then TA-subcloned for further
sequencing.
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RT-PCR of ASPM coding regions.
RNAs were extracted from primate cell lines (African green monkey
[Cercopithecus aethiops] kidney, COS-7 [American Type Culture Collection,
Manassas, Virginia, United States], chimpanzee peripheral lymphoblast, EB176
[JC], and gorilla peripheral lymphoblast, EB [JC] [European Collection of Cell
Cultures, Wiltshire, United Kingdom]) using TRIzol reagent (Invitrogen,
Carlsbad, California, United States). Reverse transcription and 5’- and 3’-RACE
reactions were performed using SMART RACE cDNA Amplification Kit (BD
Biosciences, San Jose, California, United States).
Sequencing.
Chimpanzee, gorilla, orangutan, and rhesus macaque TAR clones
containing full-size ASPM genes were directly sequenced from BAC DNAs
(Polushin et al. 2001). Forward and reverse sequencing of the promoter and exon
18 as well as fragments of coding regions of the ASPM homologues were run on
a PE-Applied Biosystem 3100 Automated Capillary DNA Sequencer (Applied
Biosystems, Foster City, United States). Primer pairs for cDNA sequencing were
designed based on the human ASPM mRNA sequence. Primer sequences are
available upon request. All sequences were named and numbered according to
the clone/accession identifier.
Sequence analysis.
Genomic sequences were aligned using MAVID
(http://baboon.math.berkeley.edu/mavid/) (Bray and Pachter 2004); proteins
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and protein-coding DNA sequences were aligned by DIALIGN2.1
(http://bibiserv.techfak.uni-bielefeld.de/dialign/) (Morgenstern 1999).
Alignments were manually edited in the SEAVIEW editor (http://pbil.univlyon1.fr/software/seaview.html) (Galtier et al. 1996). We have used a number of
programs from the EMBOSS package
(http://www.hgmp.mrc.ac.uk/Software/EMBOSS/) for sequence analysis.
Short nucleotide patterns associated with genome rearrangements were searched
using FUZZNUC (EMBOSS). We searched for the following recombinogenic
motifs: chi-like octamer (GCWGGWGG), immunoglobulin heptamer
(GATAGTG), translin (ATGCAGN(0,4)GCCCWSW and
GCNCWSCTN(0,2)GCCCWSSW), topoisomerase II
(RNYNNCNNGYNGKNYNY), topoisomerase IId (GTNWAYATTNATNNR),
topoisomerase IIi (YYCNTASYGGKYYTNNC), and V(D)J recombinase
(CACAGTGN(12/23)ACAAAAACC). For short or highly ambiguous patterns
(topo-isomerase II), no mismatches were allowed; for longer motifs (translin,
V(D)J recombinase) up to two mismatches were permitted. Prediction of CpG
islands was performed by CPGPLOT (EMBOSS) with default parameters (length
! 200; CpG/GpC ! 0.6; GC ! 0.5). CENSOR
(http://www.girinst.org/Censor&lowbar;ServerData&lowbar;Entry&lowbar;Forms.html) (Jurka et al. 1996) and
REPEATMASKER (http://repeatmasker.genome.washington.edu/cgibin/RepeatMasker; developed by A.F.A. Smit and P. Green) were used for
identification of repetitive elements. Minisatellites were detected by TANDEM
REPEAT FINDER (Benson 1999). ASPM segmental duplications in the human
genome were detected by local BLAT searches (http://genome.ucsc.edu/cgi84

bin/hgBlat) (Kent 2002). First, we used ASPM genomic sequences with all
repeats masked to detect segmental duplications. Full-size duplications were
then obtained by BLAT alignment with full (i.e., repeat-containing) ASPM
sequence. Primate CDSs were deduced from the ASPM gene alignment with
human sequences. Synonymous and nonsynonymous substitutions were
detected by SNAP (http://www.hiv.lanl.gov/content/hivdb/SNAP/WEBSNAP/SNAP.html). Codon maximum likelihood (ML) in
CODEML in PAML v. 3.13 (http://abacus.gene.ucl.ac.uk/software/paml.html)
(Yang 1997) has been applied for reconstruction of phylogenetic trees,
reconstruction of ancestral sequences, and detection of positive selection. Branch
lengths and ancestral sequences were reconstructed using a free " ratio for
individual branches. The methodology of likelihood ratio tests is described
elsewhere (Yang 1998). For large alignments, the initial input trees for PAML
were estimated by ML implemented in PHYLO_WIN (http://pbil.univlyon1.fr/software/phylowin.html) (Galtier et al. 1996). Segmental duplications
were clustered by a neighbor-joining method implemented in the same program.
Distance measurements for examining intraspecific/interspecific diversity were
calculated in PAUP (Swofford, D. L. 2003. PAUP v. 4.0b10; Sinauer Associates,
Sunderland, Massachusetts, United States; http://paup.csit.fsu.edu/index.html)
and corrected for multiple substitutions using the Tamura-Nei algorithm.
Accession Numbers
The GenBank (http://www.ncbi.nlm.nih.gov/Genbank/) accession
number for the human ASPM mRNA sequence used in this study is NM_018136.
The sequence data from chimpanzee, gorilla, orangutan, and rhesus macaque
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full-length ASPM have been submitted to GenBank under accession numbers
AY497016, AY497015, AY497014, and AY497013. The sequence data from
chimpanzee, gorilla, and African green monkey ASPM cDNA have been
submitted to GenBank under accession numbers AY508452, AY508451, and
AY486114. The sequence data from spider monkey and tamarin exon 18 have
been submitted to GenBank under accession numbers AY497017 and AY497018.
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Joubert syndrome is a congenital brain malformation of the cerebellar vermis
and brainstem with abnormalities of axonal decussation (crossing in the brain)
affecting the corticospinal tract and superior cerebellar peduncles1, 2, 3, 4, 5, 6, 7,
8, 9.

Individuals with Joubert syndrome have motor and behavioral

abnormalities, including an inability to walk due to severe clumsiness and
'mirror' movements, and cognitive and behavioral disturbances5, 6, 7, 8, 10, 11, 12.
Here we identified a locus associated with Joubert syndrome, JBTS3, on
chromosome 6q23.2!q23.3 and found three deleterious mutations in AHI1, the
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first gene to be associated with Joubert syndrome. AHI1 is most highly
expressed in brain, particularly in neurons that give rise to the crossing axons
of the corticospinal tract and superior cerebellar peduncles. Comparative
genetic analysis of AHI1 indicates that it has undergone positive evolutionary
selection along the human lineage. Therefore, changes in AHI1 may have been
important in the evolution of human-specific motor behaviors.
Joubert syndrome is an autosomal recessive brain disorder. Affected
individuals show weakness, abnormal breathing and eye movements,
clumsiness, cognitive difficulties, and autistic behaviors5"7,10"13. Joubert syndrome
is defined by the absence of the cerebellar vermis (compare normal MRI, Figure
3.5a,b, with the MRI from an individual with Joubert syndrome, Figure 3.5d,e)
and by the 'molar tooth sign', formed by an abnormal configuration of the
superior cerebellar peduncles (SCPs) that connect the cerebellum to the midbrain
and thalamus (compare Figure 3.5c with Figure 3.5f)1"3,5"7,9"12. Pathological
analysis of Joubert syndrome has shown that this abnormal brainstem structure
reflects abnormalities of axons that normally cross the midline, known as
commisural fibers. For instance, the SCPs normally cross the midline; failure of
the normal crossing causes the molar tooth sign (Figure 3.5f)1"3,5"7,9"12.
Corticospinal fibers that normally decussate in the medulla also fail to cross the
midline in Joubert syndrome1, 2, 3, 9, causing mirror movements, in which both
hands move synchronously instead of alternating, in affected individuals. In
addition, individuals with Joubert syndrome often are unable to walk owing to
severe clumsiness resulting from aberrant decussation and cerebellar
malformations. The midline crossing defects in Joubert syndrome are not
universal, however, as the optic chiasm, corpus callosum and other decussating
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pathways are spared.

Figure 3.5 MRIs of a normal brain and of the brain of an individual with
Joubert syndrome and mutations in AHI1.
MRIs are presented in a coronal plane (a,d, showing the cerebellum and posterior
cerebral cortex), in a sagittal plane (b,e, showing a midsagittal section through the brain
showing the cerebral cortex, cerebellum, midbrain and pons) and in an axial plane (c,f,
showing the upper pons). Coronal (a), midsagittal (b) and axial (c) T1-weighted images
from an unaffected child with a normal brainstem (a,c) and a normal cerebellar vermis
(a"c). Coronal FLAIR (d), midsagittal T1-weighted (e) and axial T1-weighted (f) images
from a 2-y-old child with Joubert syndrome and mutations in AHI1 from pedigree 3. The
image shows the molar tooth sign (black arrowhead in f) and the absence of the
cerebellar vermis (white arrows in d,e). In the axial images from the affected individual
(f), the failure of the SCPs to decussate is indicated by the presence of the peduncles
traveling horizontal to the brainstem and not crossing the midline. The brain structure
that is present in the midsagittal section (e) at the level of the cerebellum is not the
vermis but the right lobe of the cerebellum, which is in the plane of the midsagittal
section because of the absence of the vermis. Scale bars, 5 cm.

Joubert syndrome can be subdivided according to clinical and genetic
findings. Classic Joubert syndrome (or Joubert syndrome type A; as described
above) involves the brain but not the kidney or retina and previously has been
linked to chromosome 9q34.3 (refs. 14,15). In addition, a new type of Joubert
syndrome, Joubert syndrome type B or cerebello-oculo-renal syndrome, includes
brain, renal and retinal abnormalities and is linked to chromosome 11p12"q13.3
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(refs. 16,17). Given the potential for genetic heterogeneity in Joubert syndrome,
we carried out a genome-wide screen at a resolution of 10 cM and fine-mapping
on three Saudi Arabian pedigrees from the same geographical region (pedigrees
1, 2 and 3) with autosomal recessive Joubert syndrome. Because the affected
individuals in these pedigrees had very similar radiographic features, we
assumed that they had an allelic disorder. Using this approach, we defined a
locus, JBTS3, on chromosome 6q23.2"q23.3 (between microsatellites D6S976 and
D6S1009) that was identical by descent in all affected members of each of the
three pedigrees (Figure 3.6 and Supplementary Figure 1 online). We then
identified an additional pedigree from another region of Saudi Arabia (pedigree
4) that also showed linkage of Joubert syndrome to JBTS3 (Supplementary Figure
1 online). We finally identified another pedigree from Turkey (pedigree 5) that
mapped to JBTS3 and further narrowed the region of shared homozygosity
(Figure 3.6). We pooled the linkage data and lod scores for the five pedigrees,
which resulted in a summed multipoint lod score of 8.36 (Figure 3.7a) and a
maximum two-point lod score of 6.31 (at recombination fraction = 0) at marker
D6S1626 (Figure 3.7b)18.
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Figure 3.6. The genotypes of two (of five) pedigrees with Joubert syndrome
that defined the smallest region of homozygosity.
Pedigree 2 comes from Saudi Arabia and pedigree 5 comes from Turkey. The
microsatellite markers that are presented are on chromosome 6q23.2"q24.1. The marker
order is cen-D6S413-D6S403-tel. The shaded regions of the allele lengths indicate the
homozygous regions for each affected individual. The crossover regions are indicated in
the columns adjacent to the alleles. Markers D6S976 and D6S1009 are not identical by
descent in pedigree 2 and pedigree 5, respectively.
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Figure 3.6 (Continued)
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Figure 3.7. Linkage to JBTS3 and mutations in AHI1 in individuals with
Joubert syndrome.
(a) Combined multipoint lod score analyses of chromosome 6q23.2"q24.1 in the five
pedigrees with Joubert syndrome generated a maximal multipoint lod score of 8.36
between microsatellite markers D6S270 and D6S1626. (b) Combined two-point lod score
analyses in the five pedigrees with Joubert syndrome generated a maximal two-point
lod score of 6.31 at microsatellite D6S1626. (c) Genomic segment on chromosome 6
corresponding to the JBTS3 candidate interval, including the relative positions of
candidate genes in this region. (d) Schematic diagram of the structure of human AHI1
showing the main domains of this protein: the coiled-coil domain, the WD40 repeats and
the SH3 domain19. The diagram also indicates the mutations that we identified in
individuals with Joubert syndrome and their locations.
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Figure 3.7 (Continued)
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Figure 3.7 (Continued)
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Sequencing of candidate genes in the minimal region of linkage (Figure
3.7c) identified three independent mutations in the Abelson helper integration
site gene (AHI1), which encodes a putative cytoplasmic adaptor protein
containing a coiled-coil domain, seven WD40 repeats and one SH3 domain19
(Figure 3.7d). In pedigree 1, we identified the mutation 1051C T in exon 6 of
AHI1, which produces a stop codon (TGA; amino acid substitution R351X), in all
three affected individuals (Supplementary Figure 2 online). In pedigree 2, we
identified the mutation 1303C T, which produces a stop codon (TGA; amino acid
substitution R435X) in exon 7 of AHI1 in both affected individuals
(Supplementary Figure 2 online). We also observed this mutation in the mRNA
of one affected individual, but not in controls (Supplementary Figure 2 online).
Finally, in pedigree 3, we identified the mutation 1328T A in exon 7, which
produces a nonconservative V443D amino acid substitution, resulting in a
change from a hydrophobic to a polar or charged residue (Supplementary Figure
2 online). In each pedigree, the mutations segregated with the disease and were
not found in >400 chromosomes from unrelated control individuals of Arabic,
European, African or Asian origin (data not shown), suggesting that these
mutations are not single-nucleotide polymorphisms. To date, we have not
identified coding region mutations in pedigrees 4 and 5, suggesting that they
have mutations either in noncoding regions of AHI1 or in other, unidentified
genes. These data suggest that mutations in AHI1 cause Joubert syndrome.
In human fetal tissue, AHI1 mRNA is highly expressed in brain and
kidney and weakly expressed in liver and lung (as assessed by northern-blot
analysis; data not shown). In adult human brain tissue, AHI1 mRNA is highly
expressed in cerebellum and cerebral cortex and weakly expressed in the
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putamen (as assessed by northern-blot analysis; data not shown). We detected
mouse Ahi1 mRNA in whole embryos as early as embryonic day (E) 10.5 with
continued expression during prenatal brain development (Supplementary Figure
3 online). Expression decreased two weeks after birth and into adulthood
(Supplementary Figure 3 online). As assessed by in situ hybridization, mouse
Ahi1 mRNA was expressed throughout the brain, most highly in the developing
and mature hindbrain and spinal cord (from E14.5 to adulthood; Figure 3.8). Ahi1
expression was weak in the cerebellum primordium at E12.5 (data not shown)
and E16.5 (Figure 3.8c), but peaked at E14.5 (Figure 3.8a,b). Moreover, Ahi1 was
highly expressed in the deep cerebellar nuclei and weakly expressed in the
cerebellar hemispheres from E16.5 to adulthood (Figure 3.8c"f,h). Overall, the
cerebellar expression pattern paralleled the cerebellar malformation associated
with Joubert syndrome, which severely affects midline structures (cerebellar
vermis and deep nuclei) and largely spares the laterally placed cerebellar
hemispheres.
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Figure 3.8. Spatial expression of mouse Ahi1 in brain during embryonic and
postnatal development.
In situ hybridizations for Ahi1 mRNA in sagittal sections of mouse brain at E14.5 (a,b),
E16.5 (c), postnatal day (P) 0 (d), P6 (e,h,i) and P21 (f,g). Ahi1 mRNA is widely expressed
throughout the brain, particularly in the hindbrain. Weaker expression occurs in the
developing cerebellar primordium (E12.5 and E16.5), with the highest expression
occurring at E14.5. Ahi1 is also expressed in the olfactory bulb, hippocampus (dentate
gyrus, CA1"3), neocortex, basal ganglia and spinal cord. (h,i) Ahi1 mRNA expression in
sequential sections through the cerebellum of a P6 mouse brain. Ahi1 is expressed
relatively weakly in the cerebellar hemispheres after embryogenesis. Ahi1 expression is
high in the cerebellar dentate nuclei, the output nucleus of the cerebellum that forms the
superior cerebellar peduncle (h), and the deep layer cortical neurons (layer 5) that form
the corticospinal tract (c"g). These patterns of expression (a"i) were indistinguishable
using separate antisense probes. No specific staining was observed using sense probes
(data not shown). Scale bars: a,c!f, 1 mm; h, 500 m; b,g,i, 100 m. CBL, cerebellum; CBLP,
cerebellar primordium; CC, corpus callosum; CP, choroid plexus; CTX, cerebral cortex;
DN, dentate nucleus of the cerebellum; GE, ganglionic eminences; HPC, hippocampus;
HT, heart; IC, inferior colliculus; L, layers of the cerebral cortex; MES, mesencephalon;
SC, spinal cord; STR, striatum; TH, thalamus; TX, tectum; V, cerebellar vermis.
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Figure 3.8 (Continued)
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Ahi1 mRNA is expressed in the cell bodies that give rise to axonal tracts
that fail to decussate at the midline in Joubert syndrome, such as the cell bodies
of the cerebellar dentate nucleus (Figure 3.8h,i) that send axons across the
midline, forming the SCPs, and in the neuronal cell bodies of the deep layer V
cerebral cortical neurons (Figure 3.8c"g) that give rise to the corticospinal tract
that decussates in the medullary pyramids. Ahi1 mRNA expression in the
oculomotor nerve nuclei may account for the abnormal eye movements in
individuals with Joubert syndrome (data not shown). Our results suggest that
AHI1 may be a crucial cell-autonomous modulator of axonal decussation,
because it is expressed in neurons that give rise to some crossing pathways and
because mutations in AHI1 prevent proper decussation in individuals with
Joubert syndrome.
Ahi1 mRNA is also highly expressed in other brain regions that are not
directly implicated in the Joubert syndrome phenotype, such as the cerebral
cortex, hippocampus, basal ganglia and hypothalamus and weakly expressed in
the thalamus (from E16.5 to adulthood; Figure 3.8c"f). If the expression pattern
in humans parallels that in mice, then some of the behavioral phenotypes
associated with Joubert syndrome may be mediated by structures that are not
usually malformed, such as the cerebral cortex.
The predicted human AHI1 protein contains a coiled-coil domain in its Nterminal 140 amino acids19 (corresponding to nucleotides 1"420). These amino
acids and this domain are entirely missing in the predicted proteins of both
mouse and rat19 but are present in the predicted proteins of nonhuman primates
and other mammals (cow, pig, dog and cat). This indicates that the coiled-coil
domain is not unique to primates and was probably lost in the rodent lineage
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(Supplementary Figure 4 online). The differences in the AHI1 sequence between
species alerted us to the possibility that the portion of the gene encoding the N
terminus might be particularly dynamic evolutionarily. We then aligned and
compared the sequences of AHI1 proteins from various primate species and
found that amino acid differences between the species were concentrated in the
first half of the coding region (nucleotides 1"1,794), particularly in the coiled-coil
domain.
We constructed a phylogenetic tree of hominoid AHI1 sequences and used
it to test for evidence of natural selection. In molecular evolutionary terms, the
degree of protein evolution relative to the 'silent' mutation rate is measured by
the ratio of nonsynonymous (amino acid"altering) changes per nonsynonymous
site (Ka) to synonymous (silent) changes per synonymous site (Ks); high ratios are
consistent with directional selection20, 21. The human lineage has a significantly
higher Ka/Ks value (1.26; P < 0.05) than the other branches of the AHI1 tree
combined (Figure 3.9). This pattern of selection was more pronounced when we
analyzed only the 5' half of the coding region, containing the coiled-coil domain
(Ka/Ks value = 2.79; P<0.05; Figure 3.9). Only 2 of the 231 genes recently analyzed
on chimpanzee chromosome 22 have a Ka/Ks value greater than 2.79 (observed for
the 5' half of AHI1); 15 of the 231 genes have a Ka/Ks value greater than 1.26 (for
full-length AHI1)22. Accelerated evolution of AHI1 in the human lineage could
indicate either the action of directional selection or relaxed functional constraint.
Given that AHI1 has a crucial function in human brain development, as indicated
by the Joubert syndrome phenotype, relaxed functional constraint is probably
not the cause.
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Figure 3.9. Phylogenetic tree showing AHI1 gene evolution in hominoids.
Branch lengths are drawn proportional to the amount of protein change reconstructed
along each branch by PAUP* (with numbers of amino acid changes shown below the
branches). Ka/Ks values (using the free-ratio model in the CODEML program of the
PAML package20, 21) are above the branches for the 5' half of the gene (1,794 bp) and in
parentheses for the entire gene (3,588 bp, excluding the stop codon).

Using likelihood and parsimony methods, 12 amino acid changes in AHI1
were determined to have occurred in the human lineage20, 21. To test whether
these changes occurred early in hominid evolution, before the divergence of
modern humans, we sequenced these sites in several diverse individuals. We
found no substitutions altering these 12 amino acids, indicating that these
changes occurred before the divergence of modern humans. Amino acid
evolution was only approximately half as fast on the chimpanzee branch (six
reconstructed amino acid changes). The branch leading to the humanchimpanzee clade had an intermediate Ka/Ks value (Figure 3.9), indicating that
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selection on AHI1 may have begun before the divergence of these species but did
not continue on the chimpanzee branch. Although they are not definitive, these
results suggest that positive darwinian selection occurred in AHI1 in the direct
ancestors of humans and has been particularly pronounced in the first half of the
gene. Key directional selection on AHI1 probably occurred after the common
ancestor of human and chimpanzee, 6"7 million years ago, and before the
common ancestor of modern humans, 200,000 years ago.
Our studies identify the first gene associated with Joubert syndrome,
AHI1, and show that this gene is expressed in brain structures with
neuroradiological abnormalities and in commissural neurons that fail to
decussate (corticospinal tract and SCPs) in individuals with Joubert syndrome.
Several molecules are crucial modulators of commissural fiber crossing,
including Slits, Robo and Ephrins23, 24, but it is not clear how these membrane
complexes regulate downstream cytoplasmic signaling partners. AHI1 is as a
potential downstream effector of these pathways, as it is essential for
commissural crossing in the corticospinal tract and SCPs and encodes a putative
cytoplasmic phosphoprotein. Determining the signaling pathways by which
AHI1 modulates cellular signals may help elucidate potential genes underlying
the other two loci known to be associated with Joubert syndrome (JBTS1 and
CORS2, also called JBTS2)15, 16, 17, as it is reasonable to speculate that such genes
may be in the AHI1 pathway. Although we have no direct evidence, it seems that
the Joubert syndrome phenotype, with its aberrant axonal patterns and
associated motor abnormalities, combined with the molecular evolutionary
pattern of selection and the evolutionary increase in the corticospinal tract of
primates25, potentially implicates AHI1 in the evolution of some aspects of the
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distinctive motor programs that characterize humans.
METHODS
Subjects.
All magnetic resonance images (MRIs; or computed tomography scans) of
affected individuals were read by multiple neurologists and Joubert syndrome
was diagnosed using previously described criteria2, 9, 26, 27. Clinical features of
children with Joubert syndrome include an inability to walk due to severe
clumsiness, oculomotor abnormalities, hypotonia, ataxia, developmental delay
with mental retardation, and mirror movements. None of the children diagnosed
with Joubert syndrome that showed linkage to JBTS3 or was associated with
mutations in AHI1 had any renal abnormalities.
Clinical features of the children with Joubert syndrome in pedigree 1
include nystagmus and ocular apraxia (both eye movement abnormalities),
hypotonia (weakness), ataxia (clumsiness), developmental delay with mental
retardation and mirror movements. In pedigree 2, all of the children with Joubert
syndrome have nystagmus or ocular apraxia, hypotonia, ataxia, developmental
delay with mental retardation and mirror movements (in one of the two affected
children). The child with Joubert syndrome in pedigree 3 has hypotonia, is
unable to walk and has developmental delay and mental retardation (no
information is available on the presence of eye or mirror movements). Moreover,
the parents of this child had two previous children who had mental retardation
and died early in infancy (no MRIs are available). In pedigree 4, the one child
with Joubert syndrome is hypotonic, unable to walk and mentally retarded and
has a seizure disorder (no information is available on the presence of mirror
movements). Finally, the child with Joubert syndrome in pedigree 5 has ptosis,
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nystagmus and exotropia (eye movement abnormality) in addition to ataxia,
mental retardation and autism (no information is available on the presence of
mirror movements).
The study was reviewed and approved by the Institutional Review Board
at the Beth Israel Deaconess Medical Center and at Children's Hospital Boston in
accordance with the National Institutes of Health. Informed consent was
obtained from all of the subjects participating in this study. All animal use
procedures were reviewed and approved by the Harvard Medical School
Standing Committee on Animals in accordance with the National Institutes of
Health.
Linkage analysis.
We carried out genome-wide screens using fluorescently labeled human
MapPairs separated at an average interval of 10 cM (ABI Linkage Mapping Set
Version 2.5, Applied Biosystems) on DNA isolated from peripheral whole blood
using a kit in accordance with the manufacturer's protocol (Qiagen). We carried
out PCR using the various MapPair microsatellite markers and analyzed the
products on an ABI Prism 3100 genetic analyzer. We determined all allele sizes
using Genotyper 3.7 (Applied Biosystems) in conjunction with fluorescence size
standards.
We further refined and narrowed the region of linkage using the
following markers: D6S1698, D6S1656, D6S270 (ABI Linkage Mapping Set
Version 2.5, Applied Biosystems) and D6S457, D6S413, D6S87, D6S1722, D6S976,
D6S1626, D6S1009, D6S1587, D6S1699, D6S250, D6S403, D6S1675, D6S1684,
D6S944, D6S453, D6S1648, D6S310, D6S958, D6S383 (custom synthesis; Research
Genetics, Invitrogen).
105

Both parametric two-point and multipoint analyses assumed an
autosomal recessive genetic model with complete penetrance in males and
females and a frequency of the disease-associated allele of 0.001. Allele
frequencies were assumed to be equal for all analyses. We carried out parametric
multipoint linkage analysis using the method of location scores implemented in
SIMWALK2 (version 2.86)28, 29. As described previously28, location scores
indicate the likelihood of several putative positions, among the marker loci, for
the trait locus. These location scores are directly comparable with multipoint lod
scores and are presented in log10 units. Results from the multipoint analyses are
illustrated in Figure 3a. We carried out two-point parametric analyses using
FASTLINK (version 4.1p)30 assuming a range of values (0.0"0.5). Results are
summarized in Figure 3b. Analyses that assumed a variation in the penetrance of
the disease (70"100%) did not significantly alter the lod score analysis (data not
shown).
Candidate gene analysis.
We identified candidate genes in the region of homozygosity that was
identical by descent using available genomic databases (University of Santa
Cruz, National Center for Biotechnology Information (NCBI) and Celera). Based
on the information in these databases (i.e., expression patterns, size of the gene,
previous association with other disorders), we assessed the likelihood that
mutations in certain candidate genes caused Joubert syndrome. There were 11
genes in the candidate interval that maps to the minimal identical-by-descent
region (Figure 3.7c). Before identifying mutations in AHI1 in the individuals with
Joubert syndrome that we studied, we sequenced four genes (SGK, ALDH8A1,
HBS1L and MAP7) but did not identify any amino acid"changing mutations.
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Primers were designed to amplify each exon and its splice acceptor sites using
Primer3 and were synthesized by Sigma-Geneosys. Primer sequences are
available on request. We amplified exons by PCR and purified them using either
the PSIClone PCR 96 kit (Princeton Separations) or the AMPure kit (Agencourt)
in accordance with the manufacturer's protocols. We sequenced all PCR products
bidirectionally by fluorescent dye-terminator chemistry by Seqwright. We
analyzed sequence data from each exon and its intron-exon boundary using
standard analysis software for DNA sequencing (SeqMan II, version 5.03,
DNASTAR) and compared them against the consensus sequences available from
the University of California at Santa Cruz, NCBI and Celera. We sequenced
normal control DNA samples obtained from the chromosomes (>400) of random
individuals of Arabic (n = 80), European (n = 240), Chinese (n = 20), Japanese (n =
20), Southeast Asian (not from China or Japan, n = 20), African (n = 18) or Pygmy
(n = 20) descent to look for mutations in exons 6 and 7 and found none (data not
shown), suggesting that these mutations are not common polymorphisms. All
control DNA samples were from the Coriell Human Variation Panels (Coriell
Institute for Medical Research). Sample numbers are available on request. We
also searched the SNP databases of both NCBI and Celera and found that these
mutations were not variants in the general population.
Human RNA isolation.
We obtained RNA from Epstein-Barr virus"transformed lymphocytes
from one of the affected individuals in pedigree 2. We used reverse transcriptase
reactions with both random hexamers and oligo dT primers to obtain cDNA. We
carried out PCR and sequencing using primers designed to amplify the coding
region for exon 7 of AHI1 (primer sequences available on request).
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Mouse in situ hybridization.
We carried out nonradioactive in situ hybridization on frozen mouse
brains, using digoxigenin-labeled cRNA probes. We generated the Ahi1 probes
by PCR from IMAGE clone 6467369 (BC055400) at the following nucleotide
sequence positions in the Ahi1 cDNA: Ahi1-1 (1"969; 969 bp), Ahi1-2 (652"1,623;
972 bp), Ahi1-3 (2,125"2,979; 855 bp) and Ahi1-4 (3,147"4,002; 856 bp; 3'
untranslated region). All Ahi1 nucleotide probe sequences were from nucleotides
downstream of the ATG start site. All forward primers contained T3 promoter
sequences on their 5' ends to drive the transcription of the cRNA sense probes.
All reverse primers contained T7 promoter sequences on their 5' ends drive the
transcription of the cRNA antisense probes. Primers were designed using
Primer3 and primer sequences are available on request.
All in situ hybridization studies were done using digoxigenin-labeled
cRNA probes. We sectioned frozen brains (10"20 m) in a cryostat and positioned
them onto Superfrost-plus microscope slides. We fixed the sections, acetylated
them and hybridized them at 68 °C for three nights using each probe
(approximate concentration of 100 ng ml-1). We visualized hybridized probes
using alkaline phosphatase"conjugated anti-digoxigenin Fab fragments (Roche)
and 5-bromo-4-chloro-3-indolyl-phosphate"nitro blue tetrazolium substrate
(Kierkegard and Perry Laboratories). We washed sections several times in 100
mM Tris, 150 mM NaCl and 20 mM EDTA (pH 9.5) and placed them on
coverslips with glycerol gelatin (Sigma). All four Ahi1 antisense probes yielded
comparable expression patterns. We incubated control sections either in an
identical concentration of the sense probe transcript or with another Ahi1 probe
directed against a different sequence from the same gene to determine whether
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this second probe had an identical labeling pattern. We examined the sense
control probes and found that they gave no specific hybridization signal (data
not shown).
Northern-blot analysis.
We carried out northern-blot analysis of human AHI1 mRNA (fetal or
adult) using commercially available mRNA filters obtained from Clontech
Laboratories. We carried out northern-blot analysis of mouse RNA (embryonic
whole embryos or mouse brain) using a commercially available RNA filter from
Seegene. We used a northern-blot kit from Kierkegard and Perry Laboratories to
prepare the probe and carry out hybridization and detection in accordance with
the manufacturer's instructions. We generated the human AHI1 probes by PCR
from IMAGE clones 4077654 (BC029417) and 3908210 (BC015019). We generated
human northern-blot probes from PCR-amplified sequences at the following
nucleotide sequence positions in the AHI1 cDNA: AHI1-1 (35"881; 847 bp;
IMAGE 4077654) and AHI1-2 (1,641"2,723; 1,083 bp; IMAGE 3908210) using
primers constructed to amplify these sequences in combination with the Detector
PCR DNA Biotinylation Kit (Kierkegard and Perry Laboratories). All AHI1 probe
sequences were from nucleotides downstream of the ATG start site in the AHI1
coding region. Primers were designed using Primer3 and primer sequences are
available on request.
We used the same probes (Ahi1-3 and Ahi1-4) that were used for the
mouse in situ hybridization experiments in the northern-blot analysis, except that
we used the Detector PCR DNA Biotinylation Kit (Kierkegard and Perry
Laboratories) to label the mouse probes. We used the same northern-blot kit
(Kierkegard and Perry Laboratories) for the mouse filters that we used for the
109

human filters. We used ethidium bromide staining to assess equal loading of the
lanes.
Phylogenetic analysis.
We obtained genomic DNA from a diverse selection of humans
throughout world populations (Homo sapiens; Coriell Human Variation Panels,
Coriell Institute for Medical Research) including two individuals from Africa
(South of the Sahara; NA17345 and NA17344), two individuals from Japan
(NA17051 and NA17052), two individuals from China (NA17016 and NA 17017),
two individuals from Southeast Asia (excluding China and Japan; NA17085 and
NA 17084) and two individuals from the Pygmy population of Africa (NA10492
and NA10493). The PCR conditions and sequencing of AHI1 were the same as
those used for the other human individuals sequenced in our study.
We obtained genomic DNA from nonhuman primates from The Yerkes
Regional Primate Research Center: common chimpanzee (Pan troglodytes; YB84254, male), lowland gorilla (Gorilla gorilla; YN90-47, male) and Sumatran
orangutan (Pongo pygmaeus; YB84-286, male). We used human AHI1 primers,
described above, to amplify each exon by PCR for each of these species, with
occasional variation of the PCR annealing temperatures. We purified PCR
products as described above and sequenced them bidirectionally by fluorescent
dye-terminator chemistry (Seqwright). We constructed sequence data from each
of the exons and combined them for each species to generate complete coding
region DNA sequences, using standard analysis software for DNA sequencing
(SeqMan II).
We carried out tests of positive selection in CODon Maximum Likelihood
(codeml) in PAML v.3.13 (ref. 20). The methodology of likelihood ratio tests is
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described elsewhere21. Trees and branch lengths were calculated in PAUP*
(PAUP v.4.0b10).
The following reconstructed amino acid changes in AHI1 occurred in the
human lineage: K39R, M94T, S106L, K148N, N180T, K206R, E385G, M455V,
Q508P, N510S, K692R and V777I.
To calculate the percentage differences in amino acid composition
between human and mouse, orangutan, gorilla or chimpanzee, we used the
program RevTrans 1.0 to align all the sequences. We used MEGA2 to determine
the differences in amino acids between the various species. We calculated
percent differences by determining the number of differences between species
and dividing this value by the appropriate number of total amino acids. For
domain analyses of the percent differences, we used domain structures from ref.
19 and independently verified the domains using the conserved domain
database at NCBI.

URLs.
The mouse and human genome databases from the University of California at
Santa Cruz, NCBI and Celera are available at http://genome.ucsc.edu/,
http://www.ncbi.nlm.nih.gov.ezp1.harvard.edu/ and
http://www.celera.com/, respectively. Primer3 is available at
http://frodo.wi.mit.edu/cgi-bin/primer3/primer3_www.cgi. RevTrans 1.0 is
available at http://www.cbs.dtu.dk/services/RevTrans/ and MEGA2 is
available at http://www.megasoftware.net/.
Accession numbers.
GenBank: human AHI1 genomic DNA, NT_025741; human AHI1 mRNA,
NM_017651; mouse Ahi1 genomic DNA, NT_039491; mouse Ahi1 mRNA,
NM_026203. GenBank protein: human AHI1 protein, NP_060121; mouse Ahi1
protein, NP_080479.
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Discussion and literature review
ASPM
Since 2002 there have been four papers that have investigated the
evolution of the ASPM gene in the primates. Zhang sequenced the complete
ASPM coding region from chimpanzee, orangutan and 14 divergent humans
(Zhang 2003). Evans and co-workers sequenced the complete ASPM coding
region from chimpanzee, gorilla, orangutan, gibbon, macaque and owl monkey.
They also sequenced 40 divergent human samples (Evans et al. 2004). MekelBobrov co-workers expanded on the human polymorphism work of Evans et al.
(Mekel-Bobrov et al. 2005). Kouprina and co-workers sequenced the complete
ASPM gene (including introns) from chimpanzee, gorilla, orangutan and
macaque. They also sequenced the coding region from two African green
monkeys, three gorillas and three chimpanzees but no human polymorphism
analysis was done (Kouprina et al. 2004).
All three papers that compared human and primate sequences in a
phylogenetic context reported elevated Ka/Ks ratios along the human branch,
Figure 3.10, indicating selection on the ASPM gene during hominid evolution.
However, selection is also seen along other primate branches in the two trees
with more taxa. Differences in reported Ka/Ks values between papers for the
human branch (and other branches in common) likely are the result of
differences in the methods to calculate these values, differences in the number of
taxa included in the analyses and differences in the sequences themselves.
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Figure 3.10 Trees from three papers showing selection on primate ASPM
sequences. Panel a from Zhang 2003, page 2065 (Figure 2); Panel b from Evans
et al 2004, page 490 (Figure 1); Panel c from Kouprina et al. 2004, page 660
(Figure 4). Ka/Ks (or dN/dS) values are listed above the branch in each tree.
Values in brackets are Ka/Ks values for additional sequences of that species.
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Figure 3.10 (Continued), Panel a Zhang 2003

Panel b Evans et al. 2004

Panel c Kouprina et al. 2004
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Both Zhang and Evans report tests (based on the work of McDonald and
Kreitman (1991)) using human polymorphism to examine selection (Ka/Ks)
within humans and between humans and chimpanzees. These tests both showed
an excess of non-synonymous changes fixed between the last common ancestor
of chimpanzees and humans and the last common ancestor of modern humans
(the period of hominid evolution). The agreement of these studies lends
credence to the selection arguments presented. However, since this gene is
expressed in multiple tissues, the source of the selective pressure is still
uncertain. The fact that a gene causes a certain phenotype when knocked out (or
in the case of human genetic disorders disabled by mutations in both copies)
does not necessarily mean that the gene was the target of selection related to that
phenotype.
As an example, ASPM is expressed in testis as well as brain tissue. It is
possible that selection on the ASPM gene could have been due to pressure
related to sperm motility. ASPM may be important for both sperm motility and
brain development. Knocking out the gene has effects on brain development as
well as other effects throughout the body. Investigators who study its evolution
because of the dramatic brain phenotype and find evidence of selection propose
that the selection pressure was related to brain evolution but there is no way to
currently test this hypothesis in humans. A recent paper has suggested just this
scenario even though no specific evidence is given showing that the selective
pressure was related to sperm motility as opposed to brain evolution (Ponting
2006).
The study by Mekel-Bobrov and co-workers (this and the Evans et al. 2004
study came from Bruce Lahn’s lab at the Howard Hughes Medical Institute,
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Department of Human Genetics) expanded on the earlier human polymorphism
work by sequencing the complete ASPM gene (including introns) from one
chimpanzee and 90 divergent humans. In this study the authors found evidence
of continued positive selection on the ASPM gene in modern humans. One
haplotype (dated to ~5800 years ago) was found with a high frequency in certain
human populations. A second paper out of the same lab found similar results
with the gene microcephalin, another brain-size related gene (Evans et al. 2005).
One haplotype of this gene (dated to ~37000 years ago) was also found with a
high frequency in certain human populations. In each case the gene is expressed
in multiple tissues so the source of the selective pressure is unknown.
Nevertheless, the authors of the first paper made some tenuous (and
unsupported) connections between the origin of the “D” (derived) haplotype and
the spread of agriculture and written language.
In addition to ASPM and microcephalin, there have been four other loci for
primary microcephaly (MCPH) mapped. Genes have been reported recently for
two of these loci; CDK5RAP2 and CENPJ (Bond et al. 2005). No evolutionary
analyses have been published for these genes. Specific genes have not been
reported for the other two loci. Three recent reviews of microcephaly genes have
been written by Ponting and Jackson (2005), Woods et al. (2005) and Gilbert et al.
(2005).
Preliminary examinations of several other genes related to brain size,
listed in Table 3.4 and discussed below, revealed that many of them held little
promise as candidate genes involved in hominid brain expansion.
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ARFGEF2 (BIG2) – There are 9 amino acid differences between human and
chimpanzee sequences, 5 are along the human lineage and 4 are along the
chimpanzee lineage. This gene is an example of a false high dN/dS value
generated by PAML using a tree-based approach (see GPR56 below). Initial
analysis indicated a dN/dS value of 32 along the human lineage (in a four taxon
tree with mouse and rat sequences) while pairwise analysis only gives a value of
0.235 between human and chimpanzee. Overall, rodent sequences are 95%
identical to human and chimpanzee sequences (differences between human and
chimpanzee amount to 0.5%).

ASPM – Discussed above.

COH1 – This is a large, complex gene with several splice variants, many widely
expressed (Hennies et al. 2004; Kolehmainen et al. 2004). Analysis of the full
length transcript (coding for 4022 amino acids) indicates that there are at least 20
amino acid differences between human and chimpanzee sequences. Of these, 18
could be assigned to human or chimpanzee using blast searches of macaque trace
archives. Ten of the 18 are along the chimpanzee lineage while 8 are along the
human lineage. However, the human changes are clustered at the 5’ end of the
gene. Other variants include a 5kb/1427 aa, a 2kb/863 aa and a 1.5kb/412 aa
transcript. The 2kb/863 aa variant includes part of an Alu element at the 3’ end.
The 12kb/4022 aa transcript is expressed in prostate, testis, ovary, and colon (by
northern analysis) and the expression of all transcripts is low in adult brain.
Fetal tissues do not express the largest transcript. Analyses of mutations that
lead to Cohen Syndrome indicate that most nonsense and frameshift mutations
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(resulting in premature termination) occur in exons that would only affect the
largest transcript variant. Primate sequences of this gene are being generated by
the Walsh lab.

GRP56 – Preliminary analysis of this gene showed strong selection along the
human lineage but subsequent analyses showed that this was an artifact with
two main causes. The first cause is an apparent tendency for PAML to assign a
low number of silent changes to the human lineage, inflating the dN/dS ratio
when comparisons are made with chimpanzee and rodent sequences. The
addition of a third primate sequence gives more realistic numbers but these
sequences are often not available in preliminary analyses. The second cause was
the selection of a human sequence that had a common amino acid
polymorphism, inflating dN/dS further. Sequences with common (but not fixed)
polymorphisms may be quite prevalent in the databases. This was not apparent
until a wide selection of human sequences was obtained. The combination of
these two factors led us to believe there was robust selection along the human
lineage, however, later analyses showed that this was not the case.

Microcephalin – Two papers have recently been published detailing the
evolution of this gene in the primates (Evans et al. 2004 and Wand and Su 2004).
Both papers reported evidence of selection along branches deeper in the primate
tree but not along the branch leading to modern humans.
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alpha-SNAP – There is only one amino acid difference between human and
chimpanzee (site 186) and it is a change along the chimpanzee lineage. Another
site (195) is polymorphic in humans.

beta-catenin - There is only one amino acid difference between human and
chimpanzee (site 154) and it is a change along the chimpanzee lineage.

NudE - There is only one amino acid difference between human and chimpanzee
(site 311) and it is a change along the chimpanzee lineage. The protein seems to
be well conserved, especially at the 5’ end, with 92% identity between human
and rat in the first 300 amino acids (out of 343). There seems to be a different
protein with strong homology to the middle of the NudE protein but it’s
uncertain if this is an ancient duplication or another member of a gene family.
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Conclusions
Taken together, the results of various analyses using genes originally
discovered because of disease phenotypes affecting brain size indicate that this
tactic yields mixed results. Genes that present a brain-size related phenotype
when mutated sometimes show signs of selection in the primates. However, it is
unknown how common signals of selection are in the primates generally. Large
scale comparisons made using additional primate genomes will illuminate this
question in the near future. When signals of selection are found, the
interpretation is sometimes made difficult by the expression patterns of these
genes. Expression in multiple tissues leaves open the possibility that the
selection pressure may have been due to the function of the gene in a tissue other
than brain. Determining which function of such a gene was the target of
selection during human evolution is a very difficult problem.
An additional aspect of the broader problem of understanding the
mechanisms of molecular evolution, that selection analyses, like those presented
in this chapter, fail to address is the issue of expression level, timing and tissue
specificity changes during evolution (King and Wilson 1975). The next chapter
looks at this issue in greater detail.
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Chapter 4
The Relationship Between Gene Expression Divergence and Protein
Divergence in Humans and Chimpanzees.
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Introduction
This chapter is divided into three parts; Part 1 is the draft of a paper
showing a unique relationship between gene expression differences and protein
differences for genes expressed in human and chimpanzee brains. Part 2
examines a published paper by Khaitovich and co-workers (Khaitovich et al.
2005a) which analyzes this same relationship with new expression data. Further
analyses are performed on this new dataset and on similar datasets from the
literature. Part 3 expands these kinds of comparisons to slightly different brain
expression data.
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Part 1
Heritable differences between individuals and species are the result of
differences in both protein structure and expression as well as the total gene
complement of the organisms. For closely-related species, such as humans and
chimpanzees, the gene complements (the total pool of expressed genes) will be
quite similar, though not identical. Early analyses found very few structural
(amino acid) differences between human and chimpanzee proteins which led
King and Wilson to propose that expression differences were primarily
responsible for the considerable phenotypic differences between these species
(King and Wilson 1975). Thirty years later there has been a dramatic expansion
in the available data about both protein structure and expression differences
between humans and chimpanzees. Both genomes have been sequenced (Lander
et al. 2001, Venter et al. 2001, the Chimpanzee Sequencing and Analysis
Consortium, 2005) making comparisons of proteins at the amino acid level a few
mouse clicks away from any researcher with a computer and internet connection.
Expression differences are more difficult to quantify fully. Changes in the
timing and tissue specificity of expression, in addition to overall level are the
main differences. However, there are a myriad subtle ways in which genes can
differ in expression, some of which may only manifest themselves under certain
circumstances, such as disease or starvation, but may still be critical for species
survival. Differences in timing or location of expression during development,
however small, can potentially lead to dramatic changes in adult forms. Even
with massively-parallel technologies, like microarrays, much work is yet to be
done to gain a complete picture of expression differences between species. Early
studies of this nature have focused on whole organism RNA levels in Drosophila
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(Meiklejohn et al. 2003) or on specific tissues like the brain (Saetre, Lindberg et al.
2004) and cultured fibroblasts (Karaman et al. 2003).
The abundance of expression and protein data allows us to ask questions
about the relative contribution of these different changes in evolution and the
relationship between them, if any. King and Wilson’s proposal that expression
changes were more important than protein differences emerged out of the
striking similarity between human and chimpanzee (H/C) proteins seen in early
molecular studies. With nearly-complete genomes available for both species we
have a much more comprehensive picture of their protein differences. Out of
13454 (H/C) pair-wise gene comparisons now available, 3904 or 29% show no
amino acid differences. However, some proteins diverge by almost 10%,
indicating a large variance in protein evolution (the Chimpanzee Sequencing and
Analysis Consortium, 2005); many, if not most, of these differences are probably
neutral or nearly neutral (Kimura 1983). Even so, there is still a great deal of
room for selection at the amino acid level, see Clark et al. (2003). In expression
studies, statistical analyses of multiple replicates are needed to reduce the noise
inherent in the data. For this reason, and because expression studies are
necessarily a “snapshot” of expression in a particular tissue at a particular time,
there are fewer significant (H/C) expression differences highlighted by these
studies than probably exist. In a study of gene expression in human and ape
fibroblast cell lines, only 3026 out of 12625 or 24% of genes showed a significant
(H/C) difference (Karaman et al. 2003). Many of these differences are probably
selectively neutral as well (Khaitovich et al. 2005).
The nature of the relationship between protein expression and structural
differences is not well understood. Are genes that show a significant amino acid
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difference between species more likely to show a difference in expression?
Selection can work on natural variation in either expression or structure. If the
selection pressure is large enough it could work on both, e.g., colobine lysozymes
(Messier and Stewart 1997). What about minor differences in expression or
structure? If most changes are small and/or neutral, there is no reason to expect
that a small difference in one would accompany a small difference in the other.
However, since all these changes stem from mutations at the DNA level, in the
coding region of genes for structural differences and in regulatory regions for
expression differences, there might be a weak correlation with time as neutral or
nearly neutral mutations accumulate. One reason to expect a de-coupling of
expression and structural changes is that many expression changes may be the
result of differences in the trans-acting factors that bind to regulatory regions of
genes. Selection on a particular allele for a structural change (or random drift)
would have no effect on the factors that are encoded by distant genes which may
be located on different chromosomes.
Currently there is a lack of consensus on this issue among empirical
studies. Several research groups have looked at this question using gene
duplicates, which start out with identical structure and expression patterns.
Examining yeast genes, Wagner found only a weak relationship between protein
divergence and expression divergence (Wagner 2000). However, another study
of yeast gene duplicates found a significant correlation between expression
divergence and both silent (synonymous – Ks) and protein (non-synonymous –
Ka) divergence (Gu et al. 2002). A study of human gene duplicates found a
similar result (Makova and Li 2003). In Drosophila, gene expression and protein
differences were also found to be coupled (Lemos et al. 2005). These studies may
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all be seeing a weak correlation of change in expression and structure due to the
accumulation of neutral or nearly neutral mutations. Conversely, a comparison
of human and mouse genes found no relationship between expression and
sequence divergence (Jordan et al. 2004). It may be that these divergent findings
are all correct. Lemos and co-workers found evidence of stabilizing selection in
the expression profiles of most genes (Lemos et al. 2005a). In the short term,
slight changes in both protein structure and expression might be correlated due
to the accumulation of neutral or nearly neutral mutations but at greater
divergences (eg. human and mouse) structural change may be less constrained
than expression differences.
In order to address the relationship between protein expression and
structural differences in humans and chimpanzees, publicly-available pairwise
gene comparisons and tissue-specific expression data were matched for analysis
(see Methods). Human to chimpanzee liver and brain expression data had been
obtained from a study of primate expression differences in three tissues; brain,
liver and blood leukocytes (Enard et al. 2003), and re-analyzed by Hsieh and coworkers using a “Mixed-Model Reanalysis” of the data from Enard and coworkers that used “analysis of variance methods to quantify the contributions of
individuals and species to variation in expression” (Hsieh et al. 2003). Because
this kind of analysis allows the variance in expression to be assigned to specific
effects in the model (species, tissue, individual, probe, etc.) small but significant
changes are not discarded (as they are when an expression difference cut-off, like
a two fold change, is used, (Gibson 2002)). Fibroblast cell line expression
differences were obtained from a study by Karaman and co-workers (Karaman et
al. 2003). In the analysis presented here, a significant positive association of gene
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expression differences and protein structural differences was found for liver and
fibroblast cell lines. However, a weak but significant negative association was
found in adult brain tissues. This is surprising, as no previous study has
reported a negative association between protein expression and structural
differences.
Results and Discussion
A total of 7,865 genes from the Hsieh et al. dataset could be matched to
pair-wise (H/C) selection data from the Broad Institute (the Chimpanzee
Sequencing and Analysis Consortium, 2005, see Materials and Methods). Of
these, 2,674 genes show a significant (H/C) expression difference in liver and
1,842 genes show a significant (H/C) expression difference in brain. There are
685 genes that show a significant (H/C) expression difference in both tissues.
The expression differences in this dataset are expressed as the “…difference in
the least-squares means of log2-normalized expression values for chimp minus
human (C-H)”, significance at 0.05 level, -log10 P >1.301 (Hsieh et al. 2003).
Ka/Ki values were used as the measure of protein divergence rather than Ka/Ks.
Ks is a gene-specific measure of the silent rate which has greater inherent
stochastic noise due to the shorter sequences used to calculate it. Ki is a local
measure of the silent rate which is calculated using larger sections of
intergenic/intronic DNA (the Chimpanzee Sequencing and Analysis
Consortium, 2005).
The mean pair-wise Ka/Ki value for the 7,865 matched genes is 0.202,
which is lower than the mean for all 13,454 genes (0.265). There was a significant
difference between the mean Ka/Ki for genes showing a significant difference in
(H/C) liver expression (0.211) and those showing a significant difference in
131

(H/C) brain expression (0.186) P<0.005. Protein length is a variable associated
with expression levels (Lemos et al 2005), however, there was no significant
difference in mean protein length (“AA actually compared“ Table S23) between
genes showing a significant difference in (H/C) liver and brain expression and
genes that do not show a significant difference in expression (P = 0.6986 and
0.7549).
Linear regressions of the absolute value of (H/C) expression differences
by pair-wise Ka/Ki values were generated for liver and brain tissue, Figure 4.1.
In each case, a significant relationship (p<0.05) was found. However, in liver
there was a positive association while in brain there was a negative association.
For brain tissue, genes that show a larger difference in expression between
human and chimpanzee brains are more conserved at the protein level than
genes that show a smaller expression difference. The negative association is
unusual, and previous studies of this kind have reported either no association or
a positive association between protein expression and divergence.
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Figure 4.1. – Plot of human-chimpanzee protein expression divergence vs.
structural divergence in liver and brain tissues.
In each panel, the y-axis represents the absolute value of human-chimpanzee
expression differences (Hsieh et al. 2003). Ka/Ki values (x-axis) are from the
Chimpanzee Sequencing and Analysis Consortium (2005). The colors
correspond to levels of statistical significance (expression difference) in Hsieh et
al. (2003) (Table 1: Significance levels: Bonferroni = -log P > 5.4 Red; 0.001 = -log
P > 3.0 Blue; 0.05 = -log P > 1.301 Grey). Panel 1a to c – liver; panel a includes
only points with a significance of P < 0.001, panel b adds points with a
significance of 0.01 > P > 0.001 and panel c adds points with a significance of 0.05
> P > 0.01. Panel 1d to f – brain tissue; panel d includes only points with a
significance of P < 0.001, panel e adds points with a significance of 0.01 > P >
0.001 and panel f adds points with a significance of 0.05 > P > 0.01. Least-squares
regression lines are shown with confidence curves as dashed lines only if the line
has a slope significantly different from zero.
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Figure 4.1 (Continued), Panel a Liver
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Figure 4.1 (Continued), Panel b Liver
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Figure 4.1 (Continued), Panel c Liver
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Figure 4.1 (Continued), Panel d Brain
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Figure 4.1 (Continued), Panel e Brain
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Figure 4.1 (Continued), Panel f Brain
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In a study of Drosophila, Lemos and co-workers found a positive
association between protein expression and divergence and also found that other
factors, such as gene length and the number of protein-protein interactions, also
had significant effects (Lemos et al. 2005). In the (H/C) pair-wise gene
comparisons there was a significant negative association between protein length
and both Ka and Ki. In addition, there was a significant negative association
between protein length and (H/C) expression difference in both brain and liver
tissues. However, multivariate analyses (using JMP, Version 5, Macintosh. SAS
Institute Inc., Cary, NC, 1989-2005) showed that protein divergence (Ka) is still
positively associated with expression differences in liver and negatively
associated with expression differences in brain even when the silent rate (Ki) and
protein length are included as variables, Table 4.1.
Table 4.1
Partial correlations between human-chimpanzee expression divergence
(ABS C-H) and measures of gene divergence.
ABS C-H
Liver
Brain
Ka
0.0411
-0.0673
Ki
0.0657
0.0837
Protein Length
-0.1111
-0.0746
As a comparison, (H/C) fibroblast cell line expression differences
reported by Karaman and co-workers (Karaman et al. 2003) were matched to the
pair-wise selection data as above. This dataset contains Pan paniscus as the
chimpanzee species while the pair-wise selection data used Pan troglodytes.
Nonetheless, a significant positive relationship was found between expression
and protein differences, Figure 4.2. As in the brain and liver data, multivariate
analyses showed that protein divergence (Ka) is still positively associated (partial
correlation 0.0433) with expression differences in fibroblast cell lines even with
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the silent rate (Ki) and protein length included as variables. The methods used to
calculate statistical significance in this study were different than those used by
Hsieh and co-workers. Karaman and co-workers used “dChip software
(http://www.biostat.harvard.edu/complab/dchip/) for hierarchical clustering
analysis using the average linkage algorithm and for calculating 95% confidence
interval (CI) for the fold changes in gene expression among the species.” In each
case, the significance levels reported by the authors were used to exclude genes
from comparisons that fell below specific thresholds in analyses presented here.
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Figure 4.2. - Plot of human-chimpanzee protein expression differences vs.
structural differences in fibroblast cell lines.
The y-axis represents the absolute value of human-chimpanzee fibroblast cell line
expression differences (Karaman et al. 2003). Ka/Ki values (x-axis) are from the
Chimpanzee Sequencing and Analysis Consortium (2005). The colors
correspond to levels of statistical significance of expression difference as reported
by Karaman and co-workers: Red = P < 0.001, Blue = 0.01 > P > 0.001, Grey = 0.05
> P > 0.01. Panel a includes only points with a significance of P < 0.001, panel b
adds points with a significance of 0.01 > P > 0.001 and panel c adds points with a
significance of 0.05 > P > 0.01. Least-squares regression lines are shown with
confidence curves as dashed lines only if the line has a slope significantly
different from zero.
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Figure 4.2 (continued), Panel a
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Figure 4.2 (continued), Panel b
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Figure 4.2 (continued), Panel c
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Using single-species oligonucleotide microarrays for cross-species
expression studies introduces the potentially confounding factor of sequence
mis-matches appearing as expression differences (Gilad et al. 2005). This effect, if
not corrected for, would tend to create a (false) positive association between
protein expression and divergence. In light of this potential problem, the
negative association of (H/C) brain expression differences and protein
divergence is even more surprising.
These findings suggest that the evolution of these brain-expressed genes,
is different than that of genes expressed in other tissues. Genes that have the
most divergence in expression tend to be more conserved at the amino acid level
than genes that have less divergence in expression.
Materials and Methods
Human-chimpanzee protein selection data (Ka/Ki values) were obtained
from the Broad Institute (MIT/Harvard) web site:
http://www.broad.mit.edu/ftp/distribution/papers/chimpanzee_genome/
This data is also available from the Nature web site:
http://www.nature.com/nature/journal/v437/n7055/suppinfo/nature04072.html
This data set contains information from 13454 pairwise human-chimpanzee gene
comparisons – “Table S23” (the Chimpanzee Sequencing and Analysis
Consortium, 2005).
RefSeq and gene symbol identification of microarray "internal IDs" was
obtained from the Affymetrix web site:
http://www.affymetrix.com/support/technical/byproduct.affx?product=hgu95
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These RefSeq IDs were amended to the “brain filtered” and “liver filtered”
datasets (Excel file “Primate Sig Genes”) obtained from the Hsieh et al. 2003
supplementary information on the Genetics web site:
http://www.genetics.org/cgi/content/full/165/2/747/DC1
Genes in the two datasets were matched by RefSeq IDs using the statistics
package JMP. All statistical analyses were also done using this software.
Similarly, great ape fibroblast cell line expression data (Karaman et al. 2003) was
obtained from the Genome Research web site:
http://www.genome.org/cgi/content/full/13/7/1619/DC1
This data was matched to the (H/C) selection data as above.
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Part 2
Subsequent to the preceding analysis, the same group (Enard et al. 2002)
that generated the original brain and liver expression data, reported a new set of
expression experiments. This new report details human-chimpanzee expression
comparisons in five tissues and data on DNA and protein differences from the
chimpanzee genome project (Khaitovich et al. 2005a). This new analysis showed
differences between tissues, but no negative association between expression and
divergence was found for brain tissue. The authors did not do a gene by gene
plot as above but reported mean values for protein expression and divergence
and plotted these to illustrate differences between tissues. The statistical
treatment of this data was also different than in other studies. Brain tissue shows
the most constraint in both protein expression and structural differences, and
liver shows the least constraint, (Figure 4.3 - Khaitovich et al., Figure 2c
reproduced below). The authors of this paper also reported that genes expressed
in fewer tissues were less subject to constraint in both protein expression and
structure, consistent “with a model of neutral evolution with negative selection,”
(Khaitovich et al. 2005).
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Figure 4.3 - Khaitovich et al. “Figure 2c”, pg. 1851 – “Correlation of expression
and protein sequence divergences. Tissues [(brain (black), heart (red), kidney
(green), liver (dark blue), testis (cyan)] with a high amino acid sequence
divergence tend to have a high expression divergence (Pearson’s r = 0.94, P <
0.05). All error bars in the figure represent 95% confidence intervals of the
median values as calculated from 10,000 bootstrap replicates.” Figure and
legend taken from (Khaitovich et al. 2005a).
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Gene by gene analyses were performed on this new expression data to
determine if there was a genuine conflict between these data and the part one
results. One potential reason for the conflicting results is that different methods
were used to determine the significance of expression differences for the two
datasets. Hsieh and co-workers used a mixed-model reanalysis of the data from
Enard et al. that is explained in greater detail in part one (Hsieh et al. 2003). The
new data from Khaitovich and co-workers used RMA or Robust Multichip
Average values (Irizarry et al. 2003), which is calculated using a background
adjustment, quantile normalization and summarization. Essentially this corrects
for the background, or non-specific, binding of the probe, normalizes expression
across the chip and calculates expression values. Both an RMA expression value
(actually the absolute value of the human-chimpanzee difference) and a
variability value were reported for each gene. However, since multiple replicates
per individual were not done, within individual variability can not be
incorporated into the analysis. In order to gauge the reliability of expression
values, the natural log of the RMA expression value divided by the variability
value was calculated for each gene. Genes with a high RMA value to variability
were characterized as more reliable (more likely to reflect a genuine difference in
expression) than genes with a low ratio (Khaitovich et al. 2005a).
Various, somewhat arbitrary, reliability cutoffs - ln(RMA/VAR) of 2.0, 1.0
and 0.5 - were used to examine the relationship between protein expression and
structural divergence using this data for all five tissues. Under no circumstance
was a negative correlation between protein expression and structural divergence
found for brain (or any other) tissue. Table 4.2 lists multivariate correlations
between RMA (expression) and structural divergence (Ka), silent rate (Ki) and
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protein length as above. Brain tissue shows the lowest correlation between
protein expression and structural divergence but it is still a positive association.
Khaitovich and co-workers reported a general association between the evolution
of gene sequences and gene expression but did not discuss the strength of the
correlations found for each tissue.
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Table 4.2
Partial correlations between human-chimpanzee expression divergence (RMA)
and measures of gene divergence.
RMA
Brain
Heart
Kidney
Liver
Testis
Ka
0.0290
0.0446
0.1277
0.0966
0.0953
Ki
0.0539
0.0531
0.0068
0.0424
0.0264
Protein Length
-0.0124 -0.0354
-0.0468
-0.0246 -0.0028
In order to resolve the apparent conflict between these two datasets, two
other, publicly-available, datasets of human to chimpanzee brain expression
differences were matched to the structural differences from the chimpanzee
genome project. These datasets, from Caceres and co-workers (Caceres et al.
2003) and a different dataset from Khaitovich and co-workers (Khaitovich et al.
2004) were matched to the data from the chimpanzee genome (the Chimpanzee
Sequencing and Analysis Consortium, 2005) as in part one.
Table 4.3 details the number and sex of samples used in the expression
studies used. Three of the studies come from the same lab (Svante Pääbo’s group
at the Max Planck Institute for Evolutionary Anthropology, Department of
Evolutionary Genetics, Leipzig, Germany). In addition, some of the samples are
the same from study to study, (Khaitovich, personal communication). For the
Khaitovich 2004 study, only the prefrontal cortex data was used because this is
the same brain region used in the Khaitovich 2005 study and the chip used was
the same as the Enard/Hsieh 2002 and Caceres 2003 studies. Differences
between the HG_U95A chip and the HG_U95Av2 chip are not significant for
these analyses (Hsieh et al. 2003). The data from the male human, aged 71 and
the female chimpanzee, aged 1, Caceres 2003, were removed from comparative
analyses to avoid age-related expression differences (Fraser et al. 2005)
confounding species differences.
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Table 4.3
Summary of human to chimpanzee brain expression comparisons
Enard/Hsieh 2002
3 Humans; all “adult” male, two independent samples each
3 Chimpanzees; all “adult” male, two independent samples each
Affymetrix HG_U95A chips used for brain samples
Affymetrix HG_U95Av2 chips used for liver samples
Brain cortex sample from Brodmann area 9
Caceres 2003
5 Humans; 3 males (ages 30, 31 and 42), 2 females (ages 42 and 71)
4 Chimpanzees; 3 females (ages 1, 15 & 25), 1 male (age 34)
Affymetrix HG_U95Av2 chips used
Brain cortex samples from various regions, left
Khaitovich 2004
3 Humans; all males, (ages 45, 45 and 70)
3 Chimpanzees; all male, (ages 12, 12 and ~40)
Affymetrix HG_U95Av2 chips used for prefrontal cortex
(HG_U95B, C, D & E used as well for other regions)
Brain prefrontal cortex sample from Brodmann area 9, left
Khaitovich 2005
6 Humans; all males, (ages 45, 45, 48, 56, 63 and 70)
5 Chimpanzees; all males, (ages 7, 12, 12, 12 and >40)
Affymetrix HG-U133_Plus chips used
Brain cortex sample from Brodmann area 9
Since three studies used the same Affymetrix chip, direct comparisons can
be made between expression patterns, Figure 4.4. There is a stronger correlation
between expression differences from the data generated by the Pääbo group than
between these and the Caceres data. This correlation is most likely due to
overlap in the samples used and to experimental factors being more similar.
There is still a great deal of noise in the data – a general problem in these kinds of
experiments (Detours et al. 2003).
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Figure 4.4

Figure 4.4 – Scatterplot matrix of human to chimpanzee brain expression
differences for three datasets. The r values are in the lower right corner of each
plot.
Gene by gene analyses done as above with the Caceres 2003 and
Khaitovich 2004 brain expression datasets revealed the same pattern as found in
the Khaitovich 2005 analysis. No negative association was found between gene
structural and expression differences. Multivariate correlations for these two
datasets are found in Table 4.4.
Table 4.4
Additional partial correlations between human-chimpanzee expression
divergence (ABS Exp. Diff.) and measures of gene divergence.
ABS Exp. Diff.
Caceres 2003
Khaitovich 2004
Ka
0.0401
0.0997
Ki
0.0318
0.0755
Protein Length
0.0012
-0.0014
Taken together, these comparisons indicate that the negative correlation
between brain expression and structural protein differences seen with the
Enard/Hsieh data appears to be a unique to this dataset. Since the Khaitovich
2004 brain expression study used the same brain samples for both species as the
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Enard 2002 study this difference may be due to the specific way that the original
Enard data was re-analyzed. However, Hsieh and co-workers (Greg Gibson’s lab
at North Carolina State University) did the same analysis on both the brain and
liver expression data and only the brain data shows a negative association. If
this is an artifact of the way the re-analysis was done, both the brain and liver
data should show it. The Hsieh statistical analysis may have uncovered an
intrinsic attribute of brain expression that is hidden by the noise associated with
current expression data. One other significant difference between the
Enard/Hsieh dataset and the Khaitovich 2004 dataset is the addition of
individual replicates in the former. For each individual, two independent
samples were taken and processed. This may have allowed Hsieh and coworkers to reduce noise further than in subsequent studies.
In order to test the hypothesis that noise is obscuring some inherent
difference between brain tissue and other tissues in the relationship between
protein expression and structural changes, data points were chosen that were in
the top 25% for both expression and Ka/Ki difference in the Khaitovich 2005
dataset. These points should reflect both solid differences in expression and
protein structure, see Appendix 5, Figure S4. Table 4.5 lists the multivariate
correlations for all tissues using only these data points. Brain and heart both
show a negative correlation between expression difference (RMA) and protein
structural change (Ka). However, the negative correlation for brain is greater.
Figure 4.5 shows these comparisons graphically.
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Table 4.5
Partial correlations between human-chimpanzee expression divergence (RMA)
and measures of gene divergence, top 25% of genes.
RMA
Brain
Heart
Kidney
Liver
Testis
Ka
-0.0348 -0.0043
0.0895
0.0438
0.0771
Ki
0.0950
0.2017
0.0791
0.0634
0.1307
Protein Length
-0.0184
0.0035
-0.0164
-0.0705
0.0009
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Figure 4.5 – Human to chimpanzee expression differences plotted against Ka/Ki
for five tissues. Data from Khaitovich et al. 2005. Tissues as follows; a-brain, bheart, c-kidney, d-liver, e-testis. The y-axis on each graph represents the absolute
value of human-chimpanzee expression differences (RMA values). Ka/Ki values
(x-axis) are from the Chimpanzee Sequencing and Analysis Consortium (2005).
The red points are the top 25% of both RMA and Ka/Ki, other points are gray.
Least-squares regression lines are shown in black for all data points and in red
for the top 25% of data points. Confidence curves are only shown as dashed
lines if the line has a slope significantly different from zero.
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Figure 4.5 (Continued), Panel a Brain
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Figure 4.5 (Continued), Panel b Heart
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Figure 4.5 (Continued), Panel c Kidney
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Figure 4.5 (Continued), Panel d Liver
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Figure 4.5 (Continued), Panel e Testis
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Brain tissue is different from other tissues in both human-chimpanzee
expression changes and in the Ka/Ki of genes that show tissue-specific
expression patterns (Khaitovich et al. 2005a). Table 4.6 details the Ka/Ki
patterns of genes that have single tissue expression patterns in the five tissues
examined. It appears that the mean Ka/Ki of genes that have a brain-specific
expression pattern is mainly due to an over-abundance of genes that have no
protein differences (a Ka/Ki of zero). The mean number of genes with no
protein differences overall is 29%, as reported by the Chimpanzee Sequencing
and Analysis Consortium (2005). This same percentage of genes, with a pairwise Ka/Ki of zero, is found in the genes surveyed by Khaitovich and coworkers. Of genes that have a brain-specific expression pattern, 39% are
identical at the protein level (Percent genes Ka/Ki = zero column) – substantially
more than other tissues. However, even when these genes are removed from the
analysis (Mean Ka/Ki with no zero genes column), brain-specific genes still
show a significantly lower mean Ka/Ki than other tissue-specific genes, Table
4.6. Nevertheless, when these tissue-specific genes are used for multivariate
correlations, no negative association is found for brain tissue, Table 4.7.
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Table 4.6
Genes with single tissue expression from Khaitovich et al. 2005a
Tissue
N
Mean
Percent genes Mean Ka/Ki
Ka/Ki
Ka/Ki = zero
with no zero genes
Brain
325
0.139***
39.08
0.228*
Heart
116
0.238
27.59
0.328
Kidney
190
0.288
17.37
0.348
Liver
223
0.367
13.90
0.426
Testis
937
0.383
16.76
0.460
*** p<0.001, ** p<0.01, * p<0.05
Table 4.7
Multivariate correlations - genes with single tissue expression
RMA
Brain
Heart
Kidney
Liver
Ka
0.0838
0.0663
0.2619
-0.0136
Ki
0.0887 -0.0108
-0.0045
0.0517
Protein Length
0.0106 -0.0051
-0.0610
-0.0751

Testis
0.0565
0.0548
-0.0725

These apparent differences in constraint on both protein structure and
expression could result in a higher susceptibility to inherited disorders in tissues
that have tighter constraints. A quick (and very crude) survey of OMIM (Online
Mendelian Inheritance in Man) reveals that more entries are returned using brain
as a search term than the other four tissues with human-chimpanzee expression
data, see Table 4.8. Even accounting for the total numbers of genes showing
expression in that tissue (Khaitovich et al. 2005a), (OMIM entries divided by the
number of genes showing expression in that tissue – OMIM/N), brain has more
OMIM entries than other tissues. The number of OMIM entries per gene
showing expression is most closely associated with the mean Ka/Ki for genes
with expression in that tissue, r = -0.908, p < 0.05. The association with mean
RMA is weaker and not significant, r = -0.625 but brain tissue does show the
lowest mean RMA.
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Table 4.8
Comparison of OMIM entries with measures of tissue-specific constraints
Tissue
N
OMIM
Ka/Ki
RMA
OMIM/N
Brain
6367
4285
0.1680
0.4063
0.673
Heart
6033
2844
0.1786
0.5978
0.471
Kidney
6745
2777
0.1881
0.5262
0.412
Liver
6071
3085
0.1923
0.6384
0.508
Testis
7728
1854
0.2081
0.6020
0.240
In conclusion, brain tissue seems to be different than other tissues in the
overall magnitude of human to chimpanzee expression differences, the overall
amount of protein structural change in tissue specific genes and in the overall
relationship between protein expression and structural differences. Both protein
expression and structural differences are lower, on average, than in other tissues
and, at least in some comparisons, there is a weak, but still significant, negative
association between these two kinds of change.
Discussion
Notwithstanding differences in substitution rate across the genome, there
has been sufficient time for substantial changes to accumulate in both protein
expression and structure, even between closely-related species like humans and
chimpanzees. Nevertheless, for most genes the difference in expression between
these species is small, suggesting that there is broad constraint on the overall
expression level of genes (Lemos 2005a). This seems to be true for protein
structural differences as well, since 29% of genes are identical at the protein level
between human and chimpanzee. These broad constraints clearly vary with the
expression pattern of genes. Genes that are expressed in a larger number of
tissues (Khaitovich et al. 2005) or have more protein-protein interactions (Lemos
et al 2005) are under greater constraint. These constraints on expression and
structural change vary by tissue as well (Khaitovich et al. 2005a). Indeed these
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observations are complementary as different tissues vary in complexity and the
number of genes that are expressed exclusively in that tissue (Sun et al. in press).
Molecular evolutionary constraints on individual genes undoubtedly vary by the
specific function of the gene product and strong selection pressures may
dramatically alter the expression or structure of certain genes.
It is worthwhile to bear in mind that even though the broad constraints
that become apparent in comparisons, like those detailed in this chapter, may
apply to both protein expression and structure, there are fundamental differences
between these kinds of changes. It is well understood that proteins can have the
same three dimensional (tertiary) structure while having a very low degree of
amino acid sequence similarity (Xu et al. 2000, Devos and Valencia 2000). This
means that there might be a great deal more neutral structural evolution
tolerated by organisms. On the other hand, changes to a gene’s expression level
and pattern (both temporal and physical) are more likely to have functional
consequences.
So, while changes in both expression and structure may be broadly
associated with patterns of expression and protein interaction, it is possible that
genes expressed in certain tissues or with specific expression patterns or
functions may be under greater constraints on structural change than expression
level. Genes expressed in different tissues (or a greater number of tissues) or that
have different expression patterns or functions may be under lesser constraints
on structural change than expression level. The negative association between
expression and structural change in brain genes shown above may be an
indication that there is a unique pattern of constraints acting on them. This may
reflect the highly conserved evolution of the mammalian neocortex (Krubitzer
166

and Kaas 2005). Improvements in expression detection technology may allow a
more detailed analysis of these constraints.
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Part 3
A recent paper by Sun and co-workers used serial analysis of gene
expression (SAGE) to examine left-right asymmetry of gene transcription in
human fetal brain tissue. Human brains display anatomical and cognitive
asymmetry between the left and right hemispheres of the brain but the molecular
basis for this asymmetry is poorly understood (Sun et al. 2005). Expression was
examined in 12 and 14 week old fetal human brains. This is a period of neuronal
proliferation and migration when gene expression differences might mediate the
asymmetrical patterning of the cortex. Comparisons were also made at a later
stage (19 weeks) when this process is mostly completed. Three different regions
of the brain were sampled; the perisylvian, frontal and occipital regions. Genes
were identified that had a left-right expression bias for each region and at each
stage.
With this left-right fetal expression data, comparisons were made to
human-chimpanzee adult brain expression differences as well as molecular
selection (Ka/Ki) information as above. The following sections are from an
invited paper in press at Cerebral Cortex:
Genomic and evolutionary analyses of asymmetrically expressed genes
in human fetal left and right cerebral cortex
Tao Sun1,#, Randall V. Collura2, Maryellen Ruvolo2,3, and Christopher A. Walsh1,*
1Department of Neurology, Howard Hughes Medical Institute, Beth Israel Deaconess
Medical Center and Harvard Medical School, NRB Room 0266, 77 Avenue Louis Pasteur, Boston
MA 02115; 2Department of Biological Anthropology, Laboratory of Molecular Evolution, and
3Department of Organismic and Evolutionary Biology, Harvard University, 11 Divinity Avenue,
Cambridge, MA 02138
#Current address: Department of Cell and Developmental Biology, Cornell University Weill
Medical College, 1300 York Avenue, New York NY 10021.
*Corresponding author:
Christopher A. Walsh, M.D. Ph.D., Fax: 617-667-0815, E-mail:
cwalsh@bidmc.harvard.edu
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Results:
Comparisons of differentially expressed genes in human fetal brains
with genes differently expressed in adult human-chimpanzee brains
Gene expression differences in human fetal brains can be viewed through
the lens of species differences in expression. This approach is useful because
some left-right asymmetries in human fetal brains may be relatively ancient (i.e.,
present in other primate species), while other asymmetries may be new to
humans. Currently, there are no comparative studies of human and chimpanzee
fetal brain gene expression. However, data are available on adult brain
expression differences from the two species. Admittedly, the majority of
important expression differences between species may occur at the fetal stage
and be short-lived. Nonetheless, it is instructive to investigate whether some
fetal gene expression asymmetries persist into adulthood and also distinguish
species.
Evolution at the molecular level can be viewed from two complementary
perspectives. First, as genes evolve, they accumulate DNA sequence differences
that can lead to amino acid replacements (Gilbert et al., 2005). This protein
divergence can be measured by the number of DNA substitutions leading to
amino acid changes per amino acid-altering site (Ka) normalized by a measure of
the neutral substitution rate, in this case, the local intergenic/intronic
substitution rate per site (Ki). Most proteins have Ka/Ki values close to zero
because natural selection does not tolerate amino acid change and instead acts to
maintain unchanged structures and functions over time. Therefore high values
of Ka/Ki (>>1) are relatively rare and interpreted as evidence for adaptation
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(positive selection) at the molecular level. Secondly, genes accumulate DNA
substitutions in their regulatory regions as they evolve, leading to expression
divergence, which includes altered mRNA levels. Protein divergence and
expression divergence are complementary aspects of the evolutionary process.
Protein Divergence
We first analyzed Ka/Ki values of genes differentially expressed in
human fetal 12 weeks brain (Sun et al. 2005). Genes having significant
differential expression between left-right fetal brain show significantly less
protein divergence between species than does the average gene compared
between humans and chimpanzees (Ka/Ki = 0.14 vs. 0.27; the latter value is from
the Chimpanzee Sequencing and Analysis Consortium, 2005). Thus genes
involved in fetal hemispheric asymmetry as a class are relatively conserved in
protein evolution compared to other genes (Figure 4.6). For instance, for LMO4,
there is only one silent change from humans to chimpanzees and the protein is
conserved with the mouse, as well as the macaque and the chimpanzee.
Nonetheless, some individual genes showing left-right fetal brain bias have an
elevated Ka/Ki value indicating that they may have undergone selection
(Figure4.6 and Table S1). Furthermore, the degree to which genes exhibit
differential hemispheric bias in expression is not related to their degree of
protein divergence. This demonstrates that as protein-coding differences
accumulate over time, they are not coupled to gene expression changes nor are
they reflective of the extent of regulatory change.
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Figure 4.6. Comparisons of Ka/Ki values of genes differentially expressed
between human fetal left-right brains.
The y-axis distinguishes between genes more highly expressed in the left fetal
brain than in the right (positive values; L-R) and genes more highly expressed in
the right than the left (negative values). All values are normalized by the sum of
their expression values in the left plus right hemispheres (L + R). Ka/Ki values
are from the Chimpanzee Sequencing and Analysis Consortium (2005). A list of
genes with pairwise human-chimpanzee Ka/Ki values above one can be found
in Table S1.
We next compared Ka/Ki values of genes differentially expressed in
human fetal 12 weeks and 14 weeks brains. The genes showing the most
significant left-right hemispheric expression differences in human fetal brains are
more constrained in terms of protein divergence between species at an earlier
fetal stage (12 weeks) than at a later stage (14 weeks). Differentially expressed
genes at 12 weeks have an average Ka/Ki value of 0.08, significantly lower (p <
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0.02) than for those at 14 weeks with Ka/Ki value of 0.20. This trend is not
observed for genes exhibiting a less significant (95% < p < 99%) left-right bias in
brains at fetal 12-, 14-, or 19-weeks. Moreover, no human fetal brain region
stands out as uniquely different in terms of adaptational change at the protein
level. Specifically, there was no significant difference among the classes of genes
differentially expressed in different fetal brain regions in terms of Ka/Ki.
Expression Divergence
We then analyzed genes that have significant (p > 95%) left-right
expression asymmetry in human fetal brains (Sun et al. 2005) and also are
significantly differentially expressed in human versus chimpanzee adult brains
(Enard et al., 2002; Hsieh et al., 2003). As shown, all of the genes display
significant expression differences both between human fetal hemispheres (leftright) and between species (human-chimpanzee) (Figure 4.7 and Table S2). Some
of these genes are implicated in neurological diseases that have been claimed to
be unique to humans and absent in chimpanzees, for example, PIN1 (peptidylprolyl cis/trans isomerase, NIMA-interacting 1) in Alzheimer's disease and
PRDX2 (peroxiredoxin 2) (Olson and Varki, 2003).
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Figure 4.7. Comparisons of genes different between human fetal left-right brains
with those different between human-chimpanzee adult brains.
The colors correspond to levels of statistical significance in Hsieh et al. (2003)
(Table 1: Significance levels: Bonferroni = -log P > 5.4 Red; 0.001 = -log P > 3.0
Blue; 0.05 = -log P > 1.301 Grey). A list of genes can be found in Table S1, online.
Discussions:
Evolutionary mechanisms regulating cortical asymmetry
Human brains are larger and more complex than those of non-human
primates. An intriguing question is how handedness and specified asymmetric
brain functions are evolved in humans. In our previous work, we found that
LMO4 was consistently asymmetrically expressed in human fetal cortices but
this asymmetry became random in mouse cortices (Sun et al., 2005).
Evolutionary mechanisms that bias or entrain this apparently random
asymmetry characterizing rodents may have allowed the development of more
consistent functional asymmetries in the primate cortex (Palmer, 2004). The
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identification of markers asymmetrically expressed in the cortex may allow us to
begin to understand the genetic and evolutionary control of the human cortical
asymmetry.
In this study we have identified some genes that show both left-right
differences in human fetal brains and human-chimpanzee expression differences
in adult brains. Simultaneous consideration of both sources of expression
differences can help tease apart ancient from more recent evolutionary changes.
After all, chimpanzees are likely to exhibit some of the same left-right brain
differences that humans do for particular genes (even if not to the same extent),
while other expression asymmetries may be species-specific. Because the human
species has the unique capacity for language, and because much of that
capability is centered in the left hemisphere, it is intriguing from an evolutionary
perspective to identify genes differentially expressed between left and right
hemispheres that may be unique to humans. Indeed, some differentially
expressed genes detected by SAGE in left-right human fetal brains have high
Ka/Ki values, indicating that these genes may be under positive evolutionary
selection (Figure 4.6 and Table S1). Studying the functions of these genes might
be significant in evolutionary or phenotypic terms, i.e. how they are related to
brain evolution. To confirm the signal of selection and to determine which
evolutionary lineage (human vs. chimpanzee) has undergone the most molecular
evolutionary change, further primate DNA sequences should be part of
additional analyses.
Genes showing significant expression differences both between human
fetal hemispheres (left-right) and between species (human-chimpanzee) are also
very interesting (Figure 4.7 and Table S2). These genes might have played
174

critical roles in human brain evolution, particularly in controlling or maintaining
brain asymmetry in humans and their ancestors. Analyzing Ka/Ki values for
these genes between humans and other primates may enrich our understanding
of their general roles in brain evolution.
Furthermore, evolutionary selection undoubtedly works on different
aspects of protein expression and structure. We also compared the Ka/Ki values
of differentially expressed genes between left-right human fetal hemispheres
detected by SAGE. This kind of analysis allows us to highlight genes that may
have undergone selection at different levels. Though this analysis should be
considered preliminary, as more expression and genomic data become available,
it will have interesting implications for molecular evolution and selection of
human brain asymmetry.
Methods:
Comparing differentially expressed genes in human fetal brains with those in
human-chimpanzee adult brains
Human-chimpanzee protein selection data (Ka/Ki values) were taken
from the Broad Institute (MIT) web site:
http://www.broad.mit.edu/ftp/distribution/papers/chimpanzee_genome/
This data set contains data from 13455 pairwise human-chimpanzee gene
comparisons (Table S23) and was matched to genes from the left-right human
fetal brains, based on tables S1 and S2 (12 and 14 week, confidence level p>99%)
and tables S3-S12 (12, 14 and 19 week, confidence level: 95%<p<99%).
Genes differently expressed in human-chimpanzee adult brains (Hsieh et al.,
2003) (reanalysis of data from Enard et al.) were compared to the differentially
expressed genes in left-right human fetal brains (Tables S3-S12, Sun et al., 2005).
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RefSeq and gene symbol identification of microarray "internal IDs" was obtained
from the Affymetrix web site:
http://www.affymetrix.com/support/technical/byproduct.affx?product=hgu95
These RefSeq and gene symbol IDs were amended to the “brain filtered”
dataset (Excel file “Primate Sig Genes”) obtained from the Hsieh et al. 2003
supplementary information on the Genetics web site:
http://www.genetics.org/cgi/content/full/165/2/747/DC1
Genes in the two datasets were matched using the statistics package JMP. All
statistical analyses were also done using this software.
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Chapter 5
Summary and Conclusions.

177

Over thirty years have passed since King and Wilson published their
seminal paper: "Evolution at two levels in humans and chimpanzees." Dramatic
technological and conceptual advances have been made since that time in
evaluating gene sequence and expression divergence. The sheer quantity of data
available is orders of magnitude greater than it was in the mid 1970’s. Despite
these changes, we are still a long way from having a complete description of the
molecular basis of what makes us human. We have begun to map the differences
between us and our close ape relatives, however not all the differences are
important. In fact, most differences at the molecular level will probably turn out
to be neutral. Finding the critical molecular changes that differentiate us from
chimpanzees (and other primates) is still a major goal of biological anthropology.
Concurrent with the advances in molecular biology there have been
dramatic advances in our understanding of primate behavior. It appears that
human cognitive abilities are enhancements of already present non-human
primate abilities – we are not as dissimilar as we once thought (Roth and Dicke
2005; Whiten et al. 1999). This serves to make our task all the more difficult.
Nevertheless, it is my hope that this thesis will be seen as a small part of
achieving that ultimate goal.
The analyses presented in Chapter 1 demonstrate that homologous
protein-coding genes from closely-related species whose products have the same
function may have surprisingly different molecular evolutionary constraints.
Anthropoid primate mitochondrial proteins, in particular, have undergone
dramatic shifts in evolution. Given the close relationship between mitochondrial
respiration and nervous system functioning (Roubertoux et al. 2003), the
distinctive evolution of anthropoid primate mitochondrial proteins may have
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been involved in brain evolution in this group; indeed major changes in the
molecular evolution of mitochondrial proteins coincide with brain expansion in
the primates. Preliminary studies of nuclear-encoded subunits of primate
electron transport chain complexes have shown evidence of selection (Grossman
et al. 2004, Doan et al. 2004; Doan et al. 2005). This lends credence to the idea
that the electron transport chain has undergone substantial evolution in the
anthropoid primates. The relationship between this evolution and the increase in
brain size in the anthropoids has yet to be demonstrated. However, the potential
connection seems promising.

As demonstrated in chapter 3, genes that present a brain-size related
phenotype when mutated sometimes show signs of selection in the primates but
not always. These genes are certainly important for brain development,
however, their role in hominid (or even anthropoid) brain evolution is still
uncertain. King and Wilson suggested that regulatory changes were likely the
predominant evolutionary mechanism responsible for the phenotypic differences
between humans and chimpanzees. The chimpanzee genome has revealed that
there have been significant changes in the structure of a substantial fraction of
proteins since the last common ancestor. Both mechanisms will probably turn
out to have played a role in human evolution. Genes that have a human brainsize and/or developmental phenotype may be found to have played a role in
hominid brain evolution through selection on the protein or selective changes in
the timing, level or pattern of expression.
Microarray technology has the potential to determine the role of
expression differences in hominid evolution, given the appropriate
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developmentally staged tissues for cross-species comparison. Unfortunately,
these tissues will be hard to obtain. The work of Sun and co-workers on leftright asymmetry of gene transcription in human fetal brain tissue is a step in that
direction. Comparisons with chimpanzee fetal brain expression patterns would
certainly be illuminating. The analyses in chapter 4 have shed light on the
differences between tissues in broad patterns of expression and structural
divergence. These results are of biological interest but don’t directly contribute
to an understanding of hominid evolution. Perhaps a better understanding of
the underlying differences between tissues will assist in making evolutionary
(cross-species) comparisons.
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Appendix 1:
Cytochrome b sequences:
Common name
Alpaca
Vicuna
Arabian Camel
Bactrian Camel
Sheep
Chevrotain
Banteng
Cow
Water Buffalo
Goat
Markhor Goat
Serow
Giraffe
Fallow
Pronghorn
Hippo
Peccary
Pig
Bearded Pig
Babirusa

Accession #
U06425
U06430
X56281
U06427
X56284
X56288
D34636
NC 001567
D88635
X56289
D84202
D32191
X56287
X56290
X56286
U07565
X56296
X56295
Z50107
Z50106

Latin name
Lama pacos
Vicugna vicugna
Camelus dromedarius
Camelus bactrianus
Ovis aries
Tragulus napu
Bos javanicus
Bos taurus
Bubalus bubalis
Capra hircus
Capra falconeri
Capricornis crispus
Giraffa camelopardalis
Cervus dama
Antilocapra americana
Hippopotamus amphibius
Pecari tajacu
Sus scrofa
Sus barbatus
Babyrousa babyrussa

Thomass Nectar Bat
Jamaican Flower Bat
Fischers Fruit Bat
Dwarf Fruit Bat
Hairy Fruit Bat
Sebas ST Bat
Gray ST Bat
Chestnut ST Bat1
Chestnut ST Bat2
Toltec FE Bat
Dark FE Bat
Little FE Bat
Brown FE Bat
Tent Building Bat
Hellers BN Bat
Little Big Eyed Bat
Salvins Big Eyed Bat
Wattled Bat
Red Flying Fox
Ryukyu Flying Fox

AF187034
AF187033
AF187032
AF187031
AF187027
AF187025
AF187023
AF187022
AF187020
U66515
U66507
U66517
U66519
L28941
L28940
L28942
L28939
AF321051
AF321050
AB042770

Lonchophylla thomasi
Phyllonycteris aphylla
Rhinophylla fischerae
Rhinophylla pumilio
Rhinophylla alethina
Carollia perspicillata
Carollia subrufa
Carollia castanea
Carollia castanea
Artibeus toltecus
Artibeus obscurus
Artibeus hartii
Artibeus concolor
Uroderma bilobatum
Platyrrhinus helleri
Chiroderma trinitatum
Chiroderma salvini
Chalinolobus tuberculatus
Pteropus scapulatus
Pteropus dasymallus

Pygmy Sperm Whale
Harbor Porpoise

U72040
U72039

Kogia breviceps
Phocoena phocoena
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Appendix 1 (continued)
Sperm Whale
Indus Susu
Gervais Beaked Wh
Goose Beaked Whale
Narwhal
Killer Whale
Franciscana
Boutu
Bowhead Whale
Right Whale
Brydes Whale
Sei Whale
Fin Whale
Humpback Whale
Minke Whale
Spinner Dolphin
Bridled Dolphin
Sowerbys Beaked Wh

X75589
X92543
X92537
X92540
X92532
X92528
X92535
X92534
X75588
X75587
X75583
X75582
X61145
X75584
X75753
X56292
X56294
X92538

Physeter catodon
Platanista minor
Mesoplodon europaeus
Ziphius cavirostris
Monodon monoceros
Orcinus orca
Pontoporia blainvillei
Inia geoffrensis
Balaena mysticetus
Balaena glacialis
Balaenoptera edeni
Balaenoptera borealis
Balaenoptera physalus
Megaptera novaeangliae
Balaenoptera acutorostrata
Stenella longirostris
Stenella attenuata
Mesoplodon bidens

Weddell Seal
S. Elephant Seal
Hooded Seal
Ribbon Seal
Ringed Seal
Spotted Seal
Polar Bear
Asian Black Bear
Brown Bear
Lesser Panda
E A Badger
Sea Otter
European Polecat
Olingo
Raccoon
Dog
House Cat
Lion
Tiger
Mongoose

X72005
X82298
X82294
X82302
X82304
X82305
X82309
U23558
U18873
X94919
X94922
X94924
X94925
X94931
X94930
X94920
AB004238
X82300
X82301
X94926

Leptonychotes weddelli
Mirounga leonina
Cystophora cristata
Phoca fasciata
Phoca hispida
Phoca largha
Thalarctos maritimus
Ursus thibetanus
Ursus arctos
Ailurus fulgens
Meles meles
Enhydra lutris
Mustela putorius
Bassaricyon gabbii
Procyon lotor
Canis familiaris
Felis catus
Panthera leo
Panthera tigris
Herpestes auropunctatus

Slender Loris
Brown Lemur
R T Lemur
Sifaka
Mouse Lemur
Aye Aye
Tarsier

U53581
U53577
U38271
U53573
U53571
U53569
AB011077

Loris tardigradus
Eulemur fulvus
Lemur catta
Propithecus tattersalli
Microcebus coquereli
Daubentonia madagascariensis
Tarsius bancanus
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Squirrel Monkey
Common Marmoset
Owl Monkey
Human
Gorilla
Orangutan
Ag Gibbon
Hoolock Gibbon
Siamang
Rhesus Macaque
B&W Colobus
Proboscis Monkey
Baboon

U38273
AF295586
AY250707
V00662
D38114
D38115
U38263
Y13305
Y13303
U38272
U38264
U62663
Y16590

Saimiri sciureus
Callithrix jacchus
Aotus trivirgatus
Homo sapiens
Gorilla gorilla
Pongo pygmaeus
Hylobates agilis
Hylobates hoolock
Hylobates syndactylus
Macaca mulatta
Colobus guereza
Nasalis larvatus
Papio hamadryas

Egyptian Sp Mouse
House Mouse
Spiny Mouse1
African Mouse
Rat
Eastern PG
Mex PG
Flying Squirrel
Vole
Eth Arvicanthis
Spiny Mouse2
Arvicanthis
Pocket Gopher
T E Squirrel
Fat Dormouse
Myosplax
Eosplax
Blind Mole Rat
Bamboo Rat
Greater Cane Rat

X96996
V00711
Z96067
Z96069
J01436
L11901
L11905
AF030391
U54474
AF004567
Z96056
AF004579
U65291
U10181
AJ001562
AF326272
AF326261
AF155871
AF326274
NC 002658

Acomys cahirinus
Mus musculus
Acomys spinosissimus
Mus musculoides
Rattus norvegicus
Geomys bursarius juggosicularis
Cratogeomys gymnurus
Glaucomys sabrinus
Microtus rossiaemeridionalis
Arvicanthis abyssinicus
Acomys sp.
Arvicanthis sp.
Thomomys talpoides
Sciurus aberti
Myoxus glis
Myospalax myospalax
Eospalax cansus
Spalax ehrenbergi
Rhizomys sinensis
Thryonomys swinderianus

Brown Antechinus
W Woolly Opossum
Little Red Kaluta
Northern Quoll
Southern Opossum
Kalubu Echymipera
Bushy Tailed Opossum
Incan Shrew Opossum
Red Mouse Opossum
Mouse Opossum
Brown 4E Opossum
LH Woolly Mouse Op
SH Woolly Mouse Op
Sepia ST Opossum

M99454
U34664
M99456
M99460
U34665
U34682
U34666
U34681
U34668
U34669
U34672
U34674
U34675
U34677

Antechinus stuartii
Caluromys lanatus
Dasykaluta rosamondae
Dasyurus hallucatus
Didelphis marsupialis
Echymipera kalubu
Glironia venusta
Lestoros inca
Marmosa lepida
Marmosops impavidus
Metachirus nudicaudatus
Micoureus demerarae
Micoureus regina
Monodelphis adusta
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Appendix 1 (continued)
Short Furred Dasyure
Southern Dibbler
BT Phascogale
Four Eyed Opossum
Gray 4E Opossum
Fat Tailed Dunnart

M99455
M99457
M99459
U34680
U34679
M99463

Murexia longicaudata
Parantechinus apicalis
Phascogale tapoatafa
Philander mcilhennyi
Philander opossum
Sminthopsis crassicaudata
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Appendix 1 (continued)
Complete mitochondrial genomes:
Common name
Accession #
Platypus
X83427
Opossum
Z29573
Wallaroo
Y10524
Rabbit
AJ001588
Armadillo
Y11832
Fruit Bat
AF061340
European Hedgehog
X88898
Aardvark
Y18475
Af Elephant
AJ224821
Wattled Bat
11610804
Red Flying Fox
11602891
Ryukyu Flying Fox
11386118
Guinea Pig
AJ222767
Human
D38112
Bonobo
D38116
Chimpanzee
D38113
Gorilla
D38114
Bornean Orangutan
D38115
Sumatran Orangutan
X97707
Lar Gibbon
X99256
Baboon
Y18001
Barbary Macaque
AJ309865
Owl monkey
AY250707
W F Capuchin
AJ309866
Western Tarsier
AF348159
Slow Loris
AJ309867
Tree Shrew
AF217811
Alpaca
Y19184
Cow
V00654
Sheep
AF010406
Pig
AJ002189
Hippo
AJ010957
Sperm Whale
AJ277029
Blue Whale
X72204
Fin Whale
X61145
House Cat
U20753
Gray Seal
X72004
Harbor Seal
X63726
Dog
U96639
White Rhino
Y07726
Indian Rhino
X97336
Donkey
X97337
Horse
X79547
Red Squirrel
AJ238588
Mouse
V00711
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Latin name
Ornithorhynchus anatinus
Didelphis virginiana
Macropus robustus
Oryctolagus cuniculus
Dasypus novemcinctus
Artibeus jamaicensis
Erinaceus europaeus
Orycteropus afer
Loxodonta africana
Chalinolobus tuberculatus
Pteropus scapulatus
Pteropus dasymallus
Cavia porcellus
Homo sapiens
Pan paniscus
Pan troglodytes
Gorilla gorilla
Pongo pygmaeus
Pongo pygmaeus abelii
Hylobates lar
Papio hamadryas
Macaca sylvanus
Aotus trivirgatus
Cebus albifrons
Tarsius bancanus
Nycticebus coucang
Tupaia belangeri
Lama pacos
Bos taurus
Ovis aries
Sus scrofa
Hippopotamus amphibius
Physeter macrocephalus
Balaenoptera musculus
Balaenoptera physalus
Felis catus
Halichoerus grypus
Phoca vitulina
Canis familiaris
Ceratotherium simum
Rhinoceros unicornis
Equus asinus
Equus caballus
Sciurus vulgaris
Mus musculus

Appendix 1 (continued)
Rat
Greater Cane Rat
Fat Dormouse

X14848
AJ301644
AJ001562

Rattus norvegicus
Thryonomys swinderianus
Myoxus glis

Taxa added for Chapter 2, Part 3
African green monkey
NC_007009
Rhesus Macaque
NC_005943
Dusky langur
NC_006900
B&W Colobus
NC_006901

Cercopithecus aethiops
Macaca mulatta
Trachypithecus obscurus
Colobus guereza
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Appendix 2:

Figure S1 Reference tree used for cytochrome b branch length analysis. See methods
for information (Chapter 2) on tree construction.
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Figure S1 (Continued)
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Appendix 3:

Figure S2 Protein vs. silent DNA evolution in cytochrome b based on maximum
likelihood inferred branch lengths for all primates as a group vs. other mammals.
ML silent DNA distances were calculated in PAUP* and ML protein distances
were calculated using PAML 3.0c. (Yang, Z. 2000. Phylogenetic Analysis by
Maximum Likelihood (PAML), Version 3.0. University College London, London,
England (http://abacus.gene.ucl.ac.uk/software/paml.html)).
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Appendix 4:

Figure S3 Major events related to isofunctional remodeling of primate
mitochondrial proteins. Average numbers of changes at primate-specific
variable sites along branches are shown as small vertical lines (in groups of five)
below the branches. Evolutionary divergence dates are approximate. Percent
G+C refers to nucleotide composition at silent sites in the 12 mitochondrial gene
data set.
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Figure S3 (Continued)
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Appendix 5:

Figure S4 – The relationship between Hsieh et al. significance levels and an
expression cut-off.
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Figure S4 (Continued)
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