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A
ABSTRACT
M
Motivation: Increased availabilitty of finished hu
uman genomic seq
quence data has made it possible
e to analyze hum
man genomic orga
anizzation at the seq
quence level. Examination
E
of sequence data in
ndiccates regions of high and low G+C content exist within the hum
man
g
genome. Differe
ent hypotheses are
a given examin
ning why these reg
gions are presen
nt in the human genome, includ
ding widely studied
h
hypotheses statin
ng these regions
s are maintained
d in the human geg
n
nome via various mechanisms.
R
Results: Prelimin
nary tests of one
e of these hypoth
heses strongly su
ugg
gest high and low G+C regions have not been maintained by the
t
p
presence of repetitive elements with
w a high or low
w G+C content within
n them. Examin
nation of a mutattional hypothesis
s supports the co
oncclusion that compositional mutatiion biases the evolution
e
of the huh
m
man genome. However,
H
observe
ed mutation bias
ses do not seem
m to
m
maintain regions of high G+C co
ontent. Rather, preliminary resu
ults
in
ndicate different substitution rates are in effect in different regions
s of
th
he genome, pres
senting the current mosaic view of
o the genome.
C
Conclusion: The
e preliminary study of compositio
on specific substitutiion rates in repe
etitive elements and
a pseudogene
es suggest features
in
nserted under le
ess selective prressure appear to be mutating tow
wards a higher A+T
A
composition
n with a rate de
ependent upon the
t
lo
ocal G+C contex
xt at the insertion site.
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INTRODU
UCTION

It has been proposed vertebrate genomes are made up of
ccompositionally
y homogeneou
us DNA segm
ments based on
G
G+C content (Macaya et al.,
a 1976; Cun
ny et al., 1981).
T
These regions, known as iso
ochores, have been studied for
f
nnearly 30 yearss using experim
mental density gradient centrrifuugation techniq
ques (Bernardi,, 1993; Macayaa et al., 1976).
R
Recent sequencce level studiees argue the hu
uman genome is
nnot nearly as homogeneous
h
as
a Bernardi’s 5-class
5
system of
isochore classiffication might lead one to believe
b
(Rouch
hka
aand States, 200
02; IHGSC, 20
001; Nekrtenk
ko and Li, 2000).
W
While these stu
udies have bro
ought to light that
t
a strict fiv
veT
To whom correspo
ondence should bee addressed.

*

U
University of Louisv
ville Bioinformatics Technical
T
Report Series
S

class syystem based onn G+C contentt may not be thhe best approach for sequence ssegmentation iin human DNA
A, all of the
authorss seem to agreee large regions of long-rangge variation
in highh and low G+C
C content are ppresent in the human genome.
At leasst two categoriees of theories hhave emerged to account
for thesse regions. T
The first categoory, the mainteenance hypothesees, states regioons of high annd low G+C ccontent are
presentt in the humann genome due to various poorly specified m
mechanisms prromoting com
mpositional maaintenance.
The seccond categoryy hypothesizes regions of higgh and low
G+C coontent are obseerved within thhe human genoome due to
regionaal variations inn mutational rattes.
1.1

O
Overview of Maintenance
e Hypothese
es

Severall theories havee been proposed arguing in support of
maintennance mechannisms (see E
Eyre-Walker aand Hurst,
2001, aand Bernardi, 2000, for reviews). The tw
wo main argumentts stem from a selectionist hyypothesis that a selective
processs is at work too promote G+
+C compositionnal regions
and a nneutralist hypoothesis stating nno selection is occurring.
The neuutralist theoriees can be brokeen down into ttwo camps,
those ssubscribing to biased gene conversion thheories and
those w
who believe soome sort of muutational mechhanism was
at workk.
Selectionist Hyppothesis
1.1.1 Se
The se lectionist arguument suggestss high and low
w G+C regions aarise due to seleective advantaages. G:C basee pairs contain thrree hydrogen bbonds while A:T base pairs coontain two,
and thuus G:C base ppairs should prrovide greater stability at
higher temperature leevels (Wada aand Suyama, 1986). The
argumeent for the presence of high and low G+C regions in
warm-bblooded vertebbrates due to sselection stem
ms from the
apparennt observation of an "isochorre" structure inn mammals
and birrds, while gennomes of coldd-blooded verttebrates in-
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cluding fish and amphibians are devoid of such structure
(Bernardi, 1993). An increase in G+C content could provide thermodynamic stability against degradation by heat
(Bernardi, 2000; Ohama et al., 1987). A conflicting study
(Galtier and Lobry, 1997) shows this may not be the case.
Bernardi (2000) suggests this lack of correlation could be
due to other selective factors such as DNA-binding proteins
(Robinson et al., 1998) and thermostable chaperonins
(Taguchi et al., 1991) that act to stabilize genomic DNA.
This hypothesis of high/low G+C structure as a selective
advantage to homeothermy has additionally been questioned
due to the apparent presence of an "isochore" structure in
the genomes of some cold-blooded vertebrates (Hughes et
al., 1999), indicating the strong possibility that "isochore"
evolution predated homeotherm evolution.
The most unfortunate property of the selectionist hypothesis
as presented is that it cannot be easily tested using scientific
rigor. While the argument may have some merit, it appears
to be grounded more at a philosophical rather than factual
level. Therefore, the selectionist hypothesis as proposed by
Bernardi is not considered and tested.
1.1.2 Biased Gene Conversion
The biased gene conversion (BGC) hypothesis states regions
of the human genome have been maintained at a higher
(lower) G+C composition due to a bias in A|T→ G|C
(G|C→A|T) gene conversion events (Galtier et al., 2001).
Biased gene conversion plays a potential role in the maintenance of high G+C regions due to the high G+C content of
recombination hotspots such as regions encoding ribosomal
operons, tRNAs and histones (Galtier et al., 2001). Galtier
et al. (2001) suggest the BGC hypothesis could account for
the bias in G|C→A|T vs. A|T→G|C mutations found within
single nucleotide polymorphisms (Eyre-Walker, 1999).
1.1.3 Mutational Bias
The mutational bias hypothesis states these regions are
maintained by biases in mutational mechanisms favoring
A|T→G|C mutations in G+C rich regions and G|C→A|T
mutations in G+C poor regions. Filipski (1987) studies the
correlation between coding regions and their surrounding
G+C content and codon usage, a phenomenon now well
studied (Knight, Freeland and Landweber, 2001; D'Oniofro
and Bernardi, 1992). Filipski argues regions of differing
G+C content have been maintained due to mutational biases
caused by the actions of the more error prone β polymerase
acting in G+C rich chromatin regions.
Wolfe, Sharp and Li (1989; also see Wolfe, 1991) suggest
compositional biases could be due to differences in replication conditions. High G+C regions replicate early in the Sphase of the cell cycle when dGTP and dCTP is high in the
dNTP pools. As the S-phase progresses, the dGTP and
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dCTP concentrations decrease, and low G+C regions replicate. As a result, A|T→G|C mutations are more likely to
occur early in S-phase replication (or in high G+C regions)
and C|G→A|T mutations are more likely to occur later in
low G+C regions. Casane et al. (1997) performed similar
experiments on processed pseudogenes and the surrounding
non-coding regions in primates. Their results show the ratio
of the G|C →A|T mutation rate to the A|T→G|C mutation
rate varied according to the G+C content of the genomic
position, indicating a mutational bias was at work.
Francino and Ochman (1999) suggest high and low G+C
regions result from mutation events. Their results indicate
the ratio of G|C→A|T to A|T→G|C mutations produces
strikingly different results when the composition of the
genes and pseudogenes is considered.
Ohama et al. (1987) examine the G+C composition of the
streptomycin operon in two separate bacterial organisms
with different overall G+C content. The high G+C content
of the M. luteus genome affects the G+C composition of the
str operon which has a mean G+C content of 67%, much
higher than found in E. coli (51%), which has a lower genomic G+C content. In addition, 95% of all wobble bases in
the M. luteus str operon are either G or C compared to only
52% in E. coli.
Fryxell and Zuckerkandl (2000) suggest context dependent
mutational bias is possibly due to cytosine deamination,
which decreases in rate two-fold for each 10% increase in
G+C content. This implies the higher the G+C content, the
lower the rates of C→T and G→A mutations will be, and
similarly, lower G+C content will produce a higher rate of
C→T and G→A mutations. This bias could be due to a
higher concentration of methylation/deamination enzymes
in regions of lower A+T composition. Cytosine deamination would then function as a positive feedback loop, promoting maintenance of both high and low G+C regions.
1.2

Overview of Regional Variation in Mutation
Hypotheses

In 1972, Cox argued the spontaneous mutation rate within
mammalian DNA varies over the entire genome. This conflicted the previous assumption that mutation rates were
uniform throughout genomes (Sueoka, 1962). More recent
studies illustrate variation in mutation rates across a genome
(Castresana, 2002; Casane et al., 1997; Wolfe, Sharp and Li,
1989).
Regions of high and low G+C could arise due to regional
variations in mutation rates. A hypothesis studied herein is
the human genome evolved from a G+C rich ancestral genome. As discussed in the results, substitution rates within
the human genome appear to have moved the genome to-
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wards A+T richness. This rate would appear to have been
slower, but nonetheless present, in regions of high G+C.
The variability in the mutation rate hypothesis suggests regions of high G+C are seen in the present view of the human genome due to their location in regions of low mutation
while regions of low G+C tend to be located in mutational
hot spots.
1.3

Understanding Large-scale G+C Variation

The interest in understanding large-scale G+C variation
within the human genome led to the exploration of two hypotheses designed to test the maintenance hypothesis. The
first hypothesis states high and low G+C regions are maintained by the presence of repetitive elements with a high or
low G+C content within them. The second hypothesis tested was that a compositional bias for mutation rates exists
which promotes the maintenance of such regions.

2

METHODS

2.1 Exploration of Two Maintenance Hypotheses
One of the shortcomings of previous studies into the mechanisms suggesting maintenance of regions of high and low
G+C content is they are largely based on looking at genic
regions, which constitutes only a small fraction of the human genome (Gardiner, 1996). In order to understand regions of high and low G+C composition more completely,
potential maintenance of these regions was studied by looking at repetitive elements and processed pseudogenes, which
are two features in the human genome less likely to be under
selective pressure. Such an approach may rule out other
evolutionarily advantageous mechanisms at work.
2.1.1 Hypothesis 1: Regions of High/Low G+C Result from
Repetitive Element Composition
Previous studies show the densities of certain types of repetitive elements are not uniform throughout the human genome (Belle and Eyre-Walker, 2002; IHGSC, 2001;
Pavlίček et al., 2001; Matasi, Labuela and Bernardi, 1998;
Jabbari and Bernardi, 1998). The pattern of distribution of
G+C rich short interspersed (SINE) elements (the mean
G+C content of the representative ALUs is 52%) and G+C
poor long interspersed (LINE) elements (L1 elements are
37% G+C) is particularly intriguing (Belle and EyreWalker, 2002; IHGSC, 2001; Eyre-Walker and Hurst,
2001). SINEs and LINEs both incorporate the LINE transcription mechanism (Jurka, 1997; Feng et al., 1996). It
would be thought that the insertion at a TTTT/A cleavage
site would promote SINEs and LINEs both within A+T rich
regions due to an increased likelihood of finding such a site.
However, LINEs tend to be found in A+T rich regions,

while SINEs are found in more G+C rich regions (IHGSC,
2001; Eyre-Walker and Hurst, 2001), although more recent
ALUs are more evenly distributed in the genome (EyreWalker and Hurst, 2001).
One potential explanation leading to the appearance of high
and low G+C regions in the human genome is regions of
G+C variation are caused by the presence of repetitive elements within them. Under this hypothesis, regions of high
G+C will exist in the human genome due to a high density
of G+C rich SINEs within them. Similarly, regions of low
G+C should be observed due to the high density of G+C
poor LINEs in these areas. If repeats alone were responsible
for regional variation, there should be no correlation between regional G+C content and the G+C content of the
unique sequence contained within.
Calculating Repetitive and Non-repetitive G+C Composition
The G+C composition of the region as a whole was compared to the G+C composition of the repetitive and potentially unique (non-repetitive) regions. If repetitive elements
were the driving force behind the overall G+C composition,
there should be a higher correlation between the G+C content of the repetitive elements and the G+C content of the
overall region. At the same time, the G+C content of the
unique regions should remain neutral and randomly vary
based on the G+C content of the repetitive elements.
This hypothesis was explored by examining the Goldenpath
December 2001, assembly of the human genome (Kent and
Haussler, 2001; genome.ucsc.edu).
Only contigs
mapped to a particular chromosome were considered.
Known repeats from the Repbase database version 6.10
(Jurka, 2000) were masked out using RepeatMasker (A.
Smit and P. Green, unpublished). Each contig was run
through RepeatMasker twice. One run was performed in
the slower, native settings for the detection of low complexity and simple repeats (using the -int option). The
second run took advantage of the -w option, which incorporates wublastn (W. Gish, 1996-2001) as the underlying
alignment algorithm (Bedell, Korf and Gish, 2000).
2.1.2 Hypothesis 2: Mutational Biases Revisited
As previously discussed, one of the hypotheses for high and
low G+C region maintenance is it is due to biological mechanisms favoring compositional bias in mutation rates. Previous studies have focused on a limited set of genes and
pseudogenes within human and primate populations (Filipski, 1987; Wolfe, Sharpe and Li, 1989; Casane et al., 1997).
In order to work around selection mechanisms that may play
a role, two elements less likely to be under selective pressure were studied: processed pseudogenes and repetitive
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elements. In an ideal case, the rate of A|T→G|C and
G|C→A|T mutations would be compared when elements
derived from the same ancestor were placed in differing
neighborhoods of G+C concentration. However, it is not
always possible to determine whether a mutation has occurred within the ancestor or the descendant sequence.
Therefore, the rate of A|T→G|C and G|C→A|T substitutions
were studied as to how they related to the surrounding G+C
composition.
2.2 Studying Compositional Bias in Processed
Pseudogenes
For the purpose of the study, it was assumed that the gene
locus existed first, and then at some point in the evolutionary history of humans, the pseudogene arose. Once the gene
and pseudogene were in place, they could evolve and mutate
independently of one another. However, genes are under
selective pressure, so there are expected to be fewer mutations within them than in neutrally mutating pseudogenes.
When a nucleotide difference is observed between a gene
and pseudogene, it is more likely to have occurred within
the pseudogene. An exception would be when a mutation
occurred in the third codon position (wobble base). Synonymous wobble base mutations are not expected to alter the
fitness of the genic region in a significant way.
Details on how to incorporate directional information is
given in the Discussion. However, the directionality of the
mutation is not nearly as important as whether or not it
changes the overall G+C composition of the gene or
pseudogene. Therefore, substitutions were reported as
A|T→G|C and G|C→A|T where the nucleotide of the gene
was listed first, and the nucleotide of the pseudogene second. If the original nucleotide is an A or T in the gene and
the nucleotide in the pseudogene is a C or G, the effect will
be the same as if the original gene nucleotide was a C or G
that mutated to an A or T over time. Thus, the rates of
A|T→G|C and G|C→A|T substitutions are compared when
the gene is in one G+C composition and the pseudogene is
in another. This allows a determination of whehter a compositional bias in substitution rates within genes and
pseudogenes potentially exists.
2.2.1 Obtaining Pseudogene Data
Potential processed pseudogenes were obtained by searching individual mRNA entries of RefSeq (Pruitt and Maglott,
2001) against the University of California-Santa Cruz's
Goldenpath assembly of the human genome using
wublastn. For the data sets, RefSeq was downloaded
on April 18, 2002, when 15,199 human mRNAs were available. The December 2001 Goldenpath assembly was
used.
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RefSeq entries mapping to more than one location were
likely to contain both a native locus location as well as one
or more other locations that were potential paralogs or
pseudogenes. For entries with multiple loci, each individual
BLAST HSP was assigned a score SHSP (Equation 1) equal to
the fractional percentage identity multiplied by the fraction
of the mRNA that the HSP covered. LHSP is the length of
the HSP and LREFSEQ is the length of the RefSeq entry.
Scores for all of the HSPs occurring within a single locus (a
total of n HSPs) were summed into a single score, SLOCUS
(Equation 2).
%

∗

(1)

(2)

The locus with the highest (optimal) SLOCUS score was considered the native locus. All other loci were treated as potential candidates for paralogs and pseudogenes, both processed and unprocessed. Each HSP within an alignment
should roughly correspond to an alignment of exonic regions. RefSeq hits were filtered to only contain entries
where the native locus contained at least three HSPs to increase the likelihood that at least one intron (two exons) was
in the native gene. This reduced the problem of differentiating between paralogs, unprocessed pseudogenes and processed pseudogenes corresponding to single exon genes. An
additional restriction that the non-native loci contains only a
single HSP was applied since processed pseudogenes have
intronic regions spliced out and they should map continuously with the RefSeq mRNA. A final restriction required
non-native loci to align within 20 basepairs (bp) of the 3'
end of the RefSeq sequence, since processed pseudogenes
are often truncated at the 5' end. While these restrictions
would not detect all of the processed pseudogenes within the
human genome, the reported gene-pseudogene pairs had a
greater likelihood of being true positives.
Gene and pseudogene pairs were separated into four categories based on their G+C content (Table I). The categories
are: (LOW, LOW), (LOW, HIGH), (HIGH, LOW), and
(HIGH, HIGH). The first element in the ordered pair represents the regional G+C composition flanking the gene while
the second represents the regional G+C composition flanking the pseudogene. These neighboring compositions were
calculated taking 25 kb on both sides of the gene or pseudogene. Regions containing less than 41% G+C were categorized as LOW, while regions containing greater than 44%
G+C were categorized as HIGH. The total neighborhood
size of 50-kb (25-kb on two ends) was used to maintain consistency with Bernardi's earlier density gradient centrifugation experiments. Additionally, boundaries of 41% and
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Table I: Number of Genes and Pseudogenes Found.
GENE
G+C
HIGH
HIGH
LOW
LOW
TOTALS

Pseudogene
G+C
LOW
HIGH
LOW
HIGH

Number of
Genes
242
233
173
52
700

Number of
Pseudogenes
564
464
250
79
1,357

44% G+C were chosen to correspond with major breakpoint
divisions within Bernardi's isochore definitions.

conditioned on the nucleotide in the gene being an A or T.
In addition, the rate of G|C→A|T substitutions (v) was calculated as the probability that an A or T nucleotide was
found at a given location in the pseudogene, conditioned on
the nucleotide in the gene being a C or G.
The G+C bias (f) was calculated as f=u/(u+v) (Piganeau et
al., 2002). A measure of the A+T bias can be obtained as 1f. The G+C bias ranges from 0 to 1, where 0 indicates there
are no A|T→G|C substitutions in a region for a given feature, 1 indicates there are no G|C→A|T substitutions, and
0.5 indicates equal A|T→G|C and G|C→A|T substitution
rates. A G+C bias less than 0.5 indicates a region will drift
to A+T richness over time, while a value greater than 0.5
indicates a drift towards G+C richness.

2.2.2 Calculation of Gene-Pseudogene Substitution Rates
Once the genes and pseudogenes were separated into the
appropriate category, they were aligned using Sim4 (Florea
et al., 1998). Whenever a mismatch appeared between the
gene and pseudogene, it was treated as a substitution event.
The annotated coding sequence (CDS) was parsed out of
each RefSeq entry. Substitutions in the CDS were recorded
and separated into wobble and non-wobble base positions.
Anything outside the CDS was labeled a non-coding substitution, which were separated into 5' UTR mutations and 3'
UTR mutations depending on their relationship to the start
and end of the CDS.
Once all of the alignments were made, the number of each
of the 16 substitution events (gathered from the Cartesian
product A x B where A,B = {A, C, G, T} and A represents
the nucleotide in the gene and B represents the corresponding nucleotide in the processed pseudogene) were calculated
for the following categories: coding regions, wobble bases,
non-wobble coding bases, non-coding regions, 5' UTRs and
3' UTRs.
2.3
Approaches to Looking at Mutation and
Substitution Events
Effective base conversion rates, u and v, are described by
Sueoka (1962) as the rates of conversion at any given point
in the genome from A|T→G|C and G|C→A|T nucleotides,
respectively. They are explained in terms of the observed
inherited rates of nucleotide substitution within a single organism from generation to generation. These values are
used in more recent studies to measure the mutation rates
within different genomic regions (Piganeau et al., 2002;
Smith and Eyre-Walker, 2001; Casane et al., 1997; Gu and
Li, 1994).
Using these models as guidelines, the rate of A|T→G|C substitutions (u) was calculated as the probability that a G or C
nucleotide was found at a given location in the pseudogene,

In order to test for compositional bias in substitution rates, a
ratio of the G+C bias in high G+C regions (fHIGH) to the
G+C bias in low G+C regions (fLOW) was computed. A ratio, r, consistently greater than 1 indicates a compositional
bias in substitution rates was likely to exist, where high
G+C regions acquired more G's and C's over time and low
G+C regions were adding more A's and T's over time. A
ratio less than 1 on a consistent basis indicates there was
likely to be a negative correlation where G+C rich regions
would be mutating towards A+T and A+T rich regions
would be mutating towards G+C. If the ratios randomly
fluctuate above and below 1, a compositional bias for substitution rates cannot be demonstrated for the feature being
studied.
2.4
Studying Compositional Bias in Repetitive
Elements
A large portion (over 45%; IHGSC, 2001) of human genomic DNA has been derived from the dispersion of transposable elements throughout the genome (Prak and Kazazinan, 2000; Smit, 1999). There are approximately 868,000
copies of LINEs in the human genome, making up over 20%
of the total genomic sequence. In addition, there are over
1.5 million copies of SINEs, accounting for over 13% of the
genome (IHGSC, 2001). Due to the large abundance of
repetitive elements in the human genome, substitution rates
within them were studied to determine if a compositional
bias for substitution potentially existed in these segments.
2.5

Detecting Repetitive Elements

Instances of SINE and LINE repeats were located within the
human genome using RepeatMasker release 6/19/01 with
Repbase update 6.6 repeat definitions. Once the contigs
were masked, the generated .out files containing tables of
repeat information were parsed. Files were generated to
group together the Goldenpath contig name, contig location
and orientation of the repeat instances for each type of repeat. The repeat regions were extracted from the contigs,
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Table II: Comparison of G+C bias in instances of repeat families. The second and third columns contain the G+C bias f=u/(u+v)
(where u was the rate of A|T→G|C substitutions and v was the rate of G|C→A|T substitutions) calculated for instances of repeats occurring
in HIGH and LOW G+C regions, respectively.

Repeat
Family

HIGH
G+C

LOW
G+C

RATIO
HI:LOW

Repeat
Family

HIGH
G+C

LOW
G+C

RATIO
HI:LOW

AluYa5
AluYb8
AluYc
AluY
AluSg1
L1PA6
L1PA3
L1PA4
L1
L1PA2
AluSq
AluSc
AluSp
L1PA8A
L1PA7
L1PA5
L1PB1
L1PA10
L1PA8
L1PA11
L1MA3

0.3821
0.5121
0.2486
0.2479
0.2017
0.3018
0.3217
0.3418
0.2888
0.4242
0.2332
0.2333
0.2109
0.3291
0.2989
0.3500
0.3428
0.3493
0.3367
0.3601
0.3373

0.4077
0.5440
0.2467
0.2397
0.2091
0.2883
0.3057
0.3222
0.2708
0.3955
0.2173
0.2160
0.1952
0.2978
0.2687
0.3134
0.3003
0.3020
0.2870
0.3049
0.2829

0.937
0.941
1.008
1.034
1.036
1.047
1.053
1.061
1.066
1.073
1.073
1.080
1.080
1.105
1.112
1.117
1.141
1.157
1.173
1.181
1.192

L1MA2
L1PB2
L1PA15
L1PB3
L1PA14
LAMA4A
L1PA13
L1MA4
L1PA16
L1MB4
L1ME1
L1PA17
L1PB4
L1MB8
L1MA9
L1MB7
L1MA8
L1MB2
L1MC1
L1MB5
L1MB3

0.3439
0.3549
0.3227
0.3213
0.3469
0.3369
0.3646
0.3370
0.3376
0.3527
0.3489
0.3275
0.3511
0.3558
0.3616
0.3659
0.3691
0.3635
0.3836
0.3838
0.4035

0.2870
0.2930
0.2659
0.2621
0.2830
0.2743
0.2968
0.2741
0.2701
0.2810
0.2758
0.2579
0.2739
0.2770
0.2811
0.2756
0.2780
0.2732
0.2811
0.2726
0.2808

1.198
1.211
1.214
1.226
1.226
1.228
1.229
1.229
1.250
1.255
1.265
1.270
1.282
1.284
1.286
1.327
1.328
1.331
1.365
1.408
1.437

and the G+C content of the surrounding 50-kb (25 kb on
each side) window was noted. Each instance of a repeat
was placed into one of two files for each repeat type based
on whether the G+C content of the surrounding window was
less than 41% or greater than 44%, labeled low and high
G+C, respectively. Those repeat elements falling in the
intermediate range of 41% to 44% G+C were discarded
from the study.
Repetitive element families and subfamilies with the greatest number of instances currently detectible in the human
genome were studied. The resulting data set analyzed included eight ALU families/subfamilies and 34 LINE families/subfamilies (Table II).

2.6
Calculating Repetitive Element Substitution Rates
With repetitive elements, it is difficult to assign directionality for each mutation since it cannot easily be determined
which copy of a repeat was present first in a genome, and
whether or not a second repeat was derived as a direct ancestor. In addition, once a copy is in place, it mutates and
evolves independently of its parent copy. One possible scenario is that a C or G nucleotide is observed at one position
in a copy of an element situated in a region of high G+C
composition. At the same time, an A or T could be ob-
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served at the same position when a copy of the element was
found in a low G+C region.
The Repbase-defined consensus was taken as the ancestral
repeat element. Such an approach is justified in the sense
that the consensus sequence has been derived to be the best
approximation of the original transposable element that generated a given repeat subfamily (Jurka, 1998). Such an approach assumes a master/slave model of repetitive element
propagation (Shen, Batzer and Deringer, 1991; see Discussion). Substitution rates were measured as the difference
from the Repbase sequence.
Each instance of a given repetitive element was compared
against the Repbase consensus sequence using wublastn
with the parameters -S2=200 -S=250. Using the default
wublastn scoring parameters of +5,-4 for matches and
mismatches, this corresponds to an ungapped alignment of
at least 50 bp at 100% identity, or 78 bp at 80% identity.
The total number of substitution events FROM the Repbase
consensus TO the instance of the repeat was noted. The
total substitution events for repeat instances in low G+C
(<41%) and high G+C (>44%) were calculated. The rate of
A|T→G|C (u) and G|C→A|T (v) substitutions were computed as well as the G+C bias (f) for two categories: HIGH and
LOW for each of the repetitive element families studied.
HIGH represents those repetitive regions occurring in >44%
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G
G+C regions an
nd LOW represents those rep
peats occurring
g in
<
<41% G+C reg
gions. A ratio of
o the HIGH:L
LOW G+C biasses
w
was calculated for each repeaat family studieed. A ratio greeateer than 1 indicaates that the raate of A|T→G
G|C vs. G|C→A
A|T
m
mutations is lik
kely to be higheer in high G+C
C regions.
2
2.7

Repeats on Chrom
mosome Y

A
As previously discussed,
d
one potential prob
blem is the mu
utatiional bias and biased gene conversion theo
ories are not neeceessarily mutuallly exclusive. In order to address
a
this co
onccern, another study
s
examinin
ng only instan
nces of repetitiive
eelements occu
urring on chro
omosome Y was performeed.
C
Chromosome Y contains a no
on-recombinin
ng region makiing
uup over 95% off the chromoso
ome (Tilford et al., 2001). The
T
nnon-recombinin
ng region of ch
hromosome Y does not recom
mbbine with chrom
mosome X or any other chro
omosome (Lah
hn,
P
Pearson and Jegalian, 2001)).
Non-recombining regio
ons
w
will not allow for
f gene conveersion, and biased gene converssion could not be the cause of
o any biases in
n G+C compo
ositiion that are ob
bserved in such
h regions. Anaalysis on chrom
mossome Y was liimited to Alu and LINE eleements having at
leeast five differrent instances in LOW G+C regions and fiive
ddifferent instan
nces in HIGH G+C regions. The G+C bias
w
was calculated for instances occurring in HIGH
H
and LO
OW
G
G+C for repetiitive elements fitting this criiterion. In additiion, the ratio of
o the HIGH:L
LOW G+C biaases was compu
uteed.
3
3
3.1

RESULTS
S
Repetitive Elemen
nt Composition

A total of 51.6% of the basess were masked
d, indicating th
hey
ccontained repeetitive sequencce structure. For each of the
t
22,992 GoldenP
Path contigs, the G+C com
mposition of the
t
ooverall, masked
d, and unmask
ked regions waas recorded. Figuure 1 shows th
he resulting plo
ot for contigs greater than 250
2
K
KB in length. The G+C com
mposition of each overall con
ntig
w
was compared to the G+C composition
c
off the masked rer
ggions and unmaasked regions. Correlation coefficients and
d tsscores were callculated for eacch of these com
mparisons. In the
t
ccase of the massked/overall co
omparison, the correlation coeffficient of 0.962
20 yielded a t-score
t
of 192
2.55. For the unu
m
masked/overalll comparison, the correlatio
on coefficient is
00.9532, corresp
ponding to a t-score
t
of 172
2.45. In each of
thhese cases, the t-score was much greater than the criticcal
vvalue of 2.58 (u
using a p-valuee of 0.995; α = 0.005).
A positive corrrelation betw
ween the G+C
C content of the
t
m
masked regionss and the overaall contigs wass expected. Th
his
is due to the previously rep
ported positivee correlation beb
tw
ween increasin
ng genomic G+
+C content and
d G+C rich SIN
NE
eelements and the
t negative correlation
c
bettween increasiing
ggenomic G+C content and the
t density of A+T rich LIN
NE
eelements (IHGS
SC, 2001; Eyree-Walker and Hurst,
H
2001).

Figure 1: Comparison
n of G+C Conteent. Shown in tthis figure is
the com
mparison of the G+C content of masked (reppetitive) and
unmaske
ked (potentially non-repetitive) regions compared to the
overall G+C content ffor each of the 1,927 Goldenppath contigs
greater than 250 KB iin length from tthe December, 2001 build.
The x-aaxis represents the overall G+
+C content of eeach contig.
Regionss were masked uusing RepeatMasker (A. Smit annd P. Green,
unpublisshed)

Howevver, such a strrong positive correlation beetween the
overall G+C content aand the G+C ccontent of the uunmasked
regionss was not expeected. Since the unique reggions were
highly correlated withh the overall G
G+C content, itt cannot be
concludded that the G
G+C content oof repetitive reegions was
responssible for the vaariable G+C ccontent within the human
genomee.
It couldd be postulatedd there was som
me sort of mecchanism for
prefereential insertionn of low G+C repetitive elements into
genomiic regions of low G+C, whhile high G+C
C repetitive
elemennts were insertted into genom
mic regions higgh in G+C
contentt. However, as previouslyy discussed (F
Feng et al.,
1996), SINEs and LIN
NEs use the saame mechanism
m of insertion. T
This indicates bboth SINEs annd LINEs wouuld be preferentiallly located in rregions of low
w G+C. Eyre-W
Walker and
Hurst ((2001) show thhis is the casee when only rrecently inserted S
SINE elementss are considereed. Pavlίček ett al. (2001)
proposee older SINE insertions may tend to bee found in
higher G+C regionss if the excission of ALUss was fast
enoughh to remove neew copies befoore they had a chance to
fixate in the populatioon. They discuuss the possibility of positive seelection of thee CpG rich AL
LUs in G+C riich regions
due to hypomethylatiion in germlinne cells. In adddition, it is
suggestted there are ddifferent recom
mbination rates that could
be affeected by the shhort length off SINE elemennts (on the
order oof 300 bases) w
when comparedd to LINE elem
ments (several KB
B long).
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The parameters in RepeatMasker have been designed so
potentially interesting, unique regions are not falsely
masked as repetitive. As a result, sufficiently divergent
repetitive elements will not be detected. Repetitive elements closest in identity to the Repbase consensus are detected. These result from more recently active transposable
elements within the human genome. Since recent transposable events do not lead to the creation and maintenance of
regions of high and low G+C content within the human genome, it is unlikely ancient copies of the same repetitive
elements would have any different effect. In fact, these ancient copies should behave in the same manner due to the
same mechanisms of insertion. In addition, Repbase consensus sequences have been carefully constructed to address
the problem of detecting diverse repeats by representing the
best available approximation of the elements that generated
the repeats (Jurka, 1998).
The variance of the G+C content in unmasked regions was
small. Ancient copies of repeats currently undetected are
expected to have properties similar to detected repeats. If
methods to detect these repeats were available, a migration
of the data points in Figure 1 from the unmasked fraction to
the masked fraction would result. This migration should
have little effect on the correlation between the unique region and overall contig G+C% due to the low variance.
Low copy number and uncharacterized repeats in the human
genome will not be detected using RepeatMasker since they
are found only in a small portion of the genome. Since
Repbase has been carefully examining and collating information on repetitive elements within the human genome
(which has been available since February, 2001 (IHGSC,
2001)), it is unlikely there are any high copy number repeats
that remain uncharacterized. Since any remaining uncharacterized repeat families or subfamilies will likely have a relatively low copy number and constitute a low percentage of
the human genome, they should contribute little information
into the origin and maintenance of high and low G+C regions within the human genome.
Based on the information gathered, the first hypothesis
should be rejected. Regions of G+C content within the human genome do not appear to result from the presence of
repetitive elements; rather it appears as though the presence
of regions of high and low G+C concentration determines
the density of certain repetitive elements within the human
genome.
3.2

Gene-Pseudogene Mutational Bias

In order to test for a possible compositional bias for substitution rates in gene-pseudogene pairs, two different comparisons were made: one where the gene originated in a low
G+C region, and one where the surrounding content of the
gene was high G+C. In each comparison, two different cas-
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es were examined. The first case involved the pseudogene
occurring in a low G+C region, and the second case was
when the pseudogene was in a high G+C region.
If a compositional bias for substitution rates exists, the G+C
bias, f, would be expected to increase as the G+C context of
the pseudogene increases. This would indicate the ratio of
A|T→G|C to G|C→A|T mutations increase as the surrounding G+C context increases. In order to test this hypothesis,
the G+C bias, f, was calculated for the four cases defined by
the Cartesian product A x B where A,B={HIGH, LOW} and
A=G+C context of the gene; B=G+C context of the pseudogene. The resulting G+C biases were labeled as follows: f1
= {LOW,LOW}; f2 = {LOW,HIGH}; f3 = {HIGH,LOW}; f4
= {HIGH,HIGH}. In order to test for potential compositional biases for substitution rates, the ratios r1 =f2:f1 and
r2=f4:f3 were calculated. If a compositional bias exists, the
values of r1 and r2 would be expected to be greater than 1.
The results are listed in Table III.
Table III: Comparison of G+C bias in gene and pseudogene
pairs for genes in low (A) and high G+C content (B).

A)

Gene in Low G+C

5' UTR
CDS
WOBBLE
3' UTR

B)

Pseudogene

Pseudogene

Ratio of

HIGH G+C

LOW G+C

HIGH:LOW

Bias

Bias

0.4632
0.4288
0.4721
0.3674

0.3797
0.3309
0.3467
0.3132

1.220
1.296
1.362
1.173

Gene in High G+C

5'UTR
CDS
WOBBLE
3' UTR

Pseudogene

Pseudogene

Ratio

HIGH G+C

LOW G+C

HIGH:LOW

Bias

Bias

0.4721
0.4159
0.5710
0.4376

0.4032
0.3600
0.5036
0.3765

1.171
1.155
1.134
1.162

For each of the features studied, the values of r1 and r2 were
greater than 1, with r1 ranging from 1.173 to 1.362 and r2
ranging from 1.134 to 1.175, indicating A|T→G|C and
G|C→A|T substitutions were 17-36% higher in the first
case, and 13-17% higher in the second case. These increases indicate that, when pairs of genes and pseudogenes were
examined, there appeared to be a compositional bias for
substitutions.
When the G+C bias, f, was compared in 5' UTRs, CDS,
non-wobble CDS, and 3' UTRs (Table III), the value was
always less than 0.5, indicating these portions of the
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pseudogenes had higher rates of G|C→A|T substitutions
than A|T→G|C substitutions no matter what the original
gene and pseudogene G+C contexts were. As a result, as
pseudogenes aged, these regions tended towards A+T regardless of the surrounding G+C content. However, the rate
of this substitution trend was slowed when the surrounding
region was G+C rich.
Substitutions found within non-wobble coding positions are
likely to have occurred within the pseudogene since most
mutations within the first two codon positions of a gene will
cause a change to the amino acid encoded by that codon.
Such a change can affect the fitness of the gene. Therefore,
the results listed in Table 2 suggesting a compositional bias
for substitution has occurred within non-wobble coding regions is likely to have an associated directionality.
The study of gene and pseudogene pairs indicates there was
a strong possibility of a compositional bias for substitution
rates. However, the rate of A|T→G|C substitutions was
always less than the rate of G|C→A|T substitutions. This
indicates pseudogenes within the human genome were likely
to accumulate more A+T sequence over time regardless of
the surrounding G+C context. However, as the G+C context of the pseudogene increased, the rate of this change
slowed. As a result, a compositional bias in substitution
rates was observed, but this rate cannot be the determining
factor for maintaining regions of low and high G+C composition.
3.3

Repeat Instance Substitution Bias

Table II lists the resulting G+C biases calculated for each of
the repeat families for the instances in low and high G+C.
For the Alu repeat families studied, the ratio ranged from
0.937 to 1.080. Six of the eight Alu families had ratios
greater than 1 (with the exception of the AluYa5 and
AluYb8 families). This suggests for six of these families, a
slight compositional bias for mutation rates exists. All 34 of
the LINE families studied had ratios greater than 1. In fact,
these ratios tended to be larger than the ratios for Alu families, ranging from 1.047 for the L1PA6 family, to 1.437 for
the L1MB3 family. These values show the LINE families
have a potentially stronger compositional bias for mutation
rates.
The G+C biases for nearly all of the repetitive families were
much less than 0.5, yielding results similar to the genepseudogene substitution rates. This indicates no matter
what the surrounding G+C content is for an instance of a
repetitive element, the repeat copy will likely drift towards
A+T richness over time. Since the ratios were greater than
1 (indicating there was a compositional bias for substitution
rates), the rate of drift should be slower when the surrounding G+C content is higher. These results indicate there
seems to be a compositional bias for substitution rates; how-

ever, this bias is unlikely be the cause for the maintenance
of high G+C regions containing the features studied.
3.4

Repeats on Chromosome Y

A total of five Alu and twelve LINE families were studied
on chromosome Y (Table IV). The only repeat subfamily
with a ratio less than 1 was the AluY subfamily, the youngest repeat studied with an age less than 1 million years old
(IHGSC, 2001). The other 16 repetitive element families on
chromosome Y likely have a compositional bias affecting
substitution rates. G+C biases were significantly less than
0.5, indicating repetitive elements on chromosome Y likely
tend toward A+T richness over time. Since 95% of chromosome Y is not subject to recombination, it is unlikely the
compositional bias for substitution rates within repetitive
elements on chromosome Y was due to biased gene conversion. Although it cannot be certain that biased gene conversion does not largely contribute on other chromosomes, the
results observed for chromosome Y were consistent with the
previous repeat study. As a result, biased gene conversion
is thought to contribute little to the observed compositional
bias.
Table IV: Comparison of G+C bias for repeats round on
chromosome Y.
Repeat
Family
AluY
L1PA2
L1PB1
AluSq
L1MA9
L1PA4
L1PA14
L1PA3
AluSp
AluSc
AluSx
L1
L1MB7
L1PA7
L1MA8
L1PB4
L1PA15

HIGH
G+C
0.2194
0.3916
0.2876
0.2165
0.3008
0.3321
0.2740
0.3350
0.2185
0.2478
0.2614
0.3238
0.4076
0.3784
0.4465
0.4125
0.4394

LOW
G+C
0.2210
0.3898
0.2836
0.2099
0.2778
0.3046
0.2503
0.2957
0.1910
0.2150
0.2122
0.2472
0.2866
0.2547
0.2984
0.2563
0.2570

RATIO
HIGH:LOW
0.993
1.005
1.014
1.031
1.083
1.090
1.095
1.133
1.144
1.153
1.231
1.310
1.422
1.486
1.497
1.609
1.709

3.5
Testing for Drift to an A+T Rich Genome
Using Long Terminal Repeats (LTRs)
The results of looking at gene/pseudogene pairs and instances of repetitive elements suggest elements inserted into
the human genome are likely to mutate towards a higher
A+T composition over time. This phenomenon was observed when comparing the rate of A|T→G|C and G|C→A|T
substitutions and was independent of the G+C content of the
surrounding region. In order to test this hypothesis, ele-
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m
ments inserted at different points
p
in time were studied to
ddetermine wheether or not ollder elements tend to be mo
ore
A
A+T rich.
O
One class of repetitive elem
ments of partiicular interest is
thhose caused by
b LTR retroviral integration
n events. Theese
eelements are useful
u
to study since the mecchanism of LT
TR
rretroviral integ
gration producees two identiccal long termin
nal
rrepeats (LTRs)) which flank the 5' and 3' end of the virrus
(Lodish et al., 1995). The diivergence betw
ween the 5' and
d 3'
L
LTRs can be used
u
to calculaate an approxiimate integratiion
ddate for any parrticular instancce (Tristem, 20
000).
A
Approximately 1.3% of the human
h
genomee is composed of
hhuman endogen
nous retrovirall (HERV) elem
ments, represen
ntinng roughly hallf of the LTRs found in humaans (Smit, 1996).
O
One recent stud
dy looked at classification an
nd integration age
a
oof the various HERV familiees (Tristem, 20
000). This stu
udy
eestimates the HERV-H,
H
HERV-K, and HERV-L
H
families
hhave the largestt copy numberr in the human genome.
3
3.6

Detec
cting Copies of HERVs

R
Representative sequences for
f
HERV-H, HERV-K, and
a
H
HERV-L famillies as describeed by Tristem (2000) were obo
taained from Ge
enBank (Bensson, et al., 200
02). The acceesssions obtained were
w as follow
ws: D11078 (HE
ERV-H) (Hiro
ose
eet al., 1993); M14123
M
(HER
RV-K) (Ono ett al., 1986); and
a
X
X89211 (Corod
donnier, Casellla and Heidmaann, 1995). Eaach
oof these sequen
nces was search
hed against thee December 20
001
rrelease of the Goldenpath asssembly of thee human genom
me
uusing wublas
stn. Score cu
utoff parameteers of -S=200
00
aand -S2=2000
0 were used to
o filter spuriouss hits. A score of
22000 using the default wubla
astn scoring scheme of +5,
,4 requires a 40
00 bp ungappeed alignment at
a 100% identiity,
oor a 625 bp un
ngapped alignm
ment at 80% id
dentity. In additiion, the param
meter -gapw=2
2000 was used to close long
ger
aalignment gapss.
T
The search mattched 1001 HE
ERV-H location
ns, 409 HERV
V-L
loocations, and 723 HERV-K locations. Ho
owever, many of
thhese instancess were truncateed, missing on
ne or both of the
t
L
LTR sequences due to recom
mbination eveents leading to
o a
ssolitary LTR (Prak
(
and Kazzazian, 2000). These match
hes
w
were manually
y filtered to in
nclude only fu
ull-length copies.
T
The resulting datasets
d
includ
ded 14 HERV--H, 21 HERV--K,
aand 72 HERV-L
L copies.
33.6.1 Determin
ning Insertion Age
A and G+C Composition
G
GenBank reco
ords for the HE
ERV-H, HERV
V-K and HERV
V-L
rrepresentative sequences
s
conttain various an
nnotations inclu
udinng the 5' and 3'
3 LTR sequen
nces. The reprresentative 5' and
a
33' LTR sequen
nces were extraacted and placced into separaate
ffiles. Each of the full-length
h copies were searched again
nst
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the apppropriate 5' LT
TR using wubl
lastn with thhe parameters -S
S=300 -S2=3
300 -gapw=
=200. Since thhe 5' and 3'
LTRs sshould be idenntical at the tim
me of insertionn, searching
full-lenngth repeats fo
for the presencce of the 5' oor 3' LTR
should produce the saame results. The 5' LTR wass arbitrarily
chosen,, which in eveery instance loccated the 3' LT
TR as well.
The ressulting wubla
astn output was parsed to exxtract the 5'
LTR seequence and 3' LTR sequence. These weree aligned to
each otther using wub
blastn with the parameterrs -S=200
-S2=2
200 -gapw=
=128. The appproximate eddit distance
for eacch instance waas determined based on the number of
mismattched bases inn the alignmennt of the 5' andd 3' LTRs.
Gaps w
were ignored.
After th
the 5' and 3' L
LTRs were loccated in each full-length
copy, tthe G+C conteent of the repeeat copy was calculated.
The eddit distance foor each instancce was compaared to the
G+C coontent to see iff more distant elements tend to be more
A+T ricch. Figure 2 sshows a graph pplotting the G+
+C composition aagainst the perrcent divergennce for the 72 full-length
HERV--L copies. F
For this figuree, the percent divergence
was caalculated as th
the percentagee of mismatchhing bases
when th
the 5' and 3' L
LTRs were aliggned. The asssumption is
the higgher the perceent divergence, the older the insertion
date wiill be.

Figure 2: Plot of divvergence rate vs. G+C com
mposition in
HERV--L repeats. Show
wn in this figuree is a plot of thee divergence
rate verrsus the overall G+C percentagge for each of the 72 fulllength H
HERV-L copiess found within the human gennome. The
divergennce rate (x-axiss) is calculated as the percentaage of bases
mismatcched in an alignnment between the 3' and 5' L
LTRs of the
HERV-L
L copy. The ovverall G+C perccentage (y-axis) is based on
the G+C
C content of the complete HERV
V-L copy.

A corrrelation coeffficient was ccalculated to determine
whetheer or not a corrrelation exists bbetween the eddit distance
and thee G+C content.. An r-value oof -0.3279 wass calculated
for the 72 HERV-L instances, inddicating a slighht negative
correlattion between thhe LTR diverggence and the rrepeat G+C
contentt. This suggests the older tthe date of inssertion, the
greater the accumulaation of A's annd T's will be. A t-score
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was calculated for the r-value of -0.3279 with 72 instances
to determine the level of significance for this correlation
coefficient. The resulting t-score was -2.946. Using 70
degrees of freedom and a two-tailed test, this t-score yields a
p-value of 0.0087, indicating the observed correlation is
likely to exist between the insertion date and G+C content.
While a correlation between the insertion date and G+C
content has been demonstrated with the HERV-L repeat
family, it would be useful to locate more instances of high
copy number elements in which the relative date of insertion
can be determined. There are two main difficulties in obtaining such data for human LTR retrotransposons. The
first problem is homologous recombination events often
remove one or both of the LTRs (Prak and Kazazian, 2000).
In addition, the human genome contains relatively few LTR
elements (Smit, 1996), many of which are solitary LTRs.
Next to the HERV families of LTR retrotransposons, the
mammalian apparent LTR-retrotransposon (MaLR) superfamily is the most interesting to study. However, most of
the LTR copies from the MaLR superfamily are found as
solitary LTRs in the genome (Smit, 1993), making it difficult to determine an insertion date.
It has been shown through examination of full-length copies
of the HERV-L family of LTR retrotransposons that a correlation between the relative insertion date of an element and
its G+C content likely exists. This upholds the previously
described
observations
of
mutation
rates
in
gene/pseudogene pairs and instances of repetitive elements.
Such a result was not expected, yet it leads to an interesting
conclusion.
4

DISCUSSION

4.1
Shortcomings in Determining Fixed Mutation Directionality
Gene – Pseudogene Pairs. One of the shortcomings of the
approach of looking at mutation rates in the genepseudogene case is the direction in which a substitution has
occurred cannot be inferred with a high degree of certainty.
A fairly good idea of the direction of mutation is obtained in
the gene-pseudogene case, since genes are under high selective pressure, and therefore are likely to have fewer mutations than pseudogenes. However, there are regions such as
synonymous wobble bases, where mutations can occur in
genic regions with little consequence to fitness. One method of getting around this would involve constructing an evolutionary phylogeny of the genes in the data set using sequences from three or more related species. This would
allow us to determine with greater confidence what the original nucleotide was in the human gene, and therefore directionality could be assigned more reliably, although still not
with absolute certainty.

Such an approach is taken by Wolfe, Sharp and Li (1989)
and Casane et al. (1987). While such a study may not currently be possible on a large set of genes due to the lack of
large scale genomic sequence information for comparative
species, it will shortly be possible in this era of genomics.
Assemblies of the human, mouse and rat genomes (genome.ucsc.edu) are already available and other complete
genomes are likely to become available in the not too distant
future.
Repetitive elements. Repeats within the human genome
are thought to have evolved in one of two ways (Shedlock
and Okada, 2000). The master gene model (Shen, Batzer
and Deringer, 1991) suggests only a few Alu loci are capable of amplification, and all subsequent copies found within
the genome are direct descendants from these loci. The
multiple source gene model (Matera and Hellman, 1990)
states offspring copies of repetitive elements may also be
amplified.
Depending on which model actually holds for the human
genome, the study of substitution rates in repetitive element
instances has some potential pitfalls as well. Substitution
rates were calculated from the Repbase defined sequence to
the copies found in the human genome. If the master gene
model was the actual mechanism, the assumptions made
should be correct to the degree that the Repbase sequences
were the actual master genes. However, if the multiple
source gene model was the mechanism, some of the substitutions reported could actually be due to a single substitution occurring at some point in time in an intermediary
copy, which subsequently proliferated throughout the genome.
Since the issue of which mechanism was involved is hard to
resolve, we cannot be completely confident in assuming the
master gene model was the only mechanism at work. At the
same time, comparing substitutions to the Repbase defined
consensus sequences is promising, since the Repbase repeats have been arduously studied. Therefore, while intermediary subfamilies may still exist, it seems likely a majority of substitutions observed between the Repbase sequence
and a particular copy in the genome are due to accumulated
substitution events in the genomic loci rather than a long
line of mutational intermediaries.
4.2

Repeat Composition

The resulting studies of repetitive elements give insight into
how regions of high and low G+C content are maintained
within the human genome. Examination of repetitive elements indicates their G+C content was not the driving factor
into the appearance of high and low G+C regions. Rather it
appears the unique sequence DNA mirrors the G+C pattern
of the surrounding sequence. Thus, the repeat composition
and distribution hypothesis cannot be accepted as the cause
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for the maintenance of high and low G+C regions within the
human genome.
4.3

Compositional Bias

The studies of G+C biases found in gene and pseudogene
pairs as well as instances of repetitive elements indicate a
high likelihood for compositional biases in substitution rates
existing within the human genome. However, this compositional bias cannot be the cause for maintaining high and low
G+C regions. This is due to the observed G+C biases suggesting the human genome is mutating towards A+T richness independently of the surrounding G+C content.
The ratio of G|C→A|T to A|T→G|C observed substitution
rates is much higher in regions of high A+T. Such a finding
suggests the human genome evolved from a G+C rich ancestral genome, and regions of high and low G+C arose as a
result of the variance in mutation rates where some regions
(high A+T regions) mutated faster than others (high G+C
regions).
One of the difficulties with the selectionist, biased gene
conversion, and mutational bias hypotheses is they are not
mutually exclusive. For instance, it is possible a substitutional bias could be observed due to biased gene conversion.
It is also possible substitutional biases are observed since
they provide evolutionary advantages, and therefore fall
under a selectionist hypothesis. Biased gene conversion
could also provide advantageous changes, which would fall
under selectionist theories.
Pseudogenes and repetitive elements are features likely to
be under less selective pressure. In these regions, the bias
observed is unlikely to have been caused by selection. The
study of repetitive elements on the non-recombining chromosome Y yields similar results. This indicates biased gene
conversion is not likely to be the cause of the compositional
biases in substitution we observe in these regions.
As described earlier, this context dependent substitution rate
could be caused by mechanisms involved in DNA synthesis
such as the fidelity of α and β polymerases (Filipski, 1987),
modification in the components of DNA synthesis (Muto
and Osawa, 1987), or cytosine deamination (Fryxell and
Zuckerkandl, 2000). Of course these mechanisms must be
tied to germline cells in order for the mutations to become
fixed in the population.
4.4

Shift Towards an A+T Rich Genome

Perhaps the most intriguing result of the substitutional bias
study was that the G+C biases for nearly all of the cases
looked at were less than 0.5, indicating no matter what the
surrounding G+C context was, the rate of A|T→G|C substitutions seemed to be higher than the rate G|C→A|T substitu-
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tions. Such a result suggests over time, regions under less
selective pressure within the human genome evolve into
more A+T rich regions. The rate of this evolution appeared
to be slower in high G+C regions, although it was still observed. The study of LTR retrotransposons within the human genome supports these results, since older copies tended to contain a higher A+T concentration.
4.4

Maintenance of High G+C Regions

The results suggest the human genome began from an ancestral genome higher in G+C composition that has evolved
into a progressively lower G+C genome. However, the regions studied involved those features (pseudogenes and repetitive elements) less likely to be involved in selection.
Since there are regions of high G+C content observed within
the human genome, there is likely to be some other mechanism at work to preserve these regions. One explanation is
that the presence of functionally and structurally important
features in these regions makes the genome less tolerant of
changes in their G+C composition. This would explain the
high association between increasing G+C content and a
higher gene density (Zoubak, Clay and Bernardi, 1996). If
this is the case, the selectionist (and possibly biased gene
conversion) hypotheses would hold true for these regions.
Comparing the G+C content of conserved and nonconserved regions in mouse and human could test this hypothesis. It is postulated conserved regions would have a
higher G+C composition than non-conserved regions, if
some sort of selection maintained high G+C regions. Otherwise, these regions would be subject to the compositional
bias in substitution rates that are observed, and therefore the
overall genome should mutate towards a higher A+T genome.
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