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Abstract—Substantial regional variations of substitutional processes have recently been reported from hu-
man/mouse comparisons. However, several features including the C+G dependence and the CpG-based
transition effect remain obscure. Utilizing the vast amount of transposable elements in the human genome,
we performed detailed analysis of the substitutional and insertion/deletion patterns along the human lineage
in a regional and time-resolved fashion. We observed a drastic increase in the CpG-based transition fre-
quency at about the time of the mammalian radiation. We also observed clear regional biases of substitution
patterns, most notably a bias to C+G enrichment towards the telomeres.
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INTRODUCTION

A comparative study of the human and mouse
genomes can in principle provide a lot of information
about the evolutionary history of these genomes. Re-
cently, Hardison er al. has presented a study of this
kind, which started from a whole genome alignment of
the human genome [2] and the mouse genome [3] build
by the BLASTZ alignment program[4]. To estimate
the evolutionary change between human and mouse,
homologous ancestral repetitive elements (REs) have
been aligned and the observed base substitutional ac-
tivity has been mapped along the chromosomes in
windows of 5 Mb. This way, substantial variations of
six different measures of evolutionary change have
been found.

Here we want to present work that will comple-
ment the understanding of regional variations in the
rates of neutrally evolving DNA sequence in human.
In contrast to the above-mentioned comparative study,
our analysis is based solely on the human genome. We
utilize the vast amount of repetitive sequence (about
50% of the human genome) as “fossil record” to ex-
tract information about the substitutional process act-
ing on neutrally evolving DNA. We primarily include
data of young REs into our analysis. Because there
are a lot more (~5x) human-specific REs than the an-
cestral REs that survived in both human and mouse
lineages, and because the younger REs can be much

S85

better aligned, we are able to collect more detailed in-
formation. Further, our analysis does not suffer from
potential distortion of the estimated substitution fre-
quencies caused by an elevated rate of substitutions
solely in the mouse linage . We are able to measure
regional substitutional patterns (on a 1-Mb scale
along the chromosomes), and by combining informa-
tion from differently old families of REs we are able
to reconstruct the evolutionary history of the human
genome for the last ~250 Myr.

The precision of our method is greatly enhanced
by the explicit incorporation of the neighbor-depen-
dent CpG-methylation—deamination process, which is
known to be the predominant substitution process in
vertebrates [5-7]. In contrast to neighbor-independent
nucleotide substitutions, e.g., transversions and transi-
tions, the dynamics of neighbor-dependent substitu-
tions such as the methyl-CpG assisted transition
(CpG — CpA/TpG) is much more complex to ana-
lyze. It is commonly (and erroneously) assumed that
the CpG-based transition only affects CpG dinucleot-
ides, and one can learn about all the other substitution
processes by excluding CpG sites from the analysis.
This is based implicitly on the view that the CpG pro-
cess is a small perturbation to the neighbor-indepen-
dent substitution model. However, the rate of the
CpG-based transition is actually estimated to be as
high as 40 times that of a transversion [7]. Hence
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Fig. 1. (a) Transition frequencies, (b) CpG-deamination frequency, and (¢) insertion and deletion frequencies estimated from

several repetitive elements as a function of their age v.

CpG’s in the ancestral sequence very rapidly decay
into CpA or TpG, which are subsequently mutated
into other bases. Consequently, the existence of the
CpG process affects many sites that do not directly in-
volve CpG’s.

For our study we extracted from the human ge-
nome numerous copies of the commonly encountered
families of repeats, the SINEs (Alu, MIR) and LINEs
(L1, L2, L3) [9-12]; details of this procedure are de-
scribed by Arndt et al. [7]. Thus our analysis is based
on as much as 15% of the available human genome
data. In the sequel we analyzed the observed substitu-
tions in the individual copies of REs to estimate the
four transversion, two transition frequencies, and the
frequency of the CpG-assisted transition, where fre-
quencies denote numbers of substitutions per base
pair after insertion of the RE into the genome. For this
purpose we used a maximum likelihood (ML) ap-
proach, which also takes into account effects due to
multiple and back-substitutions.

RESULTS AND DISCUSSION

Genome-Wide Mutation Pattern

Transitions and transversions. In Fig. 1a, we
plot the two neighbor-independent transition frequen-
cies, (denoted by ;) against the average of the four
(rather similar) transversion frequencies (denoted by v)
for each subfamily of REs. From this figure, we ob-
serve first that the two neighbor-independent transi-
tion frequencies show a remarkably linear dependence
(R=0.99) on the average transversion frequencies.
This suggests that the genome-wide averaged neigh-
bor-independent substitution pattern has not changed
since the time the oldest elements (L3, L2, MIR) en-
tered the genome. Fitting these two transition frequen-
cies to straight lines, and identifying the slopes (U1/v)
as the relative transition rates, we find W, =
= (2.74 £0.04)v, and p_= (5.5%0.1)v. [An analysis
based on a few families of DNA transposons has al-
ready been performed by Lander er al. [2], yielding
estimates [, =2.5Vv, and p_=5Vv.]
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Fig. 2. (a) Regional substitution, insertion, and deletion frequencies; and (b) GC-bias of substitutions along the human chromo-

some 1.

Given the linearity of the data in Fig. la, it is
convenient to use the horizontal axis as the “time”
axis. Calibrating the time scale using estimates of the
absolute insertion time of the different Alu sub-
families [13], we find each unit of v =0.01 in the av-
erage transversion frequency to correspond to approx-
imately 35 Myr, with the entire dataset spanning
nearly 250 Myr. Thus our analysis reveals that the
same substitution pattern has been maintained for the
past 250 Myr, much before the period of mammalian
radiation that occurred 80-100 Myr ago.

CpG-based transition. The corrected CpG-
based transition frequencies, ®, shown in Fig. 1b
present a big surprise: the data clearly present two re-
gimes characterized by very different slopes. This
finding is supported by analyzing REs across different
families of SINEs and LINEs, and we verified that
this finding is not an artifact of the ML analysis [7].
To quantitate the extent to which the transition rates
had changed in the past, we divided the data into the
two sets of “young” and “old” REs with respect to a
threshold value v, with the threshold adjusted so that
the sum of the squared residuals of linear regressions
to the data in both sets would be minimal. This mini-
mum was found for vy =0.025, with the slope of
39.5+ 2.6 for the young elements and 8.4 £2.5 for
the old elements. It is natural to identify the two
slopes with the relative rates w/v before and after v,
(as justified by Arndt et al. [7]). This leads to the con-
clusion that a 4- to 8-fold increase in the CpG-based
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transition rate occurred at vy = 0.025 or ~90 Myr ago,
corresponding roughly to the time of the mammalian
radiation[14-16]. This conclusion is corroborated by
another independent observation by Arndt er al. [7].

Insertion and deletions. We repeated the analy-
sis to study insertions and deletions using the differ-
ent RE families. For each gapped alignment of a RE
with its master sequence, we collected separately the
number of insertion and deletion events, as well as the
length of each inserted or deleted segment. The inser-
tion and deletion frequency per nucleotide (denoted
by &, and &_respectively) were computed for each RE
subfamily and plotted against the average trans-
version frequencies in Fig. 1c. One can see that both
the insertion and deletion rates have remained re-
markably constant over the past 250 Myr, with
8,/v =0.23 and &_/v = 0.40. This result is consistent
with the qualitative finding that the deletion rate is ap-
proximately twice the insertion rate reported by
Waterston et al. [3]. The variation in the amount of
deletions seems to be larger than for the insertions. It
remains to be investigated whether this variation is
due to RE specific effects and is a signature of a pro-
cess that deletes specific small motifs from the human
genome.

Regional Mutation Patterns
The abundance of repetitive elements allows us
to also estimate the regional substitution patterns
along each chromosome. As mentioned above, re-
gional variations in the frequencies of substitutions
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have already been found by Hardison et al. [1]. Here
we can perform a similar regional analysis for muta-
tions along the human lineage alone, by repeating the
analysis shown in Fig. 1 for the human-specific REs
residing in each genomic region. In this way, we are
able to collect detailed information (i.e., all 7 substitu-
tion frequencies and indel frequencies) at a resolution
of 1 Mb.

In Fig. 2a, we show regional substitution, inser-
tions, and deletion frequencies. The regional substitu-
tion frequency is taken to be the sum of all trans-
version and transition frequencies (excluding the
CpG-based process) for each 1-Mb window regional
substitution frequency relative to the genomic average
along chromosome 1. For this analysis we took only
the Alu elements into account, since they are the most
recent insertions and therefore reflect best the current
substitutional activity along the human chromosomes.
Further, taking the age of each Alu sub-family into
account, we build an averaged substitution pattern in
each region. (The observations reported here are typi-
cal of those exhibited by the other autosomes.) While
the variation is confined to the range of +10% in most
regions, we see distinct substitutional “hot spots” lo-
calized to regions of only a few Mb in length with
more than 30% excess activity. The variation in sub-
stitution frequency is echoed by variations in the in-
sertion and deletion frequencies, especially in the vi-
cinity of the hot spots.

In addition, we study the influence of the
substitutional process on large-scale base composit-
ional variations of the human genome, which are
known as genomic isochores [17, 18]. The origin,
timing, and implications of the human isochore struc-
ture are still controversial (see Eyre-Walker and Hurst
[19] for a review). Here, we examined regional
substitutional biases, i.e., tendency for substitutions to
be GC-enriching or GC-depleting. We plotted in
Fig. 2b the difference between the sum of the GC-
enriching and GC-depleting substitutions, relative to
and normalized by its genomic averaged value, for
each 1-Mb window. Distinct GC-enriching biases can
be seen for the two telomeric regions, with the indi-
vidual substitution frequencies changing by as much
as 20-30%.

This analysis can be repeated for each available
mammalian and vertebrate genome. Together they
will reveal a very accurate regional and time-resolved
picture of the evolution of mammalian genomes. In

the future, detailed information about the background
process responsible for nucleotide substitution as well
as base insertions and deletions will also help address
an outstanding problem facing comparative genomic
analysis, i.e., the difficulty of distinguishing sequence
homology due to functional constrains from that due
to common evolutionary ancestry.
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