












species is conserved (Table 4); in addition, k-mer patterns
were shared between each species, ranging from 67 to
100% (Table 5).

Comparison between species I: applying a human model to
other species

To compare CpG island sequences among species, we used
a human model of 4-mer and the 2nd order MM back-
ground model to classify CpG island sequences in nine
mammalian genomes. In this case, the human CpG
island sequences were used as the training data, and
CpG island sequences in other species served as the test
data. The experimental procedure is summarized in
Figure 13. We predicted the predictive power of the

Figure 13. Applying human CpG island model to different species.

Figure 11. Accuracy change over different k-mer length with different
MM order using SVM.

Figure 14. Result of applying a human model to different species.Figure 12. Machine learning k-mer analysis on each species.
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human model to decrease as the evolutionary distance
increased between species. As shown in Figure 14, the
results are consistent with evolutionary history.

Comparison between species II: models between human
and other species

To further compare CpG island sequences among species,
we used the human CpG island sequences as the positive
data set and other species sequences as the negative data
set and performed 10-fold cross validation experiments.
Figure 15 illustrates the experimental scheme. The result
in Figure 16 is consistent with evolutionary history: pre-
diction accuracy was low for close species (e.g., human
versus chimp), and high prediction accuracy was
observed for distant species, e.g., human versus opossum.

CONCLUSION

CpG island sequences play critical roles in development
and disease biology. Despite the number of important
analytical studies on CpG island sequence characteristics,
no comparative analysis exists on CpG island sequences
among different species. One possible reason is conven-
tional sequence analysis techniques are currently ineffect-
ive for analyzing highly biased character composition of
CpG island sequences. In this article, we proposed new
approaches using exact patterns of CpG island sequence
called k-mer and k-flank. By using genome distance based
on rank correlation tests, we show that k-mer and k-flank
patterns nearby CpG sites can correctly reconstruct the
phylogeny of 10 mammalian genomes. We further report
that k-mers, by using various machine learning algo-
rithms, can be used to characterize CpG islands sequences.
Conserved k-mers mean conservation of short sequence in
CpG island sequences. Thus, our findings of conserved
k-mers in CpG island sequences extend our current know-
ledge of CpG islands as CpG over-represented sequences
to partially conserved sequences. In addition, human
model testing on nine additional mammalian genomes
confirms that k-mers indeed are signatures consistent
with their evolutionary history. We conclude for the first
time that CpG islands sequences of 10 mammalian
genomes contain evolutionary evidence for non-random
pattern characteristics.
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Figure 15. Machine learning analysis human as positive data set and others as negative data set.

Figure 16. Result of machine learning analysis human as positive data
set and other species as negative data set. The result is consistent with
evolutionary history since when two species are close, e.g., human
versus chimp, the prediction accuracy is low while two species are
distant, e.g., human versus opossum, the prediction accuracy is high.
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