Detection and visualisation of regions of human DNA not present in other primates
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Abstract
Human specific regions are DNA segments that are unique or share high
dissimilarity rates relatively to close species, namely primates. Their existence is important to localize evolutionary traits that are often related to
novel functionality, besides its obvious discriminative ability.
We propose an unsupervised method, and an associated tool, to detect
and visualise these regions. It is based on the detection of relative absent
words (RAWs), using a probabilistic high depth model. The experimental
results show several regions that are associated with documented human
specific regions, namely centromeres and several genes, such as those
related with olfact. However, it also shows several undocumented ones,
that may express trends in human evolution.

1 Introduction

implementing such a model would certainly be more reasonable, but the
memory becomes dependent on the number of inserted elements. Moreover, for the volumes of data that we usually need to deal with, it still
implies high memory requirements.
A third option is a probabilistic data structure, namely a Bloom filter [1], which trades space resources by precision. Notwithstanding, the
usage of a very large Bloom filter (with the number of hash functions optimized), can give very high probabilities of becoming very similar to deterministic. Because, for this case, we do not need very large lengths and
precise results, since we want to find regions (RAWs) and not mRAWs,
this seems the most efficient choice.
For using a Bloom filter, we set a vector of dimension m and the
number of hash functions h, obtaining a balance that is also related with
the number of elements that are filtered, n. Asymptotically, for a given
m and n, the value of the number of hash functions that minimizes the
probability of false positives is given by

Relative absent words (RAWs) are sub-sequences that do not occur in
m
h = ln 2,
(3)
a given sequence (the reference), but do occur in another sequence (the
n
target). Consider a target sequence, x, and a reference sequence, y, both
from a finite alphabet Θ. We say that β is a factor of x if x can be expressed that can be re-written as
as x = uβ v, with uv denoting the concatenation between u and v. We
2−h ≈ 0.6185m/n .
(4)
denote by Wk (x) the set of all k-size words (or factors) of x. Also, we
represent the set of all k-size words not in x as Wk (x). For each k-size
word, we denote the set of all words that exist in x but do not exist in y by The more elements that are added to the set, the larger the probability of
false positives. Given n and a desired false positive probability p (assuming
that the optimal value of h is used), we can find the required number
Rk (x, ȳ) = Wk (x) ∩ Wk (y)
(1)
of bits m using
n ln p
and the subset of words that are minimal as
m=−
.
(5)
(ln 2)2
/
Mk (x, ȳ) = {β ∈ Rk (x, ȳ) : Wk−1 (β ) ∩ Mk−1 (x, ȳ) = 0},

(2) This means that, asymptotically, for a given false positive probability p,
the length m of a Bloom filter is proportional to the number of elements
i.e., a minimal absent word of size k cannot contain any minimal absent being filtered, n. For finite values, the false positive probability for a finite
word of size less than k. In particular, l β r is a minimal absent word of x, Bloom filter with m bits, n elements and h hash functions is, at most (see
where l and r are single letters from Θ, if l β r is not a word of x, but both [2] for more details),
l β and β r are ([6]).

h
Although minimal absent words have been studied before to describe
(6)
1 − e−h(n+0.5)/(m−1) .
properties of prokaryotic and eukaryotic genomes and to develop methods
for phylogeny construction or PCR primer design [3, 9], their pratical usThis method allows whole genome analysis using Tn targets and Rn
age for differential analysis is relatively new. Recently, we have proposed
references. To solve this, we write to disk each RAW detected from Ri
this approach, exploring the non-empty set Mk (x, ȳ) corresponding to the
in relation to each Ti . Next, for each Ti , the RAWs are considered only if
smallest k, referred to as minimal relative absent words (mRAWs), in an
they exist in all Ri . A file containing the whole genome RAWs in relation
application related to the ebola virus [7].
to each Ti is stored (these are the unique regions).
In this paper, we focus on finding large RAWs, with the aim of deAn example of the method, from the sequences to the maps, using
tecting human regions that are unique (with high probability), relatively three reference sequences and one target is depicted in Fig. 1. For T
n
to several primates. Hence, we are interested in creating a model of one targets, the process is repeated n times. Moreover, when using inverted
or more reference sequences, to detect sub-sequences that are present in a repeats, the reverse complemented sequence is also loaded into memory
target. To achieve this goal, we use a k-mer model with high depth (tipi- (for the same reference model).
cally k = 30), that is efficiently implemented using Bloom filters. ThereFor visualising the unique regions, after low-pass filtering of a binary
after, the unique regions, that are filtered and segmented using a threshold sequence containing the presence/absence of RAWs, a threshold is used
value, are presented in a map. A tool, with the implementation of the to segment the regions and then they are presented in a visual map (see
unsupervised method, is freely available.
Fig. 1 for an example).

2 Method
If one uses a binary vector to store all the possible entries indicating if
a certain k-mer exists or not in the sequence, we would use 4k bits. For
k = 30, we would need 131,072 TeraBytes of memory, which is impracticable on current computers. A data structure such as a hash table for

We have created a fully automatic tool (CHESTER), written in C
language, with the implementation of the unsupervised method. It is
available at http://github.com/pratas/chester, under GPL2, and can be applied to any genomic sequence, in FASTA, FASTQ or
SEQ (ACGTN) formats.
In Fig. 2, we show the results of running the tool against several synthetic sequences, used to better illustrate the method. As can be seen,

Figure 1: Visual description of the method. The genomic sequences contained in the files R1, R2 and R3 are independently processed against
a target, T 1. From each computation a binary sequence is generated,
B1, B2 and B3, describing the presence/absense of a RAW according to
the order of T 1. Next, the binary files are merged using a logic or (∨),
B1 ∨ B2 ∨ B3 and the result is JB1. The JB1 sequence is then lowpass filtered, resulting in the real sequence described as JBF1. Finally, a
threshold (line in red) is used to segment the information contained in the
JBF1, where each segmented region is represented in the RAWs map.

Figure 3: Human specific region (chromosomal) maps relative to the
chimpanzee, gorilla and orangutan using CHESTER with t = 0.6 and
k = 30. The blue strips represent the relative unique regions.

olfactory receptor is a gene associated with olfactory receptors that interact with odorant molecules in the nose, to initiate a neuronal response that
triggers the perception of a smell. These findings are confirmed by other
recent studies that show the loss of olfatory function only in the hominid
evolution and therefore the consequent genomic sequence alteration [5].

4

Conclusions

RAWs are unique words that appear in a sequence and nowhere in other
sequence. Their fundaments have been used recently in personalized
medicine scenarios using minimal absent words. In this paper, we followed a different line, exploring high orders and whole genome analysis,
proposing a method and an associated tool (CHESTER) to detect and visualise RAWs. These regions are associated with relative whole genome
uniqueness, namely with centromeres and recent evolutionary traits that,
relatively to several primates (chimpanzee, gorilla and orangutan), are
Figure 2: Running CHESTER using several synthetic sequences. Blocks
specific to humans.
A1 and B2 have been edited according to the functions refered on the
left. Function S stands for a substitution mutation of the input block with
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