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Abstract

Next generation sequencing technologies are driving a novel revolution
in the personalized medicine field. The unprecedented availability of
genomes and computational tools enables the development of novel di-
agnosis and therapeutic strategies. Here, using an alignment-free method
based on the relative minimal absent words, we show that the identi-
fication of pathogen signatures is possible to allow quick intervention
for infectious agents, as exemplified by the current Ebola virus outbreak
genome analysis.

Introduction

The $1200 genome milestone has been reached, with sequencing times
of one week, and it has been argued that these values will substantially
decrease with the incoming of the third generation. The personalized
medicine field is now newborn, increasingly dependent on the advances of
sequencing technologies, and yielding major contributions for diagnosis
or genetic counseling to maximize the probability of welfare. Under this
framework, personalized vaccines are a possibility and their development
is essential with the emergence of pathogen resistance, namely for fungal,
viral and bacterial infections.

New successful applications strongly depend on the ability to detect
regions in pathogen genomes that are absent in the healthy host, mainly to
eliminate the pathogen without harming the host. Given the task, genomic
information sizes create a challenge to the wet lab, and currently this can
only be solved with comparative genomics that can be time-consuming,
expensive and more susceptible to error than computational approaches.

Although computational methods can be employed to solve these
tasks, the success of the detection algorithms are strongly dependent on
the time and memory requirements to run on common computers. Sev-
eral studies indicate that minimal absent words on the human genome
exist above size 10. Therefore, efficient data structures, such as suffix ar-
rays and hash-tables, among others, play a key role to minimize memory
requirements maintaining affordable processing times.

On the other hand, identifying comparative specific novel regions is
also a way to discover new genes and genome structures, and evidence of
evolutionary patterns and signatures across species. For example, one of
the current research topics is the identification of modern human specific
genes, compared with the newly sequenced genomes of Denisovans and
Neanderthals. Typically, these genomes have approximately 3 giga bases,
establishing the importance of efficient fast-compact data structures.

Minimal absent words have been studied and computed by many re-
searchers [1, 3, 5, 7]. In this paper, we follow an emerging branch, the
relative minimal absent words. These are minimal absent words of a cer-
tain genome that exist in another one. We propose a method to detect
these words and report their position. We have applied the method to 20
Ebola virus (EBOV) genomes and detected several minimal absent words
of the human reference genome (GRC) that occur in the virus, as well as
their positions.

Method

Consider a reference sequence, X , and n target sequences Y1,Y2, . . . ,Yn.
All sequences are from a finite alphabet, Σ= {A,C,G,T}, and |X | denotes
the size of sequence X .

We compute the k-mers of X and the Yi sequences using a sliding
window of size k. Each k-mer is converted into a numeric index, i, and

stored into a binary array if k < 17, otherwise in a hash table. Parallel,
we perform the following mapping: A→ T , T → A, C→ G and G→C.
The mapping is applied for each reversed k-mer, converted into an index,
i and stored as described above. Each k-mer from X is loaded, including
those from the reverse mapping, and stored in memory. We call this the
training phase.

Then we start the matching phase. The intention is to find exact k-
mers on each Yi. Therefore, for each Yi, a boolean array is created, Bi,
with |Bi| = |Yi| − k, containing a true value when a k-mer exists in the
memory.

The objective is to detect relative absent words, therefore the interest
is on the false elements from Bi. Since the process of matching is sequen-
tial, each position of a false element in Bi reports the exact position in the
target sequence, Yi.

Finally, the results are presented in a map, along each Yi, that depicts
the regions or points where the k-mer (absent in X) occurs.

Results

For the results in this section we have used the full GRC-38 human ref-
erence genome [2] downloaded from the NCBI1, including the mitochon-
drial, unplaced and unlocalized sequences. For the 20 EBOV genomes,
the sequences (first 20 genomes) have been also downloaded from NCBI2

[4].
We have implemented a version of the method that required 7 min-

utes and 51 seconds to compute all the k-mers presented in Fig. 1, from
the 20 EBOV genomes, including the training phase over a sequence of
approximately 3 GB. The maximum RAM memory used was 1 GB. The
computation was performed on Linux Ubuntu 12.04 LTS with the follow-
ing hardware characteristics: 4 Intel Core i7-3520M CPU at 2.90GHz, 8
GB of RAM and a SSD of 243.6 GB.

Figure 1 depicts the computation for word sizes 12, 13, 14 and 15.
As expected, the number of absent words decreases as the k-mer size de-
creases. Specifically, for k = 11 (not in Fig. 1), there are no relative absent
words. On the other hand, for k = 12, three groups of points emerge (P1,
P2 and P3). Each position of the corresponding point, according to each
genome, is shown in Table 1. In each group, the positions are very close
among the different strains of the virus.

In fact, they all degenerate from the same words, namely:

• TTTCGCCCGACT (P1),

• TACGCCCTATCG (P2),

• CCTACGCGCAAA (P3).

From the three EBOV sequence motifs absent in the human genome,
the first (P1) is included in the virus nucleoprotein (NP), while the other
two (P2 and P3) fall within the sequence of the viral RNA-polymerase (L
protein). Previous studies show that the N-terminal region of EBOV NP
participates in both the formation of nucleocapsid-like structures through
NP-NP interactions and in the replication of the viral genome [8], and
P1 sequence is part of this N-terminal region (Fig. 2). The L-protein
produces the viral transcripts to be translated by host ribosomes and is
involved in the replication of the viral genome as well. Both proteins are
critical for the virus life cycle, thus, constitute good targets for therapeutic
intervention. The identification of these viral genome signatures is also
important for quick diagnosis in outbreak scenarios.

1ftp://ftp.ncbi.nlm.nih.gov/genomes/H_sapiens/Assembled_
chromosomes/seq/

2http://www.ncbi.nlm.nih.gov/bioproject/257197



Figure 1: Ebola virus absent words relatively to the GRC reference human genome. Left plot depicts a 3D model with several k-mers for the 20
EBOV genomes along their length, while the right plot contains a (vertical) projection of the genomes and length. Points P1, P2 and P3 represent the
relative minimal absent words.

Figure 2: Structure of the Ebola virus genome. The negative-stranded RNA genome has about 19 kb in size and encodes for seven proteins:
nucleoprotein (N), glycoprotein (GP), polymerase (L) and four additional viral proteins (VP).

Genome 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
P1 1,232 1,216 1,323 1,308 1,336 1,353 1,318 1,260 1,351 1,353 1,309 1,308 1,340 1,309 1,353 1,345 1,340 1,308 1,329 1,347
P2 12,654 12,638 12,745 12,730 12,758 12,775 12,740 12,682 12,773 12,775 12,731 12,730 12,762 12,731 12,775 12,767 12,762 12,730 12,751 12,769
P3 13,056 13,040 13,147 13,132 13,160 13,177 13,142 13,084 13,175 13,177 13,133 13,132 13,164 13,133 13,177 13,169 13,164 13,132 13,153 13,171

Table 1: Starting positions for each absent word, for k = 12, contained in each EBOV genome relatively to the GRC reference human genome.

Conclusions

The field of personalized diagnosis and terapeutics is largely led by the vi-
rology branch. The identification of the regions that are present in a virus
genome but are absent in a human genome, will drive the development of
innovative terapeutics.

It is well-known that two different human genomes share a high de-
gree of homology, and we explore this characteristic to detect minimal
absent words in the human genome that are present in the Ebola virus. For
each of the 20 EBOV genomes, we have detected 3 words with size 12,
namely, TTTCGCCCGACT, TACGCCCTATCG and CCTACGCGCAAA,
using the method that we propose here.

These results can now be further explored from a biological point of
view, in order to build a vaccine that has a high probability to damage the
virus without harming the human being.
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