
1/8Brazilian Journal of Biology, 2024, vol. 84, e258258  |  https://doi.org/10.1590/1519-6984.258258

Original Article

THE INTERNATIONAL JOURNAL ON NEOTROPICAL BIOLOGY
THE INTERNATIONAL JOURNAL ON GLOBAL BIODIVERSITY AND ENVIRONMENT

ISSN 1519-6984 (Print)
ISSN 1678-4375 (Online)

This is an Open Access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, 
distribution, and reproduction in any medium, provided the original work is properly cited.

1. Introduction

Mycobacterium tuberculosis (MTB), also known as Koch’s 
bacillus, is highly contagious, airborne, slow growing, Gram 
stain positive, rich in GC content, aerobic, and rod shaped 
and has an unusual layer of wax on its cell surface due to 
mycolic acid. Its cell wall has a high lipid content, which 
allows the bacteria to survive inside macrophages, providing 
the organism with a barrier resistant to many common 
medicines. Humans are MTB’s main host (Subhasree et al., 
2017). Infection is transmitted by airborne spread of 
aerosolized bacteria containing 1-to-5 μm diameter 
droplet nuclei that transport MTB from an individual with 
Tuberculose (TB) infection to an uninfected individual. 
Infectious droplet nuclei are inhaled and localized to the 

distal airway alveoli. MTB is then absorbed by alveolar 
macrophages, initiating a cascade of events that result in 
the successful containment of infection or progression to 
active TB disease. The risk of developing active disease 
varies with time since infection, age and host immunity. 
Koch’s bacillus has the ability to remain dormant for many 
years. Once active, TB attacks the respiratory system and 
other organs, destroying body tissues (Koch et al., 2018).

TB persists as a global health concern because it infects 
individuals who generally do not adhere to treatment for 
6 months or more (Gagneux et al., 2006). This circumstance 
is particularly true in the developing world, where over 
95% of infections occur (Niemann et al., 2009; Delogu et al., 
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or drug tolerance is due to epigenetic changes in gene 
and protein expression, which causes drug tolerance in 
nongrowing bacteria (Lange et al., 2018). These two types 
of resistance are responsible for several problems in the 
effective control of TB, with genetic resistance, as present 
in multidrug-resistant (MDR) or extensively drug-resistant 
(XDR) strains, causing problems worldwide. The subtler 
phenomenon of phenotypic drug resistance or tolerance 
is classified as persistent, implying prolonged treatment 
and risk of relapse after treatment (Campaniço et al., 2018).

Over recent years, there has been an increase in the 
incidence of TB in developing and industrialized countries 
due to the widespread emergence of drug-resistant strains 
and synergy with human immunodeficiency virus (HIV) 
infection, as appointed by the studies published to date by 
Dalcolmo (2000), Kwan and Ernst (2011), Pawlowski et al. 
(2012), Maiti and Maiti (2021), Sharma et al. (2021) and 
WHO (2021). In 2000, official estimates from the WHO’s 
Global Health Estimates, HIV infected some 33 million 
people. Even though the data validating this notion may 
be questioned, a third of the world’s population was also 
infected with tuberculosis bacillus in an active or latent form 
(Dalcolmo, 2000). Kwan and Ernst (2011) make evident the 
syndemic relationship between HIV and TB and captured 
a positive linear Pearson correlation (r) of 0,799 from the 
data of 132 countries in 2008. They also conclude that the 
HIV-TB syndemic has disproportionately impacted people 
in Africa. Later, another study said that about 14 million 
people were dually infected in 2010. In that scenery, TB 
accounts for roughly 26% of AIDS-related deaths, the 
most significant single cause of death in the context of 
AIDS (Mazurek et al., 2012). According to Maiti and Maiti 
(2021), TB is the most common opportunistic infection 
among humans infected with HIV. Thus a synergistic 
interaction occurs between HIV and Mycobacterium; each 
emphasizes the progression of the other. MDR-TB remains 
a public health crisis and a health security threat. In 2020, 
only about one in three people with drug-resistant TB 
accessed treatment (WHO, 2021). TB occurs in every part 
of the world. The most significant number of new TB cases 
occurred in the South-East Asian Region, with 43% new 
cases, followed by the African Region, with 25% new cases, 
and the Western Pacific with 18%. Approximately 86% of 
new TB cases occurred in the 30 high TB burden countries. 
Eight countries accounted for two-thirds of the new TB 
cases: India, China, Indonesia, the Philippines, Pakistan, 
Nigeria, Bangladesh, and South Africa (WHO, 2021).

Radical measures are needed to prevent dire WHO 
predictions from coming true. The combination of genomics 
and bioinformatics has the potential to generate the 
information and knowledge that will enable the design and 
development of new therapies and interventions needed 
to treat this airborne disease and to elucidate the unusual 
biology of its etiological agent, MTB (Cole et al., 1998)

Given the large amount of genomic data, alignment-
free sequence comparison methods are required due 
to their low computational complexity. Most methods 
without alignment are based on word frequencies. For a 
word length, a k is fixed, thus calculating a frequency of 
(relative) words, which will compose a vector for each of 
the input sequences (Leimeister et al., 2014). By sequencing 

2013). Noncompliance with treatment has contributed 
to the current TB pandemic, increasing the probability of 
transmission and sustaining the development of resistant 
strains (Bertholet et al., 2010). Thus, more advanced studies 
of these resistant strains are needed to develop vaccines 
that effectively control the disease, which often require high 
research costs (Tacconelli et al., 2018; Walker et al., 2018).

The current state of affairs can make a parallel 
approach with Covid 19 pandemic. A disease of the 
coronavirus presents manifestations clinics similar to 
others in infections also transferred via the airways, 
such as pulmonary tuberculosis (TB). Visca et al., 2021 
affirm that TB is still a lethal and neglected disease in the 
Covid 19 era. They substantiate this claim by saying little 
progress has been made with the prevention, diagnosis, 
and treatment up to date, despite the Who declaring 
this disease a global emergency in 1993, while the few 
investments in research funds in Brazil were negligible 
over the years. If in tuberculosis, the incorrect treatment 
causes resistant strains. The novel coronavirus causes 
severe acute respiratory syndrome coronavirus 2 (SARS-
CoV-2, also called COVID-19 and 2019-nCoV). In light of 
this, the virus continues to surround the people who do not 
take the vaccines correctly, and more sinister, it mutates 
(Sharifipour et al., 2020). In that regard, the present SARS-
CoV2, like TB, poses an increased risk to global health due 
to its high speed of spread, which induces mutations and 
consequently causes severe forms of respiratory illness 
(Campos et al., 2020). Genetic mutations of viruses are a 
common phenomenon. Currently, 4,000 mutations in the 
spike protein of SARS-CoV-2 have already been identified, 
and most of them do not affect the virus regarding its 
ability to spread or cause disease (Hossain et al., 2021). The 
SARS-CoV-2 already exceeded the Ebola virus outbreak, 
continuously escalating, with over 14 million cases and 
more than half-million deaths confirmed in more than 180 
countries, mainly in the USA, Brazil, India, Russia, and Peru 
(Pratas and Silva, 2020). Maia et al. 2022, in a letter to the 
editor, address the impact of the COVID-19 pandemic on 
tuberculosis in Brazil. The data extracted from the Brazilian 
public database - the Ministry of Health, reveal that the 
average number of TB consultations jumped from 2017 to 
2019 from 48,688 to 108,269 in 2020 (Covid-19 pandemic): 
an increase of 122.4%. However, a reduction in confirmed 
cases of pulmonary TB in Brazil occurred, with a decrease 
of 6,501 reported cases from the period of 2017 to 2019 
(a drop of 7,9%). Consider that TB is well-known to be a 
seasonal disease. According to the findings of that letter, 
Brazil experienced different levels of interruption of the 
health system, which may result in a reduction in the total 
notifications of pulmonary TB. Furthermore, during the 
pandemic period, essential services for TB were restricted 
due to the decrease in resources and supplies, prioritizing 
the mitigation of COVID-19; a similar fact occurred in 
other countries, according to the authors. That analyzed 
data also appoint an increase in treatment dropouts and 
deaths from TB during the Covid-19 pandemic.

There are two types of MTB drug resistance: genetic 
resistance and phenotypic resistance (Zhang and Yew, 2015). 
Genetic drug resistance is due to mutations in chromosomal 
genes in growing bacteria, while phenotypic resistance 
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additional complete genomes, it becomes possible to 
move from theoretical to empirical studies and examine 
the properties of DNA words and how their distributions 
vary among different species or elements of genomes. The 
most basic empirical question that has been investigated 
is k-mers (Chor et al., 2009). K-mer-based methods can 
improve comparison accuracy by extracting an effective 
feature from genome sequences (Han and Cho, 2019). 
Several works have been published using this method, 
such as (Singh et al., 2017; Cheng et al., 2013; Li et al., 
2010; Ondov et al., 2016; Wang, 2013; Yin and Yau, 2015)

The purpose of this paper is the use of k-mer analysis to 
verify the position of the words (nitrogenous bases of the 
genome) of each sequence related to the MTB genome in 
order to identify the phylogenetic tree. From this analysis, 
it will be possible to visualize sequences that are similar 
to each other.

2. Material and Methods

The sequences (MTB strains) used in this work were 
extracted from the National Center for Biotechnology 
Information (NCBI) website and are described in Table 1 
(NCBI, 2018). These same strains were also used in (Saini 
and Dewan, 2016; Ferreira et al., 2017, 2018, 2020).

2.1. K-mer analysis

K-mers are substrings of length k contained within 
a biological sequence. Used mainly in the context of 
computational genomics and sequence analysis, k-mers are 
composed of nucleotides (i.e., A, T, G and C), to assemble 

DNA sequences, improve gene expression, identify species 
in metagenomic samples, create attenuated vaccines, etc. 
Generally, the term k-mer refers to all subsequences in 
length of a sequence k, such that the sequence given by 
AGAT would have four monomers (A, G, A, and T), three 
{2-mers} (AG, GA, and AT), two {3-mers} (AGA and GAT) and 
one {4-mer} (AGAT). More generally, a sequence of length 
L will have L-k + 1 k-mers, with kn  being a possible total 
of k-mers, where n is the number of possible monomers, 
i.e., four in the case of DNA (Huang, 2016).

Table 2 shows the possible k-mers of a DNA sequence.
According to Allman et al. (2017), given A  is a sequence 

in the letter alphabet L, { }1, 2, ,L L= … ; to a natural number 
k , given Y  is the vector of the k-mer counts extracted 
from A. Consequently, for each 1 2

k
kB b b b L= … ∈ , the 

coordinate BY  records the number of times B  occurs as 
a contiguous substring in A. A standard k-mer method 
calculates a distance between two sequences 1A  and 2A  
of length 1n  and 2n  by first calculating their respective 
k-mer vectors 1Y  and 2  Y and then computing the Euclidean 
squared distance, according to Equation 1.

( )22
1 2 1 22

k

B B

B L

Y Y Y Y

∈

− = −∑ 	 (1)

Analyzing two sequences descending from a common 
ancestor, they go through a base substitution process 
described by standard assumptions of phylogenetic 
modeling. We can assume that one of the sequences,

1 A , is ancestral to the other, 2A , and their locations are 
assigned states in L  according to an i.i.d (independently 

Table 1. Description of each of the sequences analyzed.

Sequences Description of strains
Total length 
of sequences

Seq1_DS Strain was isolated in Russia belonging to the AI family (according to RFLP genotyping) and it 
is sensitive to all common drugs used in the treatment of tuberculosis.

4,398,525

Seq2_DS Susceptible strain representing the largest portion of patients’ tuberculosis isolates recovered 
during an epidemic in the Western Cape of South Africa.

4,424,435

Seq3_DS Susceptible strain belonging to the Beijing family, sequenced for comparative genomic 
studies.

4,398,812

Seq4_DR Resistant strain isolated in 2004, referring to a patient with secondary pulmonary 
tuberculosis, sequenced for comparative genomic studies.

4,405,981

Seq5_DR Drug resistant strain, having an accelerated rate of transmission between humans under 
agglomeration conditions.

4,408,224

Seq6_MDR Strain correspond to a single patient in KwaZulu-Natal, South Africa. 4,398,250

Seq7_XDR Strain correspond to a single patient in KwaZulu-Natal, South Africa. 4,399,120

Seq8_DS Susceptible strain used for comparative genomic studies. 4,414,325

Seq9_DS Susceptible strain derived from the original human lung H37, isolated in 1934. It has been 
widely used all over the world in biomedical research. Unlike some clinical isolates, it retains 
total virulence in animals with tuberculosis and is susceptible to drugs and receptive to 
genetic manipulation.

4,411,532

Seq10_DS A virulent susceptible strain derived from its virulent parent strain H37 (isolated from a 
19 year old male patient with chronic pulmonary tuberculosis, named Edward R. Baldwin 
in 1905). This strain was obtained through an aging and dissociation process of an in vitro 
culture in the year 1935.

4,419,977
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and identically distributed) process with state probability 
vector ( )b

b L
π π

∈
= .

Moreover, π  is the stationary distribution of a transition 
probability matrix R, dimension L L× , describing the 
process of state change from a single location from 
sequence 1  A to sequence 2A . In the context of continuous 
time models with a D  rate matrix and time (or branch 
length) t , ( )expR Dt= . Thus, the probability of a k-mer 

1 2  k
kB b b b L= … ∈ in any consecutive k  of a single sequence 

is 

1

j

k
bB

j

π π
=

=∏ . The k-mer vectors 1Y  and 2Y  are random 

variables that summarize 1A  and 2 A .
The method corresponds to a frequency analysis of 

words (nitrogenous bases of the genome) called k-mers. 
The package used was {Kmer}, where we worked with 
the kdistance function (Wilkinson, 2019). The k values 
tested ranged from 1 to 10. The analysis was performed 

by spanning the entire genome, where each sequence is 
over 4 million base pairs.

To perform the analysis, the free program R was used 
(R Core Team, 2019).

3. Results

In Figure 1A, the formation of two distinct groups is 
shown, obtained by the analysis with the value of k = 1; 
that is, the genome was traversed verifying each letter, 
which, in this case, are the nitrogenous bases.

The first group formed contains multidrug-resistant 
(MDR) and extensively drug resistant (XDR) strains, which 
correspond to the MTB genomes of most resistant strains. 
The second group contains drug-resistant (DR) strains 
along with drug-susceptible (DS) strains.

As shown in Figure  1A, with respect to the largest 
group formed, the Seq3_DS and Seq10_DS sequences stay 
together, as well as the Seq2_DS and Seq9_DS sequences. 
The sequences Seq1_DS, Seq5_DR, Seq4_DR and Seq8_DS 
appear isolated.

In Figure  1B, the results with k = 2 are shown. We 
verified the formation of three groups according to the 
cut line. The first group contains the sequences Seq6_MDR 
and Seq7_XDR. The second group contains the sequence 
Seq1_DS alone. The third group contains the sequence 
Seq5_DR alone. The fourth group contains the sequences 
Seq4_DR, Seq8_DS, Seq2_DS, Seq10_DS, Seq3_DS and 
Seq9_DS.

With respect to Figure 2A, using k = 3, the groups formed 
looking at the threshold line were as follows: the first group 
contained the sequences Seq6_MDR and Seq7_XDR; the 
second group contained the sequence Seq1_DS; the third 
group contained the sequence Seq5_DR; the fourth group 
contained the sequence Seq4_DR; and the fifth group 
contained the sequences Seq2_DS, Seq8_DS, Seq3_DS, 
Seq9_DS and Seq10_DS.

Table 2. K-mers for GTAGAGCTGT.

k k-mers

1 G, T, A, G, A, G, C, T, G, T

2 GT, TA, AG, GA, AG, GC, CT, TG, GT

3 GTA, TAG, AGA, GAG, AGC, GCT, CTG, TGT

4 GTAG, TAGA, AGAG, GAGC, AGCT, GCTG, CTGT

5 GTAGA, TAGAG, AGAGC, GAGCT, AGCTG, GCTGT

6 GTAGAG, TAGAGC, AGAGCT, GAGCTG, AGCTGT

7 GTAGAGC, TAGAGCT, AGAGCTG, GAGCTGT

8 GTAGAGCT, TAGAGCTG, AGAGCTGT

9 GTAGAGCTG, TAGAGCTGT

10 GTAGAGCTGT

Figure 1. Formation of groups using k-mer analysis, (A) with k = 1, (B) with k = 2.
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Verifying the results shown in Figure 2B, with k = 4, 
5, 6 and 7, the results were the same for these values of 
k. Taking into account the threshold line, the following 
groups were identified: the first group contained the 
sequences Seq6_MDR and Seq7_XDR; the second group 
contained the sequence Seq1_DS; the third group contained 
the sequence Seq5_DR; the fourth group contained the 
sequence Seq4_DR; the fifth group contained the sequences 
Seq3_DS and Seq8_DS; and the sixth group contained the 
sequences Seq2_DS, Seq9_DS and Seq10_DS.

As shown in Figure 3, with k = 8, 9 and 10, the same 
results were obtained for these k values. Analyzing the 
threshold line, we verified the formation of three groups. 
The first group contained the sequences Seq6_MDR and 
Seq7_XDR. The second group contained the sequences 
Seq3_DS, Seq4_DR and Seq8_DS. The third group contained 
the sequences Seq5_DR, Seq1_DS, Seq2_DS, Seq9_DS and 
Seq10_DS.

4. Discussion

The result shown in Figure  1 was also found in the 
work of (Saini and Dewan, 2016). The authors used 

was the discrete decimated wavelet transform (DWT) 
methodology, employing the Haar wavelet at five 
levels of decomposition. The extraction of MTB genome 
characteristics was performed using GC content with a 
10,000 base pair sliding window. To verify the formation 
of the groups, they used the total energy from the DWT.

Already at work of Ferreira et al. (2017), it was used 
discrete nondecimated wavelet transform (NDWT) 
methodology, using the Daubechies wavelet with 4 null 
moments at five levels of decomposition. The extraction of 
MTB genome characteristics was also performed using GC 
content with a 10,000 base pair sliding window. Clustering 
was verified using the energy obtained at each level of 
decomposition.

The work of Ferreira  et  al. (2018), who also arrived 
at the same result, employed the same methodology of 
Ferreira et al. (2017) in the first part of the analysis. To 
visualize the formation of groups, elastic net methodology 
was used, whose advantage is the ability to see the 
formation of groups at each level of decomposition. As 
the softer level corresponds to the approximation of the 
last level of decomposition, that is, the level that brings 
provides details, it was possible to see the formation of 
two groups.

In the most recent work of Ferreira et al. (2020), who 
also employed the same methodology of Ferreira et al. 
(2017) in the first part of the analysis. The verification of 
the formation of the groups was made using the technique 
of the exponent of Hurst obtained through five different 
methods.

The effectiveness of k-mer in the analysis, proven 
through the results obtained in the four articles mentioned 
above, reinforces the computational gain in genome 
analysis, both in the analysis processing and in the 
reliability of the results, due to covering reliable regions of 
the genomes. In the work of Jaillard et al. (2020) they also 
reinforce the advantages of the analyzes using the k-mer, 
because first they covering conserved genomic regions 
are redundant, and while they can be easily detected and 
filtered, they define groups of equivalent k-mers, which 
are not always straightforward to interpret as genomic 

Figure 2. Formation of groups using k-mer analysis, (A) with k = 3, (B) with k = 4, 5, 6 and 7.

Figure 3. Formation of groups using k-mer analysis, with k = 8, 
9 and 10.
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determinants. Second, k-mers may not be specific of a 
given genomic region and hence may be hard to annotate. 
Now for Bussi et al. (2021) the distributions of DNA words 
(i.e. oligomers of length k–also known as k-mers, n-tuples, 
n-grams) within long fragments of DNA has been shown 
to be highly characteristic of an organism. Thus, by using 
extracted short k-mers, sufficiently long DNA sequences 
could be taxonomically classified to different genomes 
efficiently, a common task in processing metagenomic 
data. Currently, tetranucleotide frequencies are used in the 
most popular tools for this process of binning metagenomic 
sequences, however, longer lengths of k have been shown 
to improve the resolution of taxonomic classification. In 
the works of Humphrey et al. (2020) and Kafri et al. (2021) 
reinforce the efficiency of analyzes working with k-mer, 
both with bacterial genomes and with other species.

Regarding the k-mers used in Figure 3, we found that 
with k = 8, 9 and 10, more similar sequences were found, 
where no sequence is isolated; that is, there is a similarity 
detection capability that is distinct from that with the 
other k-mers.

The following are the descriptions of the sequences 
that were grouped in Figure 3.

The Seq6_MDR and Seq7_XDR sequences that make 
up the first group are strains corresponding to two 
patients in KwaZulu-Natal, South Africa. Analyzing the 
similar sequences in the second group, it is interesting 
to highlight that the sequences Seq3_DS, Seq4_DR and 
Seq8_DS presented the same descriptions, since they 
are sequenced strains for comparative genomic studies.

In the third group, the Seq5_DR sequence is a strain that 
has an accelerated rate of transmission between humans 
under crowded conditions. The sequence Seq1_DS is a 
strain sensitive to all common medicines used to treat 
tuberculosis. The Seq2_DS sequence is a strain representing 
the majority of tuberculosis isolates from patients that 
recovered during an epidemic in the Western Cape of 
South Africa. The Seq9_DS and Seq10_DS sequences are 
strains derived from the virulent progenitor strain H37.

A cluster-randomized trials study is critical when 
working with antimicrobial resistance as a significant 
public health concern. In this view, a comparative 
approach was made by Yang et al. (2021) to understand 
the genetic variability and antibiotic resistance of P. 
aeruginosa isolated from patients with LTRIs admitted to 
the intensive care unit. P. aeruginosa infection leads to a 
deterioration of pulmonary function comparable to TB. 
Furthermore, it causes lower respiratory tract infections 
(LTRIs), the most common infection among hospitalized 
patients, associated with increased levels of morbidity and 
mortality. In addition, this pathogen, like TB, can develop 
antibiotic resistance through several mechanisms. In that 
investigation, it was used three types of DNA fingerprint 
markers were: Restriction Fragment Length Polymorphism 
(RFLP), Random Amplified Polymorphic DNA (RAPD), and 
Repetitive Extrapalindromic PCR (REP-PCR). The difference 
in similarity observed between those markers indicates high 
variability between strains; highlighted by the different 
number of clusters detected in the phylogenetic tree of 
each method considering 100% intra-strain similarity: 
RAPD - 8, RFLP - 13, and REP-PCR - 9. Along the same 

line, it emphasizes the importance of our innovative 
technique applied to MTB sequences to detect clusters 
with different degrees of drug resistance to understand 
their phylogenetic pattern.

5. Conclusions

The analysis using k-mers, taking into account the 
distance of the composition of each monomer (DNA word) 
in the MTB genome sequences, was able to capture the 
similarities of the strains well.

Of the 10 k-mers analyzed, 5 distinct group formations 
were identified, according to the threshold line. However, in 
all groups, the multidrug-resistant (MDR) and extensively 
drug-resistant (XDR) strains remained together and 
separated from the other strains.
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