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in the genotyping of bovine
tuberculosis and its rapid diagnosis via
nanoparticle-based electrochemical biosensors
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Mohamed Nayel, d Akram Salama,d Ahmed Zaghawad and Ahmed Elsifyd

Bovine tuberculosis (bTB) is considered a worldwide infectious zoonotic disease. Mycobacterium bovis

causes bTB disease. It is one of the Mycobacterium tuberculosis complex (MTBC) members. MTBC is

a clonal complex of close relatives with approximately 99.95% similarity. M. bovis is a spillover pathogen

that can transmit from animals to humans and rarely from humans to animals with contact. Genotyping

techniques are important to discriminate and differentiate between MTBC species. Spoligotyping and

mycobacterial interspersed repetitive unit-variable number tandem repeat (MIRU-VNTR) are widely used

but they have some limitations. As an alternative, whole genome sequencing approaches have been

utilized due to their high-resolution power. They are employed in typing M. bovis and explain the

evolutionary and phylogenetic relationships between isolates. The control of bTB disease has attracted

a large amount of attention. Rapid and proper diagnosis is necessary for monitoring the disease as an

initial step for its control and treatment. Nanotechnology has a potential impact on the rapid diagnosis

and treatment of bTB through the use of nanocarrier and metal nanoparticles (NPs). Special attention

has been paid to voltammetric and impedimetric electrochemical strategies as facile, sensitive, and

selective methods for the efficient detection of tuberculosis. The efficacy of these sensors is enhanced

in the presence of NPs, which act as recognition and/or redox probes. Gold, silver, copper, cobalt,

graphene, and magnetic NPs, as well as polypyrrole nanowires and multiwalled carbon nanotubes have

been employed for detecting tuberculosis. Overall, NP-based electrochemical sensors represent

a promising tool for the diagnosis of bTB.
Introduction

Tuberculosis (TB) is an important zoonotic disease of animals
and humans.1 Despite advancements in its prevention and
management, TB still ranks as one of the top infectious agents
in terms of mortality and has a devastating impact on pop-
ulations of bovine livestock and wildlife worldwide.2 A World
Health Organization (WHO) study from 2022 reported new
cases of nearly tenmillion and 1.6 million fatalities as a result of
initial infection, reinfection, or re-activation of latent infection
(Tuberculosis Deaths and Disease Increase during the COVID-19
Pandemic, n.d.), and the increasing incidence of antimicrobial
resistance (AMR) is a hazard to public health.3 WHO indicated
ce, Menoua University, Shebin El-Kom

@yahoo.com; moustafazahran@science.

water, Holding Company for Water and

ersity in Cairo, AUC Avenue, New Cairo

ectious Diseases, Faculty of Veterinary

the Royal Society of Chemistry
that there are eight countries showing two-thirds of the novel
cases: China, Nigeria, India, Bangladesh, Indonesia, South
Africa, Pakistan, and the Philippines. Additionally, TB inci-
dence was declining globally by an accumulated decreasing rate
of 11%, which is less than half of the anticipated 20% drop from
2015 to 2020 outlined in the previous TB policy. Eradicating
tuberculosis by 2030 is one of the rst health goals of the United
Nations Sustainable Development Goals (SDGs) (Tuberculosis,
n.d.). Furthermore, bovine TB (bTB) is notiable disease that
must be informed to the OIE (World Organization for Animal
Health). Reporting of the bTB status from 188 different coun-
tries from January 2017 to June 2018 revealed that the presence
of the disease in animals was 44% with prevalence increasing in
Africa, America and some regions of Asia.4 Regardless of
successful worldwide notication calls, the real effect of bTB in
livestock is rarely adequately reported, particularly in wild
animals and in nations with undeveloped control measures.5

bTB is caused by M. bovis and it is considered to spill-over
between hosts.6 It usually spreads to people aer close contact
with diseased animals or the consumption of soiled, unpas-
teurized dairy products.7 The symptoms of the human disease
of M. bovis, which is resistant to PZA,8 one of the rst TB
RSC Adv., 2023, 13, 31795–31810 | 31795
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medications, are like those caused by M. tuberculosis.9 It has
been assessed that M. bovis accounts for less than 1.5% of all
human cases of TB in areas outside of Africa and almost 2.8% of
all TB disease in Africa.10

Effective programs to eradicate and control bTB usually
depend on testing and slaughtering, post mortem inspection
actions and movement restrictions, and before that proper
diagnosis.11 To understand TB transmission, bacterial
phylogeny and evolution has been considerably enhanced with
the invention and application of molecular genotyping
approaches for Mycobacterium species. Genotyping of Myco-
bacterium tuberculosis complex (MTBC) species is considered
common practice for epidemiological tracking, and the analysis
of regional and global strain population dynamics are of
signicant importance to investigate the spread of extensively
drug-resistant (XDR) and multidrug-resistant (MDR) bacteria.12

Several methods for conventional genotyping can be used to
examine several classes of genetic markers and produce strain-
specic banding patterns (IS6110 DNA ngerprint), bar code-
like signals (spoligotyping), or numerical patterns (24 locus-
MIRU-VNTR typing).13 Nevertheless, quick advancements in
whole-genome sequencing (WGS) methods offer more thorough
insights into the underlying molecular and epidemiological
techniques and result in improved diagnostic and treatment
tools.14

In the past, M. bovis genotyping methods have mostly relied
on PCR-based assays to evaluate a few of the genetic markers.15

Whole genome sequencing (WGS) of M. bovis will eventually
substitute some challenging analyses as the cost per genome
continues to drop, while also allowing for the required high
resolution analysis of outbreaks.16 These genetic techniques
offer valuable insights into the causes of infection, the trans-
mission routes, the geographic localization, and the preferred
hosts, as well as the dynamics and risk factors of the disease,17

thus promoting the reduction or elimination of the infec-
tion.18,19 Hence, this review will illustrate different genotyping
methods, and WGS application in the detection of genetic
diversity, and tackle the dynamic transmission of the M. bovis
pathogen. On the other hand, the diagnosis of tuberculosis is
necessary as a preliminary step for its control and treatment. In
this review, a great focus has been put on electrochemical
sensors as a rapid tool for the diagnosis of tuberculosis.

Electrochemical sensors represent an effective and rapid tool
for determining various organic, inorganic, and biological
molecules, as well as microorganisms.20–22 Electrochemical
sensors can be classied into various types such as potentio-
metric, voltammetric, impedimetric, amperometric, and elec-
trogenerated chemiluminescence sensors.20,23 The sensing
process relies on the redox behavior of the targeted analytes at
surfaces of the electrodes. For superior sensitivity and selec-
tivity, as well as lower detection limits, the electrodes are
modied with electroactive materials such as polymers, ferro-
cenes, and nanoparticles (NPs).20 Herein, a great focus has been
put on NPs, such as gold (Au), silver (Ag), copper (Cu), cobalt
(Co), ferric oxide (Fe3O4), graphene, poly pyrrole (PPY), and
multiwalled carbon nanotubes (MWCNTs), which have been
used for the electrochemical detection of tuberculosis.
31796 | RSC Adv., 2023, 13, 31795–31810
Additionally, NPs as nanocarriers for the delivery of antituber-
culosis drugs are discussed.
A concise summary of MTBC genomics

For the accurate interpretation of genotyping and WGS data,
understanding the genetic prole of M. bovis is required. It is
involved in the Mycobacterium tuberculosis complex (MTBC),
a group containing 11 species of bacteria with variation in
virulence and host tropism.24 MTBC genomes are very similar
with higher than 99.95% homology at the level of nucleotides.
These genomes contain ribosomal RNA genes (rRNA), while
horizontal gene transfer (HGT) and signicant recombining
actions are thought to be missing.25 The only evolution occur-
ring in the Mycobacterium pathogen can be due to indels (small
insertions and deletions), single nucleotide polymorphisms
(SNPs), deletions of about 26 kbp, duplication of a few paralo-
gous genes and shuffling of insertion sequences (IS).26–28

Differential hybridization arrays and physical mapping have
been carried out onM. tuberculosis H37Rv,M. bovis ATCC 19210
and M. bovis BCG Pasteur strains. Fourteen evolutionarily large
deletion regions known as “regions of difference” (RD1–14)
were characterized that had different sizes and presence in the
strains.29,30 Identication of RDs is regarded as the gold stan-
dard technique to distinguish between MTBC species.31

Consequently, the deletion of RD4 and RD9 ofM. bovis and RD1
from M. bovis BCG strains were used in the precise differenti-
ated from other MTBC members.32

TheM. bovis genome is about 4.3 Mb in size, covering around
4216 genes, with one copy of (5S, 16S, and 23S) rRNA genes, and
45 tRNAs with high GC content representing 65%, which infers
proper sequencing forWGS library creation.33 One of the biggest
difficulties in analyzing WGS data is the high proportion of
repeated elements in MTBC genomes, including those of M.
bovis. These involve IS, integrases, two phage sequences, clus-
tered regularly interspaced short palindromic repeats (CRISPR),
proline proline glutamate (PPE) or proline glutamate (PE)
family genes, and genes from the 13 × 1012 repeat family. In
particular, the family gene of PE–PPE is reported in about 10%
of MTBC genomes, and has been linked with TB pathoge-
nicity.34,35 As most widely used sequencing machines produce
reads shorter than repeats, repetitive region handling becomes
a challenge in genomic investigations. Traditional genotyping
methods have been developed over time and are based in part
on some of these repetitive regions.36 Table 1 shows the char-
acteristics of genotyping and WGS.
Conventional genotyping techniques
of M. bovis

The conventional genotyping techniques of M. bovis interven-
tion include restriction endonuclease analysis and pulsed-eld
gel electrophoresis, IS6110-RFLP, PGRS-RFLP, spoligotyping,
variable number tandem repeat (VNTR), and multispacer
sequence typing (Fig. 1).
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Flow chart showing conventional genotyping techniques of M.
bovis intervention.
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Restriction endonuclease analysis and pulsed-eld gel
electrophoresis

The initial approach to M. bovis intraspecic typing, restriction
endonuclease analysis (REA), involves the rapid digestion of
large quantities of whole DNA from M. bovis samples using
three separate enzymes (PvuII, BstEII, and Bcll), followed by the
visualization of band patterns on agarose gels.37 In spite of its
use in molecular epidemiology investigations, it seems to have
signicant technical drawbacks because it utilizes too many
little, difficult-to-reconstruct DNA fragments.38 Recently, it has
been no longer used other than as a reference in New Zealand,
where it was created, and it was last employed for normal M.
bovis typing in 2011.39

The third-generation molecular technique for bacteria
typing, known as pulsed-eld gel electrophoresis (PFGE),
eventually emerged for M. tuberculosis as well as the other
MTBC species. Its resolution patterns were better than REA
(fewer and bigger bands).40 Nonetheless, PFGE had two major
drawbacks: (1) the lipid rich cell wall of the mycobacterium
hinders the PFGE's lytic enzymes from working as intended,
impairing the utilization of the agarose plugs;41 (2) compara-
tive investigations revealed that the PFGE of M. tuberculosis
strains had a low discrimination power versus later developed
genotyping methods. PFGE has certain inherent disadvan-
tages, like the fact that it is time consuming and labor
intensive.42,43

Considering the failure of REA and PFGE to distinguish
between M. bovis and M. tuberculosis strains, seeking poly-
morphic and stable genetic markers permitted the validation of
more accurate genotyping methods. Now, there are genetic
markers applied commonly including the direct repeat (DR)
region, IS6110 (forM. tuberculosis), the variable number tandem
repeats (VNTR) sequences and the poly (GC) rich sequences
(PGRS). Each marker has its typing style that goes with it.
© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Flow chart showing tuberculosis (TB) spoligotyping
intervention.
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IS6110-RFLP

IS6110 is a particular insertion sequence (1358 bp) of the MTBC,
and variations in its position and number of copies are what
differentiate between isolates.44 This insertion sequence can
serve like a mobile promoter, induce structural variation
(insertion, deletion or inversion), and encourage gene
silencing.45,46 In a case in Spain, M. bovis initiated a signicant
multidrug resistant tuberculosis (MDR TB) outburst in humans
linked to gene overexpression and increased virulence by IS6110
in phoP promoter.47 Moreover, the association between the
number of copies of theM. bovis strain and the high prevalence
of bTB resulted from genomic alterations driven from IS6110
transposition.48 Also, the high IS6110 content in the M. tuber-
culosis Beijing lineage enhanced its virulence, antibiotic resis-
tance, and environmental adaptability.49,50

For identifying IS6110 in the M. tuberculosis strain, the
standard frequently utilized approach is IS6110-RFLP (IS6110-
restriction fragment length polymorphism).51 Briey, the
approach entails high concentrations (2–3 g) of entire bacterial
DNA extraction, PvuII endonuclease digestion, and standard
agarose gel electrophoresis. Then, the gel is applied to complete
a Southern blotting, as the fragments of DNA have been moved
to a membrane and probes complimentary to the 3′ end prime
of the IS6110 sequence. This is followed by hybridization to
disclose the size of the generated fragments and the number of
IS elements using chemiluminescence (originally
radiolabeling).52,53

A main disadvantage of the IS6110-RFLP method is that the
M. bovis strain has a single or few copies of the insertion
element54 and this affects the discrimination power of this
approach due to the same IS6110-RFLP pattern.55 Furthermore,
this technique is labor intensive and needs large amounts of
DNA, just like REA and PFGE. For these reasons, despite being
oen utilized for M. TB, M. bovis genotyping does not benet
much from IS6110-RFLP.
PGRS-RFLP

GC content is a valuable parameter for classication and
differentiation of MTBC members.56 Polymorphic GC repeat
sequence (PGRS) is performed to improve the power of identi-
cation of IS6110 isolates for M. bovis, but this also demands
large DNA quantities and highly technical skills.57
Spoligotyping

Spoligotyping is a rapid PCR dependent technique that detects
the existence of 43 distinctive short DNA sequences (or
spacers) in the DR position.58 This approach relies on ampli-
cation of the DR, followed by hybridization of the amplied
products with membrane bound oligonucleotides that are
related to the variable spacer areas located between the DRs.59

The hybridization signals are recognized by chem-
iluminescence via biotin labeling of the PCR products and
a streptavidin–peroxidase conjugate system and then observed
using autoradiography.60 Fig. 2 illustrates tuberculosis (TB)
spoligotyping intervention.
© 2023 The Author(s). Published by the Royal Society of Chemistry
Patterns of spoligotypes are dened by their identity and the
number of spacers. These patterns can be used to distinguish
between similar or dissimilar strains. The lack of (3, 9, 16, and
39–43) spacers in M. bovis help in species distinction.61 This
method has the benet of being able to use DNA isolated from
infected tissue samples without the need for bacterial
isolation.62

Further automatization and development of this method has
been directed to employ recognition systems based on
microbeads, like Luminex platforms,63 multiplexed primer
extension depending on spoligotyping assay using matrix-
assisted laser desorption ionization time of ight mass spec-
trometry (MALDI-TOF MS),64 microarray,65,66 melting curve
analysis and ligation based amplication.58 One of the most
important advantages of spoligotyping is its ability to be used
directly in clinical samples without the requirement for prepa-
ratory culture due to its true sensitivity estimated at 10 fg of
chromosomal DNA, or the DNA of 2–3 bacterial cells.67 Also, it
has shown promise in the characterization of nonviable
cultures, Ziehl–Neelsen smear slides, and paraffin-embedded
tissue sections.68 The drawback of spoligotyping is homoplasy
as irrelevant lineages might exhibit similar patterns due to lack
of sequences of spacers, which makes spoligotypes poor
predictors of phylogenetic relatedness.69 In addition, it has
limitations in the detection of the spread of the disease on the
farm scale because of the poor resolution.70 Despite these
considerations, spoligotyping is still the best practical geno-
typing method in M. bovis research.
Variable number tandem repeat (VNTR)

An arrangement of tandem repeats that are orientated in the
same direction and clustered together is known as a VNTR
locus. The locus's size (measured in base pairs) uctuates
depending on how oen the nucleotide sequence is repeated.
Recombination or replication defects allow for the addition or
deletion of each repeat, resulting in alleles with various repeat
RSC Adv., 2023, 13, 31795–31810 | 31799
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counts.71 In contrast to the one DR site used for spoligotyping,
there are numerous VNTR loci in MTBC that can be found using
PCR. The count of repeats in every position is reected by the
size of the PCR products that are produced. There are several
types of VNTR, including MIRU, Mtu and QUB.72,73

MIRU-VNTR needs small amounts of non-puried DNA and
produces results in a digital format that may be transferred and
used to build national and global databases for routine and
research use.74 It makes use of repeated sequence changes that
are not subject to selection pressure and evolve quite quickly,
making them appropriate for future molecular epidemiological
investigations and surveillance.75 A 24-loci MIRU-VNTR PCR is
frequently employed, and it is reported to have poor accuracy in
distinguishing between samples of M. tuberculosis, but this is
not proven for M. bovis .76 The MIRU-VNTR approach provides
a greater level of discrimination than spoligotyping, is quicker
than RFLP analysis, and involves simple interpretation, as well
as being familiar to technicians.77 MIRU-VNTR is also affected
by homoplasy69 and assessment of the 24 loci of M. bovis for
preventing homoplasy is time consuming and laborious.70
Multispacer sequence typing

Multispacer sequence typing (MST) is a sequencing dependent
approach which can help in the epidemiological research of M.
bovis by linking several polymorphic markers and utilizing
intergenic regions sensitive to high mutation levels given the
weak selection power. MST is employed for the M. tuberculosis
strain, and not for the M. bovis strain. In the rst report, Sales
et al. identied the variability ofM. bovis isolates using the MST
approach in the short term. They also accompanied MST with
the spoligotyping method, and the ndings strengthen MST as
a substitute technique for M. bovis genotyping. It has the
benets of sequencing and accessibility of analyzed sequences
in public databases, inference of evolutionary relationships,
and usage as a tool for further study by specialists worldwide.78
Risk factors and prevalence of M. bovis
in Egypt

Kasir et al. revealed that M. bovis has been reported in animals
and humans in only eight nations in the Middle East and North
Africa (MENA): Egypt, Algeria, Iran, Iraq, Sudan, Morocco,
Tunisia and Turkey. In other MENA nations, Djibouti, Lebanon,
Saudi Arabia and Palestine, only human cases of zoonotic TB
(zTB) have been recorded.81 The variation ofM. bovis prevalence
is inuenced by the population size and characteristics,
geographical region, and applied diagnostic and examination
schemes. In addition, bTB prevalence is also linked to other
factors, like BCG vaccination status, contaminated dairy
product consumption, and the effectiveness of bTB control
measures.82 The prevalence ofM. bovis seems to be signicantly
inuenced by a variety of bTB risk factors. Age, sex, animal body
condition, crowding, grazing practices, cross-species trans-
mission, immunosuppression, environmental conditions,
feeding systems, and pathological and physiological differences
are powerful parameters affecting the spread M. bovis. Because
31800 | RSC Adv., 2023, 13, 31795–31810
of parturition, gestation and lactation, female animals are more
susceptible to bTB than male animals.16,83 Cross species trans-
mission between (cattle and buffalo) and (cattle and goats) has
been correlated to grazing locations and shared drinking water
in Iran and Algeria, respectively.84,85 Shared water transport has
great zoonotic importance for the transmission of infectious
diseases and acquired AMR.86,87 Furthermore, unregulated
animal migrations and international trade have been cited as
major factors contributing to the spread of bTB.88 Workers (e.g.,
veterinarians, farmers, slaughterhouse workers) who had
a close relationship with livestock, especially dairy cattle, or who
dealt with wild animals, were more vulnerable to M. bovis
infection.89 Cattle and buffalo were the two animal species in
which active bTB was most frequently recorded; rare instances
among other species were also noted. In Egypt, M. bovis was
recorded in a mongoose,90 camels and pigs.91 Numerous
research revealed that the prevalence in Egypt was between
0.1%92 and 16.4%.93 Furthermore, studies with limited pop-
ulation sizes revealed a greater incidence, ranging from 22.2%
(ref. 94) to 82.6% (ref. 95) in Egypt. Over time, bTB prevalence
patterns have changed; in Egypt, they have ranged between
0.2% (ref. 96) and 4.3%.97 Moreover, themajority of cases of bTB
in both humans and animals have been found in the lungs and
extrapulmonary regions.81 In humans, an investigation
demonstrated that out of 45 pulmonary and 67 extrapulmonary
tuberculosis cases, only one was a result ofM. bovis in Egypt.98,99

Additionally, when directed at occupational risk groups,
accessible data revealed high percentages of zTB, reaching
5.36% in Egypt.100
Whole genome sequencing (WGS)
process

The process of WGS begins with DNA extraction and purica-
tion. There are different generations of sequencing technolo-
gies; second-generation sequencing technologies, such as
Illumina, produce short reads on the order of 50–200 base pairs
and have low error rates of around 0.5–2%, with the errors
chiey being substitution errors; third-generation technologies,
such as PacBio, and fourth-generation technologies, such as
Oxford Nanopore, provide read lengths in the thousands or tens
of thousands but have much higher error rates of around 10–
20%, with errors being chiey insertions and deletions.101 Next,
the ends are blunted and joined to oligonucleotides known as
adapters. Usually, PCR is used to amplify these fragments
before the nal DNA library is applied to the sequencer. Two
readings are produced for each genome aer the run is
complete. These readings must be put together; this process
aims to overlap reads to create a segment of the DNA
sequenced.102 The result le, which contains a number of con-
tigs (DNA sequences) that the assembler was unable to shut, will
be created aer the assembling process is complete. Depending
on the library preparation, genomic nature, assembly workow,
etc., the number of contigs per sample varies not only between
different samples but also between the same sample and
different runs. As a result, they are typically utilized to create the
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05606f


Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
d’

oc
tu

br
e 

20
23

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
6 

13
:4

8:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
genome reference, followed by resequencing on one of the
previous mentioned platforms (such as Illumina). The enor-
mous amount of output data generated requires specialist
bioinformaticians to perform proper analysis.103
WGS insights into the dynamic
transmission of M. bovis

The dynamic transmission ofM. bovis has various modes, which
need an ecosystem level approach. In this approach, the envi-
ronment, people, and animals within society must all be taken
into account.104 Since the pathogen can be excreted by a variety
of routes—including vaginal secretions, milk, feces, urine, and/
or semen—age, hygiene practices, and environment all have an
impact on the cattle's infection routes.105 Interspecies trans-
missions have occurred in nations where M. bovis is known to
exist in wildlife.106 The wildlife reservoir hosts of M. bovis
include the European badger in Ireland and Great Britain, the
brush-tailed possum in New Zealand, African buffalo in South
Africa, white-tailed deer in Michigan, USA, wild boar in Penin-
sula,107 and wild boar, goats,108 fallow deer, red deer, and roe
deer in Europe.109

Despite some challenges of whole genome sequencing
(WGS) in low and middle income countries,110 it has great
impact on the discrimination and clarication of the entire
DNA sequence. It allows a great degree of resolution, and
comprehensive genetic insights including all potential genomic
targets, transmission, genetic evolutionary, virulence deter-
mining factors, and drug resistance character.111 A molecular
typing and WGS investigation was conducted in Egypt's Nile
Delta to address the dynamic transmission of M. bovis among
dairy cattle. The results found that a prominent spoligotype
(SB0268) emerged between 2013 and 2015, signifying a current
clonal expansion of this isolate inside the Nile Delta. Remark-
ably, two isolates belonged to theM. bovis BCG group, although
Egypt does not permit animal vaccination. The remaining
isolates belonged to the dangerous M. bovis clonal complex
European 2, which is present in various European and Latin
American nations.112 Furthermore, in Turkey, a clonal similarity
study was carried out between cattle and human isolates using
the spoligotyping and MIRU-VNTR techniques. The positive
results hinted that M. bovis may be correlated to lung tubercu-
losis in humans.113 In Brazil, 11 spoligotype patterns were
detected from 40 (25%) isolates of M. bovis, with a predomi-
nance of SB0121 (25.0%), SB1142 (37.5%), and SB1145 (10.0%).
Other patterns, SB1050, SB0295, SB1144, SB1802, SB0881,
SB0120, SB0140, and SB0849, with different values from 2.5 to
7.5%, were unevenly disseminated throughout the cities and
provided epidemiological evidence of their potential
exchange.114

M. bovis diversity values are highest in Northern and Eastern
Africa, followed by Central Africa, and are lowest in Southern
and Western Africa. It has been proposed that M. bovis origi-
nated in the Near East, travelled throughout Africa with
domesticated animals, and resulted in the acquired ability to
digest milk biologically as an adult .115 Moreover, a study carried
© 2023 The Author(s). Published by the Royal Society of Chemistry
out in Ethiopia (September 2018 to June 2019) showed that bTB
is caused by M. bovis SB0033 and SB1176 strains with weak
recurrence.116

A systematic assessment of 15 research studies revealed that
M. bovis was the causative agent of all veried instances of zTB
in humans in the range 0% to 28%. The predominant exposures
to zTB were from cattle and raw dairy. Eight of the 15 studies
sampled livestock, mostly cattle, and found that zTB prevalence
ranged from 0% to 23%.117 Another meta-analysis review was
performed among humans to estimate the M. bovis prevalence
from 20 April 2009 to 17 April 2019. It showed that human M.
bovis cases occurred globally, and this told us that zTB remains
important in all regions. Methodological discrepancies and the
requirement for additional molecular studies make it chal-
lenging to comprehend the full picture of illness prevalence.118

Kwaghe and his collaborators recommended necessary set up
control measures to eliminate TB in cattle and humans in
Nigeria. SB1025 and SB0944 were revealed as the patterns of M.
bovis strains in cattle, while Haarlem families and LAM 10 were
related to M. tuberculosis strains in humans.119,120 However, in
Ghana, Acquah et al.'s research revealed that about 29% of M.
bovis strains causing bTB are uncharacterized spoligotypes, so
more control is needed for bTB in Ghana.121 Sandoval-Azuara
et al. performed WGS and SNPs for cattle and human M. bovis
isolates. They found that all isolates from humans and cattle
were matched in the spoligotype patterns, and all human
isolates shared common ancestors with cattle in Baja Cal-
ifornia. This implies that most tuberculosis reports in humans
caused by M. bovis are obtained from travelling cattle.122

Applying WGS for M. bovis isolates from populations of elk,
deer, and cattle revealed that bTB in elk and cattle gathered in
the same clade, and this implies either intra-species trans-
mission, or the sharing of a common source.123 In South Africa,
goats are considered as a potential source of M. bovis for
humans, cattle, and wildlife.124 Another novel record of bTB
transmission is between cattle populations and badgers in
Great Britain.125 Lombard et al. proved that MTBC could be
transmitted from humans to cattle in three cases in the USA.89

In Poland, inter-species transmission of M. bovis between
a farmer and his cattle has been reported.126 Other WGS studies
have been used to exhibit the dynamic transmission of M. bovis
isolates between cattle and wildlife populations in different
epidemiological settings, including in the UK,127 Ireland,128 New
Zealand,79 United States of America,123 Mexico,129 Italy,130

Spain131 and Bulgaria.132 All the above demonstrate the value of
WGS research of M. bovis transmission at the livestock–wildlife
interface, presenting insights into bTB control.133,134 Fig. 3
shows the interspecies transmission of bTB for livestock–
human–wildlife.
WGS insights into the genetic diversity
of M. bovis

Knowledge of the genetic diversity of M. bovis is necessary for
detecting its routes of transmission.135 Single nucleotide
polymorphism (SNP) analysis within virulence genes, which
RSC Adv., 2023, 13, 31795–31810 | 31801
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Fig. 3 Interspecies transmission of bTB for livestock–human-wildlife. The bTB can remain in livestock and in wildlife and is encouraged by the
different factors included in the white boxes. The danger of bTB is spillover from livestock to human or wildlife, as well as spillback fromwildlife to
livestock, as shown in the blue boxes.119
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appear with the highest number of SNPs, indicated that M.
bovis was continuously modifying and adapting specic
mechanisms to sustain dissemination among environments
and different hosts.136 The identication of non-synonymous
SNPs on the virulence genes allowed for the differentiation
of various groups.137 The Mycomar T7 phagemid delivery
system was used to produce whole genome transposon
libraries in laboratory strains of M. bovis and M. tuberculosis
species to compare the gene status during exposure to iden-
tical in vitro conditions. In addition, CRISPRi was successfully
utilized in these two species to determine the effects of
silencing genes with Rv2182c/Mb2204c, a gene included in
glycerophospholipid metabolism and wag31, a gene involved
in peptidoglycan synthesis, and the results showed that
inhibition expression of Mb2204c in M. bovis displayed
a considerably smaller growth effect than silencing its
orthologue (Rv2182c) in M. tuberculosis. Given that glycer-
ophospholipid metabolism is a conrmed pathway for anti-
microbials.137 Furthermore, a comparative genomic analysis
of MTBC strains focused on the three features of pathoge-
nicity: virulence, epitope variations, and host association, and
the results provided insights into the pathogenic mecha-
nisms, which helps with prevention, management and treat-
ment of the disease.138

The pan-genome is made up of all of a species' genes, and its
examination is a very instructive method that allows stratica-
tion into: (1) the core genome containing genes that all strains
share; (2) the accessory genome containing unnecessary genes
not found in all strains; (3) singletons, which are distinct genes
that are peculiar to a given strain. The core-genome controls the
fundamental phenotype and contains the genes required for the
biological processes. The accessory genome is important for
genetic diversity of species and adaptation to various environ-
mental survival, new hosts, immune evasion or other tasks that
are advantageous over other species.139 A comparative analysis
31802 | RSC Adv., 2023, 13, 31795–31810
of 70M. bovis genomes revealed the core and accessory genome
components; with 2736 CDS for the former, while the accessory
part consists of 3897 CDS, of which 2656 are conned to one/
two genomes only. The functional annotation of that genome
analysis categorized each CDS into one or several COG (clusters
of orthologous groups) categories; lipid metabolism (n = 242),
transcription (n = 258), unknown function (n = 876) and energy
production (n = 214). Another study disclosed M. bovis lineages
by applying pangenome analysis, and the results showed 3900
core genes and only 96 accessory genes.48

Ceres and other scientists have proven that: (1) the accessory
genome of M. bovis is noticeably smaller than previously
believed, and this nding supports continuing clonal evolution
and a closed pangenome with low gene content uctuation
throughout outbreaks; (2) several genes have frameshi muta-
tions, including glpK, which has recently been linked to anti-
biotic tolerance in M. tuberculosis; (3) indels are the primary
cause of the minor gene content variation that develops over
brief time periods among closely related sequences; (4) multiple
genes have potentially reversible homopolymeric tract alter-
ations, indicating that phase variation may be a common
method of gene regulation in MTBC.140

Nanotechnology based targeted drug
delivery systems

Nanotechnology is considered a potential tool for the diagnosis
and treatment of disease. Nanoparticles can be used as appro-
priate displacers of the traditional drugs used for the treatment
of tuberculosis. Nanocapsules containing antimicrobial drugs
are instantly taken up by macrophages, which play an impor-
tant role, to efficiently reach the active targeted sites.141

Recently, M. tuberculosis DNA biomarker and biosensing plat-
form studies have been involved in the rapid diagnosis of TB
and rifampicin-resistant TB (RR-TB).142,143 Several anti-TB agent-
© 2023 The Author(s). Published by the Royal Society of Chemistry
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based nanomaterials have attracted much attention to be
applied for rapid diagnosis and effective treatment, encom-
passing noble metals (e.g. Au, Ag, Zn), semi-conducting mate-
rials such as metal oxides, and carbon nanotubes.144 These
nanomaterials showed a high tendency to reveal the signal aer
recognizing the targeted DNA biomarker.144

Fig. 4 shows a summary of different nanotechnology based
targeted drug delivery systems.
Nanoparticles for electrochemical
detection of H. tuberculosis

Various biochemical methods including physical examination
as well as sputum smear microscopy, chest photouorography,
and nucleic acid amplication tests have been used for the
assessment of H. tuberculosis.145 Unfortunately, these methods
are considered complicated, expensive, and time consuming.
Thus, there has been a great need for developing novel methods
and techniques for efficient determination of H. tuberculosis.
Recently, electrochemical sensors have been investigated as
a rapid tool for the diagnosis of tuberculosis. For example, gold
particle-decorated graphene as modied paper has been used
for the rapid diagnosis of tuberculosis.146 Additionally, rapid
electrochemical detection of tuberculosis has been achieved by
measuring Ag85 activity with disposable carbon sensors.147

NP-based electrochemical sensors have attracted attention,
especially in the biomedical eld, because of their high sensi-
tivity, stability, and selectivity.148 Various electrochemical
sensors including voltammetric, amperometric, and impedi-
metric sensors have been extensively investigated for targeting
Fig. 4 A summary of different nanotechnology based targeted drug
delivery systems. The blue color represents the different nanocarrier
drug delivery methods while the orange color represents the metal
nanoparticle targeted diagnosis of M. bovis.

© 2023 The Author(s). Published by the Royal Society of Chemistry
many organic and inorganic pollutants as well as biological
molecules and drugs.23 In the present review, we highlight the
role of different NP-based electrochemical sensors as valuable
tools for targeting H. tuberculosis. The most reported electro-
chemical sensors used for H. tuberculosis are based on bio-
sensing strategies. These strategies depend on using biological
components as recognition elements. The NPs are used for
enhancing the performance of these biosensors. They can be
used as reporter probes or as enhancers of the performance of
other redox probes. To the best of our knowledge, only one
study has reported the use of NPs as recognition elements forH.
tuberculosis.145

A DNA-based sensor or aptasensor depends on the formation
of a DNA double helix between the probe and the target DNA.
The hybridization results in signal amplication or inhibition
of the NPs. This signal can be monitored using voltammetric
techniques such as cyclic voltammetry (CV), differential pulse
voltammetry (DPV) and square wave voltammetry (SWV), or the
electrochemical impedance spectroscopy (EIS) technique. The
amplication signal of voltammetric techniques and the inhi-
bition signal of EIS are attributed to the enhancement of the
conductivity or decrease of the impedance at the electrode
surface, respectively. In contrast, the inhibition signal of vol-
tammetric techniques and amplication signal of EIS are
attributed to the decrease of the conductivity or increase of the
impedance at the electrode surface, respectively (Fig. 5). Simi-
larly, antigen-antibody-based sensors or immunosensors are
based on the interaction of antigens immobilized on the elec-
trode surface and the antibody of H. tuberculosis. This interac-
tion affects the oxidation current of the NP redox probe at the
electrode surface. Different NP-based electrochemical sensors
used for targeting H. tuberculosis are listed in Table 2.
Gold nanoparticles (AuNPs) for electrochemical detection of
H. tuberculosis

AuNPs are considered to be excellent electrode modiers
because of their stability and superior conductivity. Addition-
ally, they can improve the sensitivity of electrochemical
sensors.149–151 Various AuNP-based electrochemical sensors
have been used for detecting H. tuberculosis (Table 2). For
example, dextrin-AuNPs were previously studied as an electro-
chemical reporter for detecting M. tuberculosis using a DNA-
based biosensor.152 The sensing strategy is based on the elec-
trochemical detection of AuNPs. Additionally, N-(aminobutyl)-
N-(ethylisoluminol) functionalized AuNPs as an electrochemical
label were used for the detection of M. tuberculosis using elec-
trogenerated chemiluminescence (EIS).153 Recently, an electro-
chemical sensor fabricated using the layer-by-layer assembly of
AuNPs, polyethylenimine (PEI), and chondroitin sulfate (CS)
has been used for the selective determination of the genes ofM.
tuberculosis using the DPV technique.154 The synergistic effect of
PEI and CS enhance the antifouling properties of the sensor
towards single proteins. The sensor performance is based on
the signal amplication strategy. Additionally, AuNPs modied
with 5′SH-ssDNA have been immobilized over reduced gra-
phene oxide nanoribbons for the electrochemical detection of
RSC Adv., 2023, 13, 31795–31810 | 31803
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Fig. 5 Schematic representation of the sensing mechanisms of DNA-based sensors.
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M. tuberculosis using the CV technique.155 On the other hand,
urchin-like Ce-MOFs have been used for loading large amounts
of AuNPs on the surface of GCE leading to dense immobiliza-
tion of the capture probe. The mechanism of sensing was based
on signal amplication using anthraquinone-2-carboxylic acid
as a redox nanoprobe.156
Silver nanoparticles (AgNPs) for the electrochemical detection
of H. tuberculosis

Silver nanoparticles (AgNPs) have been extensively investigated
as recognition and redox probes for detecting inorganic and
organic molecules.23,157–159 Interestingly, they have been studied
as electrode modiers for detecting M. tuberculosis. For
example, GCE modied with a nanotriplex of graphene
quantum dots, Fe3O4, and AgNPs has been reported as a novel
electrochemical immunosensor ofM. tuberculosis, where AgNPs
prevent the aggregation of Fe3O4 and enhance the electrical
conductivity, which facilitates the electron transport at the
electrode surface.160
Copper nanoparticles (CuNPs) for the electrochemical
detection of H. tuberculosis

Copper nanoparticles (CuNPs) are a promising candidate for
fabricating electrochemical sensors due to their high surface
area and strong adsorption capability, as well as redox and
catalytic properties.161–163 Interestingly, CuNPs have been used
for enhancing the electron transfer at the electrode surface for
detecting H. tuberculosis DNA. First, CuNPs were electrochemi-
cally deposited at the platinum electrode using the chro-
noamperometric technique, where Cu2+ was reduced at−0.39 V.
Aer electrode modication, ssDNA was immobilized on the
CuNPs via incubation, then 6-mercapto-1-hexanol was utilized
for the construction of a well-aligned DNA monolayer. The
sensing principal is based on the change of the ferrocyanide
oxidation current aer the hybridization of the ssDNA immo-
bilized on the modied electrode with its complementary DNA.
31804 | RSC Adv., 2023, 13, 31795–31810
The signal inhibition of the ferrocyanide redox probe upon
increasing the concentration of the DNA was used for plotting
the calibration curve.164
Cobalt nanoparticles (CoNPs) for the electrochemical
detection of H. tuberculosis

Cobalt nanoparticles (CoNPs), especially those fabricated using
biological molecules, have exceptional stability, good electro-
active sites and electrical conductivity, which make them an
appropriate candidate for many electrochemical sensing
applications.165,166 They have been used as recognition probes
for detecting methyl nicotinate, which is a metabolite of M.
tuberculosis. The CoNPs were incorporated with reduced gra-
phene oxide (rGO) dispersed N-doped phenolic polymer
precursor-based carbon lm for constructing the sensor. Addi-
tionally, the carbon lm was doped with N-heteroatom using
melamine to increase the conductivity of the lm.145
Magnetic NPs for the electrochemical detection of H.
tuberculosis

Magnetic nanoparticles have useful features such as large
surface area, low toxicity, small particle size, and super-
paramagnetic behavior, which make them an excellent elec-
trode modier for constructing electrochemical sensors.167,168

An electrochemical sensor based on Fe3O4 incorporated with
polypyrrole and a naphthoquinone probe was previously con-
structed for detecting H. tuberculosis. For modifying the surface
of the gold screen-printed electrode with the magnetic particles,
a permanent magnet was used, and the potential was swept
from −0.4 to +0.8 V vs. Ag/AgCl reference electrode with a scan
rate of 50 mV s−1 for ten cycles. The presence of magnetic
nanoparticles enhances the response of the redox probe. The
hybridization between a probe and the complementary DNA
target led to a large decrease in the naphthoquinone redox
oxidation current which was monitored using the SWV
technique.169
© 2023 The Author(s). Published by the Royal Society of Chemistry

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d3ra05606f


T
ab

le
2

N
P
-b

as
e
d
e
le
ct
ro
ch

e
m
ic
al

se
n
so

rs
fo
r
d
e
te
ct
in
g
H
.t
u
b
e
rc
u
lo
si
sa

N
P

M
od

i
ed

el
ec
tr
od

e
N
P-
m
od

i
ca
ti
on

te
ch

n
iq
ue

T
yp

e
of

se
n
so
r

Se
n
si
n
g
te
ch

n
iq
ue

Se
n
si
n
g
m
ec
h
an

is
m

LO
D

R
ef
.

A
u

A
B
E
I-
A
uN

Ps
/A
u
el
ec
tr
od

e
D
ro
p
ca
st
in
g

A
pt
as
en

so
r

E
C
L

Si
gn

al
am

pl
i
ca
ti
on

3.
3
×

10
−1

6
M

15
3

A
uN

Ps
/C
e-
M
O
Fs
/G
C
E

E
le
ct
ro
ch

em
ic
al

re
du

ct
io
n

A
pt
as
en

so
r

D
PV

Si
gn

al
am

pl
i
ca
ti
on

67
.6

fg
m
L−

1
15

6
D
ex
tr
in
-A
uN

Ps
/S
PC

E
D
ro
p
ca
st
in
g

A
pt
as
en

so
r

D
PV

Si
gn

al
am

pl
i
ca
ti
on

0.
01

n
g
m
L−

1
15

2
A
uN

Ps
/P
E
I/
C
S/
G
C
E

E
le
ct
ro
ch

em
ic
al

re
du

ct
io
n

A
pt
as
en

so
r

D
PV

Si
gn

al
in
h
ib
it
io
n

0.
03

fM
15

4
rG

O
n
an

or
ib
bo

n
s/
A
uN

Ps
/I
T
O

D
ro
p
ca
st
in
g

A
pt
as
en

so
r

C
V

Si
gn

al
am

pl
i
ca
ti
on

0.
1
fM

15
5

A
g

G
ra
ph

en
e
qu

an
tu
m

d
ot
s/
Fe

3
O
4
/A
gN

Ps
/G
C
E

D
ro
p
ca
st
in
g

Im
m
un

os
en

so
r

D
PV

Si
gn

al
am

pl
i
ca
ti
on

0.
33

n
g
m
L−

1
16

0
C
u

C
uN

Ps
/P
t
el
ec
tr
od

e
E
le
ct
ro
ch

em
ic
al

re
du

ct
io
n

A
pt
as
en

so
r

D
PV

Si
gn

al
in
h
ib
it
io
n

10
−9

M
16

4
C
o

C
oN

Ps
/r
G
O

D
ro
p
ca
st
in
g

N
on

-b
io
lo
gi
ca
l
se
n
so
r

D
PV

Si
gn

al
in
h
ib
it
io
n

4
×

10
−7

M
14

5
Fe

3O
4

PP
Y
-F
e 3
O
4
/A
uS

PE
A
ds

or
pt
io
n
in

pr
es
en

ce
of

m
ag

n
et

A
pt
as
en

so
r

SW
V

Si
gn

al
in
h
ib
it
io
n

1
fM

16
9

G
ra
ph

en
e

G
PN

P/
SP

G
E

E
le
ct
ro
ly
ti
c
ex
fo
li
at
io
n
m
et
h
od

G
en

os
en

so
r

C
V

Si
gn

al
in
h
ib
it
io
n

1
pg

17
0

PP
Y
n
an

ow
ir
e

PP
Y
n
an

ow
ir
e/
A
u
el
ec
tr
od

e
E
le
ct
ro
de

po
si
ti
on

A
pt
as
en

so
r

SW
V

Si
gn

al
in
h
ib
it
io
n

3.
6
×

10
−1

9
M

17
5

M
W
C
N
T
s

H
A
PN

Ps
/P
PY

/M
W
C
N
T
s/
G
C
E

D
ro
p
ca
st
in
g

A
pt
as
en

so
r

D
PV

Si
gn

al
am

pl
i
ca
ti
on

0.
14

1
×

10
−9

M
17

7

a
A
B
E
I:

N
-(
am

in
ob

ut
yl
)-
N
-(
et
h
yl
is
ol
um

in
ol
),
A
u
N
Ps

:
go

ld
n
an

op
ar
ti
cl
es
,
A
uS

PE
:
go

ld
sc
re
en

-p
ri
n
te
d
el
ec
tr
od

e,
E
C
L:

el
ec
tr
og

en
er
at
ed

ch
em

il
um

in
es
ce
n
ce
,
C
S:

ch
on

dr
oi
ti
n

su
lf
at
e,

C
V
:
cy
cl
ic

vo
lt
am

m
et
ry
,
D
PV

:
di
ff
er
en

ti
al

pu
ls
e
vo
lt
am

m
et
ry
,
G
C
E
:
gl
as
sy

ca
rb
on

el
ec
tr
od

e,
G
PN

P:
gr
ap

h
en

e
n
an

op
ar
ti
cl
e
po

w
de

r,
H
A
PN

Ps
:
h
yd

ro
xy
ap

at
it
e
n
an

op
ar
ti
cl
es
,
IT
O
:
in
di
u
m

ti
n
ox
id
e,

LO
D
:

li
m
it

of
de

te
ct
io
n
,
M
W
C
N
T
s:

m
ul
ti
-w
al
le
d
ca
rb
on

n
an

ot
ub

es
,
rG

O
:
re
du

ce
d
gr
ap

h
en

e
ox
id
e,

PE
I:
po

ly
et
h
yl
en

im
in
e,

PP
Y
:
po

ly
py

rr
ol
e,

SP
G
E
:
sc
re
en

-p
ri
n
te
d
gr
ap

h
en

e
el
ec
tr
od

e,
SW

V
:
sq

ua
re

w
av
e
vo
lt
am

m
et
ry
.

© 2023 The Author(s). Published by the Royal Society of Chemistry

Review RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 3

0 
d’

oc
tu

br
e 

20
23

. D
ow

nl
oa

de
d 

on
 8

/2
/2

02
6 

13
:4

8:
14

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Graphene NPs for the electrochemical detection of H.
tuberculosis

Graphene is considered an attractive material for the biosens-
ing process due to its superb structural, optical, and electronic
features, as well as its biocompatibility and mechanical
stability.170 Graphene-based nanomaterials have been widely
used in sensing applications, both directly or as substrates for
other materials.171 Previously, a screen printed graphene elec-
trode has been modied with graphene NPs using the electro-
lytic exfoliation method for targeting the DNA of H. tuberculosis.
The presence of graphene NPs increases the electron transfer at
the electrode surface.170

Polypyrrole nanowires for the electrochemical detection of H.
tuberculosis

Polypyrrole has been widely used due to its good environmental
stability and extraction ability of polar compounds.172 Poly-
pyrrole nanowires are applied in many applications due to their
good chemical and physical properties.173,174 The features of
polypyrrole nanowires, such as the hydrophilic character and
the large surface area, enhance the electron transfer at the
electrode surface. They have been previously used for
enhancing the performance of the ferrocenyl group as a redox
probe for detecting the genomic DNA of H. tuberculosis. The
sensing principal is based on the decrease of the redox current
of the ferrocenyl oxidation, which wasmonitored using the SWV
technique. This decrease is attributed to the small amount of
electron transfer occurring aer the hybridization of the
complementary DNA and the formation of a double strand on
the surface.175

Multi-walled carbon nanotubes (MWCNTs) for the
electrochemical detection of H. tuberculosis

Carbon-based electrode materials with diverse porous struc-
tures show enhanced electrochemical sensing abilities due to
their superior conductivity, as well as the absorption and
enrichment of analytes from porous structures.176 Previously,
a PCR-free DNA electrochemical biosensor was constructed
based on multi-walled carbon nanotubes (MWCNTs), poly-
pyrrole, and hydroxyapatite NPs for detecting the DNA of H.
tuberculosis. MWCNTs were essential for improving the elec-
trical conductivity, increasing the surface area of the electrode,
and providing an ideal immobilization material for the DNA of
H. tuberculosis. The sensing principal was based on signal
amplication, which was monitored using DPV.177

Conclusion

bTB is an important zoonotic disease that threatens humans
and animals worldwide. M. bovis is considered a spillover
pathogen, which can be transmitted from livestock to humans
to wildlife. More molecular epidemiological studies are needed
to determine the dynamic transmission of bTB, to dene the
dominant genotypes between humans and animals, and to
understand the phylogenetic relationships of the strains. Spo-
ligotyping and MIRU-VNTR are widely used to discriminate
RSC Adv., 2023, 13, 31795–31810 | 31805
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between M. bovis isolates. Some of the disadvantages of these
two techniques are homoplasy and lower resolution power in
spoligotyping, and WGS solved these problems. WGS is a valu-
able tool due to its high-resolution for the analysis of M. bovis
genomic diversity, and it provides insights into the role of
recombination and positive selection as evolutionary driving
forces in a pathogen affecting a large range of host species, with
economical and biodiversity impacts across the world. The
current review also summarizes the NP-based electrochemical
sensors that have been used for detecting tuberculosis. Notably,
most of the reported electrochemical sensors are based on
biological elements as recognition probes. NPs act as reporter
probes or as enhancers of the performance of other redox
probes. The sensing principal is based on tuberculosis DNA
(aptasensor), antigens (immunosensor), or biomarkers. The
aptasensor depends on the formation of a DNA double helix
between the probe and the target DNA leading to signal
amplication or inhibition of the NPs which can be monitored
by voltammetric and impedimetric methods. The immuno-
sensor is based on the interaction of antigens immobilized on
the electrode surface and the antibodies of tuberculosis. Over-
all, NP-electrochemical sensors present an efficient tool for the
detection of tuberculosis. They offer a good opportunity for the
simple, sensitive, and rapid detection of tuberculosis. However,
there can be some challenges, such as the occurrence of non-
specic binding with other biological molecules in real-life
applications. Therefore, we recommend the integration of
microuidics with electrochemical sensors for reliable results.
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2017, 27, 737–746.

104 M. Q. Wilber, K. M. Pepin, H. Campa, S. E. Hygnstrom,
M. J. Lavelle, T. Xifara, K. C. VerCauteren and C. T. Webb,
J. Appl. Ecol., 2019, 56, 1471–1481.

105 M. Domingo, E. Vidal and A. Marco, Res. Vet. Sci., 2014, 97,
S20–S29.

106 B. Z. Katale, E. V. Mbugi, K. K. Siame, J. D. Keyyu,
S. Kendall, R. R. Kazwala, H. M. Dockrell,
R. D. Fyumagwa, A. L. Michel, M. Rweyemamu,
E. M. Streicher, R. M. Warren, P. van Helden and
M. I. Matee, Transboundary Emerging Dis., 2017, 64, 815.

107 M. V. Palmer, Transboundary Emerging Dis., 2013, 60, 1–13.
108 S. Berg, M. C. Garcia-Pelayo, B. Müller, E. Hailu,

B. Asiimwe, K. Kremer, J. Dale, M. B. Boniotti,
S. Rodriguez, M. Hilty, L. Rigouts, R. Firdessa,
A. MacHado, C. Mucavele, B. N. R. Ngandolo,
J. Bruchfeld, L. Boschiroli, A. Müller, N. Sahraoui,
M. Pacciarini, S. Cadmus, M. Joloba, D. Van Soolingen,
A. L. Michel, B. Djønne, A. Aranaz, J. Zinsstag, P. Van
Helden, F. Portaels, R. Kazwala, G. Källenius,
R. G. Hewinson, A. Aseffa, S. V. Gordon and N. H. Smith,
J. Bacteriol., 2011, 193, 670–678.
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