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In the present study genotypic resistance of bacterial strain to first- and second-line anti-tuberculosis
drugs was determined by Line probe assay. Toxic effect of tellurite on the growth ofMycobacterium tuber-
culosis (MTB) was determined by growing cells in different concentrations of tellurite (1 to 5 mM).
Morphological effects of tellurite and uptake of metal in bacterial cells were confirmed by Scanning elec-
tron microscope (SEM) and energy dispersive X-ray (EDX) analysis. Change in fold expression of the efflux
pump gene was measured by RT-PCR. Mycobacterial strain was characterized as XDR-TB based on the
genotypic resistance to rifampicin and isoniazid, along with resistance to fluoroquinolones and second
line injectable. XDR-TB showed black colonies in tellurite presence and growth was delayed (2–3 weeks)
when compared with the control. The reduced cell size, metal accumulation and the characteristic tellu-
rite peaks appeared in metal-treated cells. MTB showed MIC value of 1 mM and had high susceptibility
for higher concentrations (2–5 mM). However, no significant metal inhibitory effect on the mmpL7 efflux
system was determined. Tellurite shows significant growth reduction potential against XDR-TB strain.
However, the exact mechanism of action needs to be elucidated with further research.
� 2023 The Author(s). Published by Elsevier B.V. on behalf of King Saud University. This is an open access

article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Tellurium is not an essential biological micronutrient. It exists
in nature in different states such as telluride, tellurite (TeO2-) and
tellurate (Arenas et al., 2014). The toxicity of the tellurium is not
well defined. However, tellurite (Te) oxyanions are highly toxic
for most microorganisms with concentration as low as 1 lg/mL
(Taylor, 1999; Chasteen et al., 2009). Te has long been used in
ancient times against various infections prior to the use of antibi-
otics (Fleming, 1932; Taylor, 1999; Nguyen et al., 2019). It has been
demonstrated that the Te exerts its toxic effects by oxidant nature
and generation of reactive oxygen species (ROS) in various cellular
compartments (Tremaroli et al., 2007; Presentato et al., 2019).
With the exposure of cells to the metal(loid), cells display oxidative
stress with increased ROS compounds like hydrogen peroxide,
hydroxyl radical and superoxide anion (Pérez et al., 2007). The role
of glutathione (GSH) is also revealed in tellurite toxicity. The
reduced GSH pool is oxidized in the presence of tellurite and this
process elicits the generation of superoxide radicals (Presentato
et al., 2019). These ROS compounds can affect a number of macro-
molecules and metabolic pathways. According to the other mech-
anism of tellurite toxicity, Te induces DNA damage and
translational arrest by depletion of cellular ATP and phosphoryla-
tion of histones and some translation initiation factors (Sandoval
et al., 2010).
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Despite the low abundance of Te in nature and its high toxicity,
bacteria have developed tellurite resistance (TeR). The expanded
use of tellurite in electronics, rubber, optics and metallurgy has
posed a potential threat of increased environmental contamination
(Sandoval et al., 2012) leading to the isolation of various TeR bacte-
ria from environmental (Passet and Brisse, 2015) and clinical sam-
ples (Arenas et al., 2014).

The bacterial cells show black deposits inside the cells when
grown in presence of Te due to the cytosolic accumulation of Te
precipitates by the reduction of Te to the less toxic metal form
(Te0) (Missen et al., 2020). The reduction can occur enzymatically
(such as nitrate reductase, oxidase, catalase and dihydrolipoamide
dehydrogenase) or non– enzymatically (Acuña et al., 2009). TeR

determinants are found in bacterial chromosomes and plasmids.
These include some genes for tellurite resistance such as kilA, telAB
(klaABC), tehAB, terBCDE, terC and trgAB. Additionally, genes encod-
ing for enzymes that are involved in oxidative stress response
(katG, grxA, ahpCF, trxC gor), iron uptake regulator (fur), multidrug
efflux pump (acrAB), metalloid efflux (arsABC), tellurite/selenite-
induced transporter (gutS) are also involved in resistance to tellu-
rite (Chasteen et al., 2009).

To date, very limited or no data is available for tellurite resis-
tance in drug resistant Mycobacterium tuberculosis (MTB). There is
interplay of several mechanisms which contribute to the emer-
gence of drug resistance in tuberculosis. Broadly, intrinsic and
extrinsic factors are involved in promoting resistance to MTB.
The intrinsic factors are associated with resistance mechanisms
of the microorganisms due to acquisition of genetic mutations,
low permeability of the drug through cell envelope, modification
of drug target enzymes, presence of drug efflux pumps, drug inac-
tivation and the fitness cost (Swain et al., 2020; Allue Guardia et al.,
2021). Efflux pumps (EP) are also known as transporters. The
Mycobacterial EPs are classified into five superfamilies: i) ATP-
binding cassette (ABC); ii) small multidrug resistance (SMR); iii)
major facilitator superfamily (MFS); iv) multidrug and toxic-
compound extrusion (MATE) and v) resistance nodulation division
(RND). All these efflux pumps (EPs) together contribute 6–18% of
all EPs found in any bacterial cell (da Silva et al., 2011).

The present study was designed to investigate the toxicity of
tellurite against extensively drug resistant (XDR) tuberculosis
strains. Additionally, the inhibitory effect of tellurite on drug efflux
pump was also determined.
2. Material and methods

2.1. Isolation and characterization of the strains

The Mycobacterial strain was isolated from a clinical sputum
sample. The sample was processed and characterized for genotypic
resistance to first line and second line injectable drugs (SLIDs) by
Line probe assay as previously described by Kabir et al.
(2020,2021).

This study was approved by the Research Ethics and Biosafety
Committee (No.D/650/MMG) of the Department of Microbiology
and Molecular Genetics, University of the Punjab, Lahore, Pakistan.
2.2. Effect of tellurite on MTB growth

The toxic effect of tellurite on the growth of MTB was deter-
mined by growth in the presence of tellurite and absence of tellu-
rite (control). The five concentrations of tellurite (K2TeO3) (Sigma
Aldrich) 1, 2, 3, 4, and 5 mM were used in the assay. The inoculum
of the test strain was prepared to adjust the turbidity with 0.5
McFarland standards by scrapping 3–4 colonies of MTB from
Löwenstein–Jensen (LJ) medium. The culture tubes were inocu-
2

lated with 100 ll of prepared bacterial inoculum and tellurite
whereas only organism suspension was inoculated in a control
tube without tellurite.

2.3. Scanning electron microscope (SEM) and energy dispersive X-ray
(EDX)

Mycobacterial cells with tellurite stress and without tellurite
stress were further determined by SEM for comparison in their
morphology (Khan et al., 2015). EDX was used to determine the
metal and microbe interaction and to confirm the uptake of metal
by the Mycobacterium. The samples were prepared for this analy-
sis by taking 1 ml of the sample in a microcentrifuge tube. The tube
was centrifuged at 14000 rpm for 5 min. The supernatant was dis-
carded and the pellet was resuspended in 50 ll deionized double
distilled water. A spot of the sample (30 ll) was dispensed into
the straight piece of aluminium foil. The spot sample was allowed
to air dry and fix on the foil. Samples were observed under SEM
(Nova NanoSEM 450) equipped with the Oxford energy dispersive
X-ray microanalysis system.

2.4. Extraction of RNA and cDNA synthesis

The RNA was extracted using 1 ml TRIzol by following the same
protocol as described by Rio et al. (2010) with slight modification.
Briefly, the colonies were scrapped from LJ culture and homoge-
nized in prechilled pestle mortar with liquid nitrogen and allowed
to thaw at room temperature. The homogenized culture was added
with 1 ml of Trizol (Thermo Fisher Scientific, USA) and treated with
chloroform and isopropanol in subsequent steps. The pellet was
washed with 1 ml of 70 % ethanol and resuspended in 40 ll of
RNase free water. Extracted RNA was quantified by Nanodrop plate
(Skanit RE 4.1, ThermoscientificTM) and was readily converted into
cDNA using cDNA synthesis kit (Vivantis cDSK01-050TM).

2.5. Real time PCR

Real time PCR (RT-PCR) was performed on Mic PCR (Bio Molec-
ular SystemTM) mmpL7 gene was used for relevant expression pro-
filing while DNA Gyrase A was used as housekeeping gene. RT-PCR
reaction mixture was prepared using Eva Green qPCR master mix
(Solis Biodyne, Estonia). The sequence of the primers is given in
Table S1. All samples were run in quadruples and relative expres-
sion was determined using double delta Ct method.

3. Results

3.1. Characterization of bacterial strain

The strain was characterized as XDR-TB by genotypic resistance
to various first- and second-line anti-tuberculosis drugs (SLIDs).
The first line drugs showed resistance conferring mutations for
rifampicin (rpoB gene) and isoniazid (KatG gene) while SLIDs con-
ferred resistance to fluoroquinolones (FQs) in gyrA gene and second
line injectable (rrs gene). The mutations of these genes are given in
Table S2.

3.2. Effect of tellurite on XDR-TB growth

A delay in the Mycobacterium growth containing tellurite was
observed when the growth positivity was compared with control.
This delay (2–3 weeks) was observed both in MGIT and LJ medium.
The uptake and reduction of Te by bacterial cells was confirmed by
the observation of black color of the colonies which were grown in
the presence of tellurite whereas control showed creamy white
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colonies (Fig. 1). Mycobacterium showed growth only at the con-
centration of 1 mM and there was complete inhibition of growth
at the concentration of 2 to 5 mM (Fig. 1).

3.3. SEM and EDX analyses

The uptake of tellurite was confirmed by the EDX analysis. The
characteristic peaks of Te appeared in tellurite treated cells
(Fig. 2a) which confirmed the presence of these moieties in MTB.
While no peak of Te appeared in the control (Fig. 2b). SEM analysis
revealed a difference in the size of the cells and the accumulation
of black metallic tellurium inside the cells in presence of tellurite
(Fig. 2c, 2d).

3.4. Relative expression of drug efflux pump gene

The inhibitory effect of tellurite on the mmpL7 efflux system
has been evaluated by relative expression of the genes in presence
and absence of the Te oxyanions. The analysis of the expression
revealed a negligible reduction in fold expression of the efflux
pump gene in the presence of tellurite (Fig. 3).
4. Discussion

The use of K2TeO3 as an antibacterial compound is reported in
various studies. It has been used in the treatment of diseases such
as leprosy, tuberculosis, syphilis and dermatitis (Ba et al., 2010;
Akhtar and Rehman, 2017; Nguyen et al., 2019). A very low lethal
concentration (4 lM) for prokaryotic cells such as E. coli is
reported. Tellurite can also be toxic for the eukaryotic cells. How-
ever, its actual lethal concentration for eukaryotic cells is not well
determined and the toxic concentration varies from 50 to 1600 lM
according to different studies (Molina-Quiroz et al., 2012; Nguyen
et al., 2019). Very limited data is available for the toxicity of tellu-
rite against MTB. MTB acquires resistance by different mechanisms
predominantly by developing genetic mutations. The drug efflux
pump is also very important in maintaining a balance of the drug
inside the cell to potentiate its effects. The active efflux of the drug
can lead to the resistance of these drugs in bacteria. Though the
idea to use tellurite against tuberculosis was an old one, the
Fig. 1. Effect of tellurite on bacterial growth (a) black color of the colonies showing conv
color colonies (indicated by arrows) in Te presence, (d) growth in control sample (with
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approach to use it against XDR-TB growth and inhibition of efflux
pump was novel.

In the current study, the growth of bacterial strain in the pres-
ence of tellurite was associated with black colonies. The studies
have associated the appearance of black colonies with the reduc-
tion of tellurium. The reduced metallic tellurium is insoluble which
forms black precipitates around bacterial colonies (Coral et al.,
2006; Nguyen et al., 2019). The reduction of tellurite is not strictly
associated with tellurite resistance as some tellurite sensitive
strains are also found to be associated with tellurite reducing activ-
ity (Arenas et al., 2014). The results obtained in the present study
indicated that the presence of tellurite has significantly affected
the growth rate of bacteria when compared with the control. The
difference in the growth rate reflects the potential metal toxicity
which has slowed down the growth of strains.

The metal can absorb into the cell due to their cationic nature
and can change the morphological appearance of the cell. The
results of the study have not found any morphological changes in
cell shape but the cell size has been reduced in tellurite presence
when observed under electron microscope. The morphological
changes in bacterial cells were also observed in previous studies
(Arenas et al., 2014; Nguyen et al., 2019). The uptake of tellurite
by the XDR strain has been studied by EDX analysis which showed
peaks of metal. The presence of tellurite peak indicates uptake of
the metal. The results are comparable with the study where the
authors investigated the cadmium resistance mechanism in E. coil
and confirmed the cadmium uptake by obtaining peaks in EDX
(Khan et al., 2015).

Bacteria have developed strategies to cope with the intracellu-
lar accumulation of heavy metals and ions (Khan et al., 2015).
The one strategy to cope with the toxic concentrations of the drug
is the presence of an efflux pump. Mycobacterial EPs provide resis-
tance to different anti-TB drugs by extruding the drug molecules
that enter into the cell (Pule et al., 2016). MmpL7 protein overex-
pression is involved with high resistance to one of the most potent
first line anti-TB drug isoniazid in which no genetic mutations are
found (Pasca et al., 2005). The drug efflux inhibitors are very useful
in reducing efflux mediated resistance. Various studies have
reported the activity of different type of inhibitors against drug
efflux pump such as verapamil (de Souza et al., 2020), reserpine
(Shaheen et al., 2019), thioridazine and chlorpromazine
ersion of K2TeO3 to black tellurium (Te0), (b & c) MGIT medium showing small black
out Te) (creamy white colonies) and MGIT control (inoculum free tube).



Fig. 2. EDX analysis of the strain (a) in presence of tellurite (1 mM) confirming its uptake by Te peaks and (b) in absence of tellurite (c) SEM of the strain with tellurite
showing black (Te0) inside the cells (d) SEM image of the control sample containing no tellurite.

Fig. 3. Relative gene expression of mmpL7 in the presence and absence of tellurite.
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(Rodrigues et al., 2012). We tried to evaluate the effect of tellurite
on the drug efflux pump. The two-fold difference in expression of
the mmpL7 gene under metal stress was calculated. No consider-
able change in the expression of the gene was measured with
and without tellurite stress.
5. Conclusion

In conclusion, Te was determined for growth reduction poten-
tial against XDR-TB at very low concentration of 1 mM. XDR-TB
showed black colonies in tellurite presence and growth was
delayed between 2 and 3 weeks as compared to the control. The
reduced cell size, metal accumulation, and the characteristic
tellurite peaks appeared in metal-treated cells. MTB showed MIC
value of 1 mM and had high susceptibility for higher concentra-
tions (2–5 mM). This tellurite concentration has not shown any
4

considerable inhibitory effect on the mmpL7 efflux system. How-
ever, metal effects on other genes of the efflux system should also
be evaluated. It is plausible that metal may use other mechanisms
for inhibition of growth which should be investigated further.
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