
Assessment of arsenite 
removal efficiency, resistance, 
and biotransformation 
by Microbacterium 
hydroxycarbonoxydans isolated 
from contaminated sites
Ulises Emiliano Rodríguez-Castrejón1, Alma Hortensia Serafín-Muñoz1,  
Aurelio Álvarez-Vargas2, Gustavo Cruz-Jiménez2, Norma Leticia Gutiérrez-Ortega1, 
Raúl Miranda-Avilés1 & Ma. Carmen Cano-Canchola2

There are reports on resistance to metals by the Microbacteriaceae family, although few studies have 
focused on the Microbacterium genus. The present work is one of the first studies related to arsenic 
(As) resistance and removal by Microbacterium hydrocarbonoxydans. Growth curves were performed 
simultaneously as follows: (1) growth kinetics without As, and (2) growth kinetics added with As(III). 
Incubation conditions were at 30 °C and 120 rpm for 168 h, with an inoculation of bacterial culture, 
107 (CFU)/ml. Absorbance was measured at 600 nm in an ultraviolet (UV)–vis spectrophotometer. 
The As surface adsorption and uptake into bacterial cells, exposed to As(III), were confirmed through 
SEM, EDX, and FTIR analyses. It was observed that the cellular morphology of M. hydrocarbonoxydans 
through TEM was deformed when exposed to high concentrations of arsenite. Bacterial cells growing 
in a rich medium with As(III) were able to oxidize 98% As(III), and the inactivated biomass of the 
bacterium exhibited a high removal capacity. Likewise, M. hydrocarbonoxydans was employed to test 
its ability to remove other toxic heavy metals such as lead, cadmium, and chromium. The order of 
resistance of each metal was as follows: Cr VI (2.08 gL−1) > Pb (1.24 gL−1) > Cd (0.169 gL−1). This work 
demonstrated that the strain M. hydrocarbonoxydans has high arsenic resistance and removal capacity, 
as well as significant As(III) oxidation potential, rendering it a promising candidate for biotechnological 
application in the development of affordable systems for the removal of metals/metalloids from 
contaminated sites.
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Arsenic (As) in water is one of the major global environmental health problems,  due to its wide distribution 
in the natural environment and its ability to reach harmful concentrations in various regions of the world1. In 
addition to its toxicity, As is considered a potential carcinogen, which further aggravates the severity of its impact 
on public health. The presence of As particularly affects developing countries such as those in Southeast Asia and 
Latin America. In the Latin-American region, As affects an estimated 14 million inhabitants, with Argentina, 
Brazil, Chile, and Mexico the most affected countries2. In the field of As removal treatments, the application of 
biotechnology has attracted significant interest due to the implementation of process systems that are sustainable 
and affordable for As removal in contaminated areas3,4. For example, the combination of biological mechanisms, 
such as the bacterial oxidation of arsenite As(III) into As(V), and chemical processes with natural materials, could 
constitute a decentralized water-treatment system for As removal5,6. Microorganisms present in As-contaminated 
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sites have developed different metabolic activities to resist and somewhat adapt to the toxic effects of this 
metalloid7,8. Previous work has shown that the redox transformation of As is mainly regulated by microorganisms. 
These reactions are carried out by the ars and aox genes. which generally co-exist in aerobic environments and code 
for the enzyme’s arsenate reductase and arsenite oxidase, respectively6,9,10.

Bacteria belonging to the phylum Actinobacteria have played a crucial role in the removal and elimination 
of As species in aqueous media. Within this phylum, we find the Microbacteriaceae Family, to which the genus 
Microbacterium belongs11,12. To our knowledge, there has been scarce work on the biotechnological applications 
of Microbacterium sp. in the resistance of heavy metals and metalloids in aqueous media6,13,14. However, recent 
studies have demonstrated the remarkable ability of the genus Microbacterium sp. to remove As6. One study 
demonstrated that Microbacterium sp. 1S1 has a chemoautotrophic metabolism that allows it to accept electrons 
from As(III) for energy production13. Another study observed that the production of biogenic manganese 
oxides (BMOx) by Microbacterium sp. CsA40 contributed to the removal of As(III) from water, due to its ability 
to oxidize and adsorb As15. One work determined the tolerance and toxicity on increasing doses of fluoride, 
either individually or in combination with As by the bacterium Microbacterium paraoxydans strain IR-116. The 
minimal inhibitory concentration (MIC) and the mean maximal inhibitory concentration (MIC50) values for 
fluoride increased from 9 to 11 gL−1 and from 5.91 ± 0.1 to 6.32 ± 0.028 gL−1, respectively, in the combination 
group (F + As). Statistical comparison of the observed and expected additive toxicities, Regarding the difference 
in toxicity units (TU), using the Student t test, it was found to be highly significant (p < 0.001). This suggested 
the antagonistic effect of As on fluoride toxicity for strain IR-1. Another study revealed that oxidation of As(III) 
in groundwater by a column immobilized with Microbacterium lacticum, followed by its removal by activated 
carbon, could be an effective method for the treatment of As(III)-contaminated groundwater6. Therefore, 
studies of Microbacterium species are of great importance in the biotechnological application for bioremediation 
proposals in As-contaminated sites.

Currently, to our knowledge, there is no published work on the removal efficiency, resistance and 
biotransformation of As(III) by Microbacterium hydrocarbonoxydans. As a background to the follow-up of this 
work, the authors published that M. hydrocarbonoxydans, under analysis with other bacteria, presented a high 
capacity to remove As(III) in aqueous media of 79.9 ± 1.3%7.

The aim of the present study was to evaluate the resistance and removal of As(III) by M. hydrocarbonoxydans 
using Fourier Transform Infrared Spectroscopy (FTIR), Energy Dispersive X-ray Spectroscopy (EDX), 
Transmission Electron Microscopy (TEM) and Scanning Electron Microscopy (SEM), as well as molecular 
techniques to verify the biotransformation of As through the presence of the genes encoding the enzyme arsenite 
oxidase.

Methods
Culture media
Nutrient Broth (NB) medium contains 5 gL−1 peptone, 3 gL−1 beef extract, and the pH value was adjusted to 
8.0. NA plates were prepared with NB medium with 20 gL−1 Bacto-Agar.
Terrific Broth (TB) medium contains 24 gL−1 yeast extract,20 gL−1 tryptone, and 5.04 gL−1 glycerol; the pH 
value was adjusted to 8.0. This mixture was stirred until the solutes were dissolved in 900 ml of deionized water 
and sterilized by autoclaving for 15 min at 15 psi (1.05 kgcm−2). The solution was allowed to become cool to 
∼55 °C, and 100 mL of sterile phosphate buffer was added.
Peptone, Yeast Extract and Tryptone (PYT) medium contains 0.4 gL−1 of peptone, 0.4 gL−1 of yeast extract, 
0.4 mg L−1 of tryptone, 1 gL−1 of KNO₃, and 10 ml L−1 of glucose (1 M).
Phosphate buffer contains 0.17 M KH2PO4 and 0.72 M K2HPO4.
Minimum Salt Medium (MSM) contains 2.27 gL−1 K2HPO4, 0.95 gL−1 KH2PO4, 0.67 gL−1 (NH₄) ₂SO₄, 
and 2 ml L−1 metals solution (Na2EDTA.2H2O, ZnSO4.7H2O, CaCl2.2H2O, FeSO4.7H2O, NaMoO4.2H2O, 
CuSO4.5H2O, CoCl2.6H2O, MnSO4.H2O, and MgSO4.7H2O).
Müller Hinton Agar (MH) medium contains 300 gL−1 beef infusion solids, 17.5 gL−1 hydrolyzed casein 
peptone,1.5 gL−1 starch, and 17.0 gL−1 agar. The pH value was adjusted to 7.0.

Bacterial strain
The M. hydrocarbonoxydans strain was isolated from Xichu River, Guanajuato State. Mexico. This river is 
contaminated with several heavy metals and metalloids, including As. This strain was molecularly identified by 
previous work7. Regarding sufficient biomass production, the bacterial strain was inoculated in TB medium pH 8.0; 
the incubation conditions were 37 °C at 120 rpm for 48 h8.

Determination of the minimal inhibitory concentration of arsenic
The minimal inhibitory concentration (MIC) is the lowest concentration of both inorganic As species that 
completely inhibit growth. MIC for the bacterial strain was determined in Nutrient broth (NB) that contained 
different concentrations of As(III). These concentrations ranged from 1 to 20 mm. The medium was inoculated 
with cell suspensions taken from fresh cultures in the logarithmic phase and incubated at 30  °C for 96 h at 
120 rpm (Themo Scientific Max q 4000, USA). The following experiments were subsequently prepared: (i) NB 
culture medium inoculated with bacteria only; (ii) NB culture medium inoculated with bacteria in the presence 
of arsenite (AsIII), and (iii) NB culture medium inoculated with bacteria in the presence of arsenate (AsV); 
two controls were prepared for each experiment. The optical density (OD) of the cell cultures was taken at 24 h 
intervals for 96  h to determine bacterial-growth responses at different concentrations of As(III) and As(V). 
Bacterial growth was measured by determining OD at 600 nm (OD600) in a UV–Vis Spectrophotometer (DR 
3900, Hach, USA). Assays were carried out in triplicate.
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Metal cross-resistance
The M. hydrocarbonoxydans strain was selected for its capability to resist other toxic metal ions such as cadmium 
(Cd), chromium (Cr), and lead (Pb). For this purpose, Luria–Bertani (LB)-agar pH 8.0 was employed, and it 
was supplemented with various concentrations (0.1–2.5 gL−1) of Cd, Cr, and Pb. These plaques were inoculated 
with M. hydrocarbonoxydans and then incubated at 37  °C during 24–48 h13. The bacteria were subsequently 
transferred into liquid media PYT pH 8 at incubation conditions of 37 °C at 120 rpm during 48 h.

Arsenite oxidation determination
The As transforming potential was evaluated using the qualitative assessment of the AgNO3 method. First, a 
fresh culture in TB medium in stationary phase was obtained, which was centrifuged and washed twice with 
minimal salt medium (MSM). The obtained pellet was reinoculated in MSM containing 1.8 gL−1 glucose and 
0.075 gL−1 As(III). Bacterium suspension (OD600 = 0.3) was incubated at 30 °C for 72 h. Then, the culture was 
re-centrifuged and a total of 100 µl of supernatant was added to 100 µl of 1 M AgNO3. After the reaction, the 
light brown chemical sediment indicated the formation of silver arsenate (Ag3AsO4) and the presence of As(V). 
The light yellow sediment indicated the formation of silver arsenite (Ag3AsO3) and the presence of As(III)17.

Growth curves in the presence of As(III)
This assay was carried out simultaneously with the As(III) removal assay. Growth kinetics were planned for 
30 ml of M9 medium, with an aliquot culture taken every 24 h. The experiments were carried out as follows: 
(1) growth kinetics without As, and (2) growth kinetics in M9 added with As(III). The concentration of As was 
defined according to the result obtained by the MIC. Incubation conditions in polypropylene tubes included 
inoculate of bacterial culture (cell density of 107 CFU/ml) at 30 °C and 120 rpm for 168 h. Absorbance was 
measured at 600 nm in a UV–Vis Spectrophotometer (DR 3900, Hach, USA).

Arsenite removal assay
To determine the cellular As accumulation in M. hydrocarbonoxydans, a fresh culture suspension was inoculated 
into M9 pH 8.0, supplemented with 100, 200, and 500 mgL−1 of As(III) (NaAsO2) and incubated at 28 °C and 
120  rpm during 144  h on a rotary18. At this point, it is noteworthy that each aliquot taken every 24  h was 
centrifuged and washed with deionized water. Bacterial-cell pellets and the supernatant were acid-digested 
followed by the quantification of total As using an atomic absorption spectrometer (AAS-HG, Pinnacle 900, 
Perkin Elmer). A control without bacterial inoculation was maintained to monitor the artifacts resulting from 
the abiotic chelation of As(III). The removal (bioaccumulation) of As(III) in percentage was computed by using 
Eq. (1) as follows18:

	
BioremovalAs (III) % = Ci (initialconcentration) − Cf (finalconcentration)

Ci (initialconcentration) × 100� (1)

FTIR analysis
Fourier-Transform Infrared Spectroscopy (FTIR) was employed to analyze the functional groups on arsenic-free 
bacterial biomass (control) and bacterial biomass with As (treated). The FTIR samples were prepared using the 
bacterial pellet resuspended in MSM with 0.62 and 1.24 gL−1 of sodium arsenite. The incubation conditions were 
37 °C at 120 rpm during 72 h. The bacterial biomass samples were prepared by the centrifugation of the bacterial 
cells and drying at 37  °C. Spectral analysis was carried out within the range of 450–4,000  cm−1 by utilizing 
Spectrum Two IR Spectrometer PerkinElmer. The signals above 650 cm−1 were the only signals considered due 
to that an ATR (Attenuated Total Reflectance) was implemented18–20.

SEM, TEM, and EDX analyses
To study the effect of As(III) on cell-surface characteristics and to detect changes in cell morphology under stress 
conditions, scanning electron microscopy (SEM) and transmission electron microscopy (TEM) were performed. 
In summary, bacteria were grown in As(III)-free BSM broth and in medium supplemented with 1.5 gL−1 As(III). 
Cells were harvested after 48 h of incubation by centrifugation at 6,000 rpm (Sher et al., 2022). Bacterial cultures 
were washed twice with PBS buffer; then the cells were fixed with 2.5% glutaraldehyde for 4 h followed by 3–4 
washing steps with PBS. Finally, the samples were dehydrated with increasing ethanol concentrations (10–100%), 
after which the dried samples were mounted on an SEM bracket and coated with gold. The samples were then 
taken for chemical microanalysis by energy dispersive X-ray spectroscopy (EDX). A JEOL/JSM-6010 PLUS/LA 
scanning electron microscope (operated at 15 kV, under vacuum) was employed. To confirm the intracellular 
accumulation of As(III), arsenite-free cells and cells treated with arsenite were analyzed by TEM (ZEISS LIBRA 
120 with energy filter). It should be noted that in the samples for TEM, the bacteria were grown and harvested 
as previously described for SEM sample preparation21.

Antibiotic resistance
Müller-Hinton Agar (MH) is a medium used to verify the susceptibility of bacteria to antimicrobial agents by 
the method of diffusion (Kirby-Bauer method) or by dilution in agar22,23. The diluted samples are seeded directly 
onto the surface of the MH-agar plate, spreading these with the aid of a stainless-steel bacterial cell spreader. 
The cell suspension is left on the surface for 5 min to allow its absorption into the agar, and then a sensitive disk 
(Multibac Combined PT36 I.D.®) is placed on each inoculated plate. The sensitive disk consists of 12 combined 
antimicrobials for Gram + and Gram-; 30 μg AK (Amikacin); 30 μg AM (Ampicillin); 30 μg CF (Cephalothin); 
30  μg CFX (Cefotaxime); 1  μg DC (Dicloxacillin); 30  μg CTX (Ceftriaxone); 30  μg CL (Chloramphenicol); 
10 μg GE (Gentamicin); 30 μg NET (Netylmycin); 300 μg NF (Nitrofurantoin); 10 U PE (Penicillin), and 25 μg 

Scientific Reports |        (2025) 15:18494 3| https://doi.org/10.1038/s41598-025-98622-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


STX (Sulfamethoxazole/Trimethoprim). After incubation (35ºC for 18 h), the diameter of the inhibition zone 
surrounding each disk is measured, each microorganism‒antibiotic combination has different diameters that 
imply whether it is sensitive (S) or resistant (R).

Characterization of the arsenite oxidation gene (aox AB)
The DNA of M. hydrocarbonoxydans was extracted based on the technique with cetyl trimethyl ammonium 
bromide (CTAB)/NaCl24,25. Subsequently, the extraction was verified by electrophoresis in 1.0% agarose gel to 
certify the concentration and quality of the genomic DNA. This DNA was used as a template for the detection of 
aox (arsenite oxidase) AB through PCR amplification with the following primers: aoxA (5′-​T​T​C​G​C​T​G​C​T​T​T​T​
T​C​A​T​T​T​T​G-3′) and aox B (5′-​T​G​T​G​A​T​C​T​C​C​A​C​A​G​C​A​T​A​C​G-3′)9. The amplification program was set to the 
following conditions. First, the initial denaturation temperature was 94 °C/3 min (1 cycle). The temperature was 
then cycled to 94 °C/30 s, to 60 °C/40 s, and to 72 °C/1 min. This process was repeated for 30 cycles, followed by 
a final extension at 72 °C for 10 min. Finally, the amplification was displayed in a 1.0% agarose gel stained with 
EtBr7.

Statistical analysis
Initially, the determination of normality (Shapiro–Wilk test), homogeneity (Barlett test), and the independence 
of the data was carried out (Durbin-Watson test)26,27. The experiments in this study were performed in triplicate 
(n = 3). The values of growth kinetics are given as mean + standard deviation (SD) using Microsoft Excel version 
2010 software. Data obtained from the factorial design were analyzed by the 2-way analysis of variance test 
(ANOVA) to test the significance of bacterial growth in the presence of As(III) and As(V). Tukey multiple range 
test was performed to identify the strains with the highest potential for interaction with As(III) and As(V) and their 
optimal growth times. The significance of the differences was defined as p > 0.005, with a 95% confidence interval 
(95% CI), using Minitab version 19 software28.

Results
Morphological characteristics of the strain
M. hydrocarbonoxydans is Gram-positive12and its colonies are circular, smooth, translucent, and yellow-
pigmented (Figure S1).

Determination of the minimal inhibitory concentration of arsenic (MIC)
Tolerance of the strain to As(III) was tested by determining its minimal inhibitory concentration (MIC). As 
in previous works, M. hydrocarbonoxydans demonstrated favorable growth in Nutrient Broth (NB) added 
with 0.75 gL−1 As(III). The order of resistance at the different concentrations-under-study were 0.0750, 0.375, 
and 0.748 gL−1. These exhibited an average growth of 89.2 ± 5.22, 84.83 ± 2.20, and 63.82 ± 1.41%, respectively 
(Fig. 1). Bacterial growth decreased in media enriched with 0.897 and 1.5 gL−1 As. This implies growth rates of 
12.7 ± 0.99% and 6.38 ± 1.1%, respectively. In both concentrations, the growth was nearly flat. The percentage 

Fig. 1.  Growth kinetics of M. hydrocarbonoxydans in NB medium added with different concentrations of As 
(III): 1 mM (orange line), 5 mM (gray line), 10 mM (yellow line), 12 mM (light blue line) y 20 mM (green 
line). A control without arsenite is also included (dark blue top line). Three separate assays were performed. 
Error bars represent standard deviation.
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analysis was in relation to the growth of the control group. Previous work has reported that the genus of this 
species is highly resistant to As18. It is important to highlight that, to our knowledge, there are few works referring 
to the study of the resistance of M. hydrocarbonoxydans to culture media added with As7.

Metal cross-resistance
Regarding the evaluation of the resistance of M. hydrocarbonoxydans in heavy metals (Fig. 2) such as chromium, 
lead, and cadmium (Cr, Pb, and Cd, respectively), the results obtained indicate that this bacterium has a greater 
resistance to chromium (Cr). The order of resistance of each metal was as follows: Cr VI (2.08 gL−1) > Pb (1.24 
gL−1) > Cd (0.169 gL−1). These results agree with those reported by previous studies carried out on this genus of 
bacteria14.

Determination of arsenite oxidation
To test the oxidizing capacity of M. hydrocarbonoxydans of arsenite (AsIII) into arsenate (AsV), the colorimetric 
Assay of AgNO3 was utilized (Figure S2). This culture plate shows the oxidation test of arsenite to arsenate with 
the bacterium M. hydrocarbonoxydans. In the corresponding well, a light brown precipitate is clearly observed, 
indicating that M. hydrocarbonoxidans carried out the As oxidation process.

Arsenite removal assay
The removal capacity of 100, 200 and 500 mgL-1 in terms of the bacterium was analyzed. The pH used was 8.5, 
in that this is the present average pH in the contaminated areas7,8. M. hydrocarbonoxydans exhibited a high 
removal capacity at all three concentrations, with an average of the maximal removals of 89.2 ± 6.53% in 72 h. 
However, the following should be considered (Fig. 3). For the removal of the 100 and 200 mgL−1 at 72 h, the 
concentrations in the aqueous medium decreased to 6.0 ± 0.1 and 8.1 ± 0.4 mgL−1. This previously mentioned 
information complies with Mexican and World Health Organization (WHO) standards for permissible limits 
(25 and 10 mgL−1, respectively). However, for 500 mgL−1 at 96  h, there is efficient removal (88 ± 2.4%). The 
concentration (59.9 ± 1.34 mgL−1) in the aqueous medium does not comply with the values of the permissible 
limits established in the regulations. In comparison with previous works21,29, the results obtained fell within the 
reported range, ranging from values above 48.43 to 90%.

A possible explanation for the As(III) removal capacity of M. hydrocarbonoxydans observed in this study is 
that it may present systems capable of reducing and oxidizing As. The transformation reactions are affected by 
the bacterial functional enzymes, but also by the reduction/oxidation potential of the medium. The medium is 
strongly influenced by the presence of microbial communities. Information is available on the redox cycling 
of As by microorganisms and plays an important role in controlling As speciation and mobility in high As 
environments7,18.

Scanning electron microscopy (SEM), EDX, TEM, and FTIR analyses
FTIR analysis
In Table 1, the signals of different functional groups that interact with As(III) in the cellular membrane are 
observed. As a Gram-positive bacterium, the presences of peptidoglycan in membrane affords a plus to the 
adsorption process to the acid-to-acid technique. This process contains several functional groups18. Signals in the 
FTIR analysis were observed for the M. hydrocarbonoxydans biomass without As (control) and in the presence 
of As(III) (Fig. 4) (Table 1). In the biomass without As, signals were observed at 3,459.24 cm−1 corresponding to 
the hydroxyl (–OH) or amino (–NH) groups. Once the biomasses were treated with As(III), the signal practically 
disappeared. The observed peaks were 3,300.59, 3,207.19, and 2,922.56  cm−1, which are also attributed to 

Fig. 2.  Bacterial resistance to three different metals in nutrient agar (NA). The bacterium corresponding to 
this study, M. hydrocarbonoxydans, showed a higher resistance to chromium (2.08 gL−1), followed by lead (1.24 
gL−1) and a higher sensitivity to cadmium (0.17 gL−1). The assay was performed in triplicate. The standard 
deviation is indicated by the error bars.
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hydroxyl groups and to the stretching bonds of the (–CH) group. According to the signals among the 1,645.24, 
1,536.14, and 1,445.34 cm peaks, which correspond to the functional groups involved, to the stretching bonds 
of the carboxyl group (–C=O), and to the amino groups (-NH). The signals observed at 1,234.44, 1,099.12, and 
1,052.62 cm−1 indicate the presence of single bonds such as the C–O bonds of alcohols, carboxylic acids, esters, 

Fig. 4.  Comparison FTIR spectrum of M.h in the presence of As(III). (A) Biomass non-treated and (B) 
Biomass treated 10 mM As(III).

 

Strain Signal of biomass non-treated Signal of biomass trateated Functional gruops

M.hydrocarbonoxydans

3459.24 cm−1 3500.03 cm−1 (–OH), (–NH)

2922.56–3300.59 cm−1 2850.61–3301.05 cm−1 (–OH), (–CH)

1445.34–1645.24 cm−1 1437.04–1617.96 cm−1 (–C=O), (–NH)

1052.62–1234.44 cm−1 1126.18–1108.23 cm−1 C–O, C–N

494.37–974.95 cm−1 476.85–956.92 cm−1 C–C, C–N, C–O

Table 1.  FTIR analysis.

 

Fig. 3.  Assay of the arsenic removal analysis. M. hydrocarbonoxydans showed a high removal capacity at all 
three concentrations, with an average of the maximum removals of 89.2 ± 6.53% in 72 h. Three separate assays 
were performed. Error bars represent standard deviation.
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and ethers, as well as the C–N bonds of an aliphatic amine. At 974.95, 913.52, 805.87, 696.69, and 494.37 cm−1 
peaks, corresponding to the fingerprint region, single bonds such as C–C, C–N, and C–O are found. The most 
noticeable signal changes occur in the functional group region, indicating the involvement of hydroxyl, carboxyl, 
and amino groups mainly in the biosorption of As(III).

Scanning electron microscopy (SEM)-EDS
The surface morphological changes of M. hydrocarbonoxydans with and without As(III) were observed with 
the aid of SEM–EDS. Figure 5 presents SEM micrographs of the bacteria grown in the absence (control) and 
the presence of As(III), respectively. The cells present a defined bacillary shape in the case of control conditions 
(Fig. 5a). These cells exhibited a distorted agglomerated morphology with undefined shapes and boundaries for 
the As(III)-treated cells (Fig. 5b). There is a notable presence of a biofilm on their surface in the arsenic-treated 
cells. It is probable that this is a form of defense of the microorganism against high concentrations of 1.5 gL−1 
As(III). EDS spectral analysis confirmed the presence of As(III) in the bacteria.

Transmission electron microscopy (TEM)
The bioaccumulation process was confirmed by AAS-HG, FTIR, and SEM and was corroborated by TEM 
analysis. It showed the accumulation of As(III) inside the cell (Fig. 6). The intracellular structural analysis of 
M. hydrocarbonoxydans by TEM clearly revealed that As(III) caused the disruption of the plasma membrane, 
condensation of the cytoplasm, and the presence of electron-dense deposits throughout the periplasm. The 
distinguishable alteration in cell morphology upon exposure to high concentrations of sodium arsenite (3.72 
gL−1) can also be observed. It is noteworthy that this is, to our knowledge, the first time that this analysis has 
been performed on bacteria of the genus Microbacterium.

Antibiotic resistance
In the antibiogram test, M. hydrocarbonoxydans was mainly antibiotic-sensitive and only showed resistance to two 
antibiotics: NF (Nitrofurantoin) 300 μg and PE (Penicillin) 10 U, but it was sensitive to the following antibiotics: AK 
(Amikacin) 30 μg; AM (Ampicillin) 30 μg; CF (Cephalothin) 30 μg; CFX (Ciprofloxacin) 30 μg; DC (Dicloxacillin) 
1 μg; CTX (Ceftriaxone) 30 μg; CL (Chloramphenicol) 30 μg; GE (Gentamicin) 10 μg; NET (Netylmycin) 30 μg, 
and STX (Sulfamethoxazole/Trimethoprim 25 μg (Figure S3) (Table 2).

There is strong evidence between As(III) resistance and antibiotic resistance by bacteria through the co-
selection process. Metal-driven antibiotic-resistant determinants evolved in bacteria and present on same mobile 

Fig. 5.  SEM–EDS micrographs of M. hydrocarbonoxydans: (a, c) arsenite-free bacteria, (b, d) bacteria treated 
with arsenite.
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genetic elements are horizontally transferred to distantly related bacterial human pathogens. It is interesting that 
the abundance of antibiotic-resistant genes is directly linked to the prevalence of metal concentration in the 
environment30. The proliferation of heavy metal-resistant bacteria can be a potential health problem due to 
horizontal gene transfer, causing a simultaneous tolerance that increases the potential risk in only one vector, 
that is, the water30,31.

Characterization of the arsenite oxidation gene (aox AB)
DNA purity was measured by reading a 260/280 ratio using a Beckman DU 640 spectrophotometer. All extracted 
DNA demonstrated an absorbance ratio (260 nm/280 nm) ranging from 1.8 to 2.0. The quality of the extraction 
of the M. hydrocarbonoxydans genomic DNA is depicted in Fig. 7, where it can be observed that the samples are 
clean and free of protein, salts, and Ribonucleases (RNases).

Fig. 7.  Agarose gel electrophoresis (1.0%) of DNAg Lane 1: Molecular Weight Marker (Lambda phage DNA 
cut with Pst I). Lanes 2–7: genomic DNA of M. hydrocarbonoxydans.

 

Antibiotic Result Antibiotic Result

AK Sensitive CL Sensitive

AM Sensitive GE Sensitive

CF Sensitive NET Sensitive

CFX Sensitive NF Resistant*

DC Sensitive PE Resistant*

CTX Sensitive STX Sensitive

Table 2.  Results of the antibiogram of M. hydrocarbonoxydans.

 

Fig. 6.  TEM micrographs of M. hydrocarbonoxydans; (a) arsenite-free bacteria and (b) bacteria exposed to 
arsenite at different amplifications.

 

Scientific Reports |        (2025) 15:18494 8| https://doi.org/10.1038/s41598-025-98622-8

www.nature.com/scientificreports/

http://www.nature.com/scientificreports


The presence of the aox AB gene within the chromosome of M. hydrocarbonoxydans was evaluated using 
PCR, and the lines that revealed genes are shown in the electrophoresis-gel patterns (Fig. 8).

Discussion
M. hydrocarbonoxydans presented high resistance to As(III). This was corroborated by multiple factors as follows: 
analysis of its growth kinetics in the presence or absence of As(III), and ANOVA statistical analysis and Tukey 
multiple comparisons analysis, predicting that there is no significant difference between bacterial growth in the 
presence or absence of As(III). This means that arsenite (As III) at a concentration of 200 µg L−1 does not significantly 
inhibit bacterial growth. As depicted in Fig. 1 with regard to its growth kinetics, M. hydrocarbonoxydans exhibited 
a practically non-existent adaptation phase (p < 0.05), followed by an exponential phase ranging from 0 to 24 h 
(p > 0.05), and that it entered its stationary phase within a time range of 24–120 h (p < 0.05).

Likewise, it was observed that M. hydrocarbonoxydans was able to perform a high removal of As (89% ± 0.56) 
in 24  h. This removal occurred in the lag-growth phase during which the adsorption and bioaccumulation 
processes of the metalloid take place. Due to that the bacterium possesses a membrane with anionic radicals 
such as (OH–), (C=O–), and (NH–), the bacterium could initiate As bioaccumulation through a passive 
process where As(III) was attracted and captured by these anionic radicals, and could continue with the active 
bioaccumulation process32. In parallel, scanning electron microscopy (SEM) analyses were performed to detect 
the damage caused by As(III) in the bacteria at the cellular level. By means of this microscopy, it was possible to 
detect clearly the interaction that As(III) entertained with the bacterial cell. Figure 5b depicts the cells in contact 
with 2.24 gL−1 of As(III), identifying structural damage on the cell surface and demonstrating evident changes 
in the cells’ morphology.

According to previous reports, this strain of M. hydrocarbonoxydans is known to grow in the form of a biofilm 
at high concentrations of As(III)11. This type of microbial growth may occur in response to the interaction of the 
bacteria with As(III), which theoretically allows the bacteria to defend themselves against xenobiotic agents such 
as heavy metals and metalloids33,34. Bacterial biofilms are formed by extra-polymeric substances where various 
enzymatic activities can also take place35,36.

Transmission electron microscopy (TEM) detected the presence of As(III) in both the cell membrane 
(periplasm) and in the cytoplasm. This corroborated that M. hydrocarbonoxydans is able to bioaccumulate 
As(III), beginning with sorption at the cell membrane through the functional groups previously described, 
followed by an active process in which As(III) enters the cell through the Pit(III) channels18. This organism is 
able to oxidize As(III) in the membrane, while in the cytoplasm it accumulates it until it reaches a concentration 
that causes cell death. M. hydrocarbonoxydans is responsible for reducing As(V) inside the cell and then expelling 
it by means of the Ars A protein, which comprises an As(III) extrusion pump18.

Previous work has indicated that a microorganism’s resistance to metals and its sensitivity to antibiotics 
are related. Some of these metal or metalloid resistance mechanisms have also been demonstrated to confer 
resistance to antibiotics35,37,38. For example, ejector pumps, which remove metals from the cell, can also remove 

Fig. 8.  Agarose gel electrophoresis (1.0%) of PCR products. Lanes 1,5,6,7 and 8 empties. Lane 2: Molecular 
Weight Marker (MWM)1 Kb (Gene Ruler Fermentas®); Lanes 3 and 4: Amplified product (970 bp) (detection 
of the aio AB gene).
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antibiotics from the cell39. In order to analyze the latter, in the present work, M. hydrocarbonoxydans was found 
to be sensitive to 10 of the 12 antibiotics used.

It is noteworthy that the sensitivity of a bacterium to an antibiotic depends not only on the nature of the 
antibiotic, but also on the concentration employed40. Some bacteria are naturally more sensitive to antibiotic 
concentrations than others, due to differences in their metabolism or to the presence of intrinsic resistance 
mechanisms to certain antibiotics, especially those with which they have not interacted37,40.

Compared to strains isolated from urban environments37,40,41, it is important to note that M. 
hydrocarbonoxydans is native to and originates from mining areas in marginalized populations7. Thus, it is 
possible that it engages in less interaction with a wide range of antibiotics and has only developed resistance 
to the most used antibiotics, such as Penicillin. M. hydrocarbonoxydans exhibited resistance to the following 
two antibiotics, Nitrofurantoin (NF) and Penicillin (PE), and may have developed genes conferring resistance 
to metals and antibiotics that are often found in the same mobile genetic elements (MGE), such as plasmids, 
transposons, integrons, chromosomes, and bacteriophages42.

Conclusion
This work has shown that the bacterial strain M. hydrocarbonoxydans, on interacting with As(III), possesses high 
resistance to As species and an efficient biotechnological capacity to remove As from water. SEM–EDS and TEM 
results revealed the presence of As in the cell membrane and in the cytoplasm of M. hydrocarbonoxydans. The 
appearance of brown precipitation upon interaction with AgNO₃ confirmed its ability to oxidize arsenite, which 
was further confirmed by the presence of aox genes encoding the enzyme arsenite oxidase. The presence of 
oxidative genes and their potential to biotransform As render this bacterium a possible candidate for the efficient 
removal of As from contaminated water. Therefore, this research is a valuable contribution to the knowledge 
of little-known strains and their possible use in the development of affordable technologies for decentralized 
contaminated water-treatment systems, as well as opening a wide field in the role of bacteria in the interaction 
of mobile genetic elements with metals, metalloids, and antibiotics, which may entertain significant implications 
for environmental health.

Data availability
All data generated or analyzed during this study are included in this published article [and in its Supplementary 
Information files].
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