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Unlocking the key role of bentonite fungal isolates in tellurium and 
selenium bioremediation and biorecovery: Implications in the safety of 
radioactive waste disposal 
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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Bentonite is a reservoir of highly sele-
nium and tellurium tolerant fungal 
strains. 

• Aspergillus sp. 3A is able to reduce Se(IV) 
and Te(IV) to elemental metalloids. 

• Fungal crystallization from amorphous 
to t-Te(0) and m-Se(0) is described. 

• Aspergillus sp. 3A is a candidate for 
developing new bioremediation 
strategies. 

• Bentonite fungi could positively influ-
ence the safety of the DGR system.  

A R T I C L E  I N F O   

Editor: Frederic Coulon  

Keywords: 
Aspergillus 
Bioremediation 
Repository 
Nanostructures 
Applications 

A B S T R A C T   

Research on eco-friendly bioremediation strategies for mitigating the environmental impact of toxic metals has 
gained attention in the last years. Among all promising solutions, bentonite clays, to be used as artificial barriers 
to isolate radioactive wastes within the deep geological repository (DGR) concept, have emerged as effective 
reservoir of microorganisms with remarkable bioremediation potential. The present study aims to investigate the 
impact of bentonite fungi in the speciation and mobility of selenium (Se) and tellurium (Te), as natural analogues 
79Se and 132Te present in radioactive waste, to screen for those strains with bioremediation potential within the 
context of DGR. For this purpose, a multidisciplinary approach combining microbiology, biochemistry, and 
microscopy was performed. Notably, Aspergillus sp. 3A demonstrated a high tolerance to Te(IV) and Se(IV), as 
evidenced by minimal inhibitory concentrations of >16 and >32 mM, respectively, along with high tolerance 
indexes. The high metalloid tolerance of Aspergillus sp. 3A is mediated by its capability to reduce these mobile 
and toxic elements to their elemental less soluble forms [Te(0) and Se(0)], forming nanostructures of various 
morphologies. Advanced electron microscopy techniques revealed intracellular Te(0) manifesting as amorphous 
needle-like nanoparticles and extracellular Te(0) forming substantial microspheres and irregular accumulations, 
characterized by a trigonal crystalline phase. Similarly, Se(0) exhibited a diverse array of morphologies, 
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including hexagonal, irregular, and needle-shaped structures, accompanied by a monoclinic crystalline phase. 
The formation of less mobile Te(0) and Se(0) nanostructures through novel and environmentally friendly pro-
cesses by Aspergillus sp. 3A suggests it would be an excellent candidate for bioremediation in contaminated 
environments, such as the vicinity of deep geological repositories. It moreover holds immense potential for the 
recovery and synthesis of Te and Se nanostructures for use in numerous biotechnological and biomedical 
applications.   

1. Introduction 

In recent years, the urgent need for effective and sustainable stra-
tegies to mitigate the environmental impact of toxic heavy metals and 
metalloids has driven significant research efforts towards the design of 
new decontamination technologies. Among the various approaches 
explored, the use of living organisms (bacteria, fungi, plants, archaea, 
etc.) and their intricate interactions with hazardous substances, known 
as bioremediation, has shown great promise as an eco-friendly meth-
odology. Toxic elements are currently released on a massive scale 
through industry and other anthropogenic activities. In this context, the 
management and storage of nuclear waste comprise a most pressing 
environmental concern, given its inherent hazardous nature and long- 
term impacts on ecosystems and human health (Hall et al., 2021). The 
disposal of such wastes in deep geological repositories (DGRs) has been 
internationally agreed upon as the optimal method, involving the 
placement of nuclear waste containing metallic canisters surrounded by 
compacted bentonites in stable geological formations at significant 
depths (~500 m) (IAEA, 2018). Bentonite clays, selected for use as 
backfill and sealing in DGRs have undergone thorough physical and 
chemical characterization. Yet, the influence of the microorganisms 
residing in these materials in terms of the DGR systems' safety has not 
been exhaustively studied in as much detail (Ruiz-Fresneda et al., 
2023a). Bentonites have emerged as a notable focal point of investiga-
tion, demonstrating a capacity to serve as effective matrices for the 
isolation of microorganisms with metal immobilization and bioremedi-
ation potential (Sánchez-Castro et al., 2017; Lopez-Fernandez et al., 
2018). While the potential impact of certain bacterial species on 
immobilizing radionuclides within nuclear waste has been explored, 
little is known about the role of fungi in this framework. This may be due 
to the fact that in some sources such as bentonites, the diversity detected 
for fungi was not so high in comparison with bacteria (Povedano-Priego 
et al., 2024; Lopez-Fernandez et al., 2014). 

Some fungal species are known to interact with and tolerate uranium 
(U) and fission products like selenium (Se) and tellurium (Te) present in 
radioactive waste derived from nuclear reactor activities (Günther et al., 
2014; Kumari et al., 2020; Joshi et al., 2021; Schaefer et al., 2021). For 
instance, the bentonite-isolate yeast Rhodotorula mucilaginosa BII-R8 
may have a positive effect regarding the safety concept of radioactive 
waste disposal by means of the immobilization of U(VI) through bio-
mineralization and biosorption processes (Lopez-Fernandez et al., 
2018). Several fungal species are also capable of enzymatically reducing 
Se and Te oxyanions (+IV oxidation state) to less mobile zero-valent Se 
nanoparticles (NPs), thereby contributing to bioremediation and the 
production of NPs for a diverse range of industrial applications (Sabuda 
et al., 2020; Kaur et al., 2022; Sinharoy and Lens, 2022). However, 
although these studies described fungi with bioremediation potential, 
not many were conducted in the context of the DGR system. 

The present study assesses the Te and Se immobilization potential of 
fungi previously isolated from Spanish bentonite microcosms elaborated 
to simulate DGR conditions. Both Te and Se are metalloids of significant 
environmental impact given their high toxicity for living organisms. Te 
(IV) and Se(IV) oxidized forms were selected for this work since they can 
act as natural analogues of the Se and Te fission products (i.e. 79Se or 
132Te) generated during nuclear reactions (Joshi et al., 2021). Among 
all, the isolate Aspergillus sp. 3A exhibited a remarkable ability in the 
reduction of highly toxic Te(IV) and Se(IV) oxyanions at high 

concentrations (>16 mM and >32 mM, respectively), thereby convert-
ing them into less soluble Te(0) and Se(0) nanostructures. With the help 
of several electron microscopy techniques, different spatial configura-
tions were observed in the Te nanostructures. Intracellularly, Te(0) 
appears as amorphous needle-like nanoparticles, while extracellularly, it 
forms substantial microspheres and irregular accumulations character-
ized by a trigonal crystalline phase. The Se(0) produced by this strain 
also displays a diverse array of morphologies including hexagonal-, 
irregular-, and needle-shaped with a monoclinic crystalline phase. 

In sum, the present study demonstrates the potential positive impact 
of Aspergillus sp. 3A in the immobilization of Te and Se within the 
context of radioactive waste disposal through their biotransformation to 
less soluble zero-valent oxidation states. Additionally, the results ob-
tained here extend far beyond the context of nuclear waste repositories. 
This strain not only emerges as a suitable candidate for bioremediation 
strategies across a wide range of environments; it also presents a cost- 
effective and environmentally friendly method for the recovery and 
synthesis of Se and Te nanostructures of interest for industry. 

2. Materials and methods 

2.1. Fungal strains and culture conditions 

The fungal strains used in the present work were selected based on 
the study of Povedano-Priego et al. (2024). Briefly, they were isolated 
from uranium-treated and untreated bentonite microcosms supple-
mented with glycerol-2-phosphate using a culture-dependent approach. 
The stablished microcosms aimed to simulate deep geological repository 
(DGR) conditions for nuclear wastes following the procedures of Pove-
dano-Priego et al. (2019). Specifically, uranyl nitrate [UO2(NO3)2] was 
added as a source of uranium (U) emulating a case of U leakage from 
nuclear waste in the DGR system. Glycerol 2-phosphate (G2P) was used 
as carbon (C) and phosphorus (P) source for growth stimulation and the 
promotion of U biomineralization of indigenous microorganisms from 
bentonite. The bentonites used for the microcosms were collected from 
clay deposits in Cabo de Gata (Almería, Spain), and have been selected 
for use in future DGR due to their excellent properties (Villar et al., 
2006). 

Afterward, the isolates were identified and biochemically charac-
terized (Povedano-Priego et al., 2024). A total of 12 different fungal 
strains were selected as potential strains to be employed for studying 
their impact on the immobilization and bioremediation of toxic radio-
active elements present in nuclear waste, such as selenium (Se) and 
tellurium (Te) (Table S1). All isolates were grown aerobically on solid 
malt extract agar (MEA: 20 g/l malt extract and 20 g/l agar) at 28 ◦C. 
Fungal inoculation into culture media was conducted using the dispos-
able harvesters Transfertubes© (Spectrum Laboratories Inc.), by trans-
ferring air or surface mycelia in the form of disks (6 mm in diameter). 

2.2. Tellurium and selenium fungal interaction assays 

Before the interaction experiments, potassium tellurite (K2TeO3) 
(Sigma-Aldrich) and sodium selenite (Na2SeO3) (Sigma-Aldrich) were 
prepared as a 1 M stock solution in distilled water. Subsequently, the 
solutions were sterilized through filtration using 0.22 μm syringe filters. 
Both Te and Se are present in the tetravalent oxidation state (+IV) in the 
prepared solution. Then, Te and Se were added at different 
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concentrations in MEA media for all interaction assays. Subsequently, all 
fungal species were separately inoculated with Transfertubes© and 
incubated at 28 ◦C as indicated above in Section 2.1. Unamended Te and 
Se cultures were used as biotic control for comparison purposes. After 
the interaction, samples were collected for analysis by means of a 
multidisciplinary approach combining microbiology, biochemistry, and 
microscopy. 

2.3. Minimum inhibitory concentration (MIC) 

Te and Se were added from the stock solutions at increasing con-
centrations (0–16 mM for Te, and 0–32 mM for Se) in solid MEA media 
before inoculating mycelium disks (6 mm) of each fungal isolate in 
separate dishes. Finally, the samples were incubated at 28 ◦C for 14 
days. Fungal cultures unamended with Te and Se served as biotic con-
trols. In addition, uncultured MEA media amended with Te and Se 
served as abiotic controls. All assays were done in triplicates. The 
determination of the MIC involves detecting the lowest metal concen-
tration that resulted in the complete inhibition of visible fungal growth. 
In our case, the MIC corresponded to the concentration at which there 
was no increase in the initial size of the mycelium disk (6 mm). 

2.4. Tolerance index (TI) 

The tolerance index (TI) was determined to further investigate the Te 
and Se tolerance of all strains. This parameter is usually calculated as the 
ratio of the fungal growth area in the presence of metal to the fungal 
growth area without metal exposure in the same period (Liaquat et al., 
2020). Oladipo et al. (2018) categorized the metal TI exhibited by fungi 
into different levels: “very high” for values >1, “high” for values ranging 
from 0.8 to 0.99, “moderate” for values ranging from 0.6 to 0.79, “low” 
for values ranging from 0.4 to 0.59, and “very low” for values ranging 
from 0.0 to 0.39. For this purpose, the same plates prepared for MIC 
experiments (Section 2.3) were photographed for fungus growth area 
analysis during 14 days. The area was measured using the image pro-
cessing software ImageJ based on Eq. (1). All measurements were per-
formed in triplicate. 

TI = fungal growth area in the presence of metal (mm)

÷ fungal growth in the absence of metal (mm). (1)  

2.5. Morphological characterization of the fungal isolates 

Morphological changes induced in the strains by Te and Se fungal 
interaction were observed both macroscopically and microscopically. 
Macroscopic observation entailed analysing the size, colour, texture, 
and shape of both aerial and subterranean mycelial colonies. Colour 
changes indicating potential formation of Te or Se reduction products in 
the medium were also observed. The presence of a red or black col-
ouration was taken as an indicator of the reduction to elemental forms of 
Se and Te, respectively. Microscopic changes were determined by ana-
lysing the stiffness, fragmentation, and aggregation of hyphae, as well as 
the variation in spore production, by optic microscopy. For microscopic 
observation, the samples were prepared by placing adhesive tape over 
the aerial mycelia, subsequently stained on a microscope slide with 
methylene blue. After removing excess dye, the samples were observed 
under a LeitDialux 22 microscope coupled with an Olympus Camedia C- 
5060 camera with a 60× objective lens. 

2.6. Electron microscopy 

High Resolution Scanning Electron Microscopy (HRSEM) and Scan-
ning Transmission Electron Microscopy (STEM) were employed to 
determine the morphology, structure, and location of the Te and Se 
products derived from interaction with the most resistant fungal species. 
All the strains were cultured on solid MEA containing Te and Se at 

different concentrations, and they were subjected to various incubation 
times at 28 ◦C. After incubation, mycelia samples were withdrawn and 
prepared for HRSEM analysis following procedures previously described 
in Ruiz Fresneda et al. (2018) with minor modifications. Briefly, the 
samples were fixed with a solution containing 3 % glutaraldehyde in 
0.05 M sodium cacodylate buffer (pH 7.2) for 24 h at 4 ◦C. They were 
then washed and fixed with a 1 % osmium tetroxide solution (OsO4) in 
the same buffer, and subsequently dehydrated using graded ethanol 
solutions in water. The critical point drying method was employed to 
complete the dehydration process. Afterwards, the samples were coated 
with carbon to allow energy dispersive X-ray (EDX) analysis and stored 
in a desiccator. Finally, all samples were examined on an AURIGA (FIB- 
FESEM) Carl Zeiss SMT equipped with an EDX system (Oxford In-
struments), at the Centro de Instrumentación Científica (University of 
Granada, Spain). For STEM analysis, the samples were prepared 
following a procedure similar to the one indicated by Ruiz-Fresneda 
et al. (2020). In contrast to the samples prepared for HRSEM, those 
intended for STEM analysis were embedded in Spurr resin and sectioned 
thinly (0.25 μm) using a diamond knife on a Reichert Ultracut S ultra-
microtome. Subsequently, the sections were mounted onto copper grids 
and coated with carbon for EDX analysis. The analysis was performed on 
a high-angle annular dark field scanning transmission electron micro-
scope (HAADF-STEM) FEI TITAN G2 80-300, also available at the Centro 
de Instrumentación Científica (University of Granada, Spain). 

3. Results and discussion 

3.1. Tellurium tolerance by fungal isolates 

The MIC determination of the metalloid for the growth of the studied 
fungal strains allowed us to screen for those with high metalloid toler-
ance, hence higher immobilization and bioremediation potential. All 
fungal strains tested demonstrated high tolerance to Te, as indicated by 
their high MIC values (Table 1). The strains 1G, 1L, and 2A were able to 
grow to 8 mM, whereas strain 3C stopped growing at 16 mM of Te. The 
rest of the fungal species (1A, 1B, 1F, 2B, 2C, 3A, 3B, and 3D) showed a 
higher Te tolerance capability: their MICs for Te were found to be >16 
mM, since all of them grew under this concentration. 

In general terms, the calculated TIs agree with the MIC results, as the 
isolates having higher MIC values likewise showed higher TIs (Table S2; 
Fig. 1). The TIs moreover allowed us to better characterize the Te 
tolerance and determine which isolates were the most tolerant. Specif-
ically, among those with the highest MIC values (MIC >16 for 1A, 1B, 
1F, 2B, 2C, 3A, 3B, and 3D), strain 1B (Fusarium oxysporum) presented 
the highest TI at 16 mM Te (TI = 1), followed by strain 2B (Acremonium 
sp.), which exhibited a high tolerance (TI = 0.89) (Table S2; Fig. 1). The 
TI of both strains 1B and 2B remained consistently high at all concen-
trations, indicating their elevated tolerance. Other isolates with MICs 
>16 (1A, 2C, and 3B) showed lower tolerance, with TI values ranging 
from 0.46 to 0.57 under 16 mM Te. Unfortunately, the TIs of some of the 
isolates (1F, 1L, 3A, and 3D) could not be measured due to their cellular 
structure or growth characteristics (Table S2). Basically, filamentous 
fungi have a more complex multicellular structure and most of them 
tend to grow on a culture plate as a single colony, making them 
measurable for TI analysis. However, P. chrysogenum (1F), Aspergillus sp. 
(3A), and P. crustosum (3D) grew forming multiple small colonies that 
cannot be used for TI comparison. The same problem occurs with the 
yeast R. mucilaginosa due to its unicellular structure. 

3.2. Se tolerance by fungal isolates 

The toxicity of Se proved to be considerably higher for the tested 
strains than that of Te, as indicated by the results of their MICs. Many of 
them were inhibited in the presence of 1 or 2 mM of Se, and some strains 
were even unable to grow under a 0.5 mM concentration of this 
metalloid (Table 2). Only Aspergillus sp. (3A), Penicillium crustosum (3D), 
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Alternaria alternata (3B), Aureobasidium pullulans (2A), and Penicillium 
chrysogenum (1F) were able to tolerate high Se concentrations, with 
respective MIC values of >32, 32, 16, 16, and 8 mM (Table 2). Inter-
estingly, the aforementioned strains also demonstrated a remarkable 
capacity to tolerate Te as described in the previous section. 

The TI of some of the most tolerant isolates—Aspergillus sp. (3A), 
P. crustosum (3D), and P. chrysogenum (1F)—could not be calculated due 
to the unicellular structure and growth pattern of their colonies, as 
mentioned above. Because the rest of the isolates were less tolerant, TI 
analyses were performed at 0.5, 1, and 1.5 mM Se(IV). The results 
indicated A. alternata (3B) as the strain with highest TI values (0.95, 
0.38, and 0.25, respectively for 0.5, 1, and 1.5 mM of Se(IV)), followed 
by A. pullulans (2 A) with moderate and very low tolerance values (0.51, 
0.24, 0.22) (Table S3; Fig. 2). This is in accordance with their MICs, 
which are the highest (16 mM) among the TI measurable strains. 
Increasing Se(IV) concentration leads to a sharp decline in TI values for 
all isolates (except for 3C), indicating the clearly negative effect exerted 
by this element on the normal growth of the strains. 

In summary, according to our initial results, the strains 1A, 1B, 1F, 

2B, 2C, 3A, 3B, and 3D exhibited the greatest potential for Te biore-
mediation. Although the results indicated that Se was generally more 
toxic, strains 2A, 3A, 3B, and 3D were found to be the most interesting 
for Se interaction studies and bioremediation purposes. 

3.3. Morphological and biochemical changes induced by Te and Se 

A noteworthy decrease in colony size was detected for all isolates in 
conjunction with increasing Te concentration (Fig. 3). This finding sig-
nals that the metalloid has a clear negative effect, inhibiting mycelia 
growth. More specifically, the colony radius was clearly affected at a 
concentration of 16 mM, particularly in strains 1A, 2A and 3B (Fig. 3). 
The fungi with the highest growth capacity at this concentration were 
P. chrysogenum (1F), Aspergillus sp. (3A), and P. crustosum (3D), as their 
colonies were less affected than the others. Additionally, under 2 mM of 
Te stress, the colony size of many strains remained practically unaffected 
in comparison to the metalloid-free controls. Certain strains, including 
as A. alternata (3B), even proved capable of slight growth. All these re-
sults underline the high tolerance to Te of the mentioned isolates. 

The density of both aerial and surface mycelia was significantly 
attenuated with increasing Te concentration. In addition, the 
morphology of most colonies was considerably modified as a conse-
quence of Te toxicity. All these observations could be confirmed through 
optical microscopic characterization. The obtained images revealed a 
notable decrease in the number of spores and sporangia in the presence 
of 16 mM Te for most species (Fig. S1). Furthermore, the number of 
hyphae detected was significantly lower, and they appeared fragmented 
and highly deteriorated, in comparison with the controls without Te 
(Fig. S1). 

Another remarkable observation regarding their exposure to Te was 
the occurrence of black or dark brown precipitates in the mycelia of 
most of the fungi that demonstrated Te tolerance (strains 1A, 1B, 1F, 2A, 
2B, 3A, 3B, and 3D) (Fig. 3). The formation of these precipitates in-
dicates the capability of the studied fungi to reduce Te(IV) present in the 
medium to elemental tellurium Te(0), which precipitates forming dark 
particles (Liang et al., 2019). These results suggest that the isolates can 
perform biotransformation as a mechanism of interaction with Te 
through enzymatic reduction. The ability to reduce Te to lower oxida-
tion states indicates the potential of these fungi for the bioremediation of 

Table 1 
Minimum inhibitory concentration (MIC) determination of the selected 12 fungal isolates on Te(IV). 

Isolated 
Strain 

Species Te(IV) concentration (mM) Te MIC (mM)  
0 2 4 8 16 

1A Talaromyces 
pinophilus 

+ + + + + > 16 

1B Fusarium 
oxysporum 

+ + + + + > 16 

1F Penicillium 
chrysogenum 

+ + + + + > 16 

1G Aureobasidium 
pullulans 

+ + + - - 8 

1L Rhodotorula 
mucilaginosa 

+ + + - - 8 

2A Aureobasidium 
pullulans 

+ + + - - 8 

2B Acremonium sp. + + + + + > 16 

2C Talaromyces sp. + + + + + > 16 

3A Aspergillus sp. + + + + + > 16 

3B Alternaria 
alternata 

+ + + + + > 16 

3C Penicillium sp. + + + + - 16 

3D Penicillium 
crustosum 

+ + + + + > 16 

+ (in green): growth. 
− (in red): no growth. 

Fig. 1. Tolerance index (TI) determination of the fungal isolates on Te(IV).  
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environments contaminated with this toxic compound. 
The observed macroscopic changes induced by Se stress in the 

mycelia were very similar to those caused by Te. In fact, the toxicity 
exerted by Se on the fungi appears to be even greater than that of Te, as 
evidenced by the greater decrease in colony radius (Fig. 4). The colonies 
practically disappear for most species at a concentration of 16 mM, and 
some do so even at lower concentrations, as seen in the case of 
P. crustosum (3D) and Talaromyces sp. (2C) in Fig. 4. Only strain 3A of 
Aspergillus sp. appears to resist this metalloid, given the wide variety of 
colonies growing at concentrations as high as 32 mM (Fig. 4). The 
abundance of spores, sporangia, and hyphae was significantly decreased 

in comparison to the Se-free cultures (Fig. S2). Furthermore, the 
observed hyphae were clearly fragmented and deteriorated, and in some 
cases, they appeared swollen with accumulations. These observations 
provided further evidence of the toxicity exerted by Se in the cells. 

Most of the strains capable of tolerating Se formed reddish pre-
cipitates practically around the entire mycelium (Fig. 4). This would 
suggest important findings in terms of bioremediation and biotech-
nology purposes, since it can be assumed that these fungi proved to 
biologically reduce Se(IV) to less mobile Se(0), which is characteristi-
cally red. They present an enormous potential not only for the decon-
tamination of Se-polluted environments, but also for the biorecovery of 

Table 2 
Minimum inhibitory concentration (MIC) determination of the selected 12 fungal isolates on Se(IV). 

Isolated 
Strain 

Species Se(IV) concentration (mM) Se MIC 
(mM)  0 0.5 1 2 4 8 16 32 

1A Talaromyces 
pinophilus 

+ + + + - - - - 4 

1B Fusarium 
oxysporum 

+ + - - - - - - 1 

1F Penicillium 
chrysogenum 

+ + + + + - - - 8 

1G Aureobasidium 
pullulans 

+ + - - - - - - 1 

1L Rhodotorula 
mucilaginosa 

+ - - - - - - - NT 

2A Aureobasidium 
pullulans 

+ + + + + + - - 16 

2B Acremonium sp. + + - - - - - - 1 

2C Talaromyces 
sp. 

+ + - - - - - - 1 

3A Aspergillus sp. + + + + + + + + > 32 

3B Alternaria 
alternata 

+ + + + + + - - 16 

3C Penicillium sp. + + + + - - - - 4 

3D Penicillium 
crustosum 

+ + + + + + + - 32 

+ (in green): growth. 
− (in red): no growth. 

Fig. 2. Tolerance Index (TI) determination of the fungal isolates on Se(IV).  
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Fig. 3. Effect of increasing Te concentrations (0, 2, 16 mM) on the mycelial growth, morphology, and colour of fungal species isolated from bentonite microcosms.  
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SeNPs to be applied in medicine and industry (Liang et al., 2019; Liang 
and Gadd, 2017). 

3.4. Electron microscopy 

The utilization of electron microscopy enabled us to more precisely 
determine the physicochemical (e.g., size, elemental composition) and 
structural characteristics of the fungal metalloid reduction products. 
Therefore, it allowed us to screen for those strains showing high 
metalloid immobilization and bioremediation potential. 

An initial screening of the previously selected strains based on their 

high tolerance and capacity for Te(IV) reduction revealed that the strain 
3A of Aspergillus sp. was undoubtedly the one displaying the greatest 
number of potential reduction products (Fig. S3). This was confirmed 
through the analysis of micrographs using the backscattered electron 
mode, which enabled the visualization of electron-dense compounds of 
high atomic weight, such as Te. These findings are consistent with the 
results obtained earlier, in that the 3A strain exhibited remarkable 
resistance (MIC >16 mM) and significant capacity for growth and 
mycelium development in the presence of the metalloid. For all these 
reasons, a more in-depth analysis of this strain was conducted by 
examining the samples with HRSEM and STEM/HAADF at a 

Fig. 4. Effect of increasing Se concentrations on the mycelial growth, morphology, and colour of fungal species isolated from bentonite microcosms.  
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concentration of 8 mM Te, observing the changes occurring at different 
incubation times (7, 14, and 40 days). 

HRSEM analysis revealed the presence of electron-dense micro-
spheres (≈20 μm diameter) widely distributed in the extracellular space 
across all tested incubation times (Fig. 5). It is challenging to understand 
how fungal cells are capable of forming spheres of such considerable 
size. A possible explanation is that these microspheres result from the 
extracellular aggregation of small acicular nanostructures produced 
after Te(IV) reduction, as can be seen at higher magnifications (Fig. S4). 
The absence of lysed hypha in the samples corroborates the previous 
statement. Interestingly, the presence of intracellular and membrane- 
attached electron-dense accumulations was also observed in many hy-
phae of the Aspergillus sp. mycelium (Fig. 5K). EDX analysis confirmed 
that both extracellular microspheres and intracellular accumulations 
were primarily composed of Te (Fig. 5D, H, and L). The detection of 
occasional Os signals corresponded to the post-fixation agent used 
(OsO4) during the sample preparation for electron microscopy. As the 
incubation time increased from 7 (Fig. 5A–D) to 14 (Fig. 5E–H) and 40 
days (Fig. 5I–L), there was a noticeable rise in the quantity of these Te 
accumulations. 

STEM and EDX-based elemental mapping analyses of ultra-thin 
sectioned images further revealed the presence of Te accumulations at 
both intracellular and extracellular levels (Fig. 6). After 7 (Fig. 6A–D), 
14 (Fig. 6E–H), and 40 (Fig. 6I–L) days incubating, needle-like Te 
nanostructures with an amorphous morphology were observed, as 
indicated by selected area electron diffraction (SAED) (Fig. 6D, H, and 
J). However, large extracellular accumulations of crystalline Te were 
also found in the 40-day sample (Fig. 6K). It is important to emphasize 
that most of the accumulates observed at this incubation time were 
crystalline. Different lattice-spacings of 0.38 and 0.32 nm could be 
calculated from the ED pattern derived from these accumulations 
(Fig. 6L). Additional SAED analyses performed in different accumula-
tions confirmed the results obtained (Fig. S5). According to the Joint 
Committee on Powder Standards (JCPDS), the spacings respectively 

correspond to the (100) and (101) crystal planes of the trigonal phase of 
Te (JCPDS No. 36-1452) (Deng et al., 2008; Saini et al., 2023). This 
observation suggests the occurrence of a time dependent Te crystalli-
zation process. In view of all these data, the authors propose an enzy-
matic reduction process of Te(IV) to needle-like nanostructures of Te(0) 
conducted intracellularly by Aspergillus sp. cells. These small needles 
would be subsequently released into the extracellular space, where they 
could aggregate to form spheres and other large accumulations that 
would crystallize from amorphous to trigonal Te over time. Certainly, 
due to the particulate form of the nanostructures, their release without 
causing cell lysis, is improbable. Indeed, only a small number of lysed 
cells were observed. 

Some bacteria have been reported to engage in the formation and 
crystallization processes of Te(0) nanostructures (Baesman et al., 2007; 
Castro et al., 2020). However, this is the first work to describe a crys-
tallization from amorphous Te(0) to trigonal-crystalline phases in fila-
mentous fungi. Baesman et al. (2007) suggest a very similar process 
conducted by the bacterium Bacillus selenitireducens, with the difference 
that the resulting Te nanorods aggregate in the form of rosettes. The 
spherical formation of Te(0) structures observed in this study could 
provide significant advantages in their biotechnological application by 
presenting enhanced properties. Among them, a higher surface-to- 
volume ratio could be highlighted, facilitating a wide range of chemi-
cal and physical reactions, as well as an increased capacity for dispersion 
in liquid and gaseous media. 

Regarding the Te(IV) fungal reduction mechanism that takes place, 
the specific enzymes involved remain unknown to us. Very few studies 
address this process, and most of them focus on bacteria. Some experi-
mental findings propose the role of broad-spectrum enzymes such as 
nitrate, nitrite, sulfoxide, fumarate, or selenate reductases in tellurite 
reduction (Cheng et al., 2022). Some of them consist of enzymes with a 
molybdenum cofactor in their active site. This cofactor has been re-
ported to play an important role on other metal reduction such as 
selenite, selenate, or arsenate (Castro et al., 2020; Lashani et al., 2023). 

Fig. 5. HRSEM images illustrating extracellular Te microspheres and intracellular Te accumulations after 7 (A–C), 14 (E–G), and 40 days (I–K) incubating with 8 mM 
Te(IV). EDX spectra confirming the Te composition of electron-dense accumulations marked with spots 1 (D), 2 (H), and 3 (L). 
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In fact, molybdopterin-containing enzymes are involved in tellurite 
reduction in cells of E. coli K-12 (Theisen et al., 2013). For the Aspergillus 
sp. strain under study, further research is needed to identify the specific 
enzymes and molecular mechanisms responsible for Te reduction. 

The strains selected in the previous Se tolerance assays (Section 3.2) 
as the most resistant were analysed by HRSEM for a rapid screening of 
the most efficient Se(IV) reducers. Similar to the case of Te, the Asper-
gillus sp. strain 3A proved to be the strain with the highest Se(IV) 
reduction potential, as it exhibited the greatest quantity of Se reduction 
products in comparison to the other strains (Fig. S6). These results also 
agree with the outcomes obtained earlier, wherein the 3A strain 
exhibited the highest Se tolerance level with a MIC >32 mM. Hence, a 
more comprehensive investigation of this strain was conducted by 
analysing its interaction with Se(IV) at a concentration of 8 mM during 
14 days using STEM. Large quantities of Se nanostructures were found in 
the extracellular space, as indicated by the thin-sectioned micrographs 
and EDX elemental maps (Fig. 7). However, no nanostructures were 
found intracellularly. The Se nanostructures exhibited three different 
types of morphology: irregular, needle-like, and hexagonal (Fig. 7). All 
these shapes displayed a crystalline structure, as indicated by the 
diffraction patterns obtained (Fig. 7). The analyses derived from the 
SAED patterns of the needle-like Se indicated the existence of three 
different lattice spacings, of 0.3, 0.37, and 0.5 nm. According to the 
American Mineralogist Crystal Structure Database (http://rruff.geo.ar 
izona.edu) the d-spacings of 0.3 and 0.37 nm could correspond to 
different planes of both monoclinic (m-Se) and trigonal Se (t-Se); yet the 

one of 0.5 nm is exclusive to planes corresponding to m-Se. Given these 
results, the formation of needle-shaped monoclinic Se structures by the 
cells of Aspergillus sp. 3A was confirmed. The irregular and hexagonal 
morphologies share lattice spacings of 0.3 and 0.37 nm, which—as they 
can be attributed to both t-Se and m-Se—do not allow us to precisely 
discern the type of crystalline structure exhibited. For this reason, the 
presence of t-Se in some of these nanostructures formed cannot be 
discarded. 

Enzymatic Se reduction mediated by microorganisms has been more 
extensively studied than that of Te. The majority of these studies involve 
bacteria, plant extracts, and archaea, with fewer investigations in fungi 
(Eswayah et al., 2016). Although several strains of fungi may produce 
SeNPs, they typically exhibit spherical or irregular morphology. The 
strain Aspergillus sp. 3A under investigation here has demonstrated its 
ability to generate a wide range of morphologies (needle-like, hexago-
nal-, and irregular-shaped) and crystalline structures (m-Se and t-Se), 
which could hold significant interest for both industry and medicine. 
The formation of similar Se(0) structures has been previously reported 
for bacteria, but not in fungi. For example, the bacterium S. bentonitica 
BII-R7 was demonstrated to form hexagonal and needle-shaped Se(0) 
crystals having monoclinic and trigonal structures (Ruiz-Fresneda et al., 
2020, 2023b). Still, the specific mechanism governing this process re-
mains unknown. As mentioned before for Te reduction mechanisms, 
studies performed in bacteria suggest the involvement of molybdenum- 
containing oxidoreductases including selenate, selenite, nitrite, or sul-
phate reductases in Se reduction (Shi et al., 2020; Fujita et al., 2021). 

Fig. 6. HAADF-STEM micrographs of thin sections and EDX element-distribution maps of the isolate Aspergillus sp. 3A treated with 8 mM Te(IV) after 7 (A–C), 14 
(E–G), and 40 days (I–K) incubating. SAED patterns derived from Te accumulations marked with spot 1 (D), 2 (H), 3 (J) and 4 (L). 
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Therefore, Te and Se could potentially share metabolic reduction path-
ways, as they are broad-spectrum enzymes. Indeed, not only is strain 3A 
capable of reducing both elements, but some bacterial and fungal species 
are likewise capable of producing Te-Se NPs (Zonaro et al., 2015; 
Espinosa-Ortiz et al., 2017). In the case of Aspergillus sp. 3A, a similar 
reduction pathway is possible, as fungi have a wide range of non-specific 
oxidoreductases, most likely evolved to support fungal growth with the 
decomposition of complex substrates such as lignocellulose (Harms 
et al., 2011). 

3.5. Potential biotechnological and environmental applications 

Firstly, the present work with bentonite clays from Cabo de Gata 
(Almeria, Spain) reveals this environment to be of interest as a reservoir 
of microbes having bioremediation potential, as most of the isolates 
studied exhibited the capacity to tolerate highly toxic elements such as 
Te and Se. Bacteria are the most commonly employed microorganisms in 
bioremediation applications due to their higher reactivity, rapid growth 
rate, and ease of handling and cultivation, among other factors. Such is 
the case of Stenotrophomonas bentonitica, isolated from the same 
bentonite formations used here, which has been shown to resist critical 
elements including U(VI), Cm(III), Se(IV), Se(VI), and Eu(III) (Ruiz 
Fresneda et al., 2018; Ruiz-Fresneda et al., 2020, 2023b). However, the 
screening for filamentous fungi with bioremediation potential holds 
several advantages over other microorganisms, e.g. bacteria. Fungi 

exhibit superior colonizing ability, as their mycelia can extend across 
vast areas of contaminated soil, enabling them to access and degrade 
pollutants in locations that may be inaccessible to bacteria or other 
microorganisms. In addition, the utilization of filamentous fungi may 
offer a promising alternative in cases of bacterial dysfunction (Harms 
et al., 2011). The present work demonstrate the capacity of the fungal 
isolate Aspergillus sp. 3A to convert toxic oxyanions of both Te and Se [Te 
(IV) and Se(IV)] into less toxic elemental forms [Te(IV) and Se(IV)] 
showing different types of nanostructures. Several species of Aspergillus 
have been previously reported to immobilize Te and Se and their po-
tential bioremediation properties (Sinharoy and Lens, 2022; Li et al., 
2018). Still, to the best of our knowledge, none have been isolated from 
materials intended for future DGR storage. The ability of the studied 
strain to produce Te and Se forms of lower solubility, hence lower 
mobility, would be of great benefit in repositories employing bentonite 
as a sealing material in the event of the release of these elements from 
waste containers. In addition to the context of DGR systems, our results 
could be of great help for the design of new in-situ and ex-situ biore-
mediation strategies. 

The studied strain is not only capable of reducing Te and Se to their 
less toxic and mobile forms, it furthermore does so in the form of crys-
talline nanostructures. Chemical and physical processes have tradi-
tionally been employed to form metallic NPs. Yet, the use of bacteria, 
fungi, and other organisms affords a renewable, cost-effective, and non- 
contaminating production methodology. Thus, biologically produced 

Fig. 7. HAADF-STEM micrographs of thin sections and EDX element-distribution maps of the isolate Aspergillus sp. 3A treated with 8 mM Se(IV) after 14 days 
incubating. SAED patterns derived from Se nanostructures marked with spot 1, 2, and 3 (Panel 1–3). 
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NPs are safe to use for biomedical and industrial applications. Both Se 
and Te nanoparticles hold growing interest for enhancing the properties 
of materials owing to unique qualities such as photoconductivity, ther-
moelectricity, and non-linear optical response (Turner et al., 2012; 
Panahi-Kalamuei et al., 2015; Ho et al., 2021). These features make Te 
and Se NPs valuable in the production of various technologies, including 
optical and electronic devices, solar cells, sensors, and catalyst batteries, 
and even in industries such as mining and metallurgy (Castro et al., 
2020; Ruiz-Fresneda et al., 2023c). In our case, the production of Se NPs 
with diverse morphologies could pose an obstacle to the development of 
future controlled synthesis processes. This is because each morphology 
may exhibit different physicochemical characteristics, and conse-
quently, different applications. However, and in order to overcome this 
limitation, understanding biochemical mechanisms which control the 
formation of different SeNPs morphology is under study in our labora-
tory. In medicine, many studies underline the antibacterial properties of 
Se and Te NPs against a variety of relevant species (Zhang et al., 2021; 
Tang et al., 2022; Ruiz-Fresneda et al., 2023d). The use of bio- 
nanoparticles can therefore be added to a list of potential alternatives 
for the worsening global problem of antibiotic resistance of pathogenic 
bacteria. 

4. Conclusions 

The results presented herein demonstrate the role of bentonite for-
mations as a sink of microorganisms with potential applications in 
bioremediation. Specifically, the fungus Aspergillus sp. 3A was identified 
as the most promising bentonite fungal isolate for effectively reducing 
toxic Te and Se oxyanions [Te(IV) and Se(IV)] into less toxic and 
insoluble forms [Te(0) and Se(0)]. This fact revealed the enormous po-
tential for immobilization of these metalloids by fungi isolated from 
bentonites in the context of DGRs. The Te(0) nanostructures resulting 
from the reduction process were found to be intracellularly accumulated 
in the form of amorphous needle-like nanoparticles, while extracellu-
larly they formed microspheres (50–100 μm) and irregular accumula-
tions with a trigonal crystalline phase. Based on the findings generated 
from this work, the development of a new and greener synthetic method 
to produce Te(0) nanostructures mediated by fungi is suggested as future 
work. This could be highly beneficial in overcoming the limitations of 
traditional physico-chemical procedures, which are less suitable as anti- 
tumoral and antibiotic applications due to their lower biocompatibility 
with human cells. The Se(0) produced by the cells exhibited various 
morphologies, including hexagonal, irregular, and needle-shaped, with 
a monoclinic crystalline phase. 

In conclusion, this strain emerges as a potential bioremediation 
agent, significant not only in the context of nuclear waste leakage in 
DGRs, but also for applications in in-situ and ex-situ decontamination 
strategies in other environments. Furthermore, this strain stands as a 
candidate for the recovery of Se and Te nanostructures with immense 
potential in numerous industrial and biomedical applications, following 
a sustainable circular economy model. 
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