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temperatures, conditions like salinity and pressure demand 
morphologic and metabolic adaptations to survival [1–3]. 
Microorganisms that grow in such harsh conditions are 
known as extremophiles. Concerning the temperature of 
growth, they are classified as psychrophilic and psychro-
tolerant. Psychrophilic microorganisms grow at maximum 
temperatures below 20 °C with optimum growth tempera-
tures lower than, or equal to, 15 °C. Psychrotolerant micro-
organisms can grow at low temperatures and have optimal 
growth in the temperature range of mesophilic organisms 
(20–40 ºC) [1].

Some genera commonly found in the Antarctic marine 
environment are Aspergillus, Cadophora, Cladosporium, 
Cosmospora, Mortierella, Penicillium, Pseuderotium, Pseu-
dogymnoascus, Geomyces, Trichoderma, Phaeoacremo-
nium, Phenoliferia, and Pseudocercosporella, among others 
[4–7]. These extremophile fungi have also been gaining 
attention due to their biotechnological potential. Targeted 

Introduction

The harsh conditions of the Antarctic continent and its 
subregions can challenge macro and microscopic forms 
of life. In the marine environment, in addition to the low 
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Abstract
Cold-adapted microorganisms can produce enzymes with activity at low and mild temperatures, which can be applied 
to environmental biotechnology. This study aimed to characterize 20 Antarctic fungi to identify their genus (ITS rDNA 
marker) and growth temperatures and evaluate their ability to decolorize and detoxify the textile dye indigo carmine (IC). 
An individual screening was performed to assess the decolorization and detoxification of IC by the isolates, as well as in 
consortia with other fungi. The isolates were affiliated with seven ascomycete genera: Aspergillus (n = 4), Cosmospora 
(n = 2), Leuconeurospora (n = 2), Penicillium (n = 3), Pseudogymnoascus (n = 6), Thelebolus (n = 2), and Trichoderma 
(n = 1). The two isolates from the genus Leuconeurospora were characterized as psychrophilic, while the others were 
psychrotolerant. The Penicillium isolates were able to decolorize between 60 and 82% of IC. The isolates identified as 
Pseudogymnoascus showed the best detoxification capacity, with results varying from 49 to 74%. The consortium using 
only Antarctic ascomycetes (C1) showed 45% of decolorization, while the consortia with the addition of basidiomyce-
tes (C1 + Peniophora and C1 + Pholiota) showed 40% and 50%, respectively. The consortia C1 with the addition of the 
basidiomycetes presented a lower toxicity after the treatments. In addition, a higher fungal biomass was produced in the 
presence of dye when compared with the experiment without the dye, which can be indicative of dye metabolization. The 
results highlight the potential of marine-derived Antarctic fungi in the process of textile dye degradation. The findings 
encourage further studies to elucidate the degradation and detoxification pathways of the dye IC by these fungal isolates.
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biomolecules are antibiotics, antitumoral compounds, and a 
range of enzymes like hydrolases and oxidases that can have 
important uses in industrial and environmental areas, includ-
ing bioremediation of environmental pollutants [2, 8–9]. An 
industrial sector that can benefit from these enzymes is the 
textile sector, considered one of the major industrial waste 
generators, with a complex and varied composition [10–11]. 
The complexity of the effluent comes from the presence of 
synthetic dyes, softeners, metals, and different salts, which, 
even at lower concentrations, can impact the water body, the 
fauna, and the ecosystem [12].

Synthetic dyes are one of the most concerning compo-
nents of textile effluents. Their different physicochemical 
properties are a major cause of the recalcitrancy as they 
can be further oxidized into more toxic or mutagenic forms 
[13–15]. Indigo dyes are known to be resistant to light and 
heat exposure, insoluble, and generally need an adjuvant for 
the proper adhesion to the textile fiber [16]. They are tradi-
tional dyes, whose natural form has been used for centuries, 
and their synthetic form was introduced in the 1800s [17, 
18]. One of the most popular forms is the indigo carmine 
dye, produced by reducing indigo with Na2S2O4. Currently, 
indigo dyes are used in the textile industry and also in the 
food and cosmetic sectors, resulting in a worldly consump-
tion per year of 50.000 tons of indigo dyes and their deriva-
tives [11, 17, 19].

The treatment of such effluents is required for their dis-
posal back into the environment, given the toxic and disrup-
tive potential. Different approaches can be used, including 
physical and biological methods, either isolated or in com-
bination, to attend to the final parameters demanded by the 
local legislation [20]. In the textile sector, the chemical 
methods comprise oxidative processes that can disrupt the 
chromophore part of the dye molecule, removing the color 
of the effluent. Nonetheless, these methods do not deal with 
the toxicity aspect and can cause an increase in dye toxicity 
in some cases [14, 20]. The physical methods comprise the 
transference of dye from a liquid to a solid phase, generating 
sludges that need to be disposed of in landfills and do not 
tackle the toxicity and recalcitrance of the waste [20, 21]. 
The biological methods (bioremediation) include the action 
of microorganisms (e.g. fungi, bacteria, and algae), either 
isolated or in consortia, and/or their enzymes to achieve the 
degradation of waste or the treatment of an effluent, aim-
ing at the complete mineralization into carbon and hydrogen 
[21].

Among the benefits of bioremediation is the eco-friendly 
nature, and the chance of completing dye degradation, 
thus eliminating or at least lowering the toxicity factor. 
This approach can be cheaper than chemical and physical 
treatments and can be performed with organisms that can 

tolerate the salt and other recalcitrant characteristics of the 
waste or effluent [15, 22].

Considering the above mentioned, this study was 
designed to characterize 20 filamentous fungi from marine 
sediments collected from two different Antarctic islands and 
assess their ability to degrade and detoxify the dye indigo 
carmine in consortia at moderate temperatures under the 
perspective of a future application in the bioremediation of 
textile industrial effluents.

Materials and methods

Microorganisms

The fungi used in this study were selectively isolated using 
two enrichment treatments (sulfur indigo dye and saw-
dust) from two marine sediments collected at Deception 
Island Whalers Bay (SMWB1–95.4  m depth) and King 
George Island - EACF Helipad SMEACF1–60  m depth) 
(OPERANTAR XXXVII, December 2018) [23]. The fungi 
were cultivated in malt extract 2% agar (MEA: malt extract 
20 g; bacteriological agar 15 g; deionized water 1,000 mL) 
at 15 °C. All fungal isolates are deposited in the UNESP’s 
Central of Microbial Resource (CRM-UNESP) (Biosci-
ences Institute, São Paulo State University– UNESP, Rio 
Claro, SP, Brazil) and have been maintained in the biobank 
by freezing at -80 °C and employing the method of Castel-
lani using glycerol 10% and water, respectively.

Characterization of the fungi

Molecular identification

The ITS barcode was used for the molecular characteriza-
tion of the fungi. The DNA was extracted from the colo-
nies using the CTAB method [24, 25]. The ITS region was 
amplified according to dos Santos et al. [6] using the prim-
ers ITS5 (5’-GGA AGT AAA AGT CGT AAC AAG G-3’) 
and ITS4 (5’-TCC TCC GCT TAT TGA TAT GC-3’) and 
the amplicons were purified using the enzymes Exonuclease 
I and alkaline phosphatase (Thermo Scientific, Waltham, 
MA, USA) according to the manufacturer’s protocol. The 
samples were quantified in NanoDrop (Thermo Scientific, 
MA, USA) and sequenced by a specialized company using 
the Sanger sequencing method.

The sequences generated in this study were deposited in 
Genbank under the accession numbers PP003958-PP003975 
(Table 1). The reference sequences retrieved from the NCBI 
database and the fungal sequences from this study were 
aligned using MAFFT v7.520 [26]. Manual refinements 
were performed using Aliview v. 1.28 [27].
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The best evolutionary models were determined using 
jModelTest 2 v. 2.1.10 [28] with the Akaike Information 
Criterion (AIC) and 95% confidence intervals. A maximum 
likelihood phylogenetic tree was inferred using RAxML-
NG 1.2.0 [29] with 20 distinct starting trees using the best-
fit model (Table S1) and 1000 bootstrap replicates. All trees 
were visualized in FigTree 1.4.4 [30] and edited in Inkscape 
v. 1.2.2.

Growth temperatures

For the determination of the optimum growth temperatures, 
the fungi were cultivated on Petri plates (90 × 15 mm) con-
taining MEA medium for 7 days at 4 different temperatures: 
15, 20, 25, and 30 °C. A suspension was prepared at 2 × 106 
spores/mL and 10 µL of each suspension was inoculated 
in the center of a Petri dish, each fungus was inoculated in 
triplicate. After incubation, the growth area was scanned 
and measured with the software ImageJ using the free hand 
mode. The growth area (cm²) was determined by the soft-
ware using a relation between the image pixels and the mea-
sured area [31].

Decolorization of the textile dye indigo 
carmine

All isolates were cultivated in 50 mL of Malt Extract Broth 
(MEB - malt extract 20  g; deionized water 1,000 mL) 
with 100  mg/L of the dye, the Indigo Carmine dye used 

(C16H8N2Na2O8S2,) was purchased from Sigma-Aldrich 
(85% of purity). The fungi were inoculated as a calibrated 
spore suspension at 1 × 106 spores/mL and the flasks were 
incubated at 20 °C for seven days and 140 rpm in the dark. 
After incubation, the mycelium was separated by vacuum 
filtration (Unifil– 80  g/m2), and the supernatant was used 
to measure decolorization and detoxification. As a control 
experiment, flasks with MEB without the fungi were incu-
bated under the same conditions. All assays were conducted 
in triplicate.

To determine decolorization, 1 mL of the supernatants 
was evaluated on a UV-Vis spectrophotometer (Shimadzu 
UV-1240, Kyoto, Japan) [32]. The decolorizing activity was 
calculated from the maximum absorption peak (610 nm) of 
the dye, according to Eq. 1.

Decolorization (%)

=
(medium absorbance of control − medium absorbance of treatment)

(medium absorbance of control) × 100
� (1)

Detoxification of the textile dye indigo carmine

The phytotoxicity assessment was conducted using seeds of 
cucumber (Cucumis sativus) to evaluate the impact of degra-
dation metabolites on the germination process and overview 
the toxicity [33]. Each Petri dish contained 15 seeds (with-
out pesticides) and 3 mL of the supernatant (adjusted to pH 
7.0) was placed on filter paper. The seeds were incubated at 
24 °C in the dark for 5 days. The positive control consisted 
of a solution of 0.05 M ZnSO4, and the negative control was 

Table 1  Data related to the sites, fungi codes, and taxonomic identification
Enrichment treatment Site of origin LAMAI code Identification GenBank acession number
Sawdust Deception Island Whalers Bay 2758 Aspergillus sp. PP003962

2759 Aspergillus sp. PP003963
2755 Leuconeurospora sp. PP003959
2756 Leuconeurospora sp. PP003960
2754 Penicillium sp. PP003958
2757 Pseudogymnoascus sp. PP003961
2760 Pseudogymnoascus sp. PP003964

King George Island - EACF Helipad 2777 Cosmospora sp. PP003966
2778 Cosmospora sp. PP003967
2776 Pseudogymnoascus sp. PP003965
2780 Trichoderma sp. PP003968

Sulfur indigo dye Deception Island Whalers Bay. 2400 Penicillium cf. oxalicum* MZ376947
2402 Penicillium cf. oxalicum* MZ376948
2398 Pseudogymnoascus sp. PP003969
2401 Pseudogymnoascus sp. PP003971
2399 Thelebolus sp. PP003970

King George Island - EACF Helipad 2424 Aspergillus sp. PP003974
2425 Aspergillus sp. PP003975
2422 Pseudogymnoascus sp. PP003972
2423 Thelebolus sp. PP003973

*Identified as described by Kita et al. [23]
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Dry biomass

The dry biomass was evaluated according to Vieira et al. 
[36]. Falcon tubes were dried at 105  °C until constant 
mass, and the weight (g) was measured with the empty 
tubes. In these same flasks, the mycelia were centrifuged 
at 10,000 rpm (13,416 g) at 4 °C for 15 min. After superna-
tant removal, the mycelia were taken to dry at 105 °C until 
constant mass. Then, the flasks with the mycelium were 
weighted and the dry biomass was calculated using Eq. 4.

Dry Biomass (g) =weight of flasks with mycelium
− weight of the empty flask

� (4)

Statistical analysis

The statistical analysis was executed in GraphPad Prism 
9 GraphPad Software, United States, using One-Way 
ANOVA. For the growth temperature, decolorization and 
detoxification, decolorization by the consortia, and dry bio-
mass, p < 0.05 were considered. For the phytotoxicity in the 
consortia experiments, p < 0.10 was considered.

Results

Taxonomic characterization

Using the ITS rDNA marker (fungal molecular barcode), 
the isolates were associated with seven different ascomy-
cete genera (Table  1): Aspergillus (n = 4), Cosmospora 
(n = 2), Leuconeurospora (n = 2), Penicillium (n = 3), Pseu-
dogymnoascus (n = 6), Thelebolus (n = 2), and Trichoderma 
(n = 1). The molecular taxonomic data (phylogeny trees) are 
available in the Supplementary material (Figures S1-S6).

The phylogenetic analysis allowed the inference that the 
representatives of the genus Aspergillus belong to different 
species, with the closest relatives being the species A. sydowii 
and A. creber. The results for Pseudogymnoascus also indi-
cate the presence of more than one species, with the closest 
relatives being P. griseus, P. lanuginosus, P. lindineri, and P. 
turneri. On the other hand, representatives of Cosmospora, 
Leuconeurospora, and Thelebolus appear to be a single 
species, with the closest relatives being C. viridescens, L. 
capsici, T. microspores, and T. balaustiformis, respectively, 
while the representative of Thichoderma clustered with the 
species T. obovatum. Concerning the three isolates of the 
genus Penicillium, two of them, LAMAI 2400 and 2402, 
have been previously identified as Penicillium cf. oxalicum 
based on molecular taxonomy (ITS rDNA) and morphology 
[23]. In the present study, the sequences of LAMAI 2754 

distilled water, as well as, a solution of the dye (100 mg/L). 
After incubation, the root length (RL) and hypocotyl length 
(HL) were measured (cm), and they were used to calculate 
the toxicity and detoxification according to Eqs. 2 and 3.

Toxicity (%)

=
(RL + HL of negative control − RL + HL of treatments)

(RL + HL of the negative control )× 100
� (2)

Detoxification (%) = control toxicity − treatment toxicity� (3)

Consortia structuration

A major fungal consortium was structured based on the 
taxonomic characterization and considering the results of 
individual performance in the decolorization and detoxifi-
cation experiments. Additional experiments were performed 
adding to the consortium the basidiomycete Peniophora sp. 
CBMAI 1063 (= 111), which was isolated from a marine 
sponge [34], and Pholiota sp. LAMAI 2484 (= B9.320), 
which was isolated from Antarctic soil [6]. Both fungi can 
produce ligninolytic enzymes and degrade/adsorb textile 
dyes [6, 32, 35] and were introduced to diversify the con-
sortia metabolisms.

Decolorization and detoxification of the 
textile dye indigo carmine by the consortia

The analysis of decolorization and detoxification was con-
ducted using 50 mL of Minimum Mineral broth (MM1–
1,000 mL of distilled water; 3  g of Na2HPO4; 2.5  g of 
NaH2PO4; 1  g of (NH4)2SO4; 0.7  g of KCl; 1 mL of a 
micronutrient solution (1,000 mL of distilled water; 4 g of 
MgSO4; 0.2 g of Fe2SO4; 0.2 g of MNCl2; 2 g of CaCl2) 
with 100 mg/L of the dye and 0.1% of glucose. The fungi of 
the major consortium were inoculated as a calibrated spore 
suspension at 1 × 10 6 spores/mL. After 2 days of incuba-
tion, the fungi Peniophora sp. CBMAI 1063 and Pholiota 
sp. LAMAI 2484 were inoculated (in separate experiments) 
by the addition of three plugs of 5 mm (in diameter) to the 
medium MM1 containing the inoculants (spore suspension) 
of the major consortium. The flasks were incubated at 20 °C 
for seven days and 140 rpm in the dark. After incubation, 
the mycelia were separated by centrifugation at 10,000 rpm 
(13,416 g) and 4 °C for 15 min according to Vieira et al. 
[36]. The supernatant was used to measure decolorization 
and detoxification, as mentioned above. As a control experi-
ment, flasks with MM1 broth without the fungi were incu-
bated under the same conditions. All assays were conducted 
in triplicate.
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A total of six isolates (LAMAI 2754, 2758, 2759, 2780, 
2400, and 2402) showed higher toxicity after the treatment 
when compared with the control (Table  2). On the other 
hand, the isolates LAMAI 2760 and 2776, both identified 
as Pseudogymnoascus sp., presented low toxicity after the 
treatment. The isolate LAMAI 2425 presented moderate 
toxicity. For the three isolates that presented some detoxi-
fication (LAMAI 2760, 2776, and 2425), the decolorization 
could not be quantified, since the absorbance measured was 
higher than the control, which can be a result of a modifica-
tion in the chemical structure of the dye, or the production 
of secondary metabolites that had an overall influence on 
toxicity.

Decolorization and detoxification of the textile dye 
indigo carmine by the fungal consortia

To improve the decolorization and detoxification rates of the 
textile dye Indigo Carmine, the fungal consortia were struc-
tured considering the results of individual performance in 
the decolorization and detoxification experiments and based 
on the taxonomic diversity (Fig.  3). The consortium (C1) 
composed of marine Antarctic isolates of different genera, 
LAMAI 2756 (Leuconeurospora sp.), 2760 (Pseudogym-
noascus sp.), 2425 (Aspergillus sp.), and 2400 (Penicillium 
cf. oxalicum), showed 45% of dye decolorization. When 
the white-rot basidiomycete fungi Peniophora sp. CBMAI 
1063 (marine origin) and Pholiota sp. LAMAI 2484 (Ant-
arctic soil origin) were added to the consortia C1 (C1 PEN 
and C1 PHO, respectively), and the decolorization rates 
were 40 and 50%, respectively. Nevertheless, there was no 
statistical difference for any of the treatments.

Considering the toxicity analyses (Fig. 4), the experiment 
with the consortium C1, composed of only the Antarctic 
ascomycetes, presented the highest toxicity (61%), while 
the consortia with the addition of basidiomycetes (C1 PHO 
and C1 PEN) showed 43% and 32% of toxicity, respectively, 
without statistical difference in comparison to the control.

Dry biomass of the fungal consortia

Data on the dry biomass (Fig. 5) revealed that the consor-
tium C1 without the dye (C1 WD) generated less biomass 
(0.069 g) than the other treatments. When the dye was pres-
ent, the biomass of the consortia was higher (0.122 g for C1 
PHO, 0.111 g for C1 PEN, and 0.108 g for C1). Although 
there was no control (without dye) for the treatments with 
the basidiomycetes (C1 PEN and C1 PHO), there was no 
statistical difference between the accumulation of biomass 
in the presence of the dye in the three consortia, even with 
an extra fungus in the consortia C1 PEN and C1 PHO.

are grouped in the same cluster of 2400 and 2402, suggest-
ing they belong to the same Penicillium species.

Regarding distribution (Table 1), it was observed that the 
fungi from the genera Aspergillus, Thelebolus, and Pseu-
dogymnoascus were recovered from both marine sediment 
samples, collected from different islands in the South Shet-
lands Archipelago, Antarctica: Deception Island and King 
George Island. Fungi from the genera Penicillium and Leu-
coneurospora were recovered only from the sample from 
Deception Island and representatives of the genera Cosmos-
pora and Trichoderma were isolated only from the samples 
from King George Island.

Growth temperature

Based on the area of growth for each isolate in the four dif-
ferent temperatures, two isolates can be considered psychro-
philic and the eighteen others as psychrotolerant. Figures 1 
and 2 show the growth temperatures for the marine-derived 
fungi isolated using sawdust and sulfur indigo dye, respec-
tively. The isolate LAMAI 2780, identified as Trichoderma 
sp., grew in all available areas in the Petri dishes by the 
end of the incubation period for all temperatures tested. For 
this fungus, it was not possible to infer an optimum growth 
temperature.

The psychrophilic isolates were LAMAI 2755 and 2756, 
identified as Leuconeurospora sp., which showed the best 
growth at 15 °C, and did not grow at temperatures higher 
than 20 °C. The fungi considered psychrotolerant showed 
different temperature ranges for their growth. Among them, 
the isolates of the genus Pseudogymnoascus (LAMAI 
2760, 2422, 2757, 2776, 2401, and 2398) and Thelebolus 
(LAMAI 2399 and 2423) presented the best growth tem-
perature at 20 °C. A total of four isolates showed the opti-
mum temperature at 25 °C, two of the genus Cosmospora 
(LAMAI 2777 and 2778) and the other two of the genus 
Aspergillus (LAMAI 2758 and 2759). A total of five iso-
lates presented the best growth at 30 °C, two of the genus 
Aspergillus (LAMAI 2424 and 2425), and three of the genus 
Penicillium (LAMAI 2754, 2400, and 2402).

Decolorization and detoxification of the textile dye 
indigo carmine by the Antarctic fungi

Among the 20 fungal isolates tested, three presented a high 
capacity to decolorize the dye indigo carmine (from 60 to 
82%): LAMAI 2754 (82%), 2400 (76%), and 2402 (60%), 
all of them of the genus Penicillium. The fungi LAMAI 
2756, 2758, and 2759 presented a moderate ability for dye 
decolorization (from 30 to 42%) and were identified as Leu-
coneurospora sp. and Aspergillus sp., respectively (Table 2).
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Fig. 1  Growth (cm²) of the fungi isolated from sawdust treatment at 
four different temperatures (15, 20, 25, and 30 °C) after 7 days of incu-
bation in MEA medium. LAMAI 2780 is not shown, since it grew in 

all areas at all temperatures. One-way analysis of variance (ANOVA), 
with Tukey posttest (p < 0.05)
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rDNA) is not sufficient for a conclusive evolutionary posi-
tion, being necessary for a secondary marker or more (mul-
tilocus phylogenetic analyses), as in the case of the genus 
Pseudogymnoascus, for which the molecular taxonomy 
includes the markers ITS, LSU, TEF1, RPB2, and MCM7 
[37]. It is worth mentioning that the species P. griseus and 
P. lanuginosus, which clustered with the marine Antarctic 
Pseudogymnoascus isolates, have recently been described 
as associated with Antarctic environments [37].

Discussion

The fungi isolated from marine sediments, after selective 
pressure (enrichment), were affiliated with seven different 
genera in the phylum Ascomycota: Aspergillus, Cosmos-
pora, Pseudogymnoascus, Leuconeurospora, Penicillium, 
Thelebolus, and Trichoderma. The data from the phyloge-
netic analysis allowed the inference of the closest relatives. 
For some of these genera, the fungal barcoding marker (ITS 

Fig. 2  Growth (cm²) of the fungi isolated from the sulfur indigo dye treatment at four different temperatures (15, 20, 25, and 30 °C) after 7 days of 
incubation in MEA medium. One-way Analysis of variance (ANOVA), with Tukey posttest (p < 0.05)
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The representatives of the genera identified in the pres-
ent study have been reported in different samples from 
the Antarctic environments [3, 6, 7, 38–41]. Filamentous 
fungi from Antarctic marine sediments were previously 
reported as a promising alternative to bioremediate cold 

Table 2  Data on pH, decolorization, toxicity and detoxification of the 
dye indigo carmine by fungi after 7 days of incubation in MEB with 
the addition of 100 mg/L of indigo carmine, at 20 °C and 140 rpm. 
CTR1– batch 1 control; CTR2– batch 2 control; CRT 3– batch 3 con-
trol
Fungal isolate pH Decoloriza-

tion (%)
Toxicity (%) Detoxifica-

tion (%)
CTR1 5.20 --- 77.3 ± 4.71 ---
LAMAI 2398 5.67 0.0 62.5 ± 7.66 14.8 ± 6.26
LAMAI 2401 6.33 0.0 65.5 ± 4.68 11.8 ± 3.83
LAMAI 2754 3.23 82.5 ± 2.75 90.0 ± 2.69 *12.6 ± 2.20
LAMAI 2755 5.63 0.0 70.4 ± 17.35 6.9 ± 14.17
LAMAI 2756 4.83 37.7 ± 2.05 71.0 ± 9.78 6.2 ± 7.98
LAMAI 2757 4.63 0.0 60.7 ± 4.33 16.6 ± 3.53
LAMAI 2760 6.70 0.0 2.5 ± 7.99 74.7 ± 8.07
LAMAI 2776 5.77 0.0 27.9 ± 22.73 49.3 ± 18.57
CTR2 5.20 ---- 87.3 ± 2.30 ----
LAMAI 2400 2.30 76.9 ± 3.59 100.0 ± 0.00 *12.7 ± 0.00
LAMAI 2402 2.17 60.0 ± 6.47 100.0 ± 0.00 *12.7 ± 0.00
LAMAI 2422 6.10 0.0 68.4 ± 7.31 18.8 ± 5.98
LAMAI 2424 5.90 0.0 78.3 ± 7.17 9.0 ± 5.86
LAMAI 2425 6.20 0.0 54.0 ± 6.94 33.2 ± 5.67
LAMAI 2758 5.77 30.1 ± 12.53 90.6 ± 6.40 *3.3 ± 5.23
LAMAI 2759 5.50 42.3 ± 5.79 94.2 ± 1.84 *6.8 ± 1.50
LAMAI 2780 7.10 0.0 92.0 ± 3.42 *4.7 ± 2.79
CTR3 5.13 ---- 88.9 ± 3.23 ----
LAMAI 2399 5.03 0.0 72.1 ± 16.49 16.7 ± 13.46
LAMAI 2423 6.17 0.0 62.5 ± 22.71 26.4 ± 18.55
LAMAI 2777 5.13 0.0 73,9 ± 16,16 15.0 ± 13.20
LAMAI 2778 5.37 0.0 69.0 ± 11.77 19.8 ± 9.62
*higher toxicity in comparison to the control of the batch

Fig. 5  Dry biomass of the mycelium in MM1 with 0.1% glucose with 
and without dye (100 mg/L) after incubation at 20 °C for 7 days at 
140  rpm. (C1 WD) Control without dye; (C1) Leuconeurospora sp. 
LAMAI 2756, Pseudogymnoascus sp. LAMAI 2760, Aspergillus 
sp. LAMAI 2425, and Penicillium cf. oxalicum LAMAI 2400; (C1 
PEN) C1 + Peniophora sp. CBMAI 1063; (C1 PHO) C1 + Pholiota sp. 
LAMAI 2484. Analysis of variance (one-way ANOVA) with Tukey 
posttest (p < 0.05)

 

Fig. 4  Phytotoxicity analysis using Cucumis sativus as bioindica-
tor of the three consortia in MM1 medium with 0.1% glucose and 
100 mg/L of indigo carmine dye after incubation for 7 days at 20 °C 
and 140  rpm. (CTR) Control– dye solution (C1) Leuconeurospora 
sp. LAMAI 2756, Pseudogymnoascus sp. LAMAI 2760, Aspergillus 
sp. LAMAI 2425, and Penicillium cf. oxalicum LAMAI 2400; (C1 
PEN) C1 + Peniophora sp. CBMAI 1063; (C1 PHO) C1 + Pholiota sp. 
LAMAI 2484. One-way Analysis of variance (ANOVA) with Tukey 
test (p < 0.10)

 

Fig. 3  Decolorization analysis for the three consortia in MM1 medium, 
with 0.1% glucose and 100 mg/L of indigo carmine dye after incu-
bation for 7 days at 20  °C and 140  rpm. (C1) Leuconeurospora sp. 
LAMAI 2756, Pseudogymnoascus sp. LAMAI 2760, Aspergillus 
sp. LAMAI 2425, and Penicillium cf. oxalicum LAMAI 2400; (C1 
PEN) C1 + Peniophora sp. CBMAI 1063; (C1 PHO) C1 + Pholiota sp. 
LAMAI 2484. One-way Analysis of variance (ANOVA) with Tukey 
test (p < 0.05)
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ascomycete fungi can also be applied in textile dye deg-
radation, and the production of ligninolytic enzymes has 
already been reported for the genera Penicillium, Asper-
gillus, and Pseudogymnoascus [7, 45, 50, 56].

Considering that a synergistic metabolism composed 
of different groups could advance pollutant degradation 
in the environment, the strategy of introducing a “new 
metabolism” was applied, since all fungi selectively iso-
lated from Antarctic marine sediment samples belong 
to the phylum Ascomycota. The fungus Pholiota sp. 
LAMAI 2484, used in consortium C1 PHO, isolated from 
Antarctic glacier retreated soil [6], presents optimum 
growth at 20 °C and showed the ability to decolorize and 
detoxify the textile dye Congo red, as well as to produce 
ligninolytic enzymes (data not published). Species from 
the genus Pholiota are producers of ligninolytic enzymes 
and can degrade textile dyes and other pollutants [57, 
58]. Peniophora sp. CBMAI 1063, used in consortium 
C1 PEN, isolated from marine sponge [34], has already 
been reported as a great degrader of reactive black 5 dye 
[35], reaching 94% of decolorization in 7 days of incuba-
tion in an optimized condition. This fungus is a laccase 
hyper-producer [59–61] and can also produce other lig-
ninolytic enzymes [32]. Although there were differences 
in the composition of the three consortia, there were no 
significant differences among them in terms of decolor-
ization. Other conditions can favor the metabolism of 
these fungi and may boost the enzymatic production for 
the degradation of the dye and its byproducts.

On the other hand, in the toxicity assay, the treatments 
C1 PEN and C1 PHO showed lower toxicity in compari-
son with the consortium C1. Although both consortia 
with the basidiomycetes showed lower toxicity among 
the treatments, the results were not statistically different 
from the control (CTR), indicating that toxicity does not 
have a particular correlation with decolorization. De Jesus 
Fontes et al. [48] observed an increase in toxicity in treat-
ments of Reactive Blue dye with the enzymatic extract 
of Peniophora sp. CBMAI 1063. This result suggests the 
other fungi belonging to the consortium could act on the 
intermediate metabolites, reducing their toxicity.

Concerning biomass production, other studies have 
also reported better biomass production in the presence 
of the dye indigo carmine than without the dye, suggest-
ing the assimilation of the dye as a carbon source [62]. 
The significant difference found in the present study for 
the three consortia (C1, C1 PEN, and C1 PHO), in com-
parison with the control without dye (C1 WD) might be 
an indication that there is an assimilation of the dye as a 
carbon source, although more investigation needs to be 
conducted to confirm this hypothesis.

environments contaminated with polluting compounds, 
including synthetic dyes [23, 42].

Most of these fungi tolerated or grew best at tem-
peratures lower than 20  °C, indicating an adaptation to 
the Antarctic environments. The isolates that had better 
growth at higher temperatures LAMAI 2777 and 2778 
(Cosmospora), 2758, 2759, 2424 and 2425 (Aspergillus), 
2754, 2400, and 2402 (Penicillium), and 2780 (Tricho-
derma) are known as cosmopolite and psychrotolerant. 
Although they could grow at moderate temperatures, they 
showed more vigorous growth at 25 °C and 30 °C. Similar 
results were reported by Martorell et al. [43] in the evalu-
ation of the optimum growth temperature of 51 Antarctic 
fungi, when 12 isolates were considered psychrophilic 
and 29 psychrotolerant, with the optimum temperature 
in the range of 15 °C and 25 °C for most of the isolates. 
In another study reported by Azmi and Seppelt [44], the 
maximum growth of the fungi isolated from Antarctica 
was observed between 15 and 25 °C, being 20 °C the best 
growth temperature for most of the isolates.

The use of extremophilic fungi in studies of textile dye 
degradation can bring new insights and reveal biological 
advantages [6, 45]. The results of indigo carmine decol-
orization by the isolates LAMAI 2400 and 2402, both 
identified as Penicillium cf. oxalicum [23], were already 
expected since they presented a potential for the decol-
orization of Sulphur Indigo Blue dye in a previous study 
[23]. Studies have reported the decolorization and detoxi-
fication of textile dyes by Penicillium oxalicum enzymes 
[46] and by mycelial adsorption [47].

A higher toxicity in comparison to the control was 
observed in some of the treatments, it can be related to 
the fact that the degradation of the dye molecule during 
the 7 days may have generated byproducts with higher 
toxicity than the dye itself. These results have also been 
observed in previously reported studies [48, 49]. New 
strategies may be necessary to tackle the toxicity aspect, 
and maybe increasing incubation time, or adding some 
complementary nutrients, may help boost the consortia 
metabolism. It is important to highlight that in the present 
study, just one culture condition was used to evaluate the 
decolorization and detoxification of the textile dye. Con-
sidering that culture conditions have different effects on 
the behavior and metabolism of microorganisms, further 
optimization experiments and analyses of different vari-
ables in these processes can amplify the ability of these 
Antarctic fungi to degrade and detoxify the pollutant.

Most of the studies related to the degradation of indigo 
carmine use basidiomycete fungi [48–53] since they are 
considered the best degraders of aromatic and com-
plex molecules due to their ability to produce lignino-
lytic enzymes. However, some studies have shown that 
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present in seawater gradients across the Northern Antarctica 
Peninsula. Extremophiles 61005–1015. https://doi.org/10.1007/
s00792-017-0959-6

6.	 dos Santos JA, Meyer E, Sette LD (2020) Fungal community in 
Antarctic soil along the retreating Collins glacier (Fildes Penin-
sula, King George Island). Microorganisms 8(8):1–1145. https://
doi.org/10.3390/microorganisms8081145

7.	 Wentzel LCP, Inforsato FJ, Montoya QV et al (2019) Fungi from 
Admiralty Bay (King George Island, Antarctica) soils and Marine 
sediments. Microb Ecol 77(1):12–24. https://doi.org/10.1007/
s00248-018-1217-x

8.	 Bonugli-Santos RC, Vasconcelos MR dos, Passarini S MRZ, et 
al (2015) Marine-derived fungi: diversity of enzymes and bio-
technological applications. Front Microbiol 6:629. https://doi.
org/10.3389/fmicb.2015.00269

9.	 Picard KT (2017) Coastal marine habitats harbor novel early-
diverging fungal diversity. Fungal Ecol 25:1–13. https://doi.
org/10.1016/j.funeco.2016.10.006

10.	 Abbasi B (2018) Removal of Dye by Biological methods using 
Fungi. Int J Med Rev 4(4):112–118. https://doi.org/10.29252/
ijmr-040405

11.	 Bento RMF, Almeida MR, Bharmoria P, Freire MG, Tavares 
APM (2020) Improvements in the enzymatic degradation of tex-
tile dyes using ionic-liquid-based surfactants. Sep Purif Technol 
116191. https://doi.org/10.1016/j.seppur.2019.116191

12.	 Giovanella P, Vieira GAL, Ramos Otero IV, Pais Pellizzer E, de 
Jesus Fontes B, Sette LD (2020) Metal and organic pollutants 
bioremediation by extremophile microorganisms. J Hazard Mater 
382:121024. https://doi.org/10.1016/j.jhazmat.2019.121024

13.	 Bhatia D, Sharma NR, Singh J, Kanwar RS (2017) Biological 
methods for textile dye removal from wastewater: a review. Crit 
Rev Environ Sci Technol 47:1836–1876. https://doi.org/10.1080/
10643389.2017.1393263

14.	 Samsami S, Mohamadi M, Sarrafzadeh MH, Rene ER, Firoozbahr 
M (2020) Recent advances in the treatment of dye-containing 
wastewater from textile industries: overview and perspectives. 
Proc Saf Environ Protec 143:138–168. https://doi.org/10.1016/j.
psep.2020.05.034

15.	 Varjani SJ (2017) Microbial degradation of petroleum hydrocar-
bons. Bioresour Technol 223:277–286. https://doi.org/10.1016/j.
biortech.2016.10.037

16.	 Choi KY (2021) Discoloration of indigo dyes by eco-friendly 
biocatalysts. Dyes Pigm 184:108749. https://doi.org/10.1016/j.
dyepig.2020.108749

17.	 Mendoza-Avila J, Chauhan K, Vazquez-Duhalt R (2020) Enzy-
matic synthesis of indigo-derivative industrial dyes. Dyes Pigm 
178:108384. https://doi.org/10.1016/j.dyepig.2020.108384

18.	 Fabara AN, Fraaije MW (2020) An overview of microbial indigo-
forming enzymes. Appl Microbiol Biotechnol 104:925–933. 
https://doi.org/10.1007/s00253-019-10292-5

19.	 Chowdhury MF, Khandaker S, Sarker F, Islam A, Rahman MT, 
Awual MR (2020) Current treatment technologies and mecha-
nisms for removal of indigo carmine dyes from wastewater: 
a review. J Mol Liq 318:114061. https://doi.org/10.1016/j.
molliq.2020.114061

20.	 Rashid R, Shafiq I, Akhter P, Iqbal MJ, Hussain M (2021) A 
state-of-the-art review on wastewater treatment techniques: 
the effectiveness of adsorption method. Environ Sci Pollut Res 
28(8):9050–9066. https://doi.org/10.1007/s11356-021-12395-x

21.	 Hamad MTMH (2021) Saied MSS. Kinetic studies of Congo red 
dye adsorption by immobilized Aspergillus niger on alginate. Appl 
Water Sci 11(35). https://doi.org/10.1007/s13201-021-01362-z

22.	 Bohacz J (2020) Removal of a textile dye (RBBR) from the 
water environment by fungi isolated from lignocellulosic com-
posts. Arch EnvironProtec 46(2):12–20. https://doi.org/10.24425/
aep.2020.133470

The results from the present study can be considered a 
good start for understanding the applicability of extremo-
phile Antarctic fungi in the biodegradation of textile dye. 
Further analyses can be useful and help in finding a bet-
ter dynamic for the consortia in the decolorization and 
detoxification processes, including experimental design 
(for optimization) and the use of different trophic levels 
as bioindicators of toxicity. Additional analyses, such as 
metabolite identification using chromatography associ-
ated with mass spectroscopy and metatranscriptomics 
(expressed genes) may help elucidate the pathways 
involved in the degradation and detoxification of the dye 
and overall process by the consortia.
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