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INTRODUCTION

Systematic searches for life in extreme environments 
have allowed the identification of micro-organisms 
that are highly resistant to organic solvents (Inoue 
et al., 1991; Isken & de Bont, 1998; Ramos et al., 2002), 

high pressures (barophiles) (Horikoshi, 1998), high and 
low temperatures (thermophiles, hyperthermophiles 
and psychrophiles) (Atalah et al.,  2019; Cavicchioli 
et al., 2011), high NaCl concentrations (halophiles) (Jin 
et al., 2019) and, low and high pH values (acidophiles 
and alkaliphiles) (Di Donato et al., 2018; Mamo, 2019). 
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Abstract
Lignocellulosic residues are amongst the most abundant waste products on 
Earth. Therefore, there is an increasing interest in the utilization of these resi-
dues for bioethanol production and for biorefineries to produce compounds of 
industrial interest. Enzymes that breakdown cellulose and hemicellulose into 
oligomers and monosaccharides are required in these processes and cellulo-
lytic enzymes with optimum activity at a low pH area are desirable for industrial 
processes. Here, we explore the fungal biodiversity of Rıo Tinto, the largest 
acidic ecosystem on Earth, as far as the secretion of cellulolytic enzymes 
is concerned. Using colorimetric and industrial substrates, we show that a 
high proportion of the fungi present in this extremophilic environment secrete 
a wide range of enzymes that are able to hydrolyze cellulose and hemicel-
lulose at acidic pH (4.5–5). Shotgun proteomic analysis of the secretomes 
of some of these fungi has identified different cellulases and hemicellulolytic 
enzymes as well as a number of auxiliary enzymes. Supplementation of pre-
industrial cocktails from Myceliophtora with Rio Tinto secretomes increased 
the amount of monosaccharides released from corn stover or sugar cane 
straw. We conclude that the Rio Tinto fungi display a good variety of hydro-
lytic enzymes with high industrial potential.
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Due to the fact that extremophiles are micro-organisms 
that live under harsh conditions, it has been hypoth-
esized that these micro-organisms might be armed 
with enzymes with exceptional properties. Indeed, they 
have been explored in the last decades as a source 
of enzymes with unusual properties for biotechnolog-
ical processes (Coker,  2019; Dumorne et al.,  2017; 
Pennisi,  1997) such as detergent additives, hydroly-
sis of starch, polyvalent lipases, DNA modification 
and amplification, and biocatalysts for the production 
of added-value compounds (Dumorne et al., 2017; Jin 
et al., 2019; Kumar et al., 2019; Raddadi et al., 2015).

Lignocellulosic residues are amongst the most 
abundant waste products on Earth (Zhang,  2008). 
Therefore, in recent years, the interest in the utilization 
of these residues from food crops or municipal solid 
wastes has led to an increase in research in the so-
called 2G technology for bioethanol production and 
for biorefineries able to produce compounds of indus-
trial interest (Valdivia et al., 2016). In the 2G industry, 
the most relevant enzymes are those that breakdown 
cellulose and hemicellulose into oligomers and mono-
saccharides, allowing the utilization of non-edible 
plant residues for the production of goods (Godoy 
et al., 2021). The 2G industrial processes require pre-
treatment of lignocellulosic materials to remove lignin, 
decrease cellulose crystallinity and increase the poros-
ity of these materials, to enhance availability for cellulo-
lytic enzymes. One of the most efficient pre-treatments 
consists of soaking the lignocellulosic material in acid 
solutions followed by steam explosion to deconstruct 
the structure of lignocellulose (Nguyen et al.,  2000). 
Upon cooling, the pH, temperature and total solids are 
adjusted prior to the addition of the enzymes for sac-
charification (Álvarez et al., 2016; Kumar et al., 2009). 
Most of the current commercial cellulolytic cocktails of 
enzymes operate efficiently at relatively high tempera-
tures (around 55°C) and with a pH of above 5.5. These 
pH conditions are not restrictive for the growth of cer-
tain micro-organisms and in some cases, the growth 
of potential contaminant micro-organisms, particularly 
lactic bacteria, occurs. Hence, the identification of cel-
lulolytic enzymes with optimum activity at a lower pH 
is a request of companies producing enzymatic cock-
tails. Some cellulolytic enzymes stable at low pH have 
been identified (Cannio et al., 2004; Huang et al., 2005; 
Sharma et al., 2012; Thanh et al., 2019): however, they 
function at low efficiency rates and at pH values lower 
than 4.5. To the best of our knowledge, no systematic 
search has been carried out to identify acidophilic en-
zymes for lignocellulose deconstruction that demon-
strate their utility using industrial substrates.

Rıo Tinto, with a length of 92 km, is considered the 
largest acidic ecosystem on Earth (Amils, 2016; Amils 
et al.,  2011). Despite the extreme conditions, with 
a mean pH of 2.3, and high concentrations of heavy 
metals (Fe, Cu, Mn, As, Cr and Zn), an unexpected 

biodiversity of micro-organisms has been described 
(Aguilera, Souza-Egipsy, et al.,  2007; Aguilera, 
Zettler, et al., 2007; Amaral-Zettler et al., 2011; Bashir 
et al., 2021; López-Archilla et al., 2001). Although, it was 
assumed that acidity and high concentrations of heavy 
metals would limit eukaryotic diversity (Amaral-Zettler 
et al.,  2011; Gross & Robbins,  2000), this turned out 
not to be the case in the Rio Tinto, where eukaryotes 
include specimens of most of the major lineages; algae, 
protozoans, fungi and yeasts (Aguilera, Souza-Egipsy, 
et al., 2007; Aguilera, Zettler, et al., 2007; Amaral Zettler 
et al., 2002, 2011; López-Archilla et al., 2001) have been 
described. Fungi are amongst the most abundant and 
diverse biomass decomposers in the Rio Tinto (López-
Archilla et al.,  2001, 2004), and given the physico-
chemical characteristics of this niche, we foresee that 
fungi living in this harsh environment would have the 
capacity to degrade the dead plant material deposited 
in the sediments of Rio Tinto and, therefore, that these 
fungi may exhibit their own battery of enzymes for lig-
nocellulose breakdown at low pHs.

In this study, we have explored the cellulolytic and 
hemicellulolytic capacity of a collection of fungi isolated 
from the Rio Tinto and characterized their secretomes 
by shotgun proteomics. We show that these fungi pro-
duce cellulolytic enzymes with added advantages for 
the 2G technology as they function at acidic pH (<4.5).

EXPERIMENTAL PROCEDURES

Growth of fungal strains and preparation 
of fungal secretomes

Fungal samples were obtained from water and sedi-
ments during March, June and December of 2009, 
2010 and 2011 in 19 different sampling areas. In all the 
sampling areas the pH was below 3. The water temper-
ature fluctuated between 13°C in winter and 24.5°C in 
summer. Most fungal isolates were obtained from sedi-
ments (unpublished data, M.O., C.M., N.R., N.F. and 
R.A.).

Fungal strains were grown in an orbital shaker at 
35°C and 250 rpm for 3 days in BIM culture medium 
(salts solution with yeast extract [1 g L−1], lactose mono-
hydrate [27 mM], glucose [50 mM] and defatted cotton 
seed flour (Pharmamedia) [5 g L−1] buffered to pH 7.0) 
for fungal growth and afterwards incubated for 7 days 
in BTR culture medium; salts solution with yeast ex-
tract [0.5  g L−1], lactose monohydrate [13.5 mM], de-
fatted cotton seed flour (Pharmamedia) [5  g L−1] and 
cellulose Vitacel [20 g L−1] for enzyme production, as 
described by Emalfarb et al.  (1996). The media were 
buffered with 50 mM sodium citrate pH 4.5. Incubation 
time for enzyme production was initially determined 
for a representative group of Rio Tinto fungi and after-
wards was used for all of them. Then, the cultures were 
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centrifuged at 3220 g for 10 min at 4°C. The superna-
tants were considered as the fungal secretomes and 
were used for all the assays (activity against commer-
cial substrates, PSC and PSCS hydrolysis and shot-
gun proteomic analysis). When required, the secreted 
proteins were concentrated using centrifugal concen-
trators (Vivaspin 20 [Sartorius stedim]) at 7000 rpm for 
15 min to reduce the volume. The protein concentration 
was measured by a bicinchoninic acid assay using the 
BCA AppliChem (Ref. A7787) kit following manufactur-
er's instructions. The secretomes of Mycelophtora ther-
mophila pre-industrial strains were a gift from Abengoa 
Bioenergy.

Enzymatic activity assays

For the analysis of the enzymatic activities the follow-
ing colorimetric substrates were used: azo-xyloglucan 
(Megazymes) for xyloglucanase, azo-carboxymethyl-
cellulose (Sigma) for endoglucanase, p-nitrophenyl-β-
D-glucopyranoside (pNGP, Sigma) for β-glucosidase, 
p-nitrophenyl-β-D-xylopyranoside (pNXP, Sigma) for  
β-xylosidase. pNPG and pNXP were prepared at 
0.2 g L−1 in 200 mM of sodium acetate buffer (pH 4.5). 
To run the reactions, 250 μl of the enzymatic mix-
ture (0.1–1 U) and 250 μl of the substrate were mixed 
and incubated at 50°C for 10 min, the reactions were 
stopped using 500 μl volume of sodium carbonate 1 M. 
The amount of p-nitrophenol released was measured 
at 410 nm (ϵ410 = 15.2/mM · cm). One unit of enzymatic 
activity was defined as the amount of enzyme needed 
to release 1 μmol p-nitrophenol per minute (Zimbardi 
et al.,  2013). The standard assay for endoglucanase 
(EG) and xyloglucanase (XYGL) activity was carried 
out at 50°C for 10 min in 200 mM sodium acetate buffer 
pH  4.5 with 1% (w/v) of azo-CMC and 0.5% (w/v) of 
azo-xyloglucan, respectively. After incubation, ethanol 
(95%) was added to stop the reaction, the sample was 
centrifuged (3000 g, 10 min) and the absorbance of the 
supernatant measured at 590 nm. The activity of each 
enzyme was calculated by reference to a standard curve 
produced with xyloglucanase from Paenibacillus sp. 
(Megazymes) or endo-glucanase of Aspergillus niger 
(Sigma), according to the supplier of the substrate. One 
unit of enzymatic activity is defined as the amount of en-
zyme required to release one micromole of xylose/glu-
cose reducing-sugar equivalents from the substrate. To 
determine cellobiohydrolase activity, 10 mg of substrate 
(microcrystalline cellulase, Avicell [Sigma]) in a sodium 
acetate buffer pH  4.5 was mixed with the enzymatic 
cocktail (0.1–1  g L−1) supplied with 400 U ml−1 of com-
mercial β-glucosidase. The mixture was incubated for 
120 min at 50°C and the reaction stopped by boiling for 
10 min. After centrifugation, the glucose released was 
determined using the D-Glucose Assay GOPOD kit 
(Megazyme) following the manufacturer's instructions.

The effect of the pH on the enzymatic activities was 
assayed using sodium acetate buffers in the range of 
3–5 and sodium phosphate buffers from 6 to 7.

Enzymatic hydrolysis of 
lignocellulolytic substrates

Pretreated corn stover (PCS) and pretreated sugar 
cane straw (PSCS) adjusted to pH  4.5 were a gift 
from Abengoa Bioenergy (York, Iowa, USA). The in-
soluble fraction of the substrates, in percentage, was 
composed of 35.41 (PCS) and 34.52 (PSCS) of glu-
can, 6.50 (PCS) and 4.37 (PSCS) of xylan, 0.79 (PCS) 
and 0.55 (PSCS) of arabinan, 0.54 (PCS) and 0.24 
(PSCS) of mannan, 21.52 (PCS) and 18.52 (PSCS) of 
Klason lignin and 3.7 (PCS) and 2.41 (PSCS) of ash. 
In the soluble fraction of PCS and PSCS, the content 
(in percentage) was 3.07 and 2.93 of glucose, 16.42 
and 15.02 of xylose, 1.63 and 1.66 of arabinose, 0.11 
and 0.25 of mannose, 1.19 and 0.61 of acetic acid, and 
0.54 and 0.26 of furans, respectively (Rocha-Martín 
et al., 2017). The total solids were adjusted to 20% (wt 
vol−1) and were hydrolysed with an enzymatic cocktail 
from M. thermophila C1 derived strain (7 mg of protein 
g−1 glucan for PCS hydrolysis and 9 mg g−1 glucan for 
PCSC hydrolysis) (Martín Pérez et al., 2017), supplied 
with purified β-glucosidase from the same organism 
(1 mg of protein g−1 glucan) and, when indicated, with 
1 mg of protein g−1 glucan of different Rio Tinto fun-
gal secretomes. The final enzyme loading was 9 mg of 
total protein per g of glucan for PCS and 11 mg of total 
protein per g of glucan for PCSC. Enzymatic hydroly-
sis experiments were carried out in 10  ml tubes and 
the final reaction volume was 3 ml. The samples were 
incubated at 50°C under orbital shaking at 150 rpm for 
72 h. All the hydrolysis experiments were performed in 
triplicate. Due to the high density of the hydrolysate at 
20% of solids, the analytes were quantified in weight/
weight (g kg−1). Thereafter, the glucose, xylose and xy-
lobiose were separated by HPLC using a 4.6 × 250 mm 
AMINEX® HPX-87H column and the sugars were de-
tected using a refractive index detector, as described 
by Kristensen et al. (2009).

Shotgun proteomics

The secretomes were treated as previously described 
(Rubiano-Labrador et al.,  2015). Briefly, they were 
precipitated by adding one fifth of the volume of the 
sample of trichloroacetic acid prepared at 50% (wt/vol) 
at 4°C. After centrifugation at 16,000 g for 5 min, the 
pellets were dissolved in 50 μl of LDS1X (Invitrogen) 
supplemented with 5% beta-mercaptoethanol and 
then sonicated for 5  min in an ultrasonic water bath 
(VWR ultrasonic cleaner). The samples were heated 
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for 5 min at 99°C. A volume of 30 μl (corresponding ap-
proximately to 20 μg of proteins) of each sample was 
subjected to a short (4  min) electrophoresis in dena-
turing conditions using NuPAGE 4%–12% gradient gel 
operated with MES SDS as running buffer (50 mM MES 
([2-(N-morpholino) ethane sulfonic acid]), 50 mM Tris 
Base, 0.1% SDS, 1 mM EDTA, pH 7.3). After electropho-
retic separation, the gel was stained with SimplyBlue 
SafeStain (Thermo) and extensively washed with mil-
liQ water. Each secretome was extracted as a single 
polyacrylamide band which was processed as pre-
viously described (Rubiano-Labrador et al.,  2014) 
and then proteolysed with trypsin Gold (Promega) in 
50 mM NH4HCO3 in the presence of ProteaseMax de-
tergent (Promega). Liquid chromatography–tandem 
mass spectrometry (LC–MS/MS) analysis of the pep-
tide samples was performed using a Q-Exactive HF 
tandem mass spectrometer (Thermo Scientific) cou-
pled to an Ultimate 3000 nano-LC system which was 
operated as described earlier (Lozano et al.,  2022). 
Peptide samples (10  μl, corresponding to approxi-
mately 200 ng of peptides) were loaded on a reverse-
phase PepMap 100 C18 μ-precolumn (5  μm, 100 Å, 
300 μm i.d. × 5 mm, Thermo Fisher) and then resolved 
on nanoscale PepMap 100 C18 nanoLC column (3 μm, 
100 Å, 75 μm i.d. × 50 cm, Thermo Fisher) at a flow rate 
of 0.2 μl per min using a 180 min gradient (5%–40% B) 
with mobile phases A (0.1% HCOOH/100% H2O) and 
B (0.1% HCOOH/100% CH3CN). The mass spectrom-
eter was operated in data-dependent acquisition mode 
with MS and MS/MS acquired at a resolution of 60,000 
and 15,000, respectively. Successive selection of the 
20 most abundant precursor ions for fragmentation 
was done on doubly charged ion precursors using a 
dynamic exclusion of 10 s. MS/MS spectra were inter-
preted to peptide sequences by the PEAKS De Novo 
pipeline (Bioinformatics Solutions Inc) and against the 
NCBInr database using the MASCOT software (ver-
sion 2.3.2) from Matrix Science, using standard search 
parameters. Datasets are available at https://doi.org/​
10.6084/m9.figsh​are.19960211.

RESULTS AND DISCUSSION

Exploration of Rio Tinto fungi for 
hydrolytic enzymes

A total of 182 species of fungi from a Rio Tinto collection 
were used to search for potential acidophilic enzymes. 
Of the 182 isolates, 84% belonged to the Ascomycota 
phylum, whilst members of other phyla, such as 
Zygomycota (1%) and Basiodiomycota (0.5%), were pre-
sent at lower proportions. It should also be noted that 26 
isolates (14% of total) remain unclassified. These pro-
portions were similar to those reported in a representa-
tive sub-sample (355 strains) of the complete collection 

(Oggerin et al., submitted). Amongst the Ascomycota, 
Eurotiomycetes (77%) and Sordariomycetes (18%) were 
the most abundant classes, whilst a low proportion of 
Dothideomycetes (4%) and Helothiales (1%) were pre-
sent (Table S1). It should be noted that, in this case, 
Dothideomycetes were underrepresented compared 
to the reported fungal collection, while Eurotiomycetes 
were overrepresented. At the genus level, Penicillium, 
Talaromyces and Trichoderma were the most abundant 
isolates, representing 51%, 8% and 7%, respectively, 
of the isolates in the collection (Table S1). Members of 
Penicilium are also the most abundant strains amongst 
the Eurotiomycetes, reported by Oggerin et al. (unpub-
lished data, M.O., C.M, N.R., N.F. and R.A.).

All the isolates were grown as described in the 
Experimental Procedures, and upon separation of the 
mycelia by centrifugation and the clarification step, the 
amount of proteins was determined. The concentration 
ranged between 0.05 g L−1 up to 1.32 g L−1 (Table  S1). 
The secretomes of the isolates were tested for three 
activities related with cellulose deconstruction (endo-
glucanase, cellobiohydrolase and β-glucosidase) and 
two enzymatic activities related to hemicellulose break-
down (β-xylosidase and xyloglucanase) using colo-
rimetric assays. The recorded activities are shown in 
Table S1. As can be observed, we found a wide range 
of values for each of the enzymatic activities assayed. 
As a rule of thumb, we considered that a secretome 
was positive for the tested enzymatic activity if the 
value recorded was at least 10% of the maximum activ-
ity found for the given enzyme for the whole set of the 
tested secretomes. We found that 44% of the fungal 
strains were positive for endoglucanase activity (EG) 
(>4350 U g−1 protein); 56% were positive for cellobio-
hydrolase (CBH) activity (>90 U g−1 protein); 19% were 
positive for β-glucosidase (BGL) (>1940 U g−1 protein); 
6% positive (>1620 U g−1 protein) for β-xylosidase (BXL) 
activity; and 16% positive (>10,770 U g−1 protein) for xy-
loglucanase (XYGL) activity (Table S1).

To identify the best individual activities amongst the 
fungal isolates from Rio Tinto, we plotted the enzymatic 
activity values of the isolates and identified the superior 
outliers (Figure 1). There were 10 isolates with a high 
level of EG activity (>20,000 U g−1), nine isolates with 
CBH activity higher than 500 U g−1, 10 isolates with more 
than 5000 U g−1 of BGL activity, six isolates with BXL ac-
tivity higher than 6000 U g−1, and 12 isolates with XYGL 
higher than 20,000 U g−1. A total of 36 isolates (approx-
imately 20% of the strains tested) presented, at least, 
one high activity (Table 1).

It has been reported that some, but not all endog-
lucanases, are able to hydrolyze the xyloglucan back-
bone at unsubstituted-Glcp (Eklöf et al., 2012; Grishutin 
et al., 2004). In our analysis, six out of the 10 strains 
with the highest EG activities also presented the high-
est XYGL activities (Table  1). However, some other 
isolates presented high EG activities while exhibiting 
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low XYGL (i.e. isolate M19046 [without taxonomical 
identification]) and vice versa (i.e. Trichoderma as-
perellum ID M21055, and ID M21041, Penicillium ssp. 
ID M19010, and ID M16018 and Neosartorya glabra 
ID M08026), suggesting the presence of enzymes 
with specific activities against the different substrates 
(Table 1).

Not surprisingly, species of Penicillium, Trichoderma 
and Talaromyces were the most abundant amongst 
those with the highest cellulolytic activities. These 
fungi have previously been reported as good pro-
ducers of cellulolytic enzymes (Sharma et al. 2016). 
However, some species of Chaetomium, Acidomyces 
and Neosartorya presented extraordinarly high activity 
on commercial substrates. The above series of results 
supports the hypothesis that the Rio Tinto niche is pop-
ulated with fungi that exhibit high activity against plant 
material and have the potential to deliver new relevant 
enzymes for biotechnological applications.

Effect of the pH on the hydrolytic 
activities of Rio Tinto fungi

The initial pH of the BTR culture medium was 4.5. 
However after 7 days of incubation for enzyme produc-
tion, we found that the culture medium of 140 strains 
had experienced a decrease in the pH below 4.5; with 
76 of them having acidified the medium to pH 3 or lower 
(Table S1). Since the pH decrease occurred with time 
and took place whilst the growth was sustained, we hy-
pothesized that some of the secreted enzymes could 

be active in the range between pH 3.5 and 5, the pHs 
of interest in our study.

To check this hypothesis, we randomly chose eight 
isolates with high BGL, CBH, EG, BXL or XYGL activ-
ities, and we determined the optimum pH for each of 
them. All the BGLs tested presented an optimum pH of 
around 4.5 (Figure 2), whilst activity at pH 6 or 7 was 
considerably reduced, even the strain Penicillium gla-
brum ID M15024 that had maintained the pH of the me-
dium at 6.9 (Table S1). CBH activities were maximum 
at low pH values (pH 4–5) presenting 60% or less of 
their maximum activity at pH 6 and almost no activity 
at pH 7. At pH 3, two of the strains (P. janthinellum ID 
M02031 and Talaromyces muroii ID M19108) retained 
80%–90% of the maximal CBH activity. Most of the  
β-xylosidases were fully active between pH 4.5 and 5 
with the exception of Trichoderma viridae ID M03039, 
which showed low activity at pH  5. Trichoderma as-
perellum ID M21055, a strain with high BXL activity 
(3384 U g−1), retained more than 50% of the activity at 
pH 3. EG and XYGL activities presented a higher vari-
ability in the pH when maximum activity was reached 
(Figure 2), but it was maximum in the range between 
4.5 and 6 for EG and between 4 and 5 for XYLGL. 
Many of the assayed strains retained more than 60% of 
the maximal XYGL activity at pH 3 (Figure 2).

In strains in which two (Penicillium sp. ID M16051 
for BGL and EG, Trichoderma viridae ID M03039 for 
BGL and BXL, Trichoderma asperellum ID M18038 for 
BGL and BXL, M02013 [without taxonomical identifica-
tion] for XYGL and EG, and Trichoderma asperellum 
ID M21055 for BXL and XYGL) or three (Penicillium 

F I G U R E  1   Graphical representation of the enzymatic activity (U g−1) of the Rio Tinto fungal strains compared to the commercial 
substrates. The fungal strains (horizontal axis) were plotted according to their enzymatic activity (vertical axis). The superior outliers were 
identified and corresponded to strains with more than 20,000 U g−1 endoglucanase (EG) activity, 500 U g−1 cellobiohydrolase (CBH) activity, 
5000 U g−1 β-glucosidase (BGL) activity, 2000 U g−1 β-xylosidase (BXL) activity, and 20,000 U g−1 xyloglucanase (XYGL) activity. The dotted 
line indicates the arbitrary limit.
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simplicissimum ID M19076 for CBH, EG and XYGL) 
activities were analysed, the optimum pH was around 
4.5–5 for all the activities (Figure 3); it should be noted 

that strain Trichoderma asperellum ID M21055 (BXL 
and XYGL) did not decrease the pH of the medium 
(Table S1).

TA B L E  1   Isolates that exhibit high activity against cellulosic/hemicellulosic commercial substrates.

Strain pH
Protein 
(g L−1) ITS-based identification

EG 
(U g−1)

CBH 
(U g−1)

BGL 
(U g−1)

BXL 
(U g−1)

XYGL 
(U g−1)

M09022 2.6 0.23 Penicillium daleae/singorense 22,204 616 4960 3981 107,738
M19076 2.8 0.66 Penicillium simplicissimum 24,116 0 0 0 24,293
M16012 3.0 0.15 Penicillium sp. 26,893 479 248 9 22,982
M16011 2.5 0.13 Penicillium sp. 23,649 492 269 3 22,855
M24005 2.9 0.37 Penicillium janthinellum 32,893 449 2862 264 42,247
M02013 2.8 0.49 Without identification 33,469 344 15 140 52,498
M21054 2.9 0.09 Trichoderma asperellum 13,787 641 3383 1532 24,802
M03039 3.1 0.54 Trichoderma viride 3073 102 10,692 9111 15,754

M14032 2.9 0.11 Trichoderma asperellum 4219 118 11,108 16,229 2152

M18038 2.5 0.15 Trichoderma asperellum 2734 45 5719 8796 4066

M14001 5.3 0.23 Talaromyces proteolyticus 28,243 68 5440 337 294

M10008 3.1 0.76 Penicillium cremeogriseum 25,183 51 35 106 17,853

M19046 3.0 0.54 Without identification 43,567 278 122 0 4399

M19011 2.7 0.56 Penicillium sp. 24,677 nd 89 89 11,016

M19048 3.5 0.15 Penicillium sp. 7492 657 131 12 1981

M16015 3.4 0.39 Penicillium sp. 10,279 523 86 7 8466

M19052 2.9 0.08 Penicillium sp. 8998 880 174 52 421

M19108 2.8 0.11 Talaromyces muroii 12,944 866 1926 849 2627

M16019 2.6 0.1 Penicilliium sp. 15,248 527 189 10 13,068

M02031 3.0 0.13 Penicillium janthinellum/svalbard
ense/pulvillorum

10,190 834 29 22 8229

M10010 2.9 0.2 Penicillium janthinellum/svalbard
ense/pulvillorum

7823 510 49 22 13,224

M06026 6.7 0.41 Talaromyces purpureogenus/alb
obiverticillius

69 16 7416 69 0

M15024 6.9 0.19 Penicillium glabrum/spinulosum 3725 22 9317 620 708

M02004 6.7 0.24 Penicillium nodositatum 839 59 19,386 343 620

M16051 3.3 1.02 Penicillium sp. 15,550 88 16,060 343 377

M19097 2.7 0.15 Chaetomium aureum/Ch 
hispanicum/Ch aureum

4582 117 8269 200 665

M15021 2.7 0.44 Acidomyces acidophilus 1721 37 7827 92 1120

M03038 3.8 0.37 Trichoderma viride 3265 86 2660 8644 5015

M18022 3.6 0.14 Trichoderma sp. 352 0 1375 8105 372

M08014 3.1 0.23 Without identification 19,843 299 1048 7286 11,799

M18021 3.0 0.14 Trichoderma sp. 1707 142 3093 7621 0

M21055 6.4 0.16 Trichoderma 
asperellum/Hypocrea lixii

3635 221 4030 3384 23,928

M19010 3.1 1.14 Penicillium sp. 14,687 nd 101 101 23,783
M21041 2.7 0.27 Trichoderma asperellum 5740 318 2669 200 25,875
M16018 2.5 0.11 Penicillium sp. 16,435 484 69 12 21,957
M08026 2.4 0.57 Neosartorya glabra/hiratsukae 15,229 127 134 378 22,906

Note: The strains shown present high activity, at least, in one of the 5 enzymatic activities tested. The threshold for the identification of the superior outliers 
were determined as: EG > 20.000 U g−1; CBH > 500 U g−1; BGL > 5000 U g−1; BXL > 6000 U g−1 and XLGL > 20,000 U g−1. The activities higher than those values are 
in bold.
Abbreviation: nd, Not determined.
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Cellulolytic activities of Trichoderma resei, 
Myceliophthora thermophila and Talaromyces cel-
lulolyticus, sources of some of the most commer-
cialized cellulolytic enzymes, are routinely assayed 

at pH values between 5 and 6 (Inoue et al. 2014). 
Our results indicated that the optimum pH for most 
of the lignocellulolytic degradation activities of Rio 
Tinto fungi, which included some Trichoderma and 

F I G U R E  2   Determination of the optimum pH for BGL, CBH, BXL, XYGL and EG activities using commercial substrates. Enzymatic 
activities are shown as a percentage of the maximum activity (100%). Strains in which two or three activities were assayed are in bold.
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F I G U R E  3   Determination of the optimum pH of two or three enzymatic activities in several strains. Enzymatic activities are shown as 
percentage of the maximum activity (100%). The results are the average of two independent assays.
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Talaromyces especies, was below 5, a result that, in 
general, agrees with the final pH of the growth me-
dium and with the pH from which the environment 
the fungal strains were isolated. Some acidophilous 
fungi, mainly belonging to the Aspergillus or Thielavia 
genus, have been identified as producers of acidoph-
ilus cellulolytic enzymes (Sohail et al. 2009; Cai et al. 
2022; Grigorevski-Lima et al. 2009); however, our 
results fully support that organisms that inhabit Rio 
Tinto, an unusually acid environment, are a broad 
source for acidophilus enzymes.

Proteomic shotgun analysis of a series of 
relevant secretomes

Taking into account the wide range of enzymatic val-
ues in the secretomes, we decided to analyse in more 
depth the secretomes of 16 isolates that presented 
at least one exceptionally very high activity, for 
which we analysed the peptides in these secretomes 
(see Table 2). For this analysis, we performed next-
generation shotgun exoproteomics (Armengaud 
et al.,  2012) using a high-resolution tandem mass 
spectrometer equipped with a high-field Orbitrap 
analyser able to give a precise partial sequence of 
the polypeptides. As expected, we found that most of 
the identified peptides (about 50% of total) in the 16 
secretomes matched with sequences of hydrolases 
deposited in databases (Table 2). We found that, for 
a number of strains, the presence of high abundance 
peptides that matched with specific hydrolases cor-
related with the high enzymatic activity measured in 
the secretomes; that is, in the three strains with ex-
tremely high CBH activity (Penicillium sp. ID M19048, 
Penicillium janthinellum IDs M02031 and M10010), we 
found that 17% or more of the peptides matched cel-
lobiohydrolases: in strain M08014 (without taxonomi-
cal identification) which presented high BXL activity, 
a high proportion of the identified peptides (10%) 
matched with β-xylosidases sequences deposited 
in databases, or in strain P. janthinellum ID M24005 
in which 11% of the peptides mapped with endoglu-
canases. However, in other isolates, we could not 
correlate the highest activities with the highest num-
ber of peptides in the secretome. This was expected 
as there might be enzymes with high specific activ-
ity against certain substrates or proteins more sta-
ble than others. Furthermore, glycosyl- and glycoside 
hydrolases (GHs) are classified on the basis of se-
quence homology and therefore we could not ascribe 
the presence of these enzymes with any specific ac-
tivity. Two examples in which we can only speculate 
about the functions of the most abundant proteins are 
Trichoderma sp. ID M18022 (with outlier BXL activity) 
and T. asperellum ID M18038 (with outlier BXL and 
BGL activities). In both strains, only 0.3% and 2.2% 

of the peptides matched with sequences identified as 
β-xylosidades (Table  2); however, 14.8% and 31%, 
respectively, of the peptides mapped with proteins of 
the GH3 family (gi|358393086 and gi|927389951, re-
spectively) that have been adscribed to BXL. In addi-
tion, in strain M18038, 6.5% of the peptides mapped a 
protein of the GH3 family protein (gi|927420448) that 
was related with β-glucosidase activity.

In the two strains with high BGL activity, P. gla-
brum ID M15024 and Penicillium sp. ID M16051, 
around 4% of the identified peptides mapped with an-
notated BGL proteins. This is relevant in P. glabrum 
ID M15024, because they represented almost 20% of 
the peptides identified as cellulases/hemicellulases. 
Searches amongst the most abundant hypothetical 
proteins did not reveal any relevant cellulolytic en-
zyme. In strain M16051, the percentage of peptides 
that mapped with hypothetical BGL increased to 5.6% 
when we included peptides that mapped with hypo-
thetical proteins or GH3 proteins with homology to 
known BGLs.

Another general feature in the shotgun proteome 
analyses of these strains is that we did not identify any 
peptide that matched the protein sequences identi-
fied specifically as xyloglucanases, not even in those 
identified as possessing high XYGL activity (i.e. P. 
janthinellum ID M24005, M02013 [without taxonomical 
identification], Penicillium sp. ID M19010, Trichoderma 
asperellum M21041, and Neosartorya glabra ID 
M08026). Xyloglucanases, are mainly included in the 
CAZy database as GH3, GH5, GH9, GH12, GH16, 
GH44, GH45 and GH74 families (Lombard et al., 2014). 
In the strain M21041 we identified peptides that 
mapped with GH3 proteins with the accession numbers 
gi|927389951 (8.9% of the total peptides in the secre-
tome) and gi|927420448 (2.1%) but these proteins have 
similarity with putative BXL, and BGL respectively, not 
with XYGL; we also identified peptides that mapped 
within proteins of the GH16 but their relative abun-
dance is very low (0.25% of the total petides). In strain 
M02013 (without taxonomical identification), we also 
identified peptides with homology with members of the 
GH3 family, but with putative functions as BXL, BGL or 
xylanase. We did not identified peptides with homol-
ogy to any of these GHs in strains M19010, M08026 or 
M24005.

Overall, the analysis of the peptides in the secre-
tome support that a high proportion of the Rio Tinto 
fungi possess a well-equipped machinery for cellu-
lose and hemicelluloses hydrolysis. Furthermore, 
the percentage of hydrolases in the secretomes of 
the Rio Tinto fungal strains was only slightly lower 
(50%–70%) to that reported for other industrial strains 
such as M. thermophila (60%–80%) (Bukhtojarov 
et al., 2004; Gusakov et al., 2007), Trichoderma re-
esei (Druzhinina & Kubicek,  2017), and Aspergillus 
(Bertacchi et al., 2022).
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Acidophilus enzymes for 2G technology

The above results support the fact that the Rio Tinto 
fungi are equipped with a set of enzymes able to de-
grade plant polymers at low pH, and support our hypoth-
esis that the Rio Tinto is a niche of interest for identifing 
new acidophilic enzymes. Since the set of hydrolases 
present in the different supernatants was highly vari-
able and the fungi were grown in a single medium, we 

considered that the most appropriate way to assess the 
industrial potential of the Rio Tinto river secretomes was 
to supplement available enzymatic cocktails in order to 
determine if they could increase the yield of monosac-
charide production from pretreated corn stover (PCS) 
and pretreated sugarcane straw (PSCS) (Table  S1). 
Therefore, to the M. thermophyla C1-derived pre-
industrial enzymatic cocktail, we added 1 mg protein of 
a set of supernatants of the acidophilic fungal secretome 

TA B L E  2   Strains selected for shotgun-proteomic analysis because they presented at least one exceptionally high activity.

Strain 
ID ITS ID

Best 
activity 
(outlier) Most abundant peptides (%)

% 
Hydrol

% 
EG

% 
CBH

% 
BGL

% 
BXL

% 
GHs

% 
AUX

M24005 Penicillium 
janthinellum

EG
XYGL

Glycoside hydrolase family 7 
gi|540130099 (18.9%) putative CBH

52 11.4 6.4 1.2 0.1 20.9 21.8

M02013 Without id EG
XYGL

Glycoside hydrolase family 7 
gi|540130099 (12.6%) putative CBH

51.5 4.0 10.8 0.6 3.0 15.8 18.7

M18038 Trichoderma 
asperellum

BGL
BXL

Glycoside hydrolase family 3 
gi|927389951 (31%) putative BXL

63.7 1.9 0.5 0.5 2.2 51.0 7.7

M14001 Talaromyces 
proteolyticus

EG
BGL

FG-GAP repeat protein gi|748552049 
(21.4%)

Endoxylanase gi|315259520 (13%)

36.4 2 1.0 2.1 0.4 3.0 14.2

M10008 Penicillium 
cremeogriseum

EG CBH gi|729650 (20.2%) 57.1 3.2 24.2 0.7 1.6 8.5 12.7

M19011 Penicillium sp. EG Xylanase G1 gi|662532676 (15.1%)
Aspergillopepsin gi|859263183 (11%)

54.2 4.3 11.1 0.7 0.8 3.5 15.4

M19048 Penicillium sp CBH CBH gi|675824120 (14.4%) 58.9 4.0 21.5 6.9 1.2 2.2 20

M02031 Penicillium janthinell
um/savalbardens
e/ochrochloron/p
ulvillorum

CBH cellobiohydrolase I, partial
gi|675824120
(28.9%)

60.0 4.3 36.2 3.2 0.0 1.2 11.2

M10010 Penicillium janthinell
um/savalbardens
e/ochrochloron/p
ulvillorum

CBH cellobiohydrolase I, partial
gi|67582412
(12.6%)

55.3 9.0 17.5 6.7 0.3 3.8 15.0

M15024 Penicillim glabrum BGL Hypothetical protein gi|924882275 
(1.9%) putative peptidase

Alkaline serine protease
gi|237700746
(1.5%)

19.3 0.7 0.7 3.8 1.0 4.0 7.0

M16051 Penicillium sp. BGL Concanavalin A-like lectin/glucanases 
superfamily gi|700493411 (11.6%)

59.7 8.6 4.1 3.9 2.9 7.3 28.0

M18022 Trichoderma sp. BXL Glycoside hydrolase family 3 
gi|358393086 (14.8%) putative BXL

63.8 0.5 1.4 1.5 0.3 49.8 10.1

M08014 Without id BXL CBH gi|675824120 (12.2%) 56.6 3.7 16.3 1.8 10.1 4.9 15.8

M19010 Penicillium 
janthinellum

XYGL CBH
gi|3913798 (6.7%)

50.8 3.8 10.1 1.8 1.2 3.2 30.5

M21041 Trichoderma 
asperellum

XYGL CBH gi|42741023 (9.6%)
Glycoside hydrolase family 7 

gi|927397047 (8.4%) putative EG

68.6 6.3 9.8 0.2 1.5 45.6 4.5

M08026 Neosartorya glabra XYGL CBH gi|849271381 (17.3%) 75.8 10.5 21.6 7.1 5.0 1.5 25.7

Note: Strain ID and identification are given in columns 1 and 2. Column 3 shows the enzymatic activities that were above the established threshold to be 
considered as outliers. The most abundant peptides in the secretome are shown in column 4 with the percentage over the total of peptides identified shown 
in parenthesis. The percentage of peptides mapping with carbohydrate-related hydrolases (% Hydrol) are shown in column 5. The last columns show the 
percentage of the total peptides identified in the secretomes that mapped with different proteins; EG: Endoglucanase; CBH: Cellobiohydrolase; BGL:  
β-glucosidase; BXL: β-xylosidase; GHs: Glycosyl and glycoside hydrolases; aux: Galacturonases, mannosidases, chitinases, cellulases, exoglucanases, and 
other auxiliary enzymes. Bold values indicate the cases in which the highest enzymatic activity of the strain correlated with a high percentage of peptides, 
identified in the secretome,that matched with enzymes in the database with that activity.
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from the Rio Tinto strains, and we compared the amount 
of glucose and xylose released in these mixtures using 
as a control an equivalent dose of only the pre-industrial 
cocktail. As a general trend, we observed that a lim-
ited number (26 and 37 out of 94 analysed strains with 
PCS and PSCS respectively) of the Rio Tinto fungal 
isolates increased the release of glucose per kg of glu-
can, whilst numerous strains (70% with PCS and 84% 
with PSCS) were able to release more xylose than the 
control (Figure 4). The high number of Rio Tinto fungal 
supernatants that increased the release of xylose most 
likely reflect the relatively poor hemicellulolytic activity 
in the M. thermophila cocktails. Extracellular proteins 
secreted by M. thermophila were reported to be rich 
in cellulases (around 60%–80% of total proteins) with 
cellobiohydrolases representing 40%–55% of these 
cellulases, and endoglucanases representing approxi-
mately 20%–25% (Bukhtojarov et al.,  2004; Gusakov 
et al.,  2007). β-glucosidases, β-xylosidases, polysac-
charide monooxygenases, xylanases, xyloglucanases, 
arabinofuranosidases, acetylxylan esterases, and α- and  
β-galactosidases are the other hydrolytic enzymes 
found in the secretome. In M. thermophila, only four  
β-xylosidases, belonging to the GH3 and GH43 families 
(Berka et al., 2011) were identified, and it has been sug-
gested that the addition of hemicellulolytic enzymes to 
the commercial enzymatic cocktails could improve their 

performance; directly, by rending more xylose, and in-
directly, by removing the hemicellulose coating increas-
ing cellulose accessibility (García-Aparicio et al., 2007; 
Martín Pérez et al., 2017; Yang & Wyman, 2004).

In our screening of the supernatants of 6 isolates, 
Talaromyces amestolkiae ID M24006, P. janthinellum 
IDs M24005, M12010 and M19033, and strains M16047 
and M16050 (without taxonomical identification), led to a 
release of, at least, 2 g more of glucose per kg of glucan 
than the control when PSCS was the substrate, and the 
secretome of 10 isolates (Talaromyces amestolkiae ID 
M24006, Talaromyces muroii ID M19108, Talaromyces 
sp. M18009, Penicillium sp. IDs M18032, M16043, 
M16051, M16030, and M16027, Trichoderma asperellum 
M21041, and strain M02033) released more than 2 g kg−1 
extra of glucose when PCS was the substrate. Around 
40% and 35% of the strains tested were able to increase, 
in at least 2 g kg−1, the amount of xylose released when 
using PSCS and PCS respectively (Table 3). The release 
of 2 additional grams of glucose/xylose per kilogram of 
glucan/xylan is considered of industrial relevance as this 
represents an increase of 8%–15% in the amount of the 
initial substrates available for the fermentation and pro-
duction of ethanol or other products.

The secretomes of strains Penicillium sp. ID M16051 
and Trichoderma asperellum ID M21041 (that released 
more than 2 g kg−1 of xylose from PCS and PSCS and 

F I G U R E  4   Graphical representation of the differences in glucose (up) and xylose (down) released in pretreated corn stover (PCS) 
and pretreated sugarcane straw (PSCS) in hydrolysis when the secretome of M. thermophila C1-derived cocktail was supplemented 
with 1 mg g−1 of Rio Tinto secretomes. The M. termophila enzymatic cocktail allowed the release of glucose (≈45 g kg−1) and xylose 
(≈14.5 g kg−1).
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more than 2 g kg−1 of glucose from PCS), P. janthinellum 
ID M24005 (that released more than 2 g kg−1 of glucose 
and xylose from PSCS), and P. glabrum ID M15024, 
Trichoderma sp. ID M18022 and Neosartorya glabra 
ID M08026 (that released more than 2 g kg−1 of xylose 
from PCS and PSCS), had been previously analysed 
because they presented some good enzymatic activ-
ities with commercial substrates (Table  2). However, 
some of the best performers with natural substrates did 
not exhibit high activities and their secretomes were not 
initially analysed. The secretomes from Chaetomium 
aureum ID M15039, strain M16050 (without taxonom-
ical identification), P. janthinellum IDs M19021 and 
M19055, Trichoderma harzianum IDs M18026, and, P. 
rubens ID M12025, Talaromyces ohiensis ID M19098 
and Neosartorya glabra ID M08023 and Penicillium sp. 
ID M18028 also presented a high percentage of hydro-
lases (Table  4). Within this group of secretomes, we 
were able to identify xyloglucanases, as for instance in 
the secretome of M15039 (Chaetomium aureum) and 
M16050 (without genus identification), although the 
percentage of peptides that matched these enzymes 
was low (0.8 and 0.1% of the total peptides).

Polysaccharide monoxygenases (PMOs) or lytic 
polysaccharide monoxygenases (LPMO) have also 
been described as important enzymes in cellulose 
degradation, particularly crystalline forms. (Beeson 
et al.,  2015; Quinlan et al.,  2011; Tokin et al.,  2020), 
(Vermaas et al.,  2015). These copper-dependent en-
zymes attack cellulose through an oxidative mecha-
nism that involves hydroxylation of cellulose at the C1 
or C4 carbon, which results in an aldonolactone that is 
converted into gluconic acid or a 4-keto aldose (Beeson 
et al., 2015). Therefore, a way to analyse participation 
of PMOs in cellulose degradation is the production of 
gluconic acid. We analysed the production of this acid 
in the hydrolysis of PCS and PSCS with a number of 
acidophilic strains (Figure 5). We found that M18032, 
but not M24006, that released more glucose and xy-
lose from PCS and PSCS than the control (Table 3), 
produced almost double the amount of gluconic acid 
than the control, whilst the strains M24005, M12010 
and M16047, which released more glucose than the 
control from PSCS, showed a modest increase in glu-
conic acid released from PSCS when compared with 
the control. These results suggest the presence of 

TA B L E  4   Strains selected for shotgun-proteomic analysis because they released more than 2 g kg−1 of glucose/xylose from PCS/
PSCS.

Strain ID ITS ID Activ.
Most abundant 
peptides (%) Hydrol EG CBH BGL BXL GHs AUX

M15039 
(XYGL)

Chaetomium aureum EG
CBH
BGL

Glycoside hydrolase 
family 11

gi|367038111 (18%) 
putative xylanase

58.3 2.7 5.7 1.4 0 30.1 8.3

M16050 Without ID EG
CBH

Glucoamylase
gi|12666724 (12%)

59.2 2.6 10.4 6.2 0.9 5.0 33.8

M18026 Trichoderma harzianum none Cellobiohydrolase
gi|50400675 (15.4%)

54.7 3.2 15.7 3.9 0.1 14.7 17.4

M18028 Penicillium sp. EG
CBH

Extracellular 
beta-glucosidase

gi|323473065 (8.5%)

66.4 6.7 18.5 10.1 6.6 7.7 10.3

M19055 Penicillium janthinellum EG
CBH

Cellobiohydrolase
gi|675824120 (7.0%)

61.5 2.8 9.7 9.6 1.9 2.5 22.4

M12025 Penicillium rubens CBH Pc21g05110
gi|255953609 (7.1%)

61.8 3.8 3.3 9.2 0.8 0* 37.6

M19098 Talaromyces ohiensis EG
CBH

Putative catalase
gi|859260569 (4.8%)

32.9 1.6 1 6.2 4.3 4.5 14.6

M08023 Neosartorya 
glabra/hiratsukae

EG
CBH
XYGL

probable 1,4-beta-
D-glucan 
cellobiohydrolase B

gi|849271381 (12.5%)

57.9 8.1 21.6 0.9 2.9 0.5 21.5

Note: In strain M12025, 94% of the identified peptides mapped within proteins of Penicillium rubens Wisconsin 54–1255. GHs have been analysed for their 
putative functions.
Strain ID and identification are given in columns 1 and 2. Column 3 shows the enzymatic activities considered positive (with activity higher than 10% of 
the highest activity of each enzymatic activity) with commercial substrates. The most abundant peptides in the secretome are shown in column 4 with 
the percentage over the total of peptides identified shown in parenthesis. The percentage of peptides mapping with and carbohydrate-related hydrolases 
(Hydrol) are shown in column 5. The last columns show the percentage of the total peptides identified in the secretomes that mapped with different proteins; 
EG: Endoglucanase; CBH: Cellobiohydrolase; BGL: β-glucosidase; BXL: β-xylosidase; GHs: Glycosyl and glycoside hydrolases; aux: Galacturonases, 
mannosidases, chitinases, cellulases, exoglucanases, and other auxiliary enzymes.
Abbreviation: nd, Not determined.
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PMOs in the secretome of these strains. LPMOs have 
been included in the CAZy database as AA7 family (for-
merly GH61) Peptides that mapped with putative PMOs 
have been identified in the secretomes of Penicillium 
sp. ID M12025 and Chaetomium aureum ID M15039,

Although the hydrolytic activities measured with 
non-natural commercial colorimetric substrates do not 
always correlate with the activity of industrial substrates 
(Dashtban et al., 2010; Table S1), we cannot forget that 
the ability to hydrolyse PCS and PSCS is achieved by 
the appropriate mixture of enzymes. Therefore, the 
presence of a high level of a particular enzymatic ac-
tivity, detected by colorimetric substrates, maybe the 
consequence of a high quantity of this enzyme in the 
secretome, even resulting in a decrease of the dose of 
other necessary enzymes for the hydrolysis of complex 
substrates. However, our results also show that they 
represent a useful initial screening for analysing the ca-
pabilities of fungal populations.

In addition to the cellulases and hemicellulases 
mentioned above, many other enzymes, such as 
β-furanosidases, galacturonases, mannases, β-
galactosidases, acetyl-xylan esterases and others, are 
also required for hemicellulose processing (Reyes-
Sosa et al.,  2017; van den Brink & de Vries,  2011). 
The Rio Tinto fungi showed a great variety of these 
enzymes, which in our analysis, have been included 
under the category of auxiliary enzymes and they rep-
resent between 8% and 26% of the total identified pep-
tides in the secretomes (Tables 2 and 4). Furthermore, 
enzymes such as expansin-like swollenins may play an 
important role in the enhancement of cellulolytic activ-
ities (Andberg et al., 2015; Liu et al., 2015; Saloheimo 
et al., 2002). We have identified peptides that mapped 
within swollenins or expansin-like modules in 16 out of 
the 25 secretomes analysed.

Interestingly, four strains identified as Acidiella 
bohemica presented good results in hydrolysis (in-
creasing xylose released), although their activities 
with colorimetric substrates were low (Table  3 and 
Table  S1). Currently, Aspergillus, Trichoderma and 

Mycelliophthora are the main fungal genera used 
to produce industrial cellulases (Gupta et al.,  2016; 
Meyer et al., 2015; Singh, 2016). Several Talaromyces 
species have also been described as good cellulase 
producers (Maeda et al., 2013). Talaromyces was de-
scribed as a sexually reproducing Penicillium species 
(Benjamin,  1955), although several authors have re-
viewed this classification, including Penicillium sub-
genus Biverticillium and Talaromyces in a monophyletic 
clade distinct from the other Penicillium sub-genera 
(Houbraken et al.,  2020; Yilmaz et al.,  2014). In spe-
cies belonging to Chaetomium, Neosartorya, Mucor, 
Byssochlamys and Nectria cellulases have also been 
reported (Elsababty,  2015; Moo-Young et al.,  1977; 
Morais et al.,  2018; Pardo & Forchiassin,  1999; Xue 
et al.,  2016); however, there is not much information 
about cellulases from the Acidiella species, and our 
results suggest that these strains may be unexplored 
micro-organisms for industrial exploitation.

CONCLUSIONS

Lignocellulosic material is one of the most abundant 
polymers on Earth. The hydrolysis of this raw material 
at low pH may represent a significant advance for 2G 
industrial processes; however, the current commercial 
cellulolytic cocktails perform well at a pH above 5.5. 
Rio Tinto, with its extraordinary environmental condi-
tions, is an excellent niche for acidophilus microor-
ganisms and we have demonstrated that enzymatic 
cocktails derived from, at least, 26% of the Rio Tinto 
collection strains (50% of the strains assayed in hydrol-
ysis) improved the released of sugars from industrial 
substrates and therefore are suitable to be used for 2G 
technology.
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