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ABSTRACT
Thermophilic aerobic bacteria were isolated from two geothermal areas in Neuqu�en province using two
different enrichment methods and a total of 30 isolates were obtained. From chicken feather enrichment
cultures, strains affiliated to Bacillus cytotoxicus and Bacillus licheniformis were isolated and all of them
demonstrated the capability to degrade completely chicken feather. A preliminary research on
biotechnological enzymes’ potential demonstrated that all the isolates displayed at least one of the
extracellular hydrolytic enzymes tested. Most of the isolates showed protease, inulinase and/or pectinase
activities, while cellulase and xylanase activities were less common. In light of these findings, geothermal
areas of Argentina may be considered as a potential source of thermophilic bacteria able to produce many
industrially relevant enzymes.
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Introduction

The enzymes produced by microorganisms that live in extreme
environments are considered versatile tools for the develop-
ment and improvement of a variety of industrial and biotech-
nological processes due to their stability under extreme and
non-conventional conditions, the reduction of contamination
risks, the improved use of raw materials and decrease of waste
products’ generation in comparison with enzymes obtained
from mesophiles (Loperena et al. 2012; Margesin et al. 2009).

Examples of extremozymes include cellulases, pectinases,
amylases, xylanases, proteases, lipases, keratinases and cellulases
which have great potential for applications in various biotech-
nological processes. Currently, only 1–2% of microorganisms
on the Earth have been commercially exploited and among
these, there are only a few examples of extremophiles (Vieille
and Zeikus 2001). The detergent, food, feed, starch, textile,
leather, pulp and pharmaceutical industries are the major users
of these kinds of enzymes (Haki and Rakshit 2003).

As previously mentioned, extreme environments are a suit-
able niche for microorganisms that might produce enzymes
which are able to fulfill the needs of modern industrial
processes. In that sense, Patagonia Argentina presents many
geothermal areas inhabited by extremophilic microorganisms
(Urbieta et al. 2014). Copahue and Domuyo are two geother-
mal areas located in the northwest corner of Neuqu�en province
in Cordillera de los Andes (Argentina) (Supplementary
Figure 1). Copahue geothermal area is under the influence of
the Copahue volcano [2900 m above sea level (m.a.s.l)], a stra-
tovolcano still active. Due to its constant activity, the area
presents various ponds, pools, and hot springs with a wide

range of temperatures in various manifestations (from 10�C to
approximately 90�C, close to the boiling point of water at
Copahue’s altitude). It is chiefly an acidic environment with
pH values between 2.0 and 4.0; however, neutral microenviron-
ments, especially in sediments and biofilms, can be found
(Vall�es et al. 2004; Varekamp et al. 2009). Domuyo geothermal
area is emplaced in the southern slope of the Domuyo hill, the
highest peck in Patagonia with an elevation of 4.709 m.a.s.l.
Domuyo is not a stratovolcano; however, there are magmatic
chambers near the base of the hill that control the geothermal
activity of the area (Pesce 2013). There, the surface manifesta-
tions that include fumaroles, hot springs, and geysers are
mostly of neutral pH and high temperatures.

Around the world, biodiversity and bioprospection of ther-
mophilic microorganisms are topics of great interest (Arya
et al. 2015; Baltaci et al. 2017; Kublanov et al. 2009). However,
in Argentina – especially in relation to Copahue and Domuyo
geothermal areas – only the microbial biodiversity of the acidic
ponds and biofilms in the Copahue geothermal field has been
studied (Chiacchiarini et al. 2010; Urbieta et al. 2014; Urbieta
et al. 2015).

This work represents the first study on the isolation, identifi-
cation and characterization of thermophilic bacteria from neu-
tral extreme environments of Copahue and Domuyo pristine
geothermal areas.

The isolation of keratinolytic bacteria was prioritized due its
interesting potential. It is widely known that a large number of
mesophilic keratinolytic microorganisms have been studied
(Riffel et al. 2003; Sangali and Brandelli 2000) and some of them
can even produce keratinases that are active at higher
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temperatures (De Toni et al. 2002; Lin et al. 1992). Till today,
only few thermophilic keratinolytic bacteria are known, for
instance Fervidobacterium pennivorans (Friedrich and Antrani-
kian 1996), Fervidobacterium islandicum AW-1 (Nam et al.
2002), Thermoanaerobacter keratinophilus 2KXI (Riessen and
Antranikian 2001), Caldanaerobacter sp. strain 1523-1
(Kublanov et al. 2009), Clostridium sporogenes bv. pennavorans
(Ionata et al. 2008), and Meiothermus ruber H328 (Matsui et al.
2009), all of them being anaerobic microorganisms.

In recent years, the demand for thermostable keratinolytic
enzymes by a number of industries has increased and there is
still a need to find more robust and specific thermostable kera-
tinolytic enzymes which reveal an interesting field to explore.
These enzymes have demonstrated to have several application
fields and can be applied to detergent, leather, textile, food, and
pharmaceutical industries (Gupta et al. 2013a).

In this work, samples coming from two geothermal areas
were studied using two different enrichment techniques. With

Figure 1. Molecular phylogenetic analysis by the Maximum Likelihood method. Bootstrap values are given at each branch point. Acidithiobacillus ferrooxidans was used as
an out-group to root the tree. Bar, 0.05 substitutions per site. Only bootstrap values >50% are shown at nodes.
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the aim to isolate keratinolytic bacteria, a chicken feather
medium was used. Nutrient Broth (NB) was used to isolate
those microorganisms that could not grow on the chicken
feather medium but could display an interesting enzyme activ-
ity profile. We focused our attention not only on keratinase
activity but also on protease, esterase, inulinase, pectinase,
cellulase and xylanase activities.

Materials and methods

Sample collection

Sediments, water, and biofilms were aseptically collected from
the manifestations Las Olletas (37� 80 3.703600 S, 70� 140 26.997000
W) and Los Tachos (36� 390 32.420000 S, 70� 350 2.720000 W) in
Domuyo and from Las M�aquinas (37� 490 11.800000 S, 71� 050
16.600000 W) in Copahue and kept at room temperature until
processed for incubation and isolation. Temperature and pH
were measured in situ with a Hanna HI 8424 NEW portable
instrument properly calibrated against calibration standards. The
main characteristics of the samples collected are listed in Table 1.

Las Olletas is located on the top of the valley of the
ManchanaCovunco stream and it is a thermalmanifestation domi-
nated by high-temperature water and sodium chloride (Mas et al.
1996). Los Tachos is located on the valley of the Cavunco stream; it
is a wide, high-temperature hot spring of water vapor mixed type
with sodium chloride as its major component (Mas et al. 1996).

Las M�aquinas is 2.2 km away from Copahue village and it is
the less human intervened of the five manifestations found in the
Copahue geothermal system. The waters in the ponds, fumaroles,
and hot springs are rich in sulfate and on the walls, small sulfur
and pyrite crystals can be found (Supplementary Figure 2 shows
images of the three sampling locations and supplementary
Table 1 shows the water chemistry of the collection sites).

Isolation of microorganisms

Approximately 1 g of each environmental sample collected
from Los Tachos, Las Olletas, and Las M�aquinas was inoculated
in 500-ml Erlenmeyer flasks containing 100 ml of NB (Britania,
pH 7.0). Cultures coming from samples 1 to 6 were incubated
at 50�C, while cultures coming from sample 7 were inoculated
in two separate Erlenmeyer flasks and incubated at 50�C

and 65�C, respectively. These enrichment cultures were incu-
bated for 24 h in an orbital shaker at 150 rpm and then, 0.1 ml
(and 1/10 and 1/100 dilutions) of the cultures was spread in
nutrient agar (NA) plates solidified with 2% agar or 0.75%
gelrite (Sigma, for plates incubated at 65�C) and incubated at
50�C or 65�C. Single colonies were streaked twice on NA plates
to obtain microbial monoculture.

In addition, in order to isolate keratinolytic bacteria, an
enrichment step using a keratin substrate was performed:

Approximately 1 g of each environmental sample was inocu-
lated in 500-ml Erlenmeyer flasks containing 50 ml of mineral
media (described later) supplemented with whole chicken
feather as the sole carbon and nitrogen sources. Cultures were
incubated following the same procedure described previously
until feather degradation was confirmed visually (1–5 days).
For the isolation of the keratinolytic microorganisms, 0.1 ml
(and 1/10 and 1/100 dilutions) of the cultures was spread in
NA plates. Single colonies were streaked twice on NA agar
plates to obtain microbial monoculture.

Isolates were stored in NB with 15% glycerol at ¡80�C.
The formulation of the mineral media (l¡1) is as follows:

chicken feathers 10 g; NaH2PO4 0.496 g; K2HPO4 2.486 g and
0.50 ml of trace elements’ solution (FeCl3�6H2O 0.016 g; ZnCl2
0.013 g MgCl2, 0.010 g and CaCl2 0.00011 g) adjusted at pH 7.0
(Cavello et al. 2012). The chicken feathers were supplied by a
local slaughterhouse; they were washed thoroughly with 0.1%
(w/v) sodium dodecil sulfate to remove surface contaminants,
then with 1:1 (v/v) methanol:water by shaking for 18 h at 28�C;
afterward, they were rinsed with distilled water then with 95%
ethanol and finally air dried.

Biochemical characterization of isolates
Bacterial isolates were subjected to conventional tests such as
indole, methyl red, and Voges-Proskauer, Simmons citrate, cata-
lase and oxidase, nitrate reduction, gelatin hydrolysis, H2S produc-
tion, and carbohydrate fermentation (glucose and lactose)
according to the methods described by Harley and Prescott (2002).

The pH and temperature range for bacterial growth were
tested between 4.0–12.0 and 20–65�C, respectively.

Growth at different NaCl concentrations (0–10% w/v) was
tested on NB media at pH 7.0. Growth was monitored by
turbidity at OD600nm.

Table 1. Main characteristics of the samples collected for the isolation of heterotrophic microorganisms.

No. of different morphotypes
observed after

Sample
no. Location Sample kind

Original
temperature (�C) pH

Nutrient broth
enrichement

Feather
enrichement Strain name

1 Las Olletas Biofilm 57–60 7.0 2 1 Oll-12, Oll-13
2 Las Olletas Biofilm 50–57 7.0 1* 1* Oll-16, Oll-19, Oll-30
3 Los Tachos Water 57 7.0 1* 1* LT-6, LT-7, LT-8, LT-21
4 Las Olletas Water 57 7.0 2* 2* Oll-15, Oll-17, Oll-18
5 Las M�aquinas Biofilm 50 7.0 5 — LMa-9, LMa-10, LMa-22, LMa-24, LMa-25
6 Los Tachos Biofilm 57 7.0 3 2 LT-1, LT-2, LT-4, LT-5, LT-32, LT-34, LT-35
7 Las M�aquinas Light red and

Light brown soil
68.5 7.5 50�C(2); 65�C(4) — LMa- 26, LMa-27, LMa-36, LMa-37, LMa-

38, LMa-39, LMa-40

The number of morphotypes observed after an enrichment step in nutrient broth or feather medium is also presented.
�Same morphology in both enrichment media was observed.
- Growth not detected.
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DNA extraction, 16s rRNA gene amplification
and phylogenetic characterization

The genomic DNA of each isolate was extracted as described by
Park (2007). The 16S rRNA gene of each isolate was amplified
using the primers 27F: 50- AGAGTTTGATCCTGGCTCAG
¡30 and 1541R: 50- AAGGAGGTGATCCAGCCGCA-30. PCR
was performed according to Urbieta et al. (2014). PCR amplifi-
cation was checked by 1.5% agarose gel electrophoresis stained
with ethidium bromide. The 16S rRNA gene product of each
isolate was sequenced using Macrogen services (Macrogen Inc,
Seoul, South Korea). The respective sequences were analyzed
and compared with NCBI database using BLASTn software
(http://ncbi.nlm.nih.gov/BLAST). The 16S rRNA gene sequen-
ces of the isolates were deposited in NCBI data base under the
accession numbers KR559937–KR559957.

A sequence comparison with the databases was performed
using the BLAST program through the NCBI website. A phy-
logenetic tree was constructed using the Neighbor Joining
method by using the software package MEGA version 6
(Tamura et al. 2013). The robustness of individual branches
was estimated by bootstrapping with 1000 replicates. Acidi-
thiobacillus ferrooxidans ATCC 23270 was used as the outside
group.

Screening of lytic enzymes production

Seven lytic activities were tested on the isolates growing on
solid media at 50�C or 65�C, respectively, and the keratinolytic
activity was studied on liquid media as described below.

Determination of protease activity
This activity was evaluated using a skim milk agar medium
consisting of (l¡1) skim milk 10 g and agar 20 g (pH 6.6). After
incubation, a positive reaction was detected as a clear zone
around the colony in the opaque medium (Kim et al. 2001).

Determination of esterase activity
The ability to degrade long-chain esters was detected using sorbi-
tan monooleate (Tween 80, Sigma-Aldrich). Tween 80 medium

agar consisted of (l¡1) peptone 10 g; NaCl 5 g; CaCl2�2H2O 0.1 g
and agar 20 g (pH 7.0). The presence of esterase activity was seen
as an opaque halo around the colony (Plou et al. 1998).

Determination of pectinase activity
It was evaluated using a selective medium containing (l¡1) citric
pectin (Sigma-Aldrich) 10 g; yeast extract 2 g; peptone 5 g;
(NH4)2SO4 1.4 g; K2HPO4 2 g; MgSO4�7H2O 0.2 g; 1 ml of solu-
tion A (FeSO4�H2O 0.005 g; MnSO4�H20 0.0016 g; CoCl2
0.002 g) and 20 g l¡1 agar.

Determination on inulinase activity
It was detected using inulin agar media consisting of (l¡1) inu-
lin 10 g; yeast extract 2 g; peptone 5 g; MgSO4 0.5 g; NaCl 0.5 g;
CaCl2 0.15 g and agar 20 g (pH 6.0).

Determination of amylase activity
The ability to degrade starch was evaluated using starch agar,
which consisted of (l¡1) soluble starch (Mallinckrodt Baker
Inc.) 10 g; yeast extract 2 g; peptone 5 g; MgSO4 0.5 g; NaCl
0.5 g; CaCl2 0.15 g and agar 20 g (pH 6.0).

Colonies producing pectinases, inulinases or amylases were
screened and selected by flooding the solid media plates with
Lugol’s iodine solution (Buzzini and Martini 2002).

Determination of cellulase (CMCase) activity
It was performed on a carboxymethylcellulose (CMC) agar
medium containing (l¡1) NaNO3 2 g; K2HPO4 1 g; MgSO4

0.5 g; KCl 0.5 g; CMC sodium salt (Mallinckrodt Baker Inc.)
2 g; peptone 0.2 g and agar 17 g (pH 6.0).

Determination of xylanase activity
It was performed on an agar medium containing (l¡1) xylan
from Birchwood (Sigma-Aldrich) 10 g; yeast extract 5 g; pep-
tone 5 g; K2HPO4 1 g; MgSO4�7H2O 0.2 g and agar 20 g.

Cellulase and xylanase producing colonies were screened
and selected by flooding the solid media plates with Congo Red
solution (0.1%) and distained with NaCl 1 M (Rohban et al.
2009).

Figure 2. Feather-degrading potential of isolates. Cultivation was performed at 50�C or 65�C for 96 h and visually checked for feather degradation. Non-inoculated (left)
control was incubated at the same conditions.
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In all the determination, the plates were incubated for 3 days
in a humidity chamber. In case the isolates were incubated at
65�C, agar was replaced by gelrite (0.75 w/v%).

Qualitative evaluation of feather degradation – keratinolytic
potential
Proteolytic bacteria isolates coming from NB and from chicken
feather enrichment were evaluated for feather degrading poten-
tial on test tubes containing 10 ml of Mineral Media (MM) and
a single chicken feather. After inoculation of each bacterial iso-
late, the tubes were incubated for up to 5 days at 50�C (or
65�C) and 150 rpm being checked daily.

Results

Bacteria isolation

Bacterial colonies obtained either from NB and from chicken
feather enrichment were examined macro- and microscopically
and those showing different morphotypes were selected from
each sample and purified by streaking them on NA. From these
enrichment cultures, a collection of 30 heterotrophic thermo-
philic isolates was obtained, comprising 18 isolates from NB
enrichment and 13 isolates from feather medium enrichment,
respectively (Table 1). A large number of microorganisms with
different colony formations and cell morphologies could be iso-
lated from samples from Los Tachos (Domuyo) and Las
M�aquinas (Copahue), while from samples from La Olletas
(Domuyo), one or two different morphotypes could be
observed (Table 1).

When the morphotypes of the colonies were similar, the
selection was done prioritizing those obtained after feather
enrichment. It could be seen that no growth was detected when
feather enrichment was performed using samples 5 and 7 from
La M�aquinas geothermal areas.

The microorganisms isolated were subjected to conventional
tests to characterize them, and the results are summarized in
Supplementary Table 2.

The growth ranges for pH and temperature were determined
as 5.0–9.0 and 50–65�C, except for 10 isolates (LT-1, LT-32,
LT-33, LT-34, LT-35, Oll-15, Oll-16, Oll-18, Oll-19 and Oll-30)
where the range of temperature during their growth was
20–50�C.

Concerning the growth in the NB medium supplemented
with NaCl, all the isolates – except LMa-37 – were able to grow
in the presence of NaCl. Fifteen of the isolates were able to
grow in a wide range of salt concentrations and could be con-
sidered not only thermophiles but also moderate halophiles
(Table 2).

Identification of the isolates

The isolates were identified by sequencing the almost complete
16S rRNA gene (Table 3). All of them were related to the class
Bacilli and five different genera were identified (Bacillus, Paeni-
bacillus, Aneurinibacillus, Brevibacillus, and Geobacillus), with
Bacillus representing the largest proportion of isolates (17 out
of 30 isolates) (Table 3). The isolates associated with the genus
Bacillus were obtained only from samples collected at

the manifestations Las Olletas and Los Tachos in the Domuyo
geothermal area, while the isolates associated with the genera
Brevibacillus and Geobacillus were only isolated from samples
from Las M�aquinas geothermal areas. Paenibacillus and
Aneurinibacillus species were isolated from both sampling loca-
tions in Copahue and Domuyo.

Eight isolates (LT-1, LT-32, LT-34, LT-35, Oll-15, Oll-16,
Oll-18, and Oll-30) showed 99% similarity to Bacillus cytotoxi-
cus and eight (LT-2, LT-5, LT-6, LT-7, LT-8, LT-21, Oll-13 and
Oll-17) were related to Bacillus licheniformis with 99% similar-
ity. All these isolates came from samples of Los Tachos and Las
Olletas in the Domuyo geothermal area.

Isolate LMa 39 shared 98% of the sequence similarity with
Geobacillus kaustophilus, while the isolates LMa-37, LMa 38
and LMa 40 showed the same identity percentage to more
than one species of the genus Geobacillus (G. kaustophilus,
G. thermoleovorans and G. thermoparaffinivorans) and were
named as Geobacillus sp.

The phylogenetic tree based on the 16S rRNA gene is shown
in Figure 1.

Enzymatic evaluation of all isolates

In order to evaluate the potentiality of the thermophilic isolates,
we tested for eight different hydrolytic enzymatic activities of
industrial relevance. Both the isolation scheme and the screen-
ing process lead us toward selecting the most promising micro-
organisms for future extreme environment biotechnological
processes.

Protease activity was produced by 83% (n D 25) of the iso-
lates, followed by keratinase, inulinase and pectinase activities
that were evidenced by 53%, 43% and 43% of the isolates, respec-
tively. Amylase activity was presented in 40% (n D 12) of the
isolates, while esterase activity was produced by 23% (n D 7) of
them. Cellulase activity was detected in 20% of the isolates. The
enzymatic activity less produced by the isolates was xylanases,
with only 7% of the positive results (nD 2) (Table 2).

When considering the phylogenetic distribution of the
enzymatic activities, we found that proteolytic activity was
produced by members of all the genera. All the isolates com-
ing from feather medium enrichment showed proteolytic
activity and, 12 from 18 of the isolates coming from NB
enrichment also displayed this activity. When these proteo-
lytic bacteria were subjected to qualitative evaluation of
feather degradation, 100% of those coming from feather
medium enrichment were able to completely degrade entire
feather (LT-1, LT-2, LT-6–LT8, Oll-13, Oll-15, Oll-16, Oll-18,
Oll-30, LT-32, LT-34 and LT-35) and they were affiliated to
B. cytotoxicus and B. licheniformis species (Figure 2).
Meanwhile, only three of the 12 proteolytic bacteria coming
from NB enrichment were capable to degrade whole chicken
feather after 5 days and they were affiliated to B. licheniformis
(LT-5), Paenibacillus dendritiformis (LMa-10) and Geobacil-
lus sp. (LMa-39). The last isolate displayed keratinase activity
only at 65�C and the degradation of chicken feather was not
complete after 5 days of incubation.

Esterase and cellulase activities were less frequently found,
the cellulase activity being detected in members of Paenibacil-
lus, Brevibacillus and Aneurinibacillus but not in members of
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the genus Bacillus and vice versa, and the ability to degrade
CMC was detected only in members of genus Bacillus.

Xylan from Birchwood resulted in the hydrolysis only by
two microorganisms, members of genera Bacillus (LT-5) and
Paenibacillus (LT-4).

Interestingly, LT-5 affiliated with B. licheniformis showed the
broadest spectrum of hydrolytic enzymes activities with seven
out of the eight tested, including keratinase activity, followed
by LT-2, LT-7, and LT-8 also affiliated with B. licheniformis,
with six positive enzymatic activities, and LT-6 and Oll-13 dis-
playing five of the eight enzymes tested, respectively (Table 2).

All the isolates from Domuyo and Copahue geothermal
areas were able to produce at least two extracellular enzymes.

Discussion

The growing interest in thermophilic microorganisms and their
potential biotechnological applications explains the increasing
number of studies in extremophilic microorganisms around
the world (Aanniz et al. 2015; Adiguzel et al. 2009; Arya et al.
2015; Baltaci et al. 2017; Kublanov et al. 2009). The order
Bacillales includes thermophilic members of the genera
Geobacillus, Alicyclobacillus, Aneurinibacillus, Anoxybacillus,
Bacillus, Brevibacillus, Caldalkalibacillus, Sulfobacillus,
Thermobacillus, Ureibacillus and Vulcanibacillus and is respon-
sible for the degradation of organic matter in hot environments
(Logan and Allan 2008; Thebti et al. 2016).

In this work, we present a collection of 30 thermophilic bac-
teria isolated from the geothermal areas of Copahue and
Domuyo in Neuqu�en province in Argentina using two enrich-
ment methods; the first one performed in NB media allowed us
to isolate microorganisms related to the genera Geobacillus,
Aneuribacillus, Bacillus, Brevibacillus and Paenibacillus. From
the feather medium enrichment, only microorganisms
from genera Bacillus were recovered and they were classified as
B. licheniformis and B. cytotoxicus. The keratinolytic microor-
ganisms isolated from the enrichment in the feather medium
presented a higher hydrolysis rate (24–48 h) than those isolated
from NB confirming the importance of performing this kind of
enrichment when the intention is to isolate microorganisms
with certain metabolic or physiological characteristics.

In the literature, there are several works concerning to
the isolation and characterization of thermophilic bacteria
from different geothermal areas around the world. Some ther-
mophilic species are commonly found, for example,
B. licheniformis has been isolated over the last years from geo-
thermal areas in Turkey (Baltaci et al. 2017), from Moroccan

hot springs (Aanniz et al. 2015), from north Himalayan region
(Verma et al. 2014) and now in Patagonia. Something
similar occurs in relation to species belonging to the genera
Geobacillus, Aneuribacillus and Brevibacillus (Acharya and
Chaudhary 2012; Arya et al. 2015; Verma et al. 2014).

On the other hand, reports dealing with thermophilic micro-
organisms with the ability to degrade native feathers are scarce.
F. pennivorans (Friedrich and Antranikian 1996), F. islandicum
AW-1(Nam et al. 2002), T. keratinophilus 2KXI (Riessen and
Antranikian 2001) and Caldanaerobacter sp. strain 1523-1
(Friedrich and Antranikian 1996; Kublanov et al. 2009; Nam
et al. 2002; Riessen and Antranikian 2001), isolated from
extreme environments such as hot springs, geothermal vents
and volcanic areas, exhibited this ability; however, they
required anaerobic growth conditions which hinder their
practical utilization. An anaerobic thermotolerant bacterium,
C. sporogenes bv. pennivorans, isolated from a solfataric mud
(35–40�C), showed that keratinolytic activity was reported by
Ionata et al. (2008). Among moderately thermophilic aerobic
bacteria (50–60�C), the keratinolytic microorganisms reported
are B. licheniformis PWD-1 (Williams et al. 1990), Streptomyces
thermonitrificans MG104 (Mohamedin 1999), Bacillus subtilis
RM-01 (Rai et al. 2009), Brevibacillus thermoruber T1E (Bihari
et al. 2010) and Bacillus halodurans JB99 (Shrinivas and Naik
2011). M. ruber H328 is the only one that has been isolated
from a hot spring, while all the other aerobic bacteria reported
until now have been isolated from samples of soil, waste
streams, sugarcane molasses and poultry wastes.

In relation to B. cytotoxicus, the natural habitat of this
microorganism has not been determined yet and the majority
of the strains described so far were isolated from vegetable
products and related to food poisoning (Fagerlund et al. 2007;
Guinebretiere et al. 2006; Guinebretiere et al. 2013; Lund et al.
2000).

Yeast diversity in Norwest Patagonia and their enzymatic
profiles have been extensively studied (Brandao et al. 2011;
Buzzini et al. 2012; Carrasco et al. 2012; Duarte et al. 2013;
Mestre et al. 2011; Zalar and Gunde-Cimerman 2014). How-
ever, only studies dealing with yeast diversity of Rio Agrio and
Lake Caviahue aquatic system (Russo et al. 2008) and microbial
biodiversity of the acidic ponds and biofilms in the Copahue
geothermal field have been published (Chiacchiarini et al. 2010;
Urbieta et al. 2014; Urbieta et al. 2015) but no studies from
Domuyo have been performed until now.

The current work reveals the potential of the thermophilic
microorganisms isolated from Copahue and Domuyo geother-
mal areas to produce a wide range of hydrolytic enzymes. For

Table 3. Phylogenetic identification of the isolates.

Isolate code BLAST hit (closest phylogenetic relative) GenBank accession N� Identity %*

LT-1, LT-32, LT-33, LT-34, LT-35, Oll-15, Oll-16, Oll-18, Oll-19, Oll-30 Bacillus cytotoxicus NR074914 99
LT-2, LT-5, LT-6, LT-7, LT-8, LT-21, Oll-13, Oll-17 Bacillus licheniformis NR074923 99
LT-4, LMa10 Paenibacillus dendritiformis HQ625389 99
LMa-9, Oll-12, LMa-27 Aneurinibacillus migulanus NR113764 99
LMa-22, LMa-24, LMa-25, LMa-26 Brevibacillus agri KP284437 99
LMa 36, LMa-37, LMa38, LMa-39, LMa-40 Geobacillus kaustophilus, G. thermoleovorans,

G. thermoparaffinivorans
KC252984, AY608939,

KC252973
99–98

Comparison of the 16S rRNA gene sequences of the isolates with the 16S rRNA gene sequences in the GenBank.
�The percentage identity with the 16SrRNA sequence of the closest phylogenetic relative.
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instance, around 40% of the isolates demonstrated the ability to
hydrolyze starch and inulin. The starch industry is one of the
largest users of enzymes for the hydrolysis and modification of
such useful raw material, representing 30% of the world’s
enzyme consumption (van der Maarel et al. 2002). The gelatini-
zation of the starch granules is the first step of the enzymatic
conversion and it is achieved by heating starch with water. The
hydrolysis of starch has to proceed immediately after gelatini-
zation; hence, in order to avoid high energy and time consump-
tion for cooling, it is desirable that the amylases used are not
only thermostable but also thermoactive. Although raw starch
is very common in nature, there are few enzymes that can effi-
ciently catalyze its hydrolysis (Hamilton et al. 1999). Saccharifi-
cation of liquefied starch is carried out at low pH values and
the amylases reported so far are not stable under such condi-
tions. Inulinases have important industrial applications such as
the production of pure fructose (inulin yields up to 95% pure
fructose in a single-step enzymatic reaction), ethanol, gluconic
acid, sorbitol, pullulan, and acetone–butanol (Gill et al. 2006).
To obtain a high hydrolysis rate, the industrial process for the
production of fructose from inulin needs to be performed at
60�C; however, most of the inulinases reportedly lose their
activity after a few hours at this temperature. Thus, there is an
increasing interest in isolating and characterizing thermostable
inulinases.

Cellulase activity was observed in 19% of the isolates. These
enzymes are employed in the color extraction juices, in deter-
gents causing color brightening and softening, in the biostoning
of jeans, in the pre-treatment of biomass that contains cellulose
to improve nutritional quality of forage and in the pre-treat-
ment of industrial wastes (Nakamura et al. 2001).

The least common enzymatic activity found among the iso-
lates was xylanase activity, which is present only in P. dendriti-
formis LT-4 and B. licheniformis LT-5. Xylan, the dominating
component of hemicelluloses, has a vast application in pulp
and paper industries. Pulp from wood is produced at high tem-
perature and basic pH, which implies that the enzymatic pro-
cess requires xylanases with high thermostability and is active
at broad pH range (Jacques et al. 2000). The pulp and paper are
one of the fastest growing industries and the use of thermosta-
ble xylanases seems attractive since they offer a major step in
the reduction of chlorine consumption in the bleaching process
of Kraft pulp.

Proteases constitute 60% of the global enzyme market and
have a wide area of applications, i.e., sectors such as detergents,
leather, food, cosmetics, medicine, etc. (Gupta et al. 2013b). A
special group of proteolytic microorganisms are those that are
able to degrade the recalcitrant protein keratin. The thermo-
philic keratinolytic microorganisms reported in this work (52%
of the isolates) are potentially profitable candidates to be used
in feather waste degradation considering that this waste is
much more susceptible to degradation at high temperatures. In
addition, fermentation processes at 50–55�C would be more
suitable for sanitary demands due to the potential presence of
avian influenza virus H5N1 which is known to lose its viability
above 50�C (De Benedictis et al. 2007). Thermophilic kerati-
nases also have potential uses in different applications where
keratins should be hydrolyzed, such as leather and detergent
industries, textiles (modification of wool fibers), waste

bioconversion, medicine, and cosmetics (production of bioac-
tive peptides) (Gupta and Ramnani 2006).

Therefore, the information presented in this work discloses
novel and interesting perspectives, demonstrating that microor-
ganisms isolated from geothermal environments actually repre-
sent a source of numerous enzymes potentially relevant for the
development and/or improvement of biotechnological processes.

Conclusion

Considering that the hydrolytic enzymes produced by these
bacteria are mostly extracellular (shown by the degradation
halo around the colonies) which are easier to recover than plant
and animal enzymes and that extremozymes have properties
which are useful in industrial and environmental processes, the
collection presented here may represent a promising source for
the development of new processes, highlighting the biotechno-
logical potential of Argentinian volcanic areas.

The enrichment step with chicken feather allowed us to iso-
late keratinolytic microorganisms that present a degradation
rate higher than those keratinolytic microorganisms recovered
from NB enrichment. This is the first report on the isolation of
strains of B. cytotoxicus and P. denditriformis with keratinolytic
activity.
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