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Cave microorganisms, mainly in iron lithology, are poorly known. These constitute most of the cave's
biodiversity and play a key role in maintaining the cave ecosystem. The isolation and characterization of
the cave microbiota can lead to identifying new species and obtaining substances of biotechnological
interest. This work aimed to isolate and evaluate the enzymatic and antimicrobial activity of
microorganisms isolated from the cave soil of Parque Nacional dos Campos Ferruginosos National Park,
southeastern Amazon. Soil samples were collected from the inner surface layer of cave GEM-1462 in
different zones (aphotic, dysphotic and photic). To characterize the strains, the Gram stain technique and
biochemical test were used. The microorganisms' proteolytic, cellulolytic, amylolytic, nitrogen fixation,
phosphate solubilization, and actinomycete activities were evaluated. Antimicrobial activity was
evaluated by antibiosis assay, disk diffusion test and minimal inhibitory concentration against standard
bacterial strains. In total, 10 distinct microbial colonies were isolated and all showed enzymatic activity,
highlighting the proteolytic activity. Four microbial strains showed antimicrobial activity against Bacillus
subtilis and Klebsiella pneumoniae strains. This study demonstrated the first discovery of biological
activity of iron cave microorganisms, indicating that the GEM-1462 cave is a promising source for
prospecting microorganisms with biotechnological potential, mainly of proteolytic enzymes.
Palavras-chave: Carajas, iron lithology, cave microorganisms.

Os microrganismos cavernicolas, principalmente os de litologia ferrifera, sdo pouco conhecidos. Estes
constituem a maior parte da biodiversidade da caverna e desempenham papel fundamental na manutengéo
do ecossistema cavernicola. O isolamento e a caracterizagdo da microbiota cavernicola podem levar a
identificacdo de novas espécies e a obtencdo de substancias de interesse biotecnoldgico. O objetivo desse
trabalho foi isolar e avaliar as atividades enzimatica e antimicrobiana de microrganismos isolados do solo
de caverna do Parque Nacional dos Campos Ferruginosos, sudeste amazonico. Foram coletadas amostras
de solos da camada superficial interna da caverna GEM-1462 nas diferentes zonas (afética, disfotica e
fotica). Para caracterizagdo das linhagens, utilizou-se a técnica de coloracdo de Gram e prova bioquimica.
Foram avaliadas as atividades proteoliticas, celulolitica, amilolitica, fixacdo de nitrogénio, solubilizacéo
de fosfato e actinomicetos dos microrganismos. A atividade antimicrobiana foi avaliada por meio de
ensaio de antibiose, teste de difusdo em disco e concentracdo inibitéria minima contra cepas bacterianas
padrdo. No total, foram isoladas 10 col6nias microbianas distintas e todas apresentaram atividade
enzimatica, destacando-se a atividade proteolitica. Quatro linhagens microbianas apresentaram atividade
antimicrobiana para as cepas Bacillus subtilis e Klebsiella pneumoniae. Este estudo demonstrou a
primeira descoberta de atividade biologica dos microrganismos de caverna ferrifera, indicando que a
caverna GEM-1462 é uma promissora fonte para prospeccdo de microrganismos com potencial
biotecnoldgico, principalmente de enzimas proteoliticas.

Palavras-chave: Carajas, litologia ferrifera, microrganismos cavernicolas.
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1. INTRODUCTION

Caves are generally oligotrophic environments with high humidity, constant temperature and
low light conditions [1]. Iron ore caves have distinct and unique characteristics when compared
to other caves of different lithologies. These are representative and considered in extreme
conditions as they are composed of 90% iron oxides and contain very acidic soil, with low
fertility rates and temperatures that reach almost 70°C on the surface [2]. These environments
are poorly studied and neglected, especially regarding the cave microbiota [3].

Environments exposed to high concentrations of metals can result in the coexistence of a
great diversity of taxa and stimulate survival strategies [4], such as microbial communities that
can undergo genotypic and phenotypic changes according to the geochemical variations of the
rock that surround [5], adapting to extreme conditions [6].

The current challenge surrounding the study of biological molecules produced by
extremophile microorganisms is that their potential applications may not be well known. The
most explored studies of cave microorganisms are mainly the production of enzymes, which can
function as biocatalysts in various industrial applications [7], and antimicrobial activity [8], due
to competition for resources and habitat, especially in the deeper areas of the cave [9].

The Carajas region is located in southeastern Par4, and has the largest number of natural
underground cavities known in Brazil, with more than 2,800 recorded cavities and hundreds still
to be inventoried in iron lithology with biospeleogenesis, minerals and unique speleothems [10].
The Parque Nacional dos Campos Ferruginosos, study area, has a high number of endemic
species adapted to extreme conditions, such as soil poor in nutrients [11], high concentrations of
heavy metals (e.g. iron, aluminum and manganese) [12], high relative humidity (~90%) [13],
high temperatures (between 34 °C and 38 °C), and strong seasonality [2], with annual rainfall
ranging from 2,000 to 2,400 mm [14].

The development of studies on the microbiota and the interaction with abiotic and biotic
factors that constitute the cave environment of Carajas is essential to generate knowledge about
the ecological processes and the biotechnological potential of microorganisms from iron caves,
which due to the geological context can present themselves as an important microbial reservoir
with specific biological functions. Thus, the aim of this work was to isolate and evaluate the
enzymatic and antimicrobial activity of microorganisms isolated from the cave soil of Parque
Nacional dos Campos Ferruginosos National Park.

2. MATERIAL AND METHODS

2.1 Localization and cave description

The study was carried out in the Parque Nacional dos Campos Ferruginosos National Park,
municipality of Canaa dos Carajas-PA, located in the Southeast region of the Amazon, Brazil,
on the Serra da Bocaina plateau. Of these, cave GEM-1462 (SB-0051) was selected (Figure 1),
registered in the National Register of Speleological Information and available in the database of
the National Center for Research and Conservation of Caves, at coordinates UTM 622283 E /
9301726 N, elevation 606 m, spindle 22 M and DATUM SAD-69, area of 421 m? and volume
of 1035 m3,
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Figura 1: Location map of cave GEM-1462 (SB-0051) in Parque Nacional dos Campos Ferruginosos
National Park, Para.

2.2 Sampling description

The collection was carried out in the dry season, after the permission of the System of
Authorization and Information on Biodiversity (SISBIO, n® 69596-1) was released. Between
100 to 600 g of soil was collected in the superficial layer (0 to 10 cm deep) from two random
points, delimited in quadrants of 0.25 cm?, from each zone, totaling 6 sampling points. The cave
was classified into three zones (Figure 2): 30% of the cave area corresponds to the photic zone
(GSF: entrance, with light incidence), 50% dysphotic zone (GSD: low luminosity) and 20% of
the aphotic zone (GSA: lack of light), according to Trajano and Bichuette (2006) [15].

The samples were aseptically transferred to sterile plastic bags, identified and transportadas
em caixa térmica a 4 °C to the Multipurpose Biology Laboratory at Universidade Federal do Sul
e Sudeste do Para (Unifesspa), located in the municipality of Marab4, Para, Brazil.

S

Figure 2: Soil collection in cave GEM-1462: A) photic zone; B) dysphotic zone; and C) aphotic zone.
2.3 Isolation, cultivation and conservation of cave microorganisms

Soil samples were aseptically sieved, homogenized and added (10 g) in Erlenmeyers
containing 90 mL of sodium chloride solution (0.9%), in a stage called pre-cultivation. The
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Erlenmeyers were incubated in an orbital shaker (150 rpm) at 30°C (temperature close to cave
GEM-1462 temperature), overnight. After the incubation period, the stock solutions were
diluted (107! to 10-°) and 100 L of the resulting solutions were inoculated on the surface of the
plate count agar (PCA) medium, with the aid of the Drigalski spatula. This is a non-selective
medium for the cultivation of aerobic bacteria, as the enzymes and antimicrobials producers.
The plates were incubated at 30°C, for a period of 24 to 72 h, and then the count of colony-
forming units per gram of sample (CFU g*) was performed. Morphologically distinct colonies
were purified on PCA medium and characterized using the Gram stain technique. The microbial
strains were preserved in Hogness medium at —20°C in Multipurpose Biology Laboratory at
Unifesspa.

2.4 Determination of enzymatic activity

We analyzed microorganisms' amylolytic, cellulolytic and proteolytic activities (Table 1).
These enzymes play an essential role in the carbon cycle. The specific culture medium for the
growth of phosphate solubilization (PS), nitrogen-fixing (NF) and actinomycetes
microorganisms were also used (Table 1).

Tabela 1: Composition of the culture media used to evaluate enzymatic activity of cave microorganisms.

Enzymatic activity Culture media (g L) References
Soluble starch, 10 g; hydrolyzed casein, 0.3 g; KNOs, 2
Actinomycete g; NaCl, 2 g; K:HPO,4, 2 g; MgS0.4.7H,O, 0.05 g; [16]

CaCO0s3, 0.02 g; FeSO,, 0.01 g; agar, 15 g; pH 7.0.

Soluble starch, 10 g; yeast extract, 1 mL; MgSQ,.7H:0,
Amylolytic 0.1 g; KH2PO4, 1.5 g; NH4sNO3, 0,1 g; NaCl (solution [17]
0.85%), 50 mL; soil extract, 950 mL; agar, 15 g; pH 7.0

Carboxymethyl cellulose, 5 g; NHi:NOs;, 1 g; NacCl

Cellulolytic (0.85% solution), 50 mL; soil extract, 950 mL; agar, 15 [18]
g; pH 7.0.
Hydrolyzed casein, 10 g; yeast extract, 1 ml; K;HPOs,

Proteolytic 1.5 g; MgS04.7H,0, 0.5 g; NaCl (0.85% solution), 50 [18]

mL; 950 mL of soil extract; agar, 15 g; pH 7.0.

Solution A: dextrose, 10 g; yeast extract, 5 ml; KNOs,
0.1 g; MgS0.4.7H,0, 0.2 g; CaCly, 0.02 g; NaCl, 0.1 g;
agar, 15 g.

Solution B: CaCly, 10 g; distilled water, 100 mL.
Solution C: K;HPO., 5 g; distilled water, 50 mL.

FINGEIELS el o] [rie) Micronutrient  solution: MoOsNa.2H,O, 0.2 g; [19]
MnS04.2H;0, 0.24 g; H3BOs, 0.28g; CuSO4.5H0,
0.008 g; ZnS0O4.7H,0, 0.024 g; distilled water, 200 mL.
Solution of FeEEDTA-NaEDTA, 6.07 g; FeS0O4.7H20,
6.17 g; pH 7.0.
KH2POg4, 0.4 g; KoHPO4, 0.1 g; MgS0O4.7H.0, 0.2 g;
Nitrogen fixation NaCl, 0.1 g; CaCl,, 0.02 g; FeCl;, 001 g; [20]

MoOsNa.2H,O, 0.002 g; sodium malate, 5 g;
bromothymol blue (0.5%), 5 mL; agar, 15 g; pH 6.8

To detect the enzymatic activity, 25 mL of the culture media shown in Table 1 were
aseptically transferred to a Petri dish (90 x 15 mm). A fresh culture colony (24 h) of the
microorganisms isolated under the surface of the culture media was inoculated. The plate was
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incubated at 30°C for up to 5 days, being monitored daily. The enzymatic index (EIl) and
solubilization index (SI) was calculated by using the following equation: EI or SI = mean halo
diameter (MHD) / mean colony diameter (MCD), where MHD is the total diameter of the
hydrolysis or solubilization halo (mm) and the MCD is the diameter of bacterial colonies (mm),
according to Oliveira et al. (2006) [21].

2.5 Determination of antimicrobial activity

The screening of antimicrobial-producing microorganisms was performed through the
antagonism test against strains from the American Type Culture Collection (ATCC): Bacillus
subtilis (ATCC 23857), Escherichia coli (ATCC 8739), Klebsiella pneumoniae (ATCC 700603)
and Staphylococcus aureus (ATCC 25923). ATCC strains were cultivated in tryptone soybean
agar (TSA) medium at 37°C for 18 to 24 h. After the incubation period, the inoculum of the
strains was prepared in saline solution (NaCl, 0.85%) using the 0.5 McFarland scale (1.5 x 108
bacteria mL™?). According to the pour plate method, one milliliter of the inoculum was
transferred to a Petri dish (90 x 15 mm) containing 25 mL of Mueller Hinton agar (AMH).
Then, a recent (24 h) culture loop of the microorganisms was inoculated under the surface of the
AMH medium. Plates were incubated at 37°C for 24 to 48 hours. After the incubation period,
the formation of inhibition zones around the inoculum of the microorganisms was observed,
with at least 1 mm of an area without growth of ATCC strains [22], modified.

Cave microorganisms that showed antimicrobial activity in the antagonism test were selected
to obtain the extracts and were cultivated in 250 mL Erlenmeyers containing 100 ml of YPD
broth (2.5 g yeast extract, 5 g peptone and 1 g dextrose per liter of distilled water). This culture
medium presented a composition similar to PCA and was chosen to obtain cell biomass and
antibiotic production. The flasks were incubated in an orbital shaker at 28°C, 180 rpm for 3
days. Then, cultures were filtered and centrifuged at 6000 rpm for 20 minutes. The supernatant
was aseptically transferred to a screw-capped bottle and stored at 4°C.

The antimicrobial activity of microorganism extracts was tested against ATCC strains using
the disk diffusion method in AMH medium, following the National Committee for Clinical
Laboratory Standards recommendations [23]. The 6 mm diameter sterile paper disc (MN 618)
was impregnated with 50 pl of microbial extract (impregnation and drying process was repeated
three times). In the negative control, uninoculated YPD broth extract was applied and in the
positive control the antibiotic tetracycline (25 pg disc™). The inoculum of ATCC strains was
prepared in saline solution (NaCl, 0.85%), from a 24 h culture in TSA. The suspension was
adjusted using the standard 0.5 McFarland scale (1.5 x 108 CFU mL™) and seeded on the
surface of the AMH medium, with the aid of a sterile swab. The disc containing the microbial
extract was placed on the surface of the AMH medium and the plate was incubated in an oven at
37°C for 24 h. After the incubation period, the diameter of the bacterial growth inhibition halos
was read.

The extracts of microorganisms that showed antimicrobial activity in the disk diffusion test
were selected for the minimum inhibitory concentration (MIC) determination test [24], with
adaptations. The assay was performed in a sterile 96-well cell culture plate containing Mueller-
Hinton broth (CMH). The microbial extracts were transferred to the wells, following the serial
dilution technique (0.04% to 80%). In the negative control, the uninoculated sterile YPD broth
extract was applied and in the positive control tetracycline (25 pg). Subsequently, 5 pL of the
standard strain was inoculated into each well, adjusted using the 0.5 McFarland standard scale
(1.5 x 10® CFU mL™). The plate was incubated at 37°C, between 20 to 22 h. After the
incubation period, 10 pL of the developing solution of 2,3,5-triphenyltetrazolium chloride
(TTC) was applied to the wells and incubated in the oven for another 2 hours. The reading of
the MIC test was performed by changing the color of the revealing solution, considering the
bacterial growth as the presence of a pink or reddish color [25].
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2.6 Statistical analysis

All tests were performed in triplicate. To characterize the composition of microorganisms in
relation to enzyme index and functional profiles, non-metric multidimensional scaling (nMDS)
was used, based on similarity matrices calculated using the Bray-Curtis index. A Similarity
Analysis (ANOSIM) was also applied to determine the effect of metabolic profiles in relation to
the enzymatic indices of the functional groups.

In the evaluation of enzymatic indices, clustering analysis (Clustering Dendrogram) was
performed to estimate the distance between microorganisms and metabolic profiles, using the
nMDS and ANOSIM results, which showed significant effects (p < 0.05 and R2 > 0.60). For
cluster analysis, Ward's method was used [26]. The “Vegan” package was used, for the nMDS,
the “metaMDS” function was used together with the “envfit” function, to verify which
enzymatic activities influenced the ordering of the nMDS. A dendrogram was performed with
the enzymatic activities of greatest influence for the setting up of clusters.

3. RESULTS

Ten microbial strains from cave GEM-1462 were isolated. Of these strains, 9 are bacteria
and 1 yeast fungus, 4 were isolated in the photic zone, 3 in the dysphotic zone and 3 in the
aphotic zone (Figure 3). The bacteria presented the form of bacilli and cocci, being 8 Gram-
positive and 1 Gram-negative (Figure 3).

”GSA201

Py

Subtitle

’ Cave entrance

1]

) - Soil samples L]
’ GSA101 ‘ Gram posive 1
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Figure 3: Topographic map of cave GEM-1462, with collection points: GSF (photic zone soil samples);
GSD (dysphotic zone soil samples); and GSA (aphotic zone soil samples); and morphotintorial
representation of isolated microbial strains.

All microbial strains showed proteolytic activity, 7 cellulolytic, 1 amylolytic, 2 phosphate
solubilizers and 3 starch and casein degraders (actinomycetes) (Table 2). Strains isolated from
the aphotic zone produced the highest enzymatic indices, followed by the dysphotic and photic
zones. The GSF202 strain was the only nitrogen fixative (Table 2).
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Table 2: Enzymatic activity (amylolytic, cellulolytic and proteolytic) and phosphate solubilization (PS) of
cave microbial strains.

Isolated strains  Proteolytic Cellulolytic ~ Amylolytic  Actynomycete PS

GSA101 20.33 2.30 - - -
GSA201 13.50 1.15 = - -
GSA202 12.58 - - - -
GSD101 7.83 1.52 0.31 - -
GSD201 17.83 - - 0.75 0.59
GSD202 15.25 1.08 = 0.54 =
GSF101 14.92 1.55 - - -
GSF102 19.00 1.33 = 0.52 -
GSF201 11.58 1.14 - - -
GSF202 12.33 = = = 0.59

(-) absence of enzymatic activity; (EI) The enzymatic index values represent the mean of three repetitions
of the ratio between the mean diameters of the degradation halo and the colony.

The nMDS analysis of the functional activities of the microbial strains showed that there is a
pattern of similarity between the data (P < 0.05 and stress 0.04). In Figure 4, we can see that the
points sampled in the cave presented cultivable microbial communities with similar enzymatic
activities, despite the significant differences between the indices measured by the
PERMANOVA test (P < 0.05). Proteolytic (R2 = 0.98) and cellulolytic (R2 = 0.65) activities
were predominant in most of the isolated microbial groups.
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Figure 4: Bray-Curtis dissimilarity in the non-metric multidimensional scaling matrix (nMDS) to assess
the functional diversity of cave microorganisms. The colors in the graph refer to the isolated microbial
strains: GSF101 (pink); GSF102 (purple); GSF201 (orange); GSF202 (yellow); GSD101 (black);
GSD201 (grey); GSD202 (brown); GSA101 (green); GSA201 (blue); and GSA202 (red).

The dendrogram of similarity of proteolytic activities generated the formation of two large
groups, one formed exclusively by microbial strains with a high enzymatic index and the other
mixed, based on nMDS (Figure 5). The isolation zones of the microbial strains did not influence
the similarity of the proteolytic activity data.
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Figure 5: Dendrogram of the hierarchical cluster analysis (Ward) of cave microorganisms based on non-
metric multidimensional scaling (NMDS) of proteolytic activity (Enzyme Index: +, high activity; —, low
activity). The colors in the graph refer to the isolated microbial strains: GSF101 (pink); GSF102
(purple); GSF201 (orange); GSF202 (yellow); GSD101 (black); GSD201 (grey); GSD202 (brown);
GSA101 (green); GSA201 (blue); and GSA202 (red).

Cellulolytic activity also presented two large groups, one with a low index of enzymatic
activity and the other high (Figure 6). Within these groups, the similarity between cellulolytic
activities was high and the isolation zone of the microbial strains did not influence the similarity
of the data.
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Figure 6: Dendrogram of the hierarchical cluster analysis (Ward) of cave microorganisms based on non-
metric multidimensional scaling (NMDS) of cellulolytic activity (Enzyme Index: +, high activity; —, low
activity). The colors in the graph refer to the isolated microbial strains: GSF101 (pink); GSF102
(purple); GSF201 (orange); GSF202 (yellow); GSD101 (black); GSD201 (grey); GSD202 (brown);
GSA101 (green); GSA201 (blue); and GSA202 (red).

Among the ten microbial strains isolated, only four (GSF102, GSF201, GSF202 and
GSD201) showed antimicrobial activity against B. subtilis and K. pneumoniae strains in the
antagonism assay, with different degrees of sensitivity. The four strains presented zones of
inhibition for B. subtilis and did not differ from each other (Table 3), while for inhibition of K.
pneumoniae the GSF102 strains, GSF201 and GSD201 presented the highest inhibition values
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and did not differ from each other when compared to the GSF202 strain (Table 3). The negative
control did not presented a zone of inhibition and the positive was of 20 mm (x 0.6) against the
strains tested. The minimum inhibitory concentration of extracts from strains GSF202 and
GSD201 was 40% and 80% for K. pneumoniae, respectively, and 40% of extract from strain
GSF202 for B. subtilis.

Tabela 3: The mean inhibition halos of the ATCC B. subtilis and K. pneumoniae strains against the
microbial strains isoleted.

Isolated strains ATCC strains Disk diffusion (mm)*
B. subtillis 1.4+0.3
GSF102 K. pneumoniae 14+0.1
B. subtillis 1.7+0.2
Eelpabs K. pneumoniae 16+£0.3
B. subtillis 1.8+£05
GSF202 K. pneumoniae 0.9+0.3
B. subtillis 1.0+£0.2
Smpatl K. pneumoniae 1.1+£0.3

*Inhibition halo, including disc diameter (6 mm); - There was no inhibition.

4. DISCUSSION

4.1 Cave microorganisms

The main microbial group found in this study was that of Gram-positive bacteria. According
to literature reports, the dominant phyla identified in caves are Proteobacteria and
Actinobacteria, characterized by Gram-negative and Gram-positive bacteria, respectively [27,
28], with proteobacteria being detected mainly through molecular tools, while actinobacteria
represent most culture-dependent isolates [29]. However, Lemes et al. (2021) [30] identified
that the phylum Acidobacteria (Gram-negative) was the most abundant in the Canga caves
analyzed in the Iron Quadrangle, followed by Proteobacteria and Actinobacteria.

The zones of natural underground cavities suffer interference from the penetration and
intensity of light. Thus, each zone has specific physicochemical and nutritional conditions [31],
which may influence the colonization and diversity of microorganisms, such as a high
concentration of iron. In Carajés, the results showed that the cavity zones did not influence the
quantity and diversity of microbial strains isolated in each zone. Zhu et al. (2019) [28] suggest
that specific niches drive the evolution of the microbial community, which may favor the
enrichment of unique microbial populations, despite the general similarity of the microbial
communities found in caves. Thus, caves may be sources of new microorganisms with bioactive
metabolites with biotechnological potentials, such as enzymes and antibiotics [32].

4.2 Enzymatic activity

Studies have shown that microbial isolates have great potential to produce hydrolytic
enzymes. Ntabo et al. (2018) [33], Oliveira et al. (2006) [21] and Ramos et al. (2018) [34]
reported that bacterial isolates showed proteolytic, cellulolytic, and aminolytic activities with IE
in the range of 1.1 t0 6.6, 1.1 to 7.6, and 1.1 to 4.8, respectively. Ramos et al. (2018) [34] also
showed that bacterial isolates from rhizospheric soils were phosphate solubilizers, varying the
IS between 1.0 and 1.4. For Lealem and Gashe (1994) [35] and Stamford et al. (1998) [36],
microorganisms can be considered potential enzyme producers in solid media when the enzyme
index is equal or greater than 2.0. The cave microorganisms isolated in this work showed
proteolytic, cellulolytic and amylolytic activities, however, the most satisfactory and promising
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result was the proteolytic activity. The proteolytic activity may be indicative not only of the
biological capacity of soil for the enzymatic conversion of the substrate, which is independent
of the extent of microbial activity, but might also have an important role in the ecology of
micro-organisms in the ecosystem [37]. These extracellular hydrolytic enzymes are mainly
responsible for the biochemical reactions of transformation of organic matter in the soil, acting
in the processes of cycling of elements and decomposition [38], through the degradation of
insoluble macromolecules into soluble micro-molecules [37], which are absorbed by cells.

Bat guano is considered one of the main energy sources for many species found in caves,
contributing to the renewal of organic resources and allowing the development of a varied biota,
including microorganisms [39]. In this work, it was possible to observe the presence of guano in
the three zones of cave GEM-1462, with the largest amount in the aphotic zone, environment of
greater colonization of bats. The distribution of guano between the zones may have occurred
due to the process of water percolation in the aphotic zone, such as dripping to the back of the
cave, forming reservoirs of organic material (micro-habitat) for microbial growth. The
intermittent presence of water stimulates colonization and microbial activity in the guano,
favoring the degradation of organic matter (e.g. carbohydrates, lipids and proteins) by
hydrolytic enzymes [40] and providing essential elements such as phosphorus and nitrogen in
the soil [41], containing about 25% and 10%, respectively [39].

From the results of this research, it is possible to infer that the protein, possibly derived from
guano, was the main source of energy for cave microbiota, and that the greater proteolytic
activity is not related to the amount of isolated microorganisms, but with the enzymatic indices
produced by these strains. Phosphate and nitrogen available in the soil may also have the same
origin, and these elements are essential for the vital activities of microorganisms and the
maintenance of ecological processes in iron caves.

In addition to guano, plant material, such as litter, roots and seeds from bat food or that were
carried into the cavity, as well as guano residues containing structural carbohydrates (e.g.
cellulose, hemicellulose and pectin) are important sources of organic matter for cellulolytic
microorganisms. Cellulolytic enzymes play an essential role in the degradation of
carboxymethyl cellulose, providing compounds for further absorption and processing by the
cellular metabolism of other microorganisms [42]. Thus, cellulose and plant biomass residues
may be oxidized by amylase-producing microorganisms and actinomycetes, generating easily
degraded carbon sources, such as monosaccharides [43].

According to Barton and Jurado (2007) [5], the reduced availability and chemical complexity
of some nutrients present in caves limit the growth of many microbial species, and the strategy
created by many communities of microorganisms has been to carry out a mutualistic association
to overcome this nutritional limitation. For Yin and Keller (2011) [44], there is constant
communication between the microbial communities in the cave ecosystem through the quorum
sensing, allowing the recognition of the conditions and changes that are being submitted,
communicating with each other, developing survival strategies, such as the production of
hydrolytic enzymes, to carry out important functions of defense, competition, signaling and
ecological interactions.

Microorganisms, such as bacteria and fungi, are considered the best sources for obtaining
hydrolytic enzymes, due to their rapid growth and easy handling for the desired yield [45].
Hydrolytic enzymes (ie protease, cellulase and amylase) are the most used in industrial
processes, mainly in the areas of biotechnology, food, biofuel, paper, cellulose, feed, dyeing
[46], with proteases being the most studied group of hydrolases [21]. Enzymes produced by
microorganisms living in extreme environments, such as cave GEM-1462, are considered
versatile tools for developing and improving a variety of industrial and biotechnological
processes due to their stability in extreme conditions and biodegradability [47].
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4.3 Antimicrobian activity

Caves are considered oligotrophic environments, with low light and different mineral
formations. These conditions encourage complex interactions (competitive or cooperative)
between different microorganisms, enhancing the production of secondary metabolites, such as
antibiotics, which can be used to inhibit the growth of other microorganisms in the competition
for nutrients [48]. Thus, caves represent strategic environments for prospecting new
antimicrobial compounds.

Recent studies have shown the antimicrobial potential of cave microorganisms against
pathogenic microbial strains, especially actinomycetes [49, 50], which produce about 2/3 of the
antibacterial agents in use [51]. In this work, four isolated microbial strains showed
antimicrobial activity, and two strains were characterized as actinobacteria (GSF102 and
GSD201).

Isolated cave microorganisms have shown greater growth inhibition of the B. subtilis species
and reduced or no activity against the Klebsiella pneumoniae species [8, 49, 50]. The microbial
strains isolated in this work showed antimicrobial activity against both strains, B. subtilis and K.
pneumoniae.

Natural products are the most promising source of antibiotics and cave environments have a
high potential for prospecting new microorganisms and antimicrobial agents [32]. The
emergence of new pathogenic bacteria associated with the rapid development of resistance to
commercially available antibiotics increases the importance of discovering new antimicrobial
agents [4, 52].

5. CONCLUSION

Studies on ecological processes and the biotechnological potential of microorganisms from
iron caves in the Carajas region are limited or even non-existent. This study presents
unprecedented results on enzymatic and antimicrobial activities of microorganisms isolated in
iron cave in the region of Carajas.

The prospection of microorganisms that produce enzymes and antimicrobial agents of
biotechnological relevance in the cave environment helps to elucidate the molecular
mechanisms and ecological interactions that occur in the cave. The analyzes carried out in this
work demonstrate that the GEM-1462 cave is a promising source of natural products for
research and biotechnological application, mainly of proteolytic enzymes. The knowledge of
this cave microbiota will provide subsidies for the conservation and proper use of the
speleological heritage, in addition to enabling the development of new resears to discover
molecules with industrial application.
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