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Abstract

The Pantanal is one of the world’s largest tropical wetlands, yet its cultivable microbial diversity remains
underexplored for biotechnological applications. We bioprospected cultivable bacteria, fllamentous
fungi, and yeasts from environmental samples collected across 10 Pantanal sites and screened them for
seven enzymatic activities. A total of 122 isolates were recovered, comprising 73 bacteria, 46
filamentous fungi, and 3 yeasts, representing 51 taxonomic groups and 37 enzymatic profiles. Protease
activity was the most frequent among bacteria (71.2%), all filamentous fungi were cellulase-positive, and
chitinase activity was detected in only five bacterial isolates. Taxonomic diversity among enzyme-
positive isolates varied according to activity and sample origin, with Shannon—Wiener diversity index
values ranging from 0 to 2.86. Significant positive associations were observed between protease-lipase,
laccase—amylase, and protease—amylase, whereas no origin—activity association remained significant
after multiple-testing correction. Phylogenetic analyses identified three particularly divergent or
taxonomically unresolved bacterial lineages: P_1.1_002 within Rothia, P_13.1_002 within Pseudomonas,
and P_10.3_001 within the order Enterobacterales. These findings reveal broad taxonomic and functional
diversity among cultivable Pantanal microorganisms and identify lineages of interest for further
taxonomic and biotechnological investigation.

Introduction

The Pantanal, one of the world’s largest continental wetlands, is characterized by high biological diversity
and habitat heterogeneity [1]. Located in central South America, the biome comprises a complex mosaic
of aquatic and terrestrial environments, including rivers, lakes, seasonally flooded grasslands, savannas,
and different forest formations, which support a remarkable diversity of organisms [1, 2]. The wide range
of environmental conditions and vegetation physiognomies supports diverse plant and animal
assemblages [3]. This environmental heterogeneity is closely linked to the hydrological processes that
structure the Pantanal landscape [4].

Among these processes, seasonal hydrological dynamics play a central role in Pantanal ecosystem
functioning and are characterized by alternating flood and dry periods [4, 5]. Across these cycles, the
expansion and contraction of flooded areas alter connectivity among rivers, lakes, channels, and the
floodplain, generating different hydrological conditions across the landscape [6, 7]. Owing to features
such as the low topographic gradient, the complexity of the drainage system, and variation in flood
duration and intensity, environments across the region are exposed to distinct hydrological regimes [8,
9]. The interaction of these features creates a landscape composed of environments subject to
contrasting hydrological regimes and environmental conditions [6].

This diversity is particularly evident in Nhecolandia, a distinctive Pantanal subregion characterized by
thousands of shallow lakes with contrasting hydrological and physicochemical properties [10].
Freshwater, oligosaline, and saline-alkaline lakes occur within a landscape associated with seasonally
flooded drainage channels and sandy ridges [11, 12]. This combination of conditions increases the
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diversity of ecological niches and may favor microorganisms with distinct physiological and metabolic
traits [13].

Among these microorganisms, cultivable bacteria and fungi represent promising sources of enzymes
with biotechnological potential, as their extracellular activities are involved in the utilization and
transformation of different environmental substrates [14, 15]. Previous studies have provided an initial
exploration of the enzymatic potential of microorganisms isolated from the Pantanal, supporting its
potential as a still underexplored source of microbial resources of biotechnological interest [16-18].
Despite these advances, studies integrating different groups of cultivable microorganisms in a
simultaneous and comprehensive screening of multiple enzymatic activities remain relatively scarce in
the Pantanal, and this biotechnological potential therefore remains only partially characterized [17-19].

To address this knowledge gap, we bioprospected cultivable microorganisms from the Pantanal,
focusing on their biotechnological potential. Bacterial, filamentous fungal, and yeast isolates were
taxonomically identified through partial sequencing of the 16S rRNA gene, the internal transcribed
spacer (ITS) region and additional taxonomic marker genes, as appropriate for each microbial group. A
total of 122 isolates were qualitatively screened for seven enzymatic activities (amylolytic, cellulolytic,
proteolytic, lipolytic, chitinolytic, ureolytic, and laccase activities) to identify microorganisms with diverse
enzymatic profiles.

Results

Overview of sampling and taxonomic composition of
cultivable isolates

Culture-based isolation yielded a total of 122 microbial isolates distributed across seven sample-origin
categories (Supplementary Table S1). Bacteria represented 59.8% of the collection (n = 73), followed by
filamentous fungi (37.7%; n = 46) and yeasts (2.5%; n = 3) (Fig. 2b). Soil and plant/root samples yielded
the largest numbers of isolates (n = 39 and n = 33, respectively), followed by water (n = 19),
termite/termite mound (n = 16), lichen (n = 7), feces (n = 6), and fungus/wood (n = 2). Yeasts were
recovered only from plant/root (n = 2) and fecal (n = 1) samples. Overall, 51 taxonomic groups were
identified among the cultivable isolates (Fig. 2a; Supplementary Table S1). Penicillium was the most
frequently recovered genus (n = 12; 9.8%), followed by Bacillus (n =11; 9.0%) and Priestia (n =10; 8.2%).
Aspergillus and Exiguobacterium were each represented by six isolates (4.9%), whereas Cladosporium
and Fusarium accounted for five isolates each (4.1%).

The relative composition of taxonomic groups differed among sample origins (Fig. 2a). In water
samples, Penicillium and Cladosporium each accounted for 15.8% of the isolates. In soil, Bacillus and
Priestia represented 12.8% and 10.3%, respectively. In plant/root samples, Exiguobacterium accounted
for 12.1% of the isolates, while Priestia and Fusarium each represented 9.1%. In termite/termite mound
samples, Bacillus represented 37.5% and Penicillium 25.0% of the isolates. Acinetobacter accounted for
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28.6% of lichen-derived isolates, whereas Escherichia/Shigella represented 33.3% of fecal isolates. The
fungus/wood category comprised two isolates, assigned to Pseudomonas and Trichoderma (50.0%
each). Taxonomic groups pooled as “Other taxa” accounted for 36.8% of water isolates, 48.7% of sail
isolates, 45.5% of plant/root isolates, 18.8% of termite/termite mound isolates, 42.9% of lichen isolates,
and 16.7% of fecal isolates.

Based on the predefined selection criteria, five bacterial isolates were subjected to 16S rRNA gene
phylogenetic analysis: P_1.1_002, P_5.4_002, P_7.2_005, P_10.3_001, and P_13.1_002. Isolate P_5.4_002
showed 98.33% 16S rRNA gene sequence identity to its closest type-strain match, Ectopseudomonas
composti, and was recovered as its sister lineage in the maximume-likelihood tree, although this
relationship received low bootstrap support (50; Supplementary Fig. S1). Isolate P_7.2_005 showed
98.63% sequence identity to Arthrobacter deserti and clustered with A. mobilis and A. deserti in a strongly
supported clade (bootstrap = 99); however, its direct sister relationship with A. mobilis received low
support (bootstrap = 56), and its species-level placement remained unresolved (Supplementary Fig. S1).
Among the remaining isolates, P_1.1_002, assigned to Rothia sp., showed 97.44% 16S rRNA gene
sequence identity to Rothia aerolata and formed a well-supported sister relationship with this species
(bootstrap = 97; Fig. 3a). Isolate P_13.1_002 was placed within a strongly supported Pseudomonas clade
(bootstrap = 99; Fig. 3b), although its species-level position remained unresolved; its closest type-strain
match was Pseudomonas panipatensis, with 98.22% sequence identity. In contrast, P_10.3_001 showed
<98% 16S rRNA gene sequence identity to its closest type-strain matches, which belonged to different
genera within Enterobacterales. Consistent with the BLASTn results, the phylogenetic analysis did not
support a robust affiliation of P_10.3_001 with any of the represented genera (Fig. 3c).

Enzymatic screening of cultivable isolates

The isolates were screened for seven enzymatic activities using agar-based assays: urease, protease,
laccase, lipase, amylase, cellulase, and chitinase (Fig. 4a). Positive reactions for multiple activities were
detected in both bacterial and filamentous fungal isolates, whereas fewer positive reactions were
observed in yeasts. Under the assay conditions, chitinase activity was detected exclusively among
bacterial isolates, with five of the 73 bacterial isolates showing a positive reaction (6.8%). No detectable
chitinase activity was observed in fillamentous fungi or yeasts. Therefore, this activity was analyzed
separately, whereas the remaining six activities were included in comparative analyses across the
microbial groups shown in Fig. 4b,c.

The frequency of positive reactions varied according to microbial group and enzymatic activity (Fig. 4b).
Among bacterial isolates, protease was the most frequently detected activity (71.2%), followed by urease
(47.9%), amylase (46.6%), lipase (34.2%), laccase (16.4%), and cellulase (13.7%). Among filamentous
fungi, all isolates were positive for cellulase activity (100.0%), whereas urease and amylase activities
were detected in 69.6% and 67.4% of isolates, respectively. Protease activity was detected in 50.0% of
filamentous fungal isolates, while lipase and laccase activities were detected in 30.4% and 17.4%,

respectively. In yeast isolates, only one showed urease activity (33.3%), and no positive reaction was
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detected for the remaining activities. The number of positive activities per isolate ranged from 0 to 5in
bacteria and from 1 to 6 in filamentous fungi (Fig. 4c). The bacterial isolates positive for five activities
were Aeromonas sp. P_5.1_001, Priestia megaterium P_8.2_002, and Glutamicibacter endophyticus
P_8.2_003. Within the filamentous fungi, Aspergillus section Terrei P_8.1_007 and Fusarium sp.
P_15.1_012 were positive for six of the seven activities evaluated. Bacterial isolates had a median of two
positive activities per isolate, whereas filamentous fungi had a median of three. Among yeasts, the
median number of positive activities was zero.

At the level of recurrent taxa, several groups showed consistent patterns of multiple activities
(Supplementary Table S1). All Bacillus isolates were positive for protease (11/11), with urease detected
in 9/11 and cellulase in 7/11. All Priestia isolates were positive for protease and amylase (10/10), and
8/10 were positive for laccase. All Penicillium isolates were positive for amylase and cellulase (12/12),
whereas 7/12 were positive for protease. All Aspergillus isolates were positive for lipase, amylase, and
cellulase (6/6). Likewise, all Cladosporium isolates were positive for protease and cellulase (5/5), all
Fusarium isolates were positive for urease and cellulase (5/5), and all Exiguobacterium isolates were
positive for protease and amylase (6/6).

The Shannon—Wiener diversity of final taxonomic assignments among enzyme-positive isolates varied
across enzymatic activities and sample origins (Fig. 5), with H' values ranging from 0 to 2.86. The
highest values were observed for protease-positive isolates from soil (H' = 2.86) and urease-positive
isolates from plant/root samples (H' = 2.73), followed by protease in water and plant/root samples (H' =
2.56 for both), amylase in soil (H' = 2.55) and plant/root samples (H' = 2.48), and cellulase and urease in
soil (H' = 2.43 for both). Chitinase-positive isolates were detected only in water (H' = 0.69) and plant/root
samples (H' = 1.10), whereas laccase H' values ranged from 0 to 1.73, with the highest value observed in
soil. In fungus/wood samples, urease showed H' = 0.69, while amylase and cellulase each showed H' =
0.

Analysis of associations among enzymatic activities identified three significant positive associations
after Benjamini—Hochberg correction: protease-lipase (34 isolates; ¢ =0.362, g = 0.0011), laccase—
amylase (17 isolates; ¢ = 0.282, = 0.0217), and protease—amylase (48 isolates; ¢ = 0.271, q =0.0217).
When stratified by microbial group, bacteria showed significant associations between laccase—amylase
(¢ =0.475, g =0.0006) and protease—amylase (¢ = 0.351, g = 0.0413), with all 12 laccase-positive
bacterial isolates also testing positive for amylase. Among filamentous fungi, only the protease-lipase
association remained significant (¢ = 0.567, g = 0.0048). No association between sample origin and
enzymatic activity remained significant after correction for multiple comparisons, although the largest
effect estimates were observed for cellulase among isolates from termites/termite mounds (13/16;
81.3%; ¢ =0.276, g = 0.138) and protease among water-derived isolates (17/19; 89.5%; ¢ =0.247,q =
0.215).

Analysis of each isolate across the seven enzymatic assays identified 37 distinct binary enzymatic
profiles in the overall collection (Fig. 6; Supplementary Table S1). Bacterial isolates displayed 26 distinct
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profiles, whereas 16 profiles were observed among filamentous fungi and two among yeasts. Only five
profiles were shared by bacteria and filamentous fungi, whereas 19 occurred exclusively in bacteria and
11 exclusively in filamentous fungi. The distribution of positive activities per isolate also differed
between the two major microbial groups. Among bacteria, 35 of 73 isolates (47.9%) were positive for at
least three of the seven activities, 17 (23.3%) for at least four, and three (4.1%) for five activities. Among
filamentous fungi, 33 of 46 isolates (71.7%) were positive for at least three activities, 18 (39.1%) for at
least four, and 11 (23.9%) for five or more activities. Laccase-like activity occurred only in multienzymatic
profiles: all 12 laccase-positive bacteria and all eight laccase-positive filamentous fungi displayed at
least three additional activities. All five chitinase-positive bacteria were also positive for protease; four
were additionally positive for urease and lipase, and two for amylase.

Discussion

The diversity of cultivable microorganisms recovered in this study reflects the diversity of the Pantanal
microenvironments sampled and reinforces the potential of this biome as a source of microorganisms
of biotechnological interest. Several identified taxa showed ecological correspondence with their
environments of origin, including saline lake sites, plant- and lichen-associated substrates, termite-
related materials, and aquatic environments.

At the saline lake sites, microorganisms previously described from environments characterized by
salinity, alkalinity, or low water availability were recovered. Luteimonas deserti, isolated here from dry soil
at saline lake 01, was originally described from desert soil and can grow across a broad pH range and at
NaCl concentrations of up to 8% (w/v) [20]. Similarly, Glutamicibacter endophyticus, recovered from
vegetated soil at Salina 2, has previously been isolated from halophytic plants and their rhizospheric
soils in environments characterized by high salinity and saline—alkaline conditions [21, 22]. Other
representatives recovered from the saline lake sites, including Paracoccus aestuarii, Rossellomorea
marisflavi, Aspergillus, Cladosporium, and Penicillium, have also been reported from coastal or
hypersaline environments, including tidal-flat sediments and waters, as well as solar salterns [23-25].
This correspondence is consistent with the possibility that the environmental conditions of the saline
lake sites influenced the cultivable fraction recovered. However, their occurrence in these environments
does not by itself allow them to be classified as halophilic or haloalkaliphilic, because the salt tolerance
of the isolates obtained in this study was not experimentally evaluated.

The influence of microhabitat was also evident in biologically structured substrates. Lichens and
bromeliads yielded microorganisms previously associated with these hosts, including representatives of
Pantoea, Acinetobacter, and Meyerozyma [26-28]. Similarly, Bacillus safensis, recovered from termites in
this study, has previously been isolated from the gut of these insects [29]. The occurrence of
Trichoderma in termite-related materials and decomposing wood is consistent with its frequent
occurrence in lignocellulose-rich environments, as its repertoire of enzymes involved in plant
polysaccharide degradation is well documented [30, 31]. Comparable patterns were observed in aquatic
environments and macrophyte root-associated samples. Exiguobacterium indicum has been reported as
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a rhizobacterium of an aquatic macrophyte, whereas Flectobacillus roseus was originally described from
freshwater environments, including a fish pond and a spring [32, 33]. These findings indicate that the
cultivable diversity recovered does not simply reflect the broad environmental distribution of
microorganisms but also includes taxa whose known ecology is compatible with specific characteristics
of the sampled microhabitats.

From a functional perspective, enzymatic profiles did not show an equally direct relationship with
environmental categories. Some trends were biologically plausible, such as the higher occurrence of
cellulolytic activity among isolates from termites and termite mounds, because lignocellulose
degradation by termites depends on a complex interaction between host enzymes and the associated
microbiota [34, 35]. Likewise, the high occurrence of proteolytic activity among aquatic isolates is
consistent with the role of extracellular peptidases in the transformation and utilization of proteinaceous
organic matter in freshwater ecosystems [36]. However, these trends did not remain statistically
significant after correction for multiple comparisons, indicating that sample origin alone does not
explain the observed enzymatic repertoire. A similar lack of direct correspondence between
environmental origin and enzymatic profile has also been observed in cultivable microorganisms from
brackish, saline, and hypersaline lakes, where a broad diversity of hydrolytic activities was detected
without significant differences in enzymatic profiles according to sample origin or sample type [37].
Thus, the functional diversity observed here likely reflects a combination of taxonomic composition,
strain-level variation, and isolate-specific physiological characteristics.

Regarding the bacterial isolates selected for phylogenetic analysis, the combined BLAST and
phylogenetic results revealed different degrees of taxonomic resolution among the isolates examined.
Notably, P_5.4_002 and P_7.2_005 also showed 16S rRNA gene sequence identities below the proposed
species-level threshold; however, their phylogenetic relationships were not sufficiently resolved to
support a clear taxonomic interpretation based on 16S rRNA gene analysis alone. In contrast, P_1.1_002
showed a clear affiliation with Rothia but remained sufficiently divergent from its closest type strain to
warrant further investigation as a potentially distinct lineage within the genus. Likewise, P_13.1_002 was
consistently placed within Pseudomonas, while its unresolved relationship with the closest described
species supports its consideration as a possible novel species-level lineage. P_10.3_001 showed an
even more distinctive pattern, as both sequence similarity and phylogenetic placement failed to
associate it robustly with any of the closely related Enterobacterales genera examined, suggesting a
potentially distinct taxonomic lineage. Although additional analyses, particularly genomic
characterization, are required for formal taxonomic confirmation, the combined BLAST and phylogenetic
evidence obtained in this study supports the possibility that P_1.1_002, P_13.1_002, and P_10.3_001
represent distinct bacterial lineages.

From a bioprospecting perspective, the frequent occurrence of multienzymatic profiles was one of the
most relevant findings. Microorganisms capable of expressing different hydrolytic or oxidative activities
may be advantageous for applications involving complex matrices, and environmental isolates
combining amylase, protease, lipase, and cellulase activities have been considered promising for waste
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processing and bioremediation of complex organic materials [38—40]. In the present study, this
multienzymatic potential was further supported by significant associations among some activities,
particularly protease-lipase and protease—amylase. The different association patterns observed
between bacteria and filamentous fungi also suggest that these combinations reflect distinct functional
repertoires within the collection rather than a uniform pattern across microbial groups.

Complementarily, Shannon—Wiener diversity showed that these enzymatic capacities differed in their
taxonomic breadth: protease, urease, amylase, and cellulase were represented across a wider range of
taxonomic assignments, whereas chitinase and laccase were concentrated in fewer groups. Although
some of the highest H' values occurred in soil, water, and plant/root samples, no association between
sample origin and individual enzymatic activities remained significant after correction for multiple
comparisons, indicating that the broader taxonomic representation observed in these origins should not
be interpreted as evidence of origin-specific functional enrichment. Together, these results indicate that,
among the cultivable isolates examined in this study, some enzymatic functions were both widely
distributed taxonomically and frequently combined within individual isolates, while others were more
restricted. These associations should be interpreted as evidence of multiple functional capacities within
the collection rather than as evidence of co-regulation or molecular dependence among the enzymes.

Taxonomic assignments revealed isolates with distinctive enzymatic phenotypes. Among these,
Exiguobacterium indicum has previously been associated with the production of several hydrolytic
enzymes, including proteases, amylases, and lipases, highlighting its considerable enzymatic versatility
[38, 41, 42]. However, experimental evidence of chitinolytic activity in E. indicum remains limited. This
finding is particularly interesting because chitinase was one of the least frequent activities in the
collection. The Flectobacillus roseus isolate exhibited proteolytic and lipolytic activities. In the original
description of the species, however, the detection of activities related to proteolysis and lipolysis varied
depending on the assay and substrate used, with negative results reported for protease activity, skim-
milk hydrolysis, lipase activity on corn oil, and Tween hydrolysis, but positive reactions for trypsin, a-
chymotrypsin, and esterase-lipase [32]. Glutamicibacter endophyticus displayed cellulase, amylase, and
protease activities, which have previously been described for the species [21, 22], together with laccase-
like activity, which appears to be less well documented. The isolate assigned to Pantoea stewartii also
showed a phenotype distinct from previous reports, with ureolytic activity [43]. These differences may
reflect strain-level variability, cultivation conditions, or the limited discriminatory power of the 16S rRNA
gene among closely related bacterial species.

The diversity of profiles observed among the isolates highlights the value of strain-level bioprospecting,
as microorganisms belonging to the same species may display distinct enzymatic repertoires. This
intraspecific variability broadens the potential for discovering phenotypes of interest and reinforces the
importance of evaluating individual isolates when selecting promising candidates for biotechnological
applications. In this context, the qualitative solid-medium screening used in this study enabled the
identification of isolates with different enzymatic profiles and the selection of candidates of particular
interest for subsequent enzyme characterization and production studies. Moreover, considering that
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microbial enzyme production and activity can be influenced by salinity, isolates originating from distinct
environments, such as saline lakes, represent particularly interesting candidates for future investigations
of enzyme production under different NaCl concentrations and of their halotolerant potential [37].

An important limitation of this study is that culture-dependent approaches capture only a fraction of the
environmental microbial diversity. The isolation media and incubation conditions used here may have
favored microorganisms adapted to the selected cultivation conditions, while excluding taxa requiring
specific nutrients, physicochemical conditions, or interspecies interactions. Therefore, the taxonomic
composition reported here should be interpreted as the cultivable fraction recovered under the
experimental conditions rather than as a representation of the total microbial community. Because
sampling was conducted during a single campaign under predominantly dry conditions, the recovered
cultivable diversity may also reflect seasonal and interannual effects. Sampling across contrasting
hydrological periods would be valuable for determining the temporal stability of the observed patterns.

Overall, our results demonstrate that distinct Pantanal microhabitats harbor a diverse cultivable
microbial fraction with substantial functional heterogeneity. The recovery of 122 isolates representing 51
taxonomic groups and 37 enzymatic profiles highlights the value of culture-dependent bioprospecting
for exploring the functional diversity of microorganisms from this biome. Several isolates displayed
multienzymatic phenotypes, while selected strains showed poorly documented enzymatic activities or
relatively low sequence similarity to their closest reference taxa, supporting their prioritization for future
taxonomic, biochemical, and biotechnological characterization. In addition, several isolates recovered in
this study represent promising candidates for further functional characterization and evaluation in
enzyme-based biotechnological applications and bioremediation processes.

Methods
Study area and sampling

Environmental samples were collected on 5 and 6 November 2025 at 10 sampling sites in the Pantanal
region, Mato Grosso do Sul, Brazil (Fig. 1; Table 1). Sampling was conducted in early November to
capture predominantly dry-season conditions, when reduced precipitation and water availability generate
contrasting physicochemical conditions across Pantanal microhabitats. This period was selected to
capture microorganisms potentially adapted to relatively dry and, at some sites, saline or alkaline
conditions. During the sampling campaign, maximum temperatures ranged from 33 to 37°C and relative
humidity ranged from 15 to 30% during the hottest hours of the day. Accumulated precipitation in the
Pantanal region in early November was substantially below the historical average for the period. Maps
were generated in R (version 4.6.1; R Foundation for Statistical Computing, Vienna, Austria;
https://www.R-project.org/) using the geobr package (version 1.9.1) to obtain the geographic base layers
and the ggspatial package (version 1.1.10) to display and annotate the sampling locations.
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Table 1
Sampling points, geographic coordinates, and collected materials in the Pantanal, Mato Grosso do Sul,

Brazil.
Sampling Sample  Collected material Sample origin Latitude Longitude
point ID (°S) (°W)
P1 P1.1 Water Water 19.53786 56.02791
PS5 P5.1 Water from Salina 1 Water 19.88176 56.10139
P5 P5.2 Soil 1 from Salina 1 (dry Soil 19.61131 56.69122
soil)
PS5 P5.3 Soil 2 from Salina 1 Soil 19.13208 56.6789
(intermediate-moisture
soil)
P5 P5.4 Soil 3 from Salina 1 Soil 19.17988 56.23628
(wettest soil)
P7 P7.1 Bromeliad Plant/Root 19.1602 56.71687
P7 P7.2 Lichen Lichen 19.54885 56.03405
P7 P7.3 Soil 4 (sandy soil) Soil 19.98572 56.81905
P8 P8.1 Soil 5 from Salina 2 (soil Soil 19.54512 56.02181
without vegetation)
P8 P8.2 Soil 6 from Salina 2 (soil Soil 19.54523 56.02228
with vegetation)
P9 P9.1 Termite specimen Termite/Mound  19.55575 56.01959
P9 P9.2 Termite mound Termite/Mound  19.55575 56.01959
P10 P10.1 Water Water 19.58069 56.00647
P10 P10.2 Aquatic macrophyte root Plant/Root 19.58069 56.00647
in soil
P10 P10.3 Aquatic macrophyte root Plant/Root 19.58069 56.00647
in water
P11 P11.1 Cow feces Feces 19.5812 56.00567
P13 P13.1 Soil 8 from the dry Soil 19.59626 55.99172
Vermelhinho riverbed, with
vegetation
P14 P14.1 Fungus associated with a Fungi/Wood 19.58242 55.99168
decomposing tree trunk
P15 P15.1 Root/water suspension Plant/Root 19.59045 56.00357
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Samples included water, soils with different characteristics, swabs collected from plant and root
surfaces, lichen, termites and termite-mound material, bovine feces, and fungal material associated with
decomposing wood. Several sampling sites included more than one material type, enabling the recovery
of microorganisms from different environmental substrates within the study area. Geographic
coordinates and detailed descriptions of the materials collected at each sampling site are provided in
Table 1. Microorganisms associated with plant and root surfaces were sampled in the field using sterile
swabs. Only the swabs were transported to the laboratory for microbial isolation. Soil samples were
collected from approximately 0—10 cm depth, and surface-water samples were transferred to sterile
polypropylene containers. Biological substrates were collected manually using sterile instruments.
Samples were transported in insulated containers at approximately 4°C until laboratory processing.

Microbial isolation

Microorganisms were isolated by serial dilution of environmental material in sterile 0.85% (w/v) NaCl
solution. For filamentous fungi and yeast, 0.1-mL aliquots of 10" to 10-* dilutions were plated on potato
dextrose agar (PDA) supplemented with kanamycin (50 ug mL-"). For bacteria, 10~ to 10-¢ dilutions
were plated on Luria—Bertani (LB) agar supplemented with nystatin (0.1%, v/v; 100,000 IU mL-"). Plates
were incubated at 28°C for up to 7 days, and morphologically distinct colonies were subcultured to
obtain pure cultures.

Molecular identification and taxonomic assignment

DNA extraction and Sanger sequencing were performed by GoGenetic (Brazil). Genomic DNA was
extracted from bacterial colonies or fungal mycelia using the Bacterial DNA Extraction Kit (Loccus) or
the Extracta Kit DNA and RNA Viral Fast (Loccus), as appropriate. PCRs were performed using GoTaq®
G2 DNA Polymerase (Promega) according to the manufacturer’s instructions. The bacterial 16S rRNA
gene was amplified using primers 27F (5-AGAGTTTGATCCTGGCTCAG-3') and 1492R (5™
GGTTACCTTGTTACGACTT-3') [44, 45], whereas the internal transcribed spacer (ITS) region of
filamentous fungi and yeasts was amplified using primers ITS1 (5-TCCGTAGGTGAACCTGCGG-3') and
ITS4 (5-TCCTCCGCTTATTGATATGC-3') [46]. For selected bacterial isolates requiring greater taxonomic
resolution, rpoB and/or gyrB were also analyzed when available (Supplementary Table S1). The rpoB
gene was amplified using primers rpoB-F (5-ATCGAAACGCCTGAAGGTCCAAACAT-3") and rpoB-R (5™
ACACCCTTGTTACCGTGACGACC-3'), as described by Mohkam et al. [47], whereas gyrB was amplified
using the degenerate primers UP-1 (5-GAAGTCATCATGACCGTTCTGCAYGCNGGNGGNAARTTYGA-3')
and UP-2r (5-AGCAGGGTACGGATGTGCGAGCCRTCNACRTCNGCRTCNGTCAT-3'), described by
Yamamoto and Harayama [48].

PCR products were verified by electrophoresis on 1% agarose gels, purified using Exonuclease | and
FastAP™ Thermosensitive Alkaline Phosphatase (Thermo Fisher Scientific), and sequenced using
BigDye™ Terminator v3.1 on a 3500 Genetic Analyzer (Thermo Fisher Scientific). Electropherograms were
processed using Sequencing Analysis v5.4, low-quality regions were trimmed using a Phred quality
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threshold of > 25, and forward and reverse reads were assembled into consensus sequences using
CAP3 [49]. Consensus sequences were compared with reference nucleotide sequences using BLASTn.
Bacterial 16S rRNA, rpoB, and gyrB sequences were compared against the NCBI nucleotide database,
whereas ITS sequences from filamentous fungi and yeasts were compared against the NCBI and UNITE
databases [50-52].

Bacterial isolates were selected for phylogenetic analysis considering three complementary criteria: (i)
16S rRNA gene sequence identity < 98.65% to the closest type strain, a threshold proposed for
preliminary species-level differentiation [53]; (ii) ambiguous or inconclusive BLAST-based taxonomic
assignments; and (iii) availability of 16S rRNA gene sequences > 1,000 bp, providing broader sequence
coverage for phylogenetic inference. Closely related type-strain sequences were retrieved from NCBI,
aligned using MUSCLE [54], and analyzed in MEGA 12 [55]. The best-fitting nucleotide substitution model
was selected individually for each dataset according to the lowest Bayesian Information Criterion (BIC),
and maximum-likelihood trees were reconstructed using partial deletion with a 95% site-coverage cutoff.
Branch support was assessed using the adaptive bootstrap procedure, and trees were rooted with a
related taxon outside the focal group as an outgroup.

Enzymatic screening assays

Inoculum preparation

Bacterial and yeast isolates were cultured in 20 mL of LB broth at 28°C with orbital shaking at 200 rpm
for approximately 18—24 h. Cultures were inoculated onto the respective solid screening media.
Filamentous fungi were screened according to the sporulation capacity of each isolate. For sporulating
strains, 10 pL of a spore suspension was spot-inoculated onto the screening media. For non-sporulating
isolates, mycelial plugs obtained from cultures preserved by the Castellani method were transferred
directly to the center of the plates. All assays were performed at 28°C for 7 days under controlled
conditions. Each assay was performed in biological triplicate. Positive activity was assessed
qualitatively based on the formation of substrate-degradation halos, precipitates, or diagnostic color
changes, depending on the assay.

Urease activity

Ureolytic activity was screened on mineral urea agar adapted [56]. The basal medium contained (g L-"):
peptone (1.5), beef extract (0.9), NaCl (0.6), CaCl, (2.8), agar (15), and phenol red (0.012). After
autoclaving the mineral base (121°C, 15 min), 2% (v/v) urea sterilized by filtration through a 0.22-uym
membrane was aseptically added. Enzymatic activity was qualitatively determined by a color change in
the indicator resulting from an increase in medium pH.

Protease activity
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Proteolytic activity was screened on a selective medium adapted [57]. The basal medium contained (g
L-"): casein (0.5), yeast extract (0.25), dextrose (0.1), and agar (15). After autoclaving (121°C, 15 min),
the medium was aseptically supplemented with 1% (v/v) sterile skim milk. Proteolytic activity was
qualitatively identified by the formation of translucent hydrolysis halos around colonies, indicating casein
degradation.

Lipase activity

Lipolytic activity was screened on a solid medium adapted [58], containing (g L-"): peptone (10), NaCl (5),
CaCl,~2H,0 (0.1), and agar (15). After autoclaving (121°C, 15 min) and cooling to 50°C, the medium was
aseptically supplemented with 1% (v/v) sterile Tween 80. Enzymatic activity was qualitatively identified
by the formation of opaque precipitation halos around colonies, resulting from complexation of calcium
salts with fatty acids released by substrate hydrolysis.

Laccase activity

Laccase screening used different indicator media for bacteria and fungi. The bacterial medium, adapted
[59], contained (g L"): glucose, 1; yeast extract, 5; K,HPO,, 1, MgS0,-7H,0, 0.2; NaCl, 2; CaCl,, 0.1;
CuS0,-5H,0, 0.01; and agar, 15. The pH was adjusted to 7.0, and guaiacol was added at 10 mM as a
chromogenic substrate. For fungal screening, a medium adapted [60] contained (g L-"): PDA, 39;
peptone, 1; NH,CI, 4; K,HPO,, 1; FeSO,, 0.01; NaCl, 0.1; CaCl,, 0.1; MgS0,-7H,0, 0.5; and CuSO,, 0.03,
supplemented with 0.2 g L' ABTS [2,2"-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid)]. Development
of a brown coloration around bacterial growth on guaiacol medium or a blue-green/purple coloration
around fungal growth on ABTS medium was considered a positive reaction.

Amylase activity

Amylolytic activity was screened on starch medium adapted [61, 62] containing, per liter: 10.0 g soluble
starch (1%, w/v), 0.40 g K,HPO,, 0.10 g NH,CI, 0.10 g MgS0,-7H,0, 0.066 g CaCl,2H,0, 0.5 g yeast
extract, and 15.0 g agar; the final pH was adjusted to 6.8. After incubation, each 100-mm plate was
flooded with 3 mL of Lugol’s iodine solution [63]. A clear zone around microbial growth against the dark
iodine-stained background was considered a positive reaction for amylase.

Cellulase activity

Cellulolytic activity was screened on carboxymethylcellulose (CMC) agar adapted [61] containing, per
liter: 10.0 g CMC (1%, w/v), 0.40 g K,HPO,, 0.10 g NH,CI, 0.05 g MgS0O,, 0.05 g CaCl,, 0.5 g yeast extract,
and 15.0 g agar; the final pH was 6.8. After incubation, plates were flooded with 0.1% (w/v) Congo red for
15 min; the dye was removed and plates were washed with 1 M NaCl for 15-20 min. Clear zones around
microbial growth were considered positive for extracellular cellulolytic activity [64].

Chitinase activity

Colloidal chitin was prepared by acid treatment based on the classical method [65, 66], with
modifications. Commercial chitin (10 g) was dispersed in 160 mL concentrated HCI (37%, w/w) in an ice
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bath with intermittent mixing for 60 min. The mixture was precipitated into 2 L of ice-cold distilled water
under constant stirring for 20 min. The precipitate was recovered by centrifugation (3,800 rpm, 10 min,
10°C) and repeatedly washed with distilled water until pH 3.4-3.6 was reached. Colloidal chitin was
sterilized at 121°C for 20 min and stored at 4°C. The chitinolytic screening medium [67] contained (g
L-"): colloidal chitin, 10.0 (1%, w/v); KH,PO,, 3.0; K,HPO,, 1.0; NH,CI, 0.5; NaCl, 0.5; MgS0,-7H,0, 0.12;
yeast extract, 0.5; and agar, 15.0; the pH was adjusted to 6.8. Formation of a translucent hydrolysis zone
around microbial growth was considered positive.

Statistical analysis of enzymatic activities and taxonomic
diversity

Taxonomic diversity among enzyme-positive isolates was quantified separately for each enzymatic
activity and sample-origin category using the Shannon-Wiener index [68]. For each enzymatic activity i
and sample-origin category g, positive isolates were grouped according to their final taxonomic
assignment. The relative frequency of each taxonomic assignment was calculated as:

Njig
p .Z. _—
Jtg Nig

where pj;, is the relative frequency of taxonomic assignment j, n;, is the number of positive isolates
belonging to taxonomic assignment j, and N4 is the total number of isolates positive for enzymatic
activity i within sample-origin category g. Taxonomic diversity was then calculated as [69]:

Hr iy = — Z fgpjigln (pjig)
2

where Sj; is the number of distinct final taxonomic assignments represented among positive isolates for
enzymatic activity i within sample-origin category g. Natural logarithms were used. Combinations with
no positive isolates were not assigned an H' value, whereas H' = 0 indicated that all positive isolates
belonged to a single taxonomic assignment. Because final taxonomic assignments included different
levels of taxonomic resolution, H' was interpreted as the diversity of taxonomic assignments among
enzyme-positive isolates rather than as species diversity.

Enzymatic activities were treated as binary variables (positive/negative). Associations among the seven
enzymatic activities were evaluated using 2 x 2 contingency tables, the two-sided Fisher’s exact test [70],
and the phi coefficient (¢) as a measure of association strength. Analyses were performed for the
complete dataset and separately for bacteria and filamentous fungi. Multiple comparisons were
corrected using the Benjamini—Hochberg procedure to control the false discovery rate (FDR) [71], with
the correction applied separately to each dataset.
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Associations between sample origin and each enzymatic activity were also evaluated using 2 x 2
contingency tables, comparing each origin category with all remaining origins combined. The
Benjamini—Hochberg correction was applied across all origin—activity comparisons, and adjusted g
values < 0.05 were considered statistically significant. Statistical analyses were performed in Python
using SciPy [72].

Generative Al statement

ChatGPT (OpenAl) was used for English-language refinement and editorial assistance during manuscript
preparation. All Al-assisted content was critically reviewed and verified by the authors, who take full
responsibility for the scientific content, analyses, interpretations, and conclusions presented in this
manuscript.

Declarations

Competing interests

The authors declare no competing interests.

Author Contribution

Conceptualization, K.S.G., J.C.M.G., and D.S.S.; methodology, M.L.L.M., G.M.M,, and K.S.G; investigation,
M.L.L.M., G.M.M., and K.S.G;; collection of materials, B.C.S.C., K.G.F.B,,D.C.V,,D.S.S., J.C.M.G,, and
K.S.G.; data curation, M.L.L.M., and K.S.G.; writing - original draft preparation, M.L.L.M; writing - review
and editing, K.S.G,, D.S.S., J.C.M.G; supervision, K.S.G., J.C.M.G,, L.C., L.A.O and D.S.S.; resources, L.C.,
L.A.O and K.S.G; All authors have read and agreed to the published version of the manuscript.

Acknowledgement

The authors gratefully acknowledge SENAI-DR/MS and the SENAI Innovation Institute for Biomass for
their institutional support for the bioprospecting activities conducted in the Pantanal and for financial
support through the EnzyBank Internal Project. The authors also thank GC TechBio for its valuable
support in the analysis and interpretation of sequencing data and functional analyses. Finally, the
authors gratefully acknowledge the owners and staff of Fazenda Campo Novo for granting access to the
property and providing valuable assistance during sample collection.

Data Availability

All data supporting the findings of this study are available within the article and its Supplementary
Information. Isolate-level metadata, taxonomic assignments, and qualitative enzymatic screening results
Page 16/27



are provided in Supplementary Table S1. The microbial isolates obtained were registered in the National
System for the Management of Genetic Heritage and Associated Traditional Knowledge (SISGen) under
access code AOCF9FB. Nucleotide sequences generated in this study have been deposited in GenBank,
with the corresponding accession numbers provided in Supplementary Table S1.

References

1.

10.

11.

12.

13.

14.

Tomas, W. M. et al. Eight basic principles for the elaboration of public policies and development
projects for the Pantanal. Conserv. Sci. Pract. 7, 13207 (2025).

. Evans, T. L, Costa, M., Tomas, W. M. & Camilo, A. R. Large-scale habitat mapping of the Brazilian

Pantanal wetland: a synthetic aperture radar approach. Remote Sens. Environ. 155, 89-108 (2014).

. Santos, R. T. et al. High floral trait diversity of aquatic plants in the Pantanal reveals different

pollination strategies. Aquat. Bot. 193, 103761 (2024).

. Schulz, C. et al. Physical, ecological and human dimensions of environmental change in Brazil's

Pantanal wetland: synthesis and research agenda. Sci. Total Environ. 687, 1011-1027 (2019).

. Caballero, C. B. et al. Decadal hydroclimatic changes in the Pantanal, the world’s largest tropical

wetland. Sci. Rep. 15, 17675 (2025).

. Jean Milien, E., Nunes, G. M., Pierre, G. & Hamilton, S. K. Da Cunha, C. N. Hydrological dynamics of

the Pantanal, a large tropical floodplain in Brazil, revealed by analysis of Sentinel-2 satellite imagery.
Water 15, 2180 (2023).

. Ely, P, Fantin-Cruz, ., Tritico, H. M., Girard, P. & Kaplan, D. Dam-induced hydrologic alterations in the

rivers feeding the Pantanal. Front. Environ. Sci. 8, 579031 (2020).

. Nascimento, S. C., do, Melo, M. M. M. & Paz, A. R. da. River-floodplain interaction and flood wave

routing along rivers flowing through Pantanal wetlands. J. South. Am. Earth Sci. 125, 104296 (2023).

. Stevaux, J. C., Macedo, H., de Assine, A, Silva, A. & M. L. & Changing fluvial styles and backwater

flooding along the Upper Paraguay River plains in the Brazilian Pantanal wetland. Geomorphology
350, 106906 (2020).

Rasbold, G. G. et al. Holocene limnological changes in saline and freshwater lakes, Lower
Nhecolandia, Pantanal, Brazil. Hydrobiologia 851, 1723-1739 (2024).

Costa-Silva, A. R. et al. Soils surrounding saline-alkaline lakes of Nhecolandia, Pantanal, Brazil:
toposequences, mineralogy and chemistry. Geoderma Reg. 36, e00746 (2024).

Pereira, O. J. R. et al. Estimating water pH using cloud-based Landsat images for a new
classification of the Nhecolandia Lakes (Brazilian Pantanal). Remote Sens. 12, 1090 (2020).

Pellegrinetti, T. A. et al. Bacterial communities along environmental gradients in tropical soda lakes.
Microb. Ecol. 85, 892-903 (2023).

Tatta, E. R., Imchen, M., Moopantakath, J. & Kumavath, R. Bioprospecting of microbial enzymes:
current trends in industry and healthcare. Appl. Microbiol. Biotechnol. 106, 1813—1835 (2022).

Page 17/27



15.

16

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

Filiatrault-Chastel, C., Heiss-Blanquet, S., Margeot, A. & Berrin, J. G. From fungal secretomes to
enzymes cocktails: the path forward to bioeconomy. Biotechnol. Adv. 52, 107833 (2021).

. Costa, A. C. et al. Catalytic properties of xylanases produced by Trichoderma piluliferum and

Trichoderma viride and their application as additives in bovine feeding. Biocatal. Agric. Biotechnol.
19,101161 (2019).

Galeano, R. M. S. et al. Plant growth promoting potential of endophytic Aspergillus niger 9-p isolated
from native forage grass in Pantanal of Nhecolandia region, Brazil. Rhizosphere 18, 100332 (2021).

de Lima, C. V. et al. Enzymatic potential of bacteria isolated from bays of the Pantanal Mato Grosso.
Rev. Gestdo Soc. Ambient. 19, 011331 (2025).

de Souza Rocha, A. F. et al. Soil parameters affect the functional diversity of the symbiotic
microbiota of Hymenaea courbaril L., a Neotropical fruit tree. Rhizosphere 16, 100237 (2020).

Huang, X. X, Shang, J., Xu, L., Yang, R. & Sun, J. Q. Luteimonas deserti sp. nov., a novel strain isolated
from desert soil. Int. J. Syst. Evol. Microbiol. 71, 005048 (2021).

Sun, L. et al. Association analysis of the genomic and functional characteristics of halotolerant
Glutamicibacter endophyticus J2-5-19 from the rhizosphere of Suaeda salsa. Microorganisms 13, 208
(2025).

Khan, T. et al. Enzyme profiling and identification of endophytic and rhizospheric bacteria isolated
from Arthrocnemum macrostachyum. Microorganisms 10, 2112 (2022).

Yoon, J. H, Kim, I. G, Kang, K. H., Oh, T. K. & Park, Y. H. Bacillus marisflavi sp. nov. and Bacillus
aquimaris sp. nov., isolated from sea water of a tidal flat of the Yellow Sea in Korea. Int. J. Syst. Evol.
Microbiol. 53, 1297-1303 (2003).

Cantrell, S. A., Casillas-Martinez, L. & Molina, M. Characterization of fungi from hypersaline
environments of solar salterns using morphological and molecular techniques. Mycol. Res. 110,
962-970 (2006).

Roh, S. W. et al. Paracoccus aestuarii sp. nov., isolated from tidal flat sediment. Int. J. Syst. Evol.
Microbiol. 59, 790-794 (2009).

Gomes, F. C. O. et al. The diversity and extracellular enzymatic activities of yeasts isolated from
water tanks of Vriesea minarum, an endangered bromeliad species in Brazil, and the description of
Occultifur brasiliensis f.a., sp. nov. Antonie van Leeuwenhoek. 107, 597-611 (2015).

Marques, A. R. et al. Plant growth-promoting traits of yeasts isolated from the tank bromeliad
Vriesea minarum L.B. Smith and the effectiveness of Carlosrosaea vrieseae for promoting bromeliad
growth. Braz J. Microbiol. 52, 1417-1429 (2021).

Liba, C. M. et al. Nitrogen-fixing chemo-organotrophic bacteria isolated from cyanobacteria-deprived
lichens and their ability to solubilize phosphate and to release amino acids and phytohormones. J.
Appl. Microbiol. 101, 1076-1086 (2006).

Olaniyi, 0. 0., Damilare, A. O, Lawal, O. T. & Igbe, F. O. Properties of a neutral, thermally stable and
surfactant-tolerant pullulanase from worker termite gut-dwelling Bacillus safensis as potential for
industrial applications. Heliyon 8, e10617 (2022).

Page 18/27



30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

Tarayre, C. et al. Isolation and cultivation of xylanolytic and cellulolytic Sarocladium kiliense and
Trichoderma virens from the gut of the termite Reticulitermes santonensis. Environ. Sci. Pollut Res.
22,4369-4382 (2015).

Btaszczyk, L., Strakowska, J., Chetkowski, J., Ggbka-Buszek, A. & Kaczmarek, J. Trichoderma
species occurring on wood with decay symptoms in mountain forests in Central Europe: genetic and
enzymatic characterization. J. Appl. Genet. 57, 397-407 (2016).

Sheu, S. Y. et al. Flectobacillus roseus sp. nov., isolated from freshwater in Taiwan. Int. J. Syst. Evol.
Microbiol. 59, 2546-2551 (2009).

Bunde, D. A. B. et al. Effects of hexavalent chromium (Cr(VI)) exposure and antioxidant defense
response in Exiguobacterium indicum HG8. Environ. Technol. 47, 352-366 (2026).

Brune, A. Symbiotic digestion of lignocellulose in termite guts. Nat. Rev. Microbiol. 12, 168-180
(2014).

Ni, J. & Tokuda, G. Lignocellulose-degrading enzymes from termites and their symbiotic microbiota.
Biotechnol. Adv. 31, 838-850 (2013).

Mullen, L. et al. Potential activities of freshwater exo- and endo-acting extracellular peptidases in
East Tennessee and the Pocono Mountains. Front. Microbiol. 9, 368 (2018).

Ruginescu, R. et al. Bioprospecting for novel halophilic and halotolerant sources of hydrolytic
enzymes in brackish, saline and hypersaline lakes of Romania. Microorganisms 8, 1903 (2020).

Thongsongkaew, C., Cheirsilp, B., Billateh, A., Maneechote, W. & Srinuanpan, S. Screening of
proteolytic, amylolytic, and lipolytic bacteria and their consortia for concomitant production of
hydrolytic enzymes and bioremediation of shrimp pond sludge. Electron. J. Biotechnol. 77, 35-47
(2025).

Wissner, J. L. et al. Diversity and bioprospection of Gram-positive bacteria derived from a Mayan
sinkhole. Microb. Ecol. 87,77 (2024).

Inan Bektas, K. et al. Isolation and characterization of detergent-compatible amylase-, protease-,
lipase-, and cellulase-producing bacteria. Braz J. Microbiol. 54, 725-737 (2023).

Kati, A. & Balci, G. Study on active capacity and detergent application potential of low-temperature
alkaline serine protease produced by new strain Exiguobacterium indicum 1.2.3. Bioresour
Bioprocess. 10, 77 (2023).

Yaday, A. N, Sachan, S. G, Verma, P, Kaushik, R. & Saxena, A. K. Cold active hydrolytic enzymes
production by psychrotrophic Bacilli isolated from three sub-glacial lakes of NW Indian Himalayas.
J. Basic. Microbiol. 56,294-307 (2016).

Delétoile, A. et al. Phylogeny and identification of Pantoea species and typing of Pantoea
agglomerans strains by multilocus gene sequencing. J. Clin. Microbiol. 47, 300-310 (2009).

Frank, J. A. et al. Critical evaluation of two primers commonly used for amplification of bacterial 16S
rRNA genes. Appl. Environ. Microbiol. 74, 2461-2470 (2008).

Page 19/27



45.

46

47.

48.

49.
50.
o1.

92.

53.

o4.

99.

56.

o7.

58.

59.

60.

Lane, D. J. 16S/23S rRNA sequencing. In Nucleic Acid Techniques in Bacterial Systematics (eds
Stackebrandt, E. & Goodfellow, M.) 115-175 (Wiley, (1991).

. White, T. J,, Bruns, T, Lee, S. & Taylor, J. Amplification and direct sequencing of fungal ribosomal

RNA genes for phylogenetics. In PCR Protocols: A Guide to Methods and Applications (eds Innis, M.
A., Gelfand, D. H., Sninsky, J. J. & White) (1990). T. J.) 315-322 (Academic.

Mohkam, M., Nezafat, N., Berenjian, A., Mobasher, M. A. & Ghasemi, Y. Identification of Bacillus

probiotics isolated from soil rhizosphere using 16S rRNA, recA, rpoB gene sequencing and RAPD-
PCR. Probiotics Antimicrob. Proteins. 8, 8—18 (2016).

Yamamoto, S. & Harayama, S. PCR amplification and direct sequencing of gyrB genes with universal
primers and their application to the detection and taxonomic analysis of Pseudomonas putida
strains. Appl. Environ. Microbiol. 61, 1104-1109 (1995).

Huang, X. & Madan, A. CAP3: a DNA sequence assembly program. Genome Res. 9, 868-877 (1999).
Camacho, C. et al. BLAST+: architecture and applications. BMC Bioinform. 10, 421 (2009).

Schoch, C. L. et al. Nuclear ribosomal internal transcribed spacer (ITS) region as a universal DNA
barcode marker for Fungi. Proc. Natl Acad. Sci. USA 109, 6241-6246 (2012).

Abarenkov, K. et al. The UNITE database for molecular identification and taxonomic communication
of fungi and other eukaryotes: sequences, taxa and classifications reconsidered. Nucleic Acids Res.
52,D791-D797 (2024).

Kim, M., Oh, H. S, Park, S. C. & Chun, J. Towards a taxonomic coherence between average
nucleotide identity and 16S rRNA gene sequence similarity for species demarcation of prokaryotes.
Int. J. Syst. Evol. Microbiol. 64, 346-351 (2014).

Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high throughput. Nucleic
Acids Res. 32,1792-1797 (2004).

Kumar, S. et al. MEGA12: Molecular Evolutionary Genetic Analysis Version 12 for adaptive and green
computing. Mol. Biol. Evol. 41, msae263 (2024).

Ghosh, T.,, Bhaduri, S., Montemagno, C. & Kumar, A. Sporosarcina pasteurii can form nanoscale
calcium carbonate crystals on cell surface. PLoS ONE. 14, €0210339 (2019).

Masi, C., Gemechu, G. & Tafesse, M. Isolation, screening, characterization, and identification of
alkaline protease-producing bacteria from leather industry effluent. Ann. Microbiol. 71, 24 (2021).
Pham, V. H. T,, Kim, J., Chang, S. & Chung, W. Investigation of lipolytic-secreting bacteria from an
artificially polluted soil using a modified culture method and optimization of their lipase production.
Microorganisms 9, 2590 (2021).

Patel, K. et al. Synergistic use of thermostable laccase and xylanase in optimizing the pre-bleaching
of kraft pulp. Catalysts 14, 1 (2024).

Alshammary, M. et al. Production, biochemical characterization, and application of laccase from
halophilic Curvularia lunata MLK46 recovered from mangrove rhizosphere. Biology 14, 402 (2025).

Page 20/27



61. Jesus, J. G. R. et al. Selecao e identificagao de micro-organismos produtores de amilases isolados
da microbiota associada a residuos agricolas de cacau e dendé. Didlogos Ciéncia. 11,7-12 (2013).

62. Mushtaq, Q., Ishtiaq, U., Joly, N., Qazi, J. I. & Martin, P. Amylase and cellulase production from newly
isolated Bacillus subtilis using acid treated potato peel waste. Microorganisms 12, 1106 (2024).

63. Lal, A. & Cheeptham, N. Starch agar protocol. American Soc. Microbiology (2016).
https://asm.org/ASM/media/Protocol-lmages/Starch-Agar-Protocol.pdf

64. Teather, R. M. & Wood, P. J. Use of Congo red-polysaccharide interactions in enumeration and
characterization of cellulolytic bacteria from the bovine rumen. Appl. Environ. Microbiol. 43, 777-780
(1982).

65. Hsu, S. C. & Lockwood, J. L. Powdered chitin agar as a selective medium for enumeration of
actinomycetes in water and soil. Appl. Microbiol. 29, 422-426 (1975).

66. Koteshwara, A. Simple methods for the preparation of colloidal chitin, cell free supernatant and
estimation of laminarinase. Bio-Protoc 11, e4176 (2021).

67. Gonfa, T. G., Negessa, A. K. & Bulto, A. O. Isolation, screening, and identification of chitinase-
producing bacterial strains from riverbank soils at Ambo, Western Ethiopia. Heliyon 9, 21643
(2023).

68. Shannon, C. E. A mathematical theory of communication. Bell Syst. Tech. J. 27, 379-423 (1948).
69. Magurran, A. E. Measuring Biological Diversity (Blackwell Publishing, 2004).

70. Fisher, R. A. On the interpretation of x2 from contingency tables, and the calculation of P. J. R Stat.
Soc. 85,87-94 (1922).

71. Benjamini, Y. & Hochberg, Y. Controlling the false discovery rate: a practical and powerful approach
to multiple testing. J. R Stat. Soc. Ser. B. 57,289-300 (1995).

72. Virtanen, P. et al. SciPy 1.0: fundamental algorithms for scientific computing in Python. Nat.
Methods. 17,261-272 (2020).

Figures

Page 21/27



17.0°S
17.5°S
18.0°S

18.5°S

19.0°S P5
& P
P9 ?
. P10
19.5°S
e ° P11
P7 o
P14
20.0°S

P15;)

20.5°S

210°S W 100 km
58.0°W 57.5°W 57.0°W 56.5°W 56.0°W 55.5°W 55.0°W

Figure 1

Location of the study area and sampling points in the Pantanal, Mato Grosso do Sul, Brazil. a,
Geographic location of the study area in Mato Grosso do Sul, with the sampling region indicated by the
dashed box. The inset map shows the location of Mato Grosso do Sul within Brazil. b, Detailed view of
the study area showing the sampling points (P1, P5, P7, P8, P9, P10, P11, P13, P14, and P15).
Geographic coordinates and the materials collected at each sampling point are provided in Table 1.
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Figure 2

Taxonomic composition of cultivable microbial isolates across sample origins. (a) Relative composition
of the major taxonomic groups within each sample origin. Taxonomic groups represented by at least
four isolates in the overall collection or accounting for 225% of the isolates within at least one sample
origin are shown individually; the remaining groups were pooled as “Other taxa”. (b)Overall distribution of
the 122 cultivable isolates among bacteria (n = 73; 59.8%), filamentous fungi (n = 46; 37.7%), and yeasts
(n=3;2.5%).
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Pseudomonas panipatensis Esp-1T (NR_044209.1)
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Pseudomonas nitroreducens NBRC 126947 (NR_113601.1)
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99|—|: Metapseudomonas otitidis MCC10330" (NR_043289.1)
50 Metapseudomonas resinovorans ATCC 142357 (NR_112062.1)
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C

Acinetobacter baumannii ATCC 19606 (HE651907.1)

65 Pseudocitrobacter faecalis 25 CITT (NR_125690.1)
4@‘,—': Pseudocitrobacter vendiensis CPO20170097 (NR_180316.1)

Serratia marcescens NBRC 1022047 (NR_114043.1)

Kosakonia oryzendophytica REICA_082T (NR_125586.1)
—— Enterobacter cloacae DSM 30054" (NR_117679.1)

54 Enterobacter quasiroggenkampii WCHECL1060" (NR_179166.1)

Citrobacter koseri LMG 5519" (NR_117751.1)

Citrobacter telavivensis 6105” (NR_180890.1)

Trabulsiella guamensis NBRC 1031727 (NR_114235.1)

Franconibacter daqui DL503T (NR_159235.1)
—— Cronobacter sakazakii ATCC 295447 (NR_118449.1)

| I .
76 Cronobacter malonaticus E825" (NR_044060.1)

P_10.3_001

Mangrovibacter plantisponsor MSSRF40" (NR_116079.1)
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. .
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Figure 3

Maximum-likelihood phylogenetic placement of selected bacterial isolates based on 16S rRNA gene
sequences. Phylogenetic trees showing the placement of (a) P-1.1-002 within Rothia, (b) P-13.1-002
within Pseudomonas and related genera, and (c) P-10.3-001 among representative genera of
Enterobacterales. Trees were reconstructed using the maximum-likelihood method in MEGA 12, with the
best-fitting nucleotide substitution model selected independently for each dataset according to the

-Aeromonas hydrophila ATCC 7967 (X60404.2)
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lowest Bayesian Information Criterion (BIC). Branch support was assessed using the adaptive bootstrap
procedure, and values at the nodes indicate bootstrap support (%). Positions with less than 95% site
coverage were excluded using partial deletion. Trees were rooted using Kocuria rosea DSM 20447l (a),
Acinetobacter baumannii ATCC 19606k (b), and Aeromonas hydrophila ATCC 7960 (c) as outgroups.
Isolates obtained in the present study are indicated in bold. Accession numbers of reference sequences
are shown in parentheses.
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Figure 4

Enzymatic screening of cultivable microbial isolates. a, Representative reactions observed in agar-
based screening assays for urease (urea agar), protease (skim milk agar), laccase (guaiacol and ABTS
agar), lipase (Tween 80 agar), amylase (starch agar), cellulase (CMC agar), and chitinase (chitin agar)
activities in bacterial, yeast and filamentous fungal isolates. Under the assay conditions and media
tested, detectable chitinase activity was observed only among bacterial isolates. b, Percentage of
bacterial, filamentous fungal, and yeast isolates showing positive reactions for the six enzymatic
activities included in the comparative analysis (urease, protease, laccase, lipase, amylase, and cellulase).
¢, Distribution of the number of positive activities per isolate considering the same six enzymatic
assays. Numbers adjacent to the boxes indicate median values; boxes represent the interquartile range
and whiskers indicate the distribution beyond the quartiles. Chitinase activity was analyzed separately
and was not included in the comparative summaries shown in panels b and c.
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Figure 5

Taxonomic diversity of enzyme-positive isolates across sample origins.Shannon—Wiener diversity (H')
was calculated from the distribution of final taxonomic assignments among isolates positive for each
enzymatic activity within each sample-origin category. Higher H' values indicate a broader taxonomic
distribution of the corresponding enzymatic activity. Color intensity represents H' values ranging from 0
to 3. Cells marked with a dash (=) indicate combinations with no positive isolates, for which H' was not
calculated, whereas H' = 0 indicates that all positive isolates belonged to a single taxonomic
assignment.
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Figure 6

Isolate-level enzymatic profiles of cultivable microbial isolates. Binary heatmap showing the presence
(blue; 1) or absence (white; 0) of detectable urease, protease, laccase, lipase, amylase, cellulase, and
chitinase activities among the 122 isolates. Rows represent individual isolates grouped as bacteria (n =
73), filamentous fungi (n = 46), and yeasts (n = 3). The annotation bars on the left indicate the microbial
group and sample origin of each isolate. Sample origins comprise water, soil, plant/root, termite/mound,
lichen, feces, and fungus/wood. Chitinase activity is included in the heatmap for descriptive isolate-level
visualization; under the assay conditions and media tested, positive chitinase reactions were detected
only in five bacterial isolates and were not detected among filamentous fungi or yeasts.
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