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Abstract: Northern Andean highland lakes support agriculture, water provision, and local livelihoods,

but their bacterial communities remain insufficiently characterized. We conducted an exploratory survey
of bacterial community composition and predicted functional potential in six water samples from four
freshwater lakes in the Eastern Cordillera of Colombia: Fuquene, Tota, Calderona, and Colorado. Five
samples collected in 2019 comprised the primary dataset, while a previously published Tota sample
collected in December 2018 was reprocessed as a historical reference. Bacterial communities were
characterized using 16S rRNA gene amplicon sequencing, and functional profiles were inferred using
PICRUSt2. After sequence processing and taxonomic filtering, 3,153 amplicon sequence variants were
retained. Actinobacteria, Proteobacteria, Bacteroidetes, Cyanobacteria, and Verrucomicrobia were the

predominant bacterial phyla. Coverage-standardized richness and diversity varied descriptively among
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samples, with Colorado showing the lowest estimated ASV richness. Taxonomic composition and Bray—
Curtis dissimilarities also varied among samples, reflecting differences in dominant bacterial groups.
Mycobacterium-assigned ASVs were detected in Fuquene and Tota, Leptospira-assigned ASVs occurred
in these same lakes at relative abundances of 0.01-0.36%, and Legionella-assigned ASVs occurred in all
six samples at 0.11-4.60%. These genus-level assignments do not establish pathogenic species, viability,
transmission, or risks to aquatic animals or humans. PICRUSt2 predicted variation in functional profiles,
including pathways associated with naphthalene degradation, bacterial chemotaxis, biofilm formation,
bacterial secretion systems, and pyrimidine and folate metabolism. Bray—Curtis ordination of predicted
pathway profiles showed sample-level separation, and weighted NSTI values ranged from 0.160 to 0.181.
These predictions represent inferred genomic potential rather than direct evidence of gene presence,
expression, or metabolic activity. Because sampling was limited and unbalanced and lacked concurrent
environmental measurements, the observed patterns cannot be attributed to specific environmental drivers.
This study provides an initial descriptive baseline for bacterial communities in four Colombian Andean
lakes and identifies patterns for evaluation through replicated sampling, physicochemical measurements,

metagenomics, and targeted validation.

1. Introduction

Aquatic ecosystems, particularly highland lakes and lagoons, are of considerable ecological
and societal importance (Heino et al., 2021; Millennium Ecosystem Assessment, 2005).
These water bodies provide resources for agricultural irrigation, support dairy production
systems, and supply freshwater for domestic use in many regions (Heino et al., 2021; Maasri
et al., 2022; Millennium Ecosystem Assessment, 2005). In the Northern Andean highlands
of east-central Colombia, a network of lakes and lagoons shapes the landscape, supports local
livelihoods, and sustains biodiversity (Andrade-Sossa et al., 2023; Maasri et al., 2022; Prado

et al., 2024). However, the ecological integrity of these ecosystems is increasingly threatened
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by anthropogenic pressures within their watersheds (Andrade-Sossa et al., 2023; Aranguren-
Riafio et al., 2018; Prado et al., 2024; Torres-Barrera et al., 2017; Yang et al., 2026).

Human activities, including intensive agriculture and urbanization, introduce
pollutants, nutrients, sediments, and other disturbances into aquatic environments
(Aranguren-Riafio et al., 2018; Carpenter et al., 1998; Masmela-Mendoza et al., 2019;
Torres-Barrera et al., 2017). These pressures may affect water quality, aquatic biodiversity,
and ecosystem functioning (Barletta et al., 2010; Millennium Ecosystem Assessment, 2005;
Prado et al., 2024). Nutrient enrichment (Carpenter et al., 1998), sedimentation (Smith and
Schindler, 2009), and hydrological alteration (Jeppesen et al., 2009) can influence microbial
community composition, primary production, and biogeochemical processes in lakes
(Andrade-Sossa et al., 2023; Forero-Pineda et al., 2021; Paerl and Huisman, 2009; Paver et
al., 2020; Smith and Schindler, 2009). Similar environmental pressures have been
documented in Colombian lakes, where they may be associated with changes in biodiversity
and nutrient cycling (Aranguren-Riafio et al., 2018; Forero-Pineda et al., 2021; Méasmela-
Mendoza et al., 2019; Prado et al., 2024). More broadly, inland waters contribute
substantially to global biogeochemical cycles and energy fluxes (Downing et al., 2006;
Raymond et al., 2013; Tranvik et al., 2009). Although previous work, including Forero-
Pineda et al. (2021), has begun to characterize microbial communities in Colombian highland
lakes, comparable ASV-based metataxonomic surveys encompassing multiple Colombian
Andean lentic systems remain scarce.

Microbial communities mediate key biogeochemical processes in aquatic ecosystems
and influence nutrient cycling, organic-matter transformation, and water quality (Battin et
al., 2016; Cai et al., 2026; Sessitsch et al., 2023; Shade et al., 2012). Characterizing bacterial

diversity and potential functional attributes in lentic environments can therefore contribute
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to understanding how microbial communities vary across aquatic systems and can provide
baseline information for future ecological studies (Battin et al., 2016; Paver et al., 2020;
Sessitsch et al., 2023; Shade et al., 2012). However, bacterial communities in Colombian
Andean lakes remain insufficiently characterized, particularly across multiple lake systems
with contrasting environmental contexts.

Beyond anthropogenic pressures, Colombian Andean lentic systems occur across
heterogeneous geological and geomorphological settings that may influence their hydrology,
sediment characteristics, water chemistry, and biological communities (Andrade-Sossa et al.,
2023). The objective of this study was to provide an exploratory characterization of bacterial
community composition and predicted functional potential in six water samples collected
from four lakes in the Eastern Cordillera of Colombia: Faquene, Tota, Calderona, and
Colorado. The four water bodies represent contrasting geomorphological and hydrological
settings. Faquene occupies the Ubaté—Chiquinquira intramontane basin, whose Pleistocene
development reflects tectonic deformation, erosion, and sedimentation processes (Sarmiento
et al., 2008). Tota is a large high-elevation lake with an extensive late-Quaternary
sedimentary record and evidence of substantial historical lake-level fluctuations (Gibson et
al., 2019). Calderona is a small high-elevation lake of glacial origin located in the Paramo EIl
Bijagual region (Fundacién Vive Ciénega, 2021), whereas Colorado—locally known as
Laguna Las Coloradas—is a lower-elevation wetland in the municipality of Gachantiva and
forms part of a landscape containing several lentic and wetland ecosystems (Corpoboyaca,
2022). These contrasting settings could influence basin morphology, sediment
characteristics, hydrological connectivity, water residence time, and water chemistry, thereby

contributing to differences in microbial habitats.
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Specifically, we aimed to (i) describe sample-level patterns of bacterial richness,
diversity, and taxonomic composition; (ii) explore variation in predicted metabolic pathways
among samples; and (iii) conduct an exploratory phylogenetic placement of ASVs assigned
to Mycobacterium. Because the sampling design was limited, unbalanced, and not fully
contemporaneous, the study was not intended to test the effects of lake identity,
environmental context, anthropogenic pressure, spatial position, or sampling period. Instead,
the observed patterns are used to generate hypotheses for future studies based on replicated
and contemporaneous sampling.

Because these lakes support human activities and provide habitats for native aquatic
and terrestrial fauna, the detection of bacterial genera containing species of potential human,
veterinary, or aquatic-animal health relevance warrants consideration from a One Health
perspective. We applied a metataxonomic framework based on 16S rRNA gene amplicon
sequencing to characterize bacterial diversity and community composition and used
PICRUSt2 to infer potential functional profiles from taxonomic data. PICRUSt2 uses
reference genomes and phylogenetic placement to predict gene-family abundances and
metabolic pathways associated with detected taxa. Particular attention was given to ASVs
assigned to Mycobacterium because nontuberculous mycobacteria (NTM) are widespread in
natural and engineered aquatic environments and include species associated with infections
in humans, cultured and wild fish, reptiles, and other aquatic organisms (Dowdell et al., 2019;
Falkinham, 2021). Other detected genera, including Leptospira and Legionella, also contain
species of potential human or animal-health relevance and are associated with aquatic or
water-mediated ecological cycles (Bradley and Lockaby, 2023; Gattuso et al., 2022). The
Mpycobacterium analysis was therefore interpreted exclusively as exploratory phylogenetic

placement rather than pathogen identification.
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2. Materials and Methods
2.1. Study Area and Sampling

The study included six water samples from four Andean lentic systems in the Eastern
Cordillera of Colombia: Faquene Lagoon, Tota Lake, Calderona Lagoon, and Colorado
Lagoon (Table 1). These systems differ in altitude, geological origin, surrounding land use,
and degree of legal or environmental protection. The environmental context reported in Table
1 were assigned descriptively from available information on watershed land use, protection
status, and previously reported environmental conditions. Because the sampling design was
limited and unbalanced, these categories were not treated as statistically replicated
explanatory factors.

Faquene Lagoon is located in the northern Andean highlands of Colombia, less than
100 km from Bogota. Its watershed includes extensive dairy farming and agricultural crops
such as cereals, potatoes, and onions. Tota Lake, located in Boyaca, is Colombia’s largest
high-mountain lake and is an important site for tourism, agriculture, and aquaculture.
Previous studies have reported nutrient enrichment and moderate eutrophication associated
with fertilizer use in green-onion cultivation, aquaculture activities, and domestic wastewater
inputs in both lakes (Aranguren-Riafio et al., 2018; Forero-Pineda et al., 2021; Masmela-
Mendoza et al., 2019; Torres-Barrera et al., 2017).

Calderona Lagoon is a small glacial water body located within El Cafial Municipal
Natural Park in the municipality of Ciénega, Boyaca. It is surrounded by paramo vegetation
associated with the Paramo EI Bijagual. Colorado Lagoon is located in the municipality of

Gachantiva, Boyacd, near the foothills of the Pdramo de Iguaque. It is surrounded by Andean
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forest, and human activity in the area is mainly limited to short-term tourism. Additional
characteristics of the four systems are summarized in Table 1.

Sampling was restricted to the limnetic zone to characterize planktonic bacterial
communities while avoiding direct representation of littoral habitats. The primary
exploratory dataset comprised five samples collected in 2019: two from Fuaquene in April
and September, one each from Calderona and Colorado in October, and one from Tota in
November (Table 1). In the Colombian Andean region, seasonal variation is more closely
related to rainfall regime than to temperate climatic seasons. The sampled months fall within
different portions of the regional bimodal rainfall cycle, but because sampling was not
replicated across months or lakes, rainfall-related or seasonal patterns were not evaluated.
Because these samples were collected in different months and were not obtained under a
balanced, replicated design, each sample was treated as an individual observational unit. No
sample was considered a biological, seasonal, or temporal replicate of another, and no
seasonal trends were inferred from this sampling design.

A sixth sample from Tota, collected in December 2018 and previously reported under
BioProject PRINA720890, was retrieved from Forero-Pineda et al. (2021) and reprocessed
using the same bioinformatic workflow. This sample was treated exclusively as a historical
reference for Tota and was analyzed separately from the 2019 cross-lake dataset. It was not
considered an internal control, a replicate of the 2019 Tota sample, or evidence of temporal
change.

For each field sample, approximately 1.7 L of water was collected from a single depth
within the photic zone using a custom-made, non-commercial Schindler—Patalas-type water
sampler constructed from a thoroughly cleaned plastic bottle. Water transparency was

measured in situ using a white, 20-cm-diameter Secchi disk lowered from the shaded side of
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the boat, and the observed Secchi depth was used qualitatively to guide selection of the water-
sampling depth. No predefined transparency range or fixed fraction of Secchi depth was
applied. Only one depth was sampled during each collection event; therefore, vertical
variation and stratification within the water column were not evaluated. Water was prefiltered
in situ through a 40-mm-diameter filter with 1-mm openings to remove large suspended
debris and organisms. Microorganisms passing through the prefilter were subsequently
concentrated onto two sterile Sterivex-GP pressure filter units fitted with 0.22 pum
hydrophilic polyethersulfone membranes (10 cm? filtration area; catalog no. SVGP01050,
Merck Millipore, Darmstadt, Germany), following Paver et al. (2020). Each Sterivex unit
was transferred to a sterile tube containing 1.5 mL of Monarch® DNA/RNA Protection
Reagent (catalog no. T2011, New England Biolabs, Ipswich, MA, USA). Samples were
transported to the laboratory under refrigerated conditions within 2—4 h and stored at —20 °C
until DNA extraction. DNA was extracted separately from the two Sterivex filters obtained
from each water sample, and the resulting extracts were pooled before library preparation,
producing one sequencing library per water sample.

The unequal sampling effort reflected differences in field accessibility, logistical
constraints, and available resources rather than a balanced comparative design. Access to
Calderona and Colorado was especially restricted because of their protected or remote
settings. Consequently, the dataset was treated as an exploratory collection of individual

water samples rather than as a replicated lake-level comparison.

Table 1. Location, qualitative environmental context, sampling period, sequencing depth,
and number of retained amplicon sequence variants for the six water samples included in the

study. The five samples collected in 2019 constituted the primary exploratory dataset.
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2.2. DNA extraction and 16S rRNA gene amplicon sequencing

Genomic DNA was extracted from environmental filters using a modified
cetyltrimethylammonium bromide (CTAB)-based protocol to maintain methodological
consistency with previous analyses of Colombian highland lake samples, including the
historical Tota sample reprocessed in the present study. CTAB was used as a cationic
detergent to promote cell lysis and facilitate the removal of polysaccharides and other
potential inhibitors. The extraction buffer contained 1% (w/v) CTAB, 3% (w/v) SDS,
100 mM Tris—HCI1, 100 mM EDTA, and 1.5 M NaCl (pH 8.0), following previously
described procedures (Forero-Pineda et al., 2021; Hassan et al., 2018; Paver et al., 2020).

The V3-V4 region of the bacterial 16S rRNA gene was amplified using primers 341F
(S-D-Bact-0341-b-S-17; 5'-CCTACGGGNGGCWGCAG-3') and 785R, also commonly
referred to as 805R (S-D-Bact-0785-a-A-21; 5'-GACTACHVGGGTATCTAATCC-3'),
following Klindworth et al. (2013). These primers target conserved regions of the 16S
rRNA gene present in both Bacteria and Archaea.

PCR amplification was performed in 50 uL reactions containing 0.3 mg mL™" bovine
serum albumin, 250 uM dNTPs, 0.5 uM of each primer, 1 U Phusion High-Fidelity DNA
Polymerase, and Phusion HF buffer containing 1.5 mM MgCl.. The thermal-cycling
program consisted of an initial denaturation at 95 °C for 5 min, followed by 25 cycles of
denaturation at 95 °C for 40 s, annealing at 55 °C for 2 min, and extension at 72 °C for 1
min, with a final extension at 72 °C for 7 min. These conditions were adapted from
Klindworth et al. (2013). The resulting amplicons were submitted to Macrogen Inc.
(https://dna.macrogen.com/) for library preparation, indexing, quality control, and

paired-end sequencing on the Illumina MiSeq platform.
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The historical Tota sample was generated using the same DNA extraction protocol,
primer pair, target region, sequencing platform, and library-preparation procedure as the

2019 samples (Forero-Pineda et al., 2021; Hassan et al., 2018; Paver et al., 2020).

2.3. Taxonomic and Functional Assignment of the Microbiome

2.3.1. Sequence processing and ASV inference

Raw sequencing reads were processed in R using DADA?2 v1.20.0 (Callahan et al.,
2016). Forward and reverse reads were truncated at positions 200 and 150, respectively, and
the first 19 nt of forward reads and 20 nt of reverse reads were removed (fruncLen =
¢(200,150); trimLeft = ¢(19,20)), yielding retained read lengths of 181 and 130 nt. Reads
containing ambiguous bases were discarded (maxN = 0), and the maximum number of
expected errors was set to two for both read directions (maxEE = c(2,2)). Reads were
truncated at the first base with a quality score <2 (fruncQ = 2), and reads matching phiX were
removed (rm.phix = TRUE) (Callahan et al., 2016).

After filtering, forward- and reverse-read error models were learned from the filtered
data, reads were dereplicated, and ASVs were inferred independently for each read direction
using DADA?2 (Callahan et al., 2016). Because the retained forward and reverse reads did
not provide sufficient overlap, denoised forward and reverse-complemented reverse reads
were concatenated using mergePairs (justConatenate = TRUE) with a 10-nt N spacer
representing only the unresolved intervening region and not introducing inferred nucleotide
information (Callahan et al., 2016). A sequence table was then constructed, and chimeric
sequences were assessed and removed using the consensus method implemented in
removeBimeraDenovo (Callahan et al., 2016). No additional minimum-abundance threshold

was applied to the resulting ASVs.
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2.3.2. Taxonomic assignment and diversity analyses

Taxonomy was assigned to the concatenated ASVs using the assignTaxonomy
function in DADA?2 and the naive Bayesian classifier against the RDP training set 18
(rdp_train_set 18) (Callahan et al., 2016). DADA2 supports taxonomic classification of
sequences generated using justConcatenate = TRUE, allowing the classifier to use the
combined information from the independently denoised forward and reverse read segments
despite the intervening N spacer. Taxonomic interpretation was therefore kept conservative,
and species-level assignments were not used for general community characterization.
Species-level assignments were additionally generated using addSpecies but were used only
for exploratory purposes. ASVs lacking a phylum-level assignment and sequences classified
as chloroplasts or non-target eukaryotic lineages were excluded from bacterial-community
summaries. ASVs assigned at the phylum level but unresolved at lower taxonomic ranks
were retained and represented as unclassified family or genus categories. The resulting ASV
table was retained as count data for rarefaction and alpha-diversity analyses and transformed
to relative abundances for taxonomic composition and descriptive beta-diversity analyses
using transform_sample counts in phyloseq v1.36.0 (McMurdie and Holmes, 2013).

Rarefaction curves were generated using the rarecurve function in vegan v2.6.4 with
a step size of 10 reads (Oksanen et al., 2024). Ipha diversity was quantified using Hill
numbers of orders q=0, =1, and q=2. These represent ASV richness, exponential Shannon
diversity, and inverse Simpson diversity, respectively, and were estimated using the INEXT
package (Chao et al., 2014; Hsieh et al., 2024). Ordination analyses were used only to
visualize sample-level compositional dissimilarities and were not subjected to inferential

testing for lake identity or environmental context. Bray—Curtis dissimilarities were calculated
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from sample-level relative-abundance profiles and visualized using principal coordinates
analysis.

The Tota sample collected in December 2018 had been examined previously (Forero-
Pineda et al., 2021) using a different analytical approach. In the present study, this historical
sample was newly reprocessed together with the 2019 samples using the DADA2-based ASV
workflow described above, so that taxonomic and diversity summaries were generated under
a comparable bioinformatic framework. However, because this sample was non-
contemporaneous with the 2019 dataset, it was presented separately as a historical reference
and was excluded from ordination analyses and cross-lake summaries of the five-sample
2019 dataset.

Diversity, taxonomic composition, and ordination results were summarized
descriptively at the individual-sample level. Owing to the limited, unbalanced, and non-
contemporaneous sampling design, no hypothesis tests were conducted to evaluate the effects
of lake identity, preservation status, sampling period, or water-column depth. Accordingly,
no p-values or claims of statistically significant differences are reported.

2.3.3. Exploratory phylogenetic placement of ASVs assigned to Mycobacterium

ASVs assigned taxonomically to the genus Mycobacterium were aligned with 96
reference 16S rRNA gene sequences retrieved from RefSeq using MAFFT v7.525 (Katoh et
al., 2009). Reference accession numbers and taxonomic information are provided in Table
S2. A maximum-likelihood tree was inferred in IQ-TREE 2 (Minh et al., 2020) using the
GTR+F substitution model and 1,000 ultrafast bootstrap replicates. The tree was visualized
using ggtree v3.0.4 (Yu, 2020). Because the analysis was based on the V3—V4 fragment,
phylogenetic proximity to named reference sequences was interpreted only as tentative

placement and not as species-level identification.
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2.3.4. Functional prediction and descriptive analysis

Functional profiles were computationally inferred from the 16S rRNA gene amplicon
data using PICRUSt2 (Douglas et al., 2020). ASV sequences and their corresponding
abundance table were used as input for phylogenetic placement and prediction of KEGG
Ortholog (KO) family abundances based on the genomic content of available reference taxa.
These outputs represent computational predictions rather than direct metagenomic or
functional measurements.

A per-ASV Nearest Sequenced Taxon Index (NSTI) threshold of <2 was applied to
exclude ASVs with particularly large phylogenetic distances from the reference genomes
used for prediction. Sample-level weighted NSTI values generated by PICRUSt2 were
retained as descriptive measures of the average phylogenetic proximity of the detected ASVs
to available reference genomes.

Predicted KO abundances were subsequently mapped and aggregated into KEGG
pathway categories using the ko2kegg abundance function implemented in ggpicrust2
v2.5.17 (Douglas et al., 2020), based on the internal KO-to-KEGG pathway reference
distributed with the package. For ordination, predicted pathway abundances from the
complete pathway table were converted to within-sample relative abundances. For
descriptive visualization, the 30 pathways with the highest total predicted abundances across
the six samples were selected. Their predicted abundances were displayed by lake, while the
two sampling events available for Fuquene and Tota were retained as separate stacked
segments and were not treated as biological replicates. Bray—Curtis dissimilarities were then
calculated among individual samples and visualized using principal coordinates analysis.

PICRUSt2 outputs were interpreted as predicted genomic potential associated with

particular gene families and pathways and not as direct evidence of gene presence,
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expression, metabolic activity, or ecosystem process rates. Predictions may be affected by
the availability and representativeness of reference genomes and may not capture strain-level
genomic variation or genes absent from the reference database. KEGG pathways with
organism-, disease-, drug-resistance-, or eukaryote-associated labels were treated only as
database annotation categories containing homologous genes and were not interpreted as
evidence of the named organisms, pathogenicity, virulence, antimicrobial resistance,

infection risk, or the corresponding eukaryotic processes in the sampled lakes.

3. Results

3.1. Taxonomic composition of microbial communities among samples
After quality filtering, denoising, paired-read concatenation, and chimera assessment,
556,915 reads were retained across the six samples, corresponding to an average of 92,819
reads per sample. Of these, 341,997 reads remained in ASVs retained after the taxonomic
filtering described in the Methods. The number of reads represented in the retained ASVs
ranged from 42,174 in Colorado in October 2019 to 86,554 in Tota in November 2019 (Fig.
Sla). Following taxonomic filtering, 3,153 ASVs were retained for community
characterization. ASVs assigned at the phylum level but unresolved at the family or genus
level were retained and represented as unclassified categories.

A total of 34 bacterial phyla and the archaeal phylum Euryarchaeota were detected across
the six samples (Fig. 1a—b; Table S1). Phylum-level relative abundances were strongly right-
skewed, with a limited number of phyla accounting for most of the sequences and most
detected phyla occurring at low abundance (Fig. 1a). Across all samples, the predominant
bacterial phyla were Actinobacteria (34.5%), Proteobacteria (29.7%), Bacteroidetes (12.7%),

Cyanobacteria (8.5%), and Verrucomicrobia (7.9%). Approximately 80% of the detected
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phyla each contributed less than 1% of the total relative abundance, with Euryarchaeota
among these low-abundance phyla (Fig. 1a; Table S1).

At the individual-sample level, Actinobacteria and Proteobacteria were major
components of the microbial communities, whereas the relative contributions of
Bacteroidetes, Verrucomicrobia, Cyanobacteria, Firmicutes, and other less-abundant phyla
varied among samples (Fig. 1b). Planctomycetes were detected in all four lakes but reached
their highest relative abundance in Colorado, where they represented 11.3% of the
community (Fig. 1b; Table S1).

Taxonomic assignment recovered 179 families and 366 genera across the six samples
(Table S1). Figure 1¢ summarizes the 20 most abundant families and the 20 most abundant
genera within six selected phyla: Actinobacteria, Armatimonadetes, Bacteroidetes,
Planctomycetes, Proteobacteria, and Verrucomicrobia. Less-abundant taxa were grouped as
“Other families” or “Other genera.” Family- and genus-level profiles varied among the six
samples, including between the two samples available for Faquene and Tota (Fig. Ic).
Because each sampling date was represented by a single sample, these differences were not
interpreted as evidence of temporal change or stability.

In Calderona, Polynucleobacter and Flavobacterium reached relative abundances of
29.5% and 20.3%, respectively, whereas Phragmitibacter reached 24.2% in Colorado (Fig.
Ic; Table S1). Low-abundance archaeal genera were also detected: Methanobacterium,
Methanothrix, and Methanocella occurred in Colorado, whereas Methanosarcina occurred
in Faquene in September 2019 (Table S1). Other bacterial genera, including Leptospira and
Legionella, were also detected. Leptospira occurred in the Fiquene and Tota samples at

0.01-0.36%, whereas Legionella occurred in all six samples at 0.10—4.60%, reaching its
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highest relative abundance in Calderona (Table S1). These assignments are reported only at
the genus level and do not establish species identity, viability, pathogenicity, or health risk.

3.2. Alpha and beta diversity among samples
Observed ASV richness varied among samples, with the highest value recorded in Fuquene
in September 2019, followed by Colorado and Fuquene in April 2019. Intermediate richness
was observed in Tota in November 2019, whereas Calderona and the historical Tota sample
from December 2018 had the lowest values (Fig. 1d). Observed and rarefied richness
estimates were closely aligned (Fig. S1b), and the rarefaction curves approached asymptotes
in all samples (Fig. Slc), suggesting that the sequencing depth captured most of the ASV
diversity detectable under the analytical conditions used.

Alpha diversity was further evaluated using coverage-standardized Hill numbers at a
common sample coverage of 0.999 (Fig. 1d). The diversity orders q=0, g=1, and q=2
represent ASV richness, exponential Shannon diversity, and inverse Simpson diversity,
respectively. Increasing values of q assign progressively greater weight to abundant ASVs.

At g=1, the two Fuquene samples had the highest diversity, corresponding to
comparatively large effective numbers of common ASVs. Colorado showed comparatively
high richness at q=0 but lower diversity at q=1 and q=2, consistent with a less even
distribution of ASV relative abundances. The historical Tota sample from December 2018
had comparatively low richness but the highest q=2 diversity, corresponding to a relatively
large effective number of dominant ASVs. In contrast, the Tota sample from November 2019
had lower g=1 and =2 diversity despite its intermediate richness.

Bray—Curtis principal coordinates analysis showed differences in community
composition among samples in ordination space (Fig. le). The first two axes accounted for

67.6% of the variation in Bray—Curtis dissimilarities, with PCoA1 explaining 35.1% and
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PCoA2 explaining 32.5%. Calderona and Colorado were positioned on the positive side of
PCoAl, whereas the Faquene and Tota samples were positioned on its negative side. The
two Flaquene samples plotted relatively close to one another and were separated from the
Tota samples primarily along PCoA2. The two Tota samples were also positioned relatively
close to one another in the lower-left region of the ordination, including the historical sample
reprocessed in the present study.

All alpha- and beta-diversity patterns were interpreted descriptively. No PERMANOVA
or other lake-level or date-level inferential comparisons were performed because only six
samples were available, sampling was uneven among lakes, and each sampling date was
represented by a single sample. Consequently, the proximity of samples from the same lake

in the ordination was not interpreted as evidence of temporal stability.
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Figure 1. Taxonomic composition and diversity of microbial communities in six water
samples from four Colombian Andean lakes. (a) Distribution of phylum-level relative
abundances on a log10 scale. (b) Relative abundance of dominant phyla in each sample. (c)
Family- and genus-level composition within six selected phyla; radial scales were adjusted
independently among panels. (d) Coverage-standardized Hill diversity at g=0, q=1, and q=2,
with 95% confidence intervals. The confidence intervals associated with coverage-
standardized Hill estimates represent uncertainty in the diversity estimator and were not used
to test differences among lakes or samples. (e¢) Bray—Curtis PCoA of ASV relative

abundances; PCoA1 and PCoA2 explained 35.1% and 32.5% of the variation, respectively.

3.3. Exploratory phylogenetic placement of Mycobacterium ASVs detected in Tota
and Fuquene
ASVs assigned to the genus Mycobacterium were included in an exploratory phylogenetic
analysis together with reference 16S rRNA gene sequences from named Mycobacterium
species. Some ASVs were placed within well-supported clades containing reference
sequences annotated as M. celatum, M. noviomagense, M. szulgai, M. pseudokansasii, and
M. cookii (Fig. S2). Other ASVs occupied less-resolved positions within clades containing
reference sequences from multiple species, including M. attenuatum, M. innocens, M.
arosiense, M. haemophilum, M. nebraskense, M. cookii, and M. pseudoshottsii.
These placements indicate phylogenetic affinity to lineages represented by the
selected reference sequences but do not establish species identity. Because the V3—-V4 region
of'the 16S rRNA gene provides limited discrimination among closely related Mycobacterium

species, the observed associations were interpreted only as exploratory phylogenetic
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placements rather than definitive species-level assignments. No conclusions were drawn
regarding organism viability, pathogenicity, virulence, host infection, or health risk.

3.4. Functional prediction of bacterial communities presents in aquatic systems of

Northern Andean Region of Colombia

The functional potential of the microbial communities was inferred using PICRUSt2 across
the six samples. Sample-level weighted Nearest Sequenced Taxon Index (NSTI) values
ranged from 0.160 in Tota in November 2019 to 0.181 in Calderona, with a mean of 0.171
(Fig. 2a). At the individual-ASV level, ASVs with NSTI values >2 were excluded from
functional prediction. Under this criterion, 569 of 3,153 ASVs (18.0%) were excluded,
whereas 2,584 ASVs (82.0%) were retained. The 30 pathways with the highest total predicted
abundances included database categories associated with naphthalene degradation, bacterial
chemotaxis, biofilm formation, bacterial secretion, flagellar assembly, pyrimidine
metabolism, folate biosynthesis, and sphingolipid metabolism (Fig. 2b). Their predicted
abundances varied among individual samples.

Several predicted pathways carried organism- or disease-associated KEGG labels,
including biofilm-formation pathways named after Escherichia coli and Pseudomonas
aeruginosa, platinum drug resistance, HIF-1 signaling, PPAR signaling, and plant- or insect-
associated pathways (Fig. 2b). These labels reflect sequence homology and pathway
nomenclature in the KEGG reference database and do not demonstrate the occurrence of the
named organisms, pathogenic activity, drug resistance, or the corresponding eukaryotic
biological processes in the sampled lakes.

Principal coordinates analysis based on Bray—Curtis dissimilarities showed variation
among sample-level predicted functional profiles in ordination space (Fig. 2¢). The first two

axes accounted for 79.3% of the variation, with PCoAl explaining 57.1% and PCoA2
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447  explaining 22.2%. The ordination was interpreted descriptively and was not subjected to
448  inferential testing.

449 PICRUSt2 outputs represent predicted genomic potential based on phylogenetic
450  placement and available reference genomes rather than direct measurements of gene
451  presence, expression, metabolic activity, or ecosystem function. Because only six samples
452  were analyzed and the sampling design lacked balanced environmental and spatial
453  replication, variation in predicted functional profiles was not attributed to anthropogenic

454  pressure, lake size, spatial heterogeneity, geological origin, or sampling period.
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Figure 2. Predicted functional profiles of microbial communities across the six lake-
water samples. (a) Sample-level weighted Nearest Sequenced Taxon Index (NSTI) values.
The dashed horizontal line indicates the mean weighted NSTI across the six samples (0.171).
(b) Predicted abundances of the 30 most abundant KEGG pathways inferred using
PICRUSt2. Results are displayed by lake; bars for Faquene and Tota are partitioned
according to their two sampling events. (c) Principal coordinates analysis of Bray—Curtis
dissimilarities calculated from sample-level predicted functional profiles. PCoA1 and PCoA2

accounted for 57.1% and 22.2% of the variation, respectively. In panels (a) and (c), circles
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represent the primary 2019 samples, whereas the triangle represents the historical Tota
sample from December 2018 that was reprocessed in the present study. All functional profiles
are predictions based on phylogenetic placement and reference genomes and should not be
interpreted as direct evidence of gene presence, expression, metabolic activity, or ecosystem
function. The ordination and NSTI patterns were interpreted descriptively and were not

subjected to inferential testing.

4. Discussion

This exploratory survey provides a descriptive overview of bacterial community composition
in six water samples from four Colombian Andean lakes. Actinobacteria, Proteobacteria,
Bacteroidetes, Cyanobacteria, and Verrucomicrobia accounted for most of the classified
sequences, with Actinobacteria and Proteobacteria being the most abundant phyla overall
(Fig. 1a, b). Low-abundance ASVs assigned to archaeal taxa, including the methanogenic
genera Methanobacterium, Methanothrix, Methanocella, and Methanosarcina, were also
detected (Table S1). However, because the primers used primarily targeted the bacterial 16S
rRNA gene V3-V4 region, archaeal diversity was probably incompletely represented.
Previous studies have documented methanogenic archaea in lake sediments and have shown
that methanogenesis can occur under locally anoxic physicochemical conditions (Ward and
Frea, 1980). In eutrophic lakes, microbial decomposition of organic matter can contribute to
oxygen depletion and create conditions favorable for methanogenic activity (Kersti Kangro
et al., 2007; Smith and Schindler, 2009), while methane production constitutes an important
component of freshwater carbon cycling and greenhouse-gas emissions (Raymond et al.,
2013; Tranvik et al., 2009; Ward and Frea, 1980). Nevertheless, the detection of methanogen-

related 16S rRNA gene sequences in the present water samples does not demonstrate active
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methanogenesis, anaerobic conditions, or methane production. Because dissolved oxygen,
organic matter, nutrient concentrations, and methane fluxes were not measured concurrently,
the ecological activity of these archaeal lineages cannot be determined from the available
data.

Community composition and coverage-standardized diversity differed descriptively
among the six samples (Fig. 1b—e). Calderona showed comparatively low richness and
diversity, whereas Colorado showed relatively high richness at ¢ = 0 but lower diversity at q
=1 and q = 2 than the Fiquene and Tota samples (Fig. 1c, d). Both Calderona and Colorado
were characterized by high relative abundances of a limited number of taxa (Fig. 1c). In
particular, Polynucleobacter and Flavobacterium were abundant in Calderona, whereas
Phragmitibacter was abundant in Colorado (Fig. 1c; Table S1). Faquene showed
comparatively higher richness and diversity, together with a different distribution of
dominant taxa (Fig. lc, d). Similar variation among freshwater microbial communities has
been associated in other studies with differences in local environmental conditions, habitat
structure, and resource availability (Diao et al., 2017; Hoetzinger et al., 2019; Nuy et al.,
2020; Paver et al., 2020). Natural processes may also influence microbial composition
independently of direct anthropogenic disturbance (Sessitsch et al., 2023). For example,
interactions among sediments, littoral habitats, and limnetic waters can affect freshwater
microbial assemblages through sediment resuspension and littoral—pelagic coupling (Jones
and Lennon, 2010; Sendergaard et al., 2003). In Andean systems, surrounding vegetation and
catchment characteristics may additionally influence the quantity and quality of organic
matter entering lakes, while previous studies of Tota have documented hydroclimatic
variability that can modify both natural and anthropogenic pressures (Aranguren-Riafio et

al., 2018; Torres-Barrera et al., 2017). Nevertheless, these mechanisms were not evaluated

26



512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

528

529

530

531

532

533

534

535

in the present study because no concurrent physicochemical, hydrological, or land-use
variables were measured. Therefore, the observed differences cannot be attributed causally
to anthropogenic pressure, preservation status, lake size, spatial heterogeneity, sampling
period, water-column depth, or any specific environmental driver. At a broader geographic
scale, the bacterial composition observed in these Colombian Andean lakes shares several
features with that reported from high-altitude and polar lake systems. Antarctic lake waters
examined by Cui et al. (2025) were dominated largely by Proteobacteria, Actinobacteriota,
and Bacteroidota, while Cai et al. (2026) similarly identified Proteobacteria,
Actinobacteriota, Bacteroidota, Verrucomicrobiota, and Cyanobacteria among the
predominant groups across ice-covered lakes of the Qing-Tibetan Plateau, Arctic, and
Antarctica. These groups also constituted important components of the Colombian samples,
although their relative abundances differed among lakes (Fig. 1a, b). Both studies further
documented substantial variation in microbial diversity and community composition among
lakes or geographic regions, supporting the broader observation that high-altitude and cold-
lake bacterial assemblages can be highly heterogeneous rather than exhibiting a uniform
community structure (Cai et al., 2026; Cui et al., 2025).

No physicochemical variables were measured concurrently with microbiological
sampling, including nutrient concentrations, dissolved oxygen, chlorophyll-a, pH,
temperature, conductivity, or indicators of organic matter. Consequently, relationships
between microbial community composition and environmental conditions could not be
evaluated directly. Previous studies have shown that eutrophication, nutrient enrichment,
thermal and oxygen gradients, hydrological variability, and biological interactions can
influence freshwater microbial assemblages (Andrade-Sossa et al., 2023; Giongo et al., 2023;

Hoang et al., 2023). Natural disturbances, such as flooding and seasonal mixing, and
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anthropogenic disturbances, such as runoff and pollution, may modify resource availability
and community assembly (Hoang et al., 2023). Likewise, changes in temperature, light,
organic matter, rainfall, evaporation, phytoplankton abundance, and zooplankton grazing can
affect bacterial communities by altering nutrient dynamics and substrate availability
(Andrade-Sossa et al., 2023; Giongo et al., 2023; Hoang et al., 2023; Masmela-Mendoza et
al., 2019). These mechanisms provide relevant context from the literature but were not
measured or tested in the present study and therefore cannot be invoked as explanations for
the observed differences among samples.

Differences between the two Tota samples likewise cannot be attributed to seasonal
change. They represent only two sampling dates, one of which corresponds to a historical
December 2018 sample reprocessed alongside the primary 2019 dataset, and they do not
constitute replicated temporal sampling. Evaluation of microbial community stability,
resistance, or resilience requires a defined disturbance and an adequately replicated temporal
design that captures both community change and recovery (Shade et al., 2012). Accordingly,
the observed variation in bacterial abundance and diversity (Fig. 1b—d) is interpreted only as
sample-level variation and not as evidence of seasonal dynamics, temporal instability, or
responses to nutrient, temperature, oxygen, hydrological, or biological gradients.

The exploratory phylogenetic placement of Mycobacterium-assigned ASVs from the
Fuquene and Tota samples indicated affinities with several reference lineages included in the
analysis (Fig. S2). However, the short V3-V4 region of the 16S rRNA gene provides
insufficient resolution for reliable species-level identification within Mycobacterium, and
proximity to a named reference sequence should not be interpreted as confirmation of species
identity. The results therefore support only the occurrence of multiple Mycobacterium-

related lineages in these samples. This observation is consistent with the broad distribution
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of nontuberculous mycobacteria in freshwater and marine environments reported in previous
studies (Barletta et al., 2010; Gceebe et al., 2018; Nuy et al., 2020). Cultured nontuberculous
mycobacteria have also been associated with mycobacteriosis in fish and other aquatic
organisms, with potential consequences for animal health and aquaculture (Gceebe et al.,
2018; Hashish et al., 2018). Nevertheless, those findings cannot be extrapolated to the
environmental ASVs detected here because the present analysis did not assess species
identity, viability, abundance by targeted quantification, or pathogenic potential. Definitive
identification would require recovery of cultured isolates followed by whole-genome
sequencing or analysis using validated higher-resolution molecular markers.

ASVs assigned to Leptospira were detected in the Fiquene and Tota samples at low
relative abundances of 0.01-0.36%, whereas Legionella-assigned ASVs occurred in all six
samples at 0.11-4.60%, with the highest relative abundance observed in Calderona (Table
S1). Previous studies have shown that some Leptospira species can persist in freshwater and
cause leptospirosis following exposure to contaminated water, whereas some Legionella
species are associated with aquatic systems and may proliferate under favorable conditions
(Bradley and Lockaby, 2023; Gattuso et al., 2022). However, both genera include
environmentally distributed lineages that cannot be distinguished from pathogenic species
using the short 16S rRNA gene region analyzed here. Their detection therefore does not
demonstrate the occurrence of disease-causing species, viable cells, active transmission,
pathogenic activity, or public-health risk in the sampled lakes. These observations should
instead be regarded as preliminary genus-level records that may guide future investigation
using targeted species-specific assays, quantitative methods, culture-based analyses, and

viability assessments.

29



583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

603

604

605

606

PICRUSt2 indicated descriptive variation in predicted functional profiles among the
six samples (Fig. 2b, ¢). Among the 30 pathways with the highest total predicted abundances
were categories associated with naphthalene degradation, bacterial chemotaxis, biofilm
formation, bacterial secretion systems, flagellar assembly, pyrimidine metabolism, folate
biosynthesis, and sphingolipid metabolism (Fig. 2b). Bray—Curtis ordination also separated
the sample-level predicted profiles, with the first two PCoA axes accounting for 79.3% of
the variation (Fig. 2c¢). Because PICRUSt2 infers gene-family abundances from the
phylogenetic placement of ASVs and the genomic content of reference taxa, this variation is
expected to reflect, at least partly, the taxonomic differences observed among samples.
Similar links between microbial community composition and functional potential have been
described in freshwater ecosystems, where shifts in community structure may alter the
representation of genes involved in carbon processing, nutrient cycling, and other metabolic
functions (Battin et al., 2003, 2016; Paver et al., 2020). Comparable geographic heterogeneity
has also been reported for predicted microbial metabolic functions in high-altitude and polar
lakes. Cai et al. (2024) found that prokaryotic communities in ice-covered Hoh Xil lakes
were comparatively enriched in functions associated with sulfur metabolism, whereas those
from Arctic and Antarctic lakes showed greater representation of carbon- and nitrogen-
related metabolic processes. Thus, the variation in predicted functional profiles among the
Colombian lake samples is consistent, at a general level, with evidence that the potential
metabolic repertoire of lake microbial communities varies substantially among
geographically and environmentally distinct high-altitude systems (Cai et al., 2024).
Nevertheless, the present predictions do not demonstrate that the corresponding genes were
present, expressed, or metabolically active, and no inferential association with

anthropogenic-pressure context or preservation status was tested.
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The representation of pathways related to naphthalene degradation and biofilm formation
(Fig. 2b) suggests that genes homologous to those included in these KEGG pathways may
occur in the reference genomes most closely related to the detected ASVs. Microorganisms
capable of degrading naphthalene and other aromatic compounds employ diverse catabolic
pathways, while biofilm formation can facilitate surface colonization and microbial
persistence in aquatic environments (Mohapatra and Phale, 2021). However, the predicted
occurrence of these pathway categories does not demonstrate the presence of naphthalene or
other pollutants, active contaminant degradation, biofilm development, or adaptation to
measured environmental conditions in the sampled lakes. Such interpretations would require
direct chemical measurements, metagenomic confirmation, transcriptomic evidence, or
experimental activity assays.

Nutrient enrichment and eutrophication are widely recognized as drivers of changes
in microbial diversity and metabolic processes in freshwater ecosystems, with potential
consequences for primary production, organic-matter decomposition, oxygen availability,
and nutrient cycling (Carpenter et al., 1998; Cotner and Biddanda, 2002; Paerl and Huisman,
2009; Smith and Schindler, 2009). These studies provide relevant ecological context for
interpreting functional variation among freshwater microbial communities. However,
nutrient concentrations, chlorophyll-a, dissolved oxygen, organic matter, and other
physicochemical variables were not measured concurrently in the present study. Therefore,
the predicted functional patterns cannot be attributed to eutrophication, nutrient availability,
or other environmental gradients.

Several predicted pathways also carried KEGG labels referring to particular organisms,
infectious diseases, drug resistance, or eukaryotic processes. These labels reflect the structure

and nomenclature of the KEGG database and the presence of homologous genes within
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reference pathways. They do not demonstrate the occurrence of the named organisms,
pathogenicity, virulence, antimicrobial resistance, infection, or the corresponding eukaryotic
biological processes in the lakes. Accordingly, the PICRUSt2 results should be interpreted
as a descriptive approximation of potential genomic capabilities rather than as direct

measurements of gene presence, ecological function, or metabolic activity.

5. Conclusions
This exploratory 16S rRNA gene survey provides a baseline description of microbial
community composition in six water samples from four Colombian Andean lakes.
Actinobacteria, Proteobacteria, Bacteroidetes, Cyanobacteria, and Verrucomicrobia were the
predominant bacterial phyla, and the samples differed descriptively in taxonomic
composition and coverage-standardized diversity. Exploratory phylogenetic placement
supported the occurrence of multiple Mycobacterium-related ASVs in Faquene and Tota,
although the V3-V4 region did not provide sufficient resolution for species-level
identification. ASVs assigned to Leptospira and Legionella were also detected, but these
genus-level assignments do not establish pathogenicity, viability, or public-health risk.
PICRUSt2 predicted variation in functional profiles among samples, but these
outputs represent inferred genomic potential rather than direct evidence of gene presence,
expression, or metabolic activity. Because the study included only six samples and lacked
concurrent physicochemical measurements and balanced spatial or temporal replication, the
observed patterns cannot be attributed to anthropogenic pressure, environmental gradients,
or temporal change. Future studies combining replicated sampling, concurrent

environmental measurements, metagenomic sequencing, and targeted taxonomic validation
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will be necessary to determine the ecological processes underlying the observed microbial

patterns.
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Figure S1. Sequencing depth and rarefaction assessment of bacterial ASVs across the
six lake-water samples. (a) Number of reads assigned to ASVs retained after the taxonomic

filtering described in the Methods. Values above bars indicate the number of retained reads
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per sample. (b) Relationship between observed ASV richness and richness after rarefaction.
The dashed diagonal line represents equality between observed and rarefied richness. (c)
Sample-based rarefaction curves showing the accumulation of rarefied ASVs with increasing
sequencing depth. Curves approaching an asymptote indicate that additional sequencing
would be expected to recover relatively few additional ASVs under the analytical conditions

used. Sample labels identify the lake and sampling event.

Figure S2. Exploratory maximum-likelihood phylogenetic placement of Mycobacterium
ASVs detected in samples from Tota and Fiquene. The analysis included ASV sequences
assigned to Mycobacterium and reference 16S rRNA gene sequences from named species.
Branch-support values are shown at the corresponding nodes. Sequences identified in this
study are highlighted in blue. Species names associated with reference sequences indicate
phylogenetic affinity only and should not be interpreted as definitive species-level

assignments because the analysis was based on the V3—V4 region of the 16S rRNA gene.

Supplementary table 1. Complete metataxonomic classification and relative abundance
of ASVs detected in the six-freshwater lake-water samples analyzed. Taxonomic
assignments are reported at the available ranks, with unresolved classifications indicated as

unclassified or NA. Relative abundances are presented for each individual sample.

Supplementary table 2. Reference Mpycobacterium sequences included in the

exploratory phylogenetic analysis. The table lists the taxonomic identification of each

reference sequence and its corresponding GenBank accession number.
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