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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collected in December 2018 was reprocessed as a historical reference.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

etal., 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).

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-Riano et al., 2018; Forero-Pineda et al., 2021; Masmela-
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; Sessitsch et al., 2023; Shade et al., 2012). Characterizing bacterial diversity and

potential functional attributes in lentic environments can therefore contribute to
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We applied a metataxonomic framework based on 16S rRNA gene

sequencing to characterize bacterial diversity and community _

PICRUSt2 to infer potential functional profiles from taxonomic data.

to predict gene-family abundances and

metabolic pathways associated with detected taxa. However, these predictions

the inferred profiles are interpreted as proxies of potential

genomic capacity rather than direct evidence of gene presence

validation.

2. Materials and Methods

2.1. Study Area and Sampling



143

144

145

146

147

148

149

150

151

152

153

154

155

156

157

158

159

160

161

162

163

164

165

166

Calderona Lagoon is a small glacial Water body located within EI Cafial Municipal
Natural Park in the municipality _ is surrounded by - vegetation

associated with the Paramo El Bijagual. Colorado Lagoon is located in the municipality .

the foothills of the Paramo de Iguaque.

short-term tourism.
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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 (truncQ = 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 with a 10-nt N spacer using mergePairs (justConcatenate = TRUE)
(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.

2.3.2. Taxonomic assignment and diversity analyses

12
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a step size of 10 reads (Oksanen et al., 2024). Alpha diversity was quantified using Hill
numbers of orders q=0, g=1, and =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). _
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3. Results

Actinobacteria (34.5%), Proteobacteria (29.7%), Bacteroidetes (12.7%),

Cyanobacteria (8.5%), and Verrucomicrobia (7.9%).

Table S1).
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3.4. Functional prediction of bacterial communities presents in aquatic systems of

Northern Andean Region of Colombia
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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.
Low-abundance ASVs assigned to archaeal taxa, including the methanogenic genera
Methanobacterium, Methanothrix, Methanocella, and Methanosarcina, were also detected.
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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filtering described in the Methods. Values above bars indicate the number of retained reads
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