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Microbiome characterization of
alpine water springs for human
consumption reveals site- and
usage-specific microbial
signatures

Renato Pedron?!, Alfonso Esposito?!, William Cozza?,
Massimo Paolazzi®, Mario Cristofolini*, Nicola Segata! and
Olivier Jousson™

'Department of Cellular, Computational and Integrative Biology — CIBIO, University of Trento,
Trento, Italy, ?International Centre for Genetic Engineering and Biotechnology — ICGEB, Trieste,
Italy, *Agenzia provinciale per la protezione dellambiente — APPA, Trento, Italy, *Istituto G.B. Mattei,
Stenico, Italy

The microbiome of water springs is gaining increasing interest, especially in
water intended for human consumption. However, the knowledge about large-
scale patterns in water springs microbiome is stillincomplete. The presence of
bacteria in water sources used for human consumption is a major concern for
health authorities; nonetheless, the standard microbiological quality checks
are focused only on pathogenic species and total microbial load. Using 16S
rRNA high throughput sequencing, we characterized the microbiome from 38
water springs in Trentino (Northern lItaly) for 2 consecutive years in order to
gain precious insights on the microbiome composition of these unexplored
yet hardly exploited environments. The microbiological studies were
integrated with standard measurements of physico-chemical parameters
performed by the Provincial Office for Environmental Monitoring in order to
highlight some of the dynamics influencing the microbial communities of
these waters. We found that alpha diversity showed consistent patterns of
variation overtime, and showed a strong positive correlation with the water
nitrate concentration and negatively with fixed residue, electrical conductivity,
and calcium concentration. Surprisingly, alpha diversity did not show any
significant correlation with neither pH nor temperature. We found that despite
their remarkable stability, different water springs display different coefficients
of variation in alpha diversity, and that springs used for similar purposes showed
similar microbiomes. Furthermore, the springs could be grouped according to
the number of shared species into three major groups: low, mid, and high
number of shared taxa, and those three groups of springs were consistent
with the spring usage. Species belonging to the phyla Planctomycetes and
Verrucomicrobia were prevalent and at relatively high abundance in springs
classified as low number of shared species, whereas the phylum Lentisphaerae
and the Candidate Phyla radiation were prevalent at higher abundance in
the mineral and potable springs. The present study constitutes an example
for standard water spring monitoring integrated with microbial community
composition on a regional scale, and provides information which could
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be useful in the design and application of future water management policies

in Trentino.
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consumption and production

Introduction

The microbiome of water springs has been deeply explored by
a large number of studies, however, the majority of them focused
on extreme environments (Power et al., 2018; Roy et al., 2020).
Often, such studies had the intent of identifying novel bacterial
species or understanding the impact of environmental parameters
on microbial populations. Springs that provide water destined for
human consumption have been instead scarcely investigated (Hull
etal, 2019; Varga, 2019; Miller et al., 2021). The microbiome of
drinking water has been explored mainly to describe spatial and
temporal taxonomic compositional patterns, or to investigate the
effects of distribution and purification plants on water quality and
safety (Bruno et al., 2018), leaving open questions on the native
microorganisms (Savio et al., 2018). The presence of bacteria in
water sources used for human consumption is a major concern for
health authorities and the management of microorganisms for
water safety is strictly regulated, but it is focused only on total
microbial load and on seeking for the presence of pathogenic
species that represent a minor fraction of the microbiome
diversity. Along with bacteria, chemical contamination is another
issue of increasing concern, the main contaminants deriving from
human activities include chlorinated solvents, petroleum
hydrocarbons, heavy metals, pesticides, human and veterinary
pharmaceuticals, and personal care products (Burri et al., 2019).
Surface waters are the most exposed compartment to this risk,
whereas groundwaters are more protected by a physical shield
constituted by layers of active soil and sediments, and groundwater
microbes have the potential to attenuate the contaminants and
prevent their accumulation in the environment (Kolvenbach
etal, 2014).

There are many geographical areas where treatment and
disinfection efforts of raw water are intentionally kept at a
minimum to meet the consumer’s desire for high-quality, safely
consumable drinking water without a noticeable change in taste as
a result of high chlorine concentrations for disinfection. Usually,
such areas are in proximity with districts where groundwater is
better preserved and the water quality itself is higher [e.g., the Alps
(Griebler and Avramov, 2015), or the Netherlands (Roeselers et al.,
2015)]. In areas where drinking water abstraction relies on surface
waters, instead, water must be treated, one of the most common
methods is bank filtration; however, this procedure results in
carryover of pathogens and chemicals, thus making necessary
further treatments to improve water quality (Griebler and Avramov,
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2015). Such treatments constitute a disturbance for the native water
microbiome (Zhang et al., 2017), furthermore, it has been shown
that even disinfection with either activated carbon filters or
chlorination, did not succeed in removing the abundant fraction
known as “microbial dark matter” (Bruno et al., 2017). Therefore,
it is crucial to gather a deep knowledge on the microbiome
composition of water springs used for human consumption.

The study of potable water microbiome is also relevant for the
European Council Directive 80/777/EEC on the approximation of
the laws of the Member States relating to the exploitation and
marketing of natural mineral waters. The directive states that:
the addition of
bacteriostatic elements or any other treatment likely to change the

“Any disinfection treatment and
viable colony count of the natural mineral water shall
be prohibited” Thus the spring microbiome remains unaltered
and is consequently present in bottled water. The same principle
of leaving intact the microbiome of water applies also to Spa and
Medical Spa. Spring water used for medical treatments has been
investigated in order to unravel the curative properties of
balneotherapy (Pedron et al., 2019; Aburto-Medina et al., 2020;
Bourrain et al., 2020) expressing a growing interest in microbial
communities of spring waters for human use.

The stability of the environmental conditions in
groundwaters results in a temporally stable community of
macroorganisms (stygobiont). This stability is a well-
acknowledged fact, and previous studies suggest that it also
applies to microbial communities (Farnleitner et al., 2005).
However, there is evidence suggesting a role of seasonality in
shaping groundwater microbiome, as a karst aquifer study
showed that the bacterial community is taxonomically stable
over time but discharge-responsive (Savio et al., 2019). These
circumstances translate into a difficulty in understanding the
ecological role and the dynamics of these communities and,
subsequently, the metabolic processes that they carry out.
Due to their oligotrophic nature and to the absence of direct
light, these ecological niches have shown a high potential for
peculiar metabolic processes; these include for instance
chemolithoautotrophic processes like denitrification linked
to the oxidation of reduced sulfur compounds, as well as the
capacity for anaerobic ammonium oxidation in limestone
aquifers (Opitz et al., 2014; Herrmann et al., 2015; Kumar
et al., 2017). Such processes are coupled with the fixation of
inorganic carbon to build up the groundwater microbial
biomass (Nowak et al., 2017; Schwab et al., 2017).
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The province of Trento (Trentino), in northern Italy, is an
alpine water-rich region and it hosts 4 water bottling companies
and seven medical spas. The principles of minimal treatment of
potable water are applied to the potable water supply network. In
this work, we present a seasonal characterization for 2 consecutive
years of the microbiomes of 38 Trentino water springs that are
destined for human consumption for one of the following
purposes: municipal tap water, Spa, and bottled water. We carried
our sampling in parallel with the standard water quality check
performed by the Provincial Office for Environmental Monitoring
in order to intersect our findings with a panel of environmental
metadata. The aim of this work is to describe the diversity patterns
in space and time in relation to water usage, more specifically,
we intend to answer the following questions: (i) how does the
water spring microbiome diversity vary across the spatial and
temporal scale? (ii) Is there any chemical or physical parameter
that correlates with any feature of the microbiome? (iii) How do
the Trentino water springs resemble each other?

10.3389/fmicb.2022.946460

The answers to those questions are useful in drawing
guidelines to define the policies for conservation and usage of the
water and for biomonitoring purposes.

Materials and methods

Experimental design, water sampling,
and environmental parameters
measurements

The springs were sampled one time in each season for two
consecutive years (2018 and 2019) by the Trentino Health Agency
(Azienda Provinciale per i Servizi Sanitari di Trento, APSS) during
routine spring water safety controls (Figure 1; Supplementary Table 1).
Samples were collected as single replicates in 4 1 sterile bottles and
kept at air temperature (about 20°C) during transportation to the
laboratory. All samples were collected from monitor taps at the water

FIGURE 1

Map of Trentino and location of the sampled springs. The sampling design consisted of sampling 38 water springs distributed over four water
catchments in Trentino. We included springs used for bottling (mineral), municipal tap water (potable) and SPA.
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intake structure at the spring, the tap was sterilized by flame and the
water was let flow for 1 min before sampling.

Every sample was processed within 8h since collection. The
water was then filtered using 0.22pm Pall Supor filters (Pall
Corporation, Port Washington, NY, United States). At the same
time a sample of 1 liter was collected for the chemical analysis
performed by Trentino Environmental Agency (Agenzia
Provinciale per la Protezione dellAmbiente, APPA). Measured
chemical parameters were: total hardness as French degrees (°f),
pH, electrical conductivity as microsiemens per centimeter (pS/
cm), oxidizability (O2), fixed residue, antimony (Sb), arsenic (As),
selenium (Se), fluoride (F-), chloride (Cl-), bromide (Br-), nitrate
(NO3-), sulfate (SO42-), sodium (Na), potassium (K), lithium (Li),
calcium (Ca), magnesium (Mg), strontium (Sr), aluminum (Al),
barium (Ba), boron (B), cadmium (Cd), chrome (Cr), iron (Fe),
phosphor (P), manganese (Mn), nichel (Ni), lead (Pb), copper
(Cu), vanadium (V), zinc (Zn), mercury (Hg), sulfur (S-), silicon
dioxide (Si02), ammonium (NH4+), nitrite (NO2-), bicarbonate
(HCO3-), and free carbon dioxide (CO2) as milligrams per liter
(mg/l). Measured chemical parameters, testing method, and
certified testing procedure are available in Supplementary Table 2.

DNA extraction and 16S rRNA
sequencing

Total DNA was extracted using RapidWater DNA extraction
kit (MoBio, Carlsbad, CA, United States) with minor
modifications: at step 5 of the protocol, the PowerWater Beat Tube
was heated at 65°C for 10min and mechanical cell lysis was
extended to 10 min for all samples. All other steps were performed
following the manufacturer’s instructions. The V4 hypervariable
region of the 16S rRNA gene was amplified by PCR, using the
primer pairs 515F/806R (Caporaso et al., 2012), with the 5SPRIME
HotMasterMix (Quanta BIO, Beverly, MA, United States). The
length of the amplicons was 253bp. Negative controls were
included during sampling and main wet-lab steps, including PCR
blanks. Amplicons concentration, size range, and purity were
measured using Agilent high sensitivity (HS) DNA kit on the
Bioanalyzer 2,100 (Agilent Technologies Italia S.p.A, Milano,
Italy). Based on the molarity estimated using Bioanalyzer, each
PCR product was diluted before pooling. The final pool was
purified using the Agen-court AMPure XP DNA purification kit
(Beckman Coulter, Brea, CA, USA), following the manufacturer’s
instructions. Amplicons were sequenced on an Illumina MiSeq
platform with 2 x 300 bp paired-end protocol. The data are openly
available in NCBI Sequence Read Archive with the accession
number PRJNA837552.

Bioinformatics analyses

The fastq files were quality checked using FastQC (Andrews,
2010), and initial sequence analysis was performed with QIIME2
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(Bolyen et al, 2019); demultiplexing, denoising, read pairs
merging, and feature table construction were performed using
DADA2 (Callahan et al, 2016). Taxonomy assignment was
performed using sklearn and sepp fragment insertion using the
SILVA database (Mirarab et al., 2012; Quast et al., 2013).

Diversity analyses were performed using QIIME2 on a
rarefied dataset (30,000 reads) to prevent statistical artifacts
due to different sequencing depths. The alpha diversity was
measured with the Shannon index, as it is well suited to the
nature of our dataset, which consists of multiple samples with
low biomass and a high number of unknown species.
Significant differences of Shannon index among the springs
in space and time were determined using the Wilcoxon test,
to better determine which springs showed the highest
variation in terms of alpha diversity we calculated the
coefficient of variation of Shannon’s index over time. To
perform beta diversity analyses, we measured unweighted
UniFrac metrics on the rarefied dataset, and displayed it
through 2D PCoA (Lozupone et al., 2011). We selected this
metric as it has recently been shown that the presence, rather
than the abundance, maximizes the classification accuracy
among the samples (Giliberti et al., 2022). We computed the
pairwise distances between different samples from a single
spring, and compared them with the pairwise distances
between samples of Winter 2018, selected as control because
it had the lowest average distance among all seasons.

The alpha diversity index was correlated with the content of
Nitrates using the spearman correlation, and to determine
correlations between the diversity index and all physico-chemical
measures, we performed partial correlations, which accounted for
autocorrelation among the variables.

All statistical correlations were calculated and created using R
(R Foundation for Statistical Computing 2018), and ordination of
the springs based on chemical parameters was performed using
the Vegan package (Oksanen et al., 2019). All the plots were drawn
using the ggplot2 R-package.

To calculate the degree of similarity among each pair of
springs we calculated the number of shared Amplicon Sequence
Variants (ASVs), the number of shared ASVs was plotted with a
heatmap using the pheatmap R- package.

Results
[llumina sequencing results

The 267 samples were divided in 4 different sequencing runs.
The sequencing produced a total of 53,978,996 paired-end reads.
After the DADA?2 step, there were an average of 165,950 +72,697.12
reads per sample with a median of 153,295 and a maximum
number of 432,685 reads (Supplementary Table 3). Two samples
with less than 30,000 reads were discarded from further analysis.
After quality check, there were an average of 99,294.25 + 36,385.04
reads (Supplementary Table 1).
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The diversity of spring microbiomes is
affected by the seasonal cycle

The alpha and beta diversity analyses were performed to assess
the perturbability of the microbiome. The alpha diversity analysis
using Shannon’s index of each spring among the different time
points revealed the heterogeneity of the dataset (Figure 2A). While
some of the springs maintained an almost constant alpha diversity
over the sampled time series, including springs 1,165, 3,134, and
7,837, other ones, for example, springs 38,644, 11,010, and 38,641,

10.3389/fmicb.2022.946460

presented a larger distribution of data, probably connected to
random factors. We found that the largest variation in Shannon’s
index was in the springs 38,644 and 38,641, whereas the springs
with the lowest coeflicient of variations were 7,837 and 1,165
(Figure 2A).

The compositional shifts of the microbiome over time were
evaluated through a beta diversity analysis. The unweighted
uniFrac distances among all the time points for a given spring
provide an alternative view of the stability of the microbiome
composition over time. This analysis showed that the similarity of
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FIGURE 2
Evaluation of the microbiome stability of the springs. The perturbability of the microbiome has been evaluated for multiple aspects. (A) Boxplot of
Shannon's index alpha diversity values of all the springs, coupled with the boxplot of the pairwise unweighted uniFrac distance values of each
spring among timepoints and the coefficient of variation of the Shannon'’s alpha diversity index for each spring among sampling timepoints.
(B) Boxplot of the Shannon'’s alpha diversity index for each timepoint. (C) Boxplot of the pairwise unweighted uniFrac distance values of all the
springs for each of the sampling timepoints.
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Nitrate concentration influences the microbiome diversity. Correlation of chemical data with alpha diversity. (A) Scatterplot of Shannon alpha
diversity index of all samples in the study vs. Nitrate concentration. (B) Spearman partial correlations, given Nitrates, of all measured chemical
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different samples of a single spring over time is significantly higher
compared to a set of different springs, represented by
measurements of winter 2018, used as control because it showed
the lowest diversity among all seasons. At the same time, the data
from the sampling taken in winter 2018 highlighted the differences
in terms of consistency of the microbiome composition over time
for different springs, without revealing appreciable patterns.

We could not identify clear patterns in the variations of
taxonomic composition for any single spring over time. However,
examining the whole set of springs over different time points
highlighted differences in terms of alpha diversity (Figure 2B).
The results evidenced that the alpha diversity during winter
seasons is lower than the average while for spring seasons it
resulted to be higher. A Wilcoxon test for paired samples between
seasons (Supplementary Table 4) revealed significant differences
between the spring seasons and the other ones, with exception
of autumn.

Another way to assess the perturbability of the spring
microbiomes is to evaluate changes in terms of beta diversity
distances (Figure 2C). Using the univocal unweighted uniFrac
distance between all springs in a single time point it is possible to
evaluate a drift in microbial composition between seasons. In this
regard, we did not detect any significant difference in the beta
diversity among the springs in the different time points.
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Environmental parameters are consistent
with microbial community composition

The chemical data was analyzed with a reciprocal correlation
analysis (Supplementary Figure 1). The Spearman correlation
scores allowed the clustering of chemical measures according to
similar behavior to simplify downstream graphical representations.

Chemical measures such as electrical conductivity, fixed
residue and concentration of major solutes like sodium (Na),
chloride (Cl-), clustered together and maintained similar behavior
with other measured parameters. The same was observed for other
closely related elements like calcium and magnesium (that form
dolomite as CaMg(C03)2) and traces of heavy metals like chrome,
mercury, and cadmium.

The chemical moieties in water and its physical parameters are
de facto defining the environment hosting the microbiome. The
Spearman correlation analysis between each of the measured
physico-chemical parameters and Shannon’s index revealed that
Nitrate concentration had a positive correlation (Spearman’s
rho=0.53) with alpha diversity (Figure 3A). For this reason, a
partial correlation accounting for the effects on nitrate
concentration was computed (Figure 3B).

Most of the chemical parameters measured were negatively
correlated with increasing alpha diversity, with the exception of
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FIGURE 4
The physico-chemical parameters and the sequencing data present similar behavior in NMDS. NMDS plots based on unweighted Bray-Curtis
metrics. Each symbol represents a sample, all samples are categorized by spring type and facility. (A) NMDS based on physico-chemical
parameters. (B) NMDS based on sequencing data.

copper, cadmium, and nickel. While 24 of the measured
parameters had a significant correlation with the alpha diversity,
only 4 presented a coeflicient value above 0.5. Among these are
fixed residue, electrical conductivity, and total hardness, which are
representative of the total quantity of solutes. Temperature and pH
instead have shown a low impact on alpha diversity.

The interaction between the chemical parameters and the
microbiome, highlighted by the alpha diversity analysis, was
further investigated in terms of beta diversity. The Non-metric
multidimensional scaling (NMDS) of the samples (Bray Curtis
metric) using only the chemical parameters showed a separation
of springs categorized as different environments (Figure 4A).
Springs that are used by the same facilities clustered together as
well as those used for similar purposes. Spa springs were mostly
located on the left side of the multivariate plot with some
exceptions, belonging to the springs 1,111 and 7,359 (Levico and
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Fassa Terme, respectively). When the same type of plot was drawn
starting from sequencing data (Figure 4B) we found a clustering
pattern among the springs which was similar to the one obtained
by the chemical data. Pearson’s correlation analysis between
pairwise distances calculated using the chemical data and the ones
calculated with the microbiological ones resulted in a correlation
score of 0.52. Confirming that microbiological and chemical data
were consistent in differentiating the springs.

The analysis of shared ASVs reveals three
distinct groups of springs

Focusing on the NMDS obtained using chemical metadata, a

clear separation of the group of springs below —0.2 in NMDS 1
was observed. The group of samples belonging to the springs
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categorized as Spa showed different chemical properties from the
other samples, so they were labelled as ST, while the remaining
ones were labelled as TP.

The similarity between microbiomes in springs was investigated
in relation to the number of shared ASVs between different samples.
Considering the average number of ASV shared between two
springs among all sampling timepoints, it was possible to distinguish
3 groups of springs: high number of shared ASVs (High), medium
number of shared ASVs (Mid), and low number of shared ASVs
(Low; Figure 5). This revealed that the majority of the samples that
were linked to the ST cluster belonged to the “Low” group, which is
also composed of springs with lower Alpha diversity.

TP and ST groups showed distinct
taxonomic compositions at the phylum
level

The community composition of the springs was dominated by
uncharacterized bacterial taxa. The 5 most represented ASV (g__
Candidatus_Omnitrophus, g__Leptospirillum, g Omnitrophales,
c__Oligoflexia g 0319-6G20, p__Myxococcota g__bacteriap25)
were present in all sequenced samples and represented on average
more than 1% of the total number of ASVs, with maximum values
above 6%. Just the Candidatus Omnitrophus (phylum
Verrucomicrobiota), represented on average 6.8% of the profile
reaching a maximum of 30.1%. The amount of uncharacterized
ASVs increased at deeper taxonomic levels.

The ANCOM analysis for differentially abundant phyla revealed
that the phyla Caldiserica and Lentisphaerae, and the CPR OP8, SR1,
OP9, TPD-58 were enriched in the springs belonging to the ST group,
while in the group TP Verrucomicrobia, Elusimicrobia,
Planctomycetes, and Chlamydiae are present with significantly higher
abundance. The analysis also found 391 differentially abundant
genera, 44 of them (11%) belonging to the PVC superphylum (25
Verrucomicrobiota, 19 Planctomycetota). Thirty-five out of 44 of such
genera were significantly enriched in the springs belonging to the TP
group. The taxa displaying the highest centered-log ratio (clr) for the
springs in the ST group were linked to the hydrocarbon degradation
and sulfur cycle, namely Desulfobulbales, Campylobacterales, and
Thiotrichales, whereas the taxa with higher clr for the springs from
the TP group were Leptospirillales, Elusimicrobiota MVP-88, and
Planctomycetota Pla4 (Figure 6A). The influence of the environmental
parameters on single taxa has been evaluated using a Spearman
partial correlation score corrected for nitrogen concentration. This
analysis showed that only a fraction of the taxa is sensitive to the
changes in the water chemical composition (Figure 6B). More
precisely, the 14% of the detected genera showed a correlation score
bigger than 0.5 for at least one of the measured chemical entities, and
all the calculated scores remained in the range +/—0,7 indicating
moderate correlations. A more thorough analysis of the relative
abundances of the Phyla Planctomycetes and Verrucomicrobia
showed a heterogeneous presence of those two taxa among all springs
ranging from 2 to 30% of relative abundance, mostly represented by
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the Verrucomicrobia phylum (Figure 6C). The average abundance of
Planctomycetes and Verrucomicrobia was found to be significantly
lower in Spa Spring than in springs used for other purposes
(Supplementary Figure 2).

Discussion

Groundwater accounts for about a third of all freshwater
storage on earth (Famiglietti, 2014), and they are among the
most vulnerable sites to climate change (Taylor et al., 2013). In
this environment, microbial communities are among the key
players in biogeochemical cycles (Bell et al., 2018), water cleaning
by removal of xenobiotic compounds (Payne and Floyd, 1990;
Mikkonen et al., 2018; Vera et al.,, 2022), and primary production
(Jewell et al.,, 2016). Due to the absence of light, photoautotrophy
is impossible and the primary production is mainly performed
by chemolithoautotrophs (Jewell et al., 2016). Most of the
microbial biomass, however, is constituted by heterotrophs
which are adapted to nutrient-poor environments (Griebler
et al., 2014). Despite the increasing number of studies on
groundwater microbiome, there are still open questions
regarding the general patterns and processes shaping microbial
diversity in such environments. While there is a general
consensus on the fact that groundwater environments are quite
stable in terms of physico-chemical parameters (Griebler and
Lueders, 2009), flora and fauna (Cantonati et al., 2006), the
composition of microbial communities seems to vary according
to several parameters such as EC, discharge (Yan et al., 2021),
and temperature and pH (Power et al., 2018). A number of
studies suggest that the microbiome can be used as a tracer for
water quality in such environments, microbiological tracers have
been effective in detecting hydraulic interconnection (Rizzo
et al., 2020), seawater intrusion (Hernandez-Diaz et al., 2019),
and seismic events in SPA settings (Valeriani et al., 2020).
Therefore the knowledge of spatial and temporal community
dynamics is fundamental for both conservation issues and for the
management of the ecosystem services provided by the water
springs. Most studies, however, focused on a relatively small
scale, describing the microbial diversity in springs along a
transect or within a single hydrographic basin (e.g., Pedron et al.,
2019; Yan et al., 2020; Celik and Keskin, 2022). The studies that
focused on a large scale are indeed very few (e.g., Power et al.,
2018; Li and Ma, 2019; Yan et al., 2021), and the ones accounting
also for temporal variation are even less. The setting of the
present study is constituted by a heterogeneous geological
background, the 37 springs are evenly distributed over
13.000km?, the time span covers two consecutive years with four
yearly samples, and the water usage spans three categories. Power
et al. (2018), performed a similar study on an area of 8.000 km?
for 21 months, and found a non-linear response of microbial
diversity patterns to pH and temperature (Power et al., 2018).
The present study did not witness this pattern, but probably
because the ranges of pH and temperature values were narrower.
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In our dataset, spring diversity varies according to the season,
i.e., the alpha diversity displays a cyclical variation being lowest
in winter and highest in spring. However, the variation of alpha
diversity, highlighted by the coefficient of variation of the
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Shannon index (Figure 1A), was not homogeneous across all
springs. The variation of the diversity values within a spring
could be due on one hand to the presence of different microniches
and changing gradients through time, and on the other hand to
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The microbial communities of the springs are largely uncharacterized and partially influenced by the physico-chemical properties of the water.
(A) Summary of the ANCOM analysis on ST and TP groups, only the taxa with|clr|>3. (B) Heatmap of the partial correlations for the presence of
different taxons against chemical parameters of spring water. The taxa displayed showed a Spearman correlation score bigger than 0.5 for at least
one of the measured chemical entities and an average relative abundance greater than 0.1%. (C) Average relative abundance of phyla belonging to
the PVC superphylum for each spring over 2 years. Error bar relative to the sum of all phyla.

the input of percolating water carrying microbial biomass. The
latter gains more importance in shallow aquifers, where
percolating water is more likely to carry a high number of alive
bacterial cells. Indeed, Hubalek et al., 2016 found that shallow
aquifers display larger variation in their diversity (Hubalek et al.,
2016). Furthermore, increasing depth may result in a depletion
in nutrients, which therefore sustain less diverse communities.
Yet the microbiome of single springs showed less variation when
compared to the variation of all springs in a single season.
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Another interesting biogeographical pattern that was found in
the present study is the presence of three main groups in the
analysis of shared ASV (Figures 5A,B). This means that the springs
could be classified according to the number of shared ASV into
three categories, two of which (high and mid) showed a higher
similarity at the beta-diversity analysis (Figure 5C). The springs
belonging to the “low number of shared ASV” category were in
great majority springs used for SPA, they tend to form a distinct
cluster on the first axes (which correlates with the nitrate content),
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and they have a lower alpha diversity. The two clusters of samples,
named “TP” and “ST;” host taxonomically distinct communities,
being the former more enriched in taxa belonging to the
Planctomycetes and- Verrucomicrobia phyla and the latter more
rich of Caldiserica, Lentisphaera, and CPR phyla.

Taken together, the results reflect the characteristics of
insularity of water springs (Reiss et al., 2016), resulting from the
low connectivity among them, that favours the establishment of
very peculiar microbial communities. According to Savio et al.,
2018, alpine water springs microbial communities are constituted
of two main components: the “autochthonous” microbes and the
“transient” ones (Savio et al., 2018). The relative proportions of
those two components may vary according to the catchment and
the hydrogeology of the settings. However, in that paper, the
authors could not speculate further about the origin of the
autochthonous microbiome and the mechanisms of community
assembly. We found that there are groups of springs sharing a
number of ASVs distinct from the others, suggesting that in each
spring there are specific environmental filters shaping the in situ
microbial communities.

Regarding the use of spring water for human use, the
consumption of bottled water has risen in the last decades (Mitache
et al., 2019). This is due to the misbelief that bottled water is
“microbiologically pure;” whereas it would be more appropriate to
include a statement such as “microbiologically safe” Indeed, recent
studies support the hypothesis that gut microbiome composition may
vary in association with the consumption of waters harboring
different microbiomes (e.g., Dias et al., 2018; Barnich et al,, 2021;
Vanhaecke et al., 2021; Lugli et al., 2022). Indeed, Dias et al., 2018
showed that the mouse gut microbiome (both faecal and mucosa-
adhered), changed between mice fed with water from different origins
(Diasetal,, 2018). Lugli et al., 2022 instead, demonstrated that the gut
microbiome of a subject, who daily consumed tap water in the past
3years, contained DNA sequences homologous to the genome of an
unknown species of the Curvibacter genus found in the tap water
itself (Lugli et al., 2022), supporting the hypothesis that there was
horizontal transmission and colonization of the gut microbiome by
this species. Similarly, the usage of SPA waters could affect the
composition of the human skin microbiome, as it has been shown
previously for ocean waters (Nielsen and Jiang, 2019), in patients with
psoriasis after treatment at the La Roche-Posay Thermal Care Centre
(Martin et al., 2015) and treatment in the dead sea (Brandwein et al.,
2019). The effect could be even stronger in this case as the human skin
microbiome has been shown to be among the least diverse among the
mammalians (Ross et al., 2018). Thus the knowledge of the taxonomic
composition of water microbiome acquires additional relevance in
quality control of water for human consumption. This aspect could
be explored also in agricultural settings, since most of the irrigation
water derives from groundwater aquifers (Foster and Custodio, 2019;
Riedel and Weber, 2020), yet it is unknown how water microbiome
shapes the rhizosphere one.

The taxonomic profiles of the sampled spring’s microbiomes
include many species which are known from previous studies to
thrive in groundwater environments. Among the most prevalent
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genera, there were two genera belonging to the candidate phylum
Omnitrophica (namely g Candidatus_Omnitrophus and g
Omnitrophales). This taxon has been found in several environments
including aquifers (Glockner et al., 2010). Metagenome-Assembled
Genomes affiliated to this phylum have been deeply characterized in
a recent study on the metagenome of an Antarctic lake, which
suggested that those taxa have a strong protein degradative capacity,
and they are considered a obligate fermentative heterotroph which
are deemed to establish metabolic interactions with Desulfobacterota
(Williams et al., 2021). Members of the Oligoflexia and Myxococcota
are also among the most represented ASVs, those phyla were recently
established as new phylum replacing a subset of taxa within the
phylum formerly known as Delta-Proteobacteria (Waite et al., 2020).
Both phyla host species with predatory lifestyle, but with different
predatory strategies, their role can be relevant in microbial food-web
and organic matter turn-over, and it could have been overlooked in
previous studies (e.g., Karwautz et al., 2022). The widespread presence
of the iron-oxidizing genus Leptospirillum was consistent with
previous findings in other similar studies (Farnleitner et al., 2005;
Kostanjsek et al., 2013; Savio et al., 2019).

We found significant correlations between specific taxa and
chemical parameters or spring type, also accounting for the
autocorrelation of such parameters with nitrogen concentration. For
example, the lineages Elusimicrobia ITa and IIb were found to
be biomarkers for the springs “ST” (Figure 6A), whereas the
Elusimicrobia lineage Ilc displayed negative and significant
correlation with most of the environmental parameters, suggesting
an adaptation to an extremely oligotrophic environment (Figure 6B).
The Elusimicrobia lineages we found are widespread in the
environment (i.e., non-host-associated) and according to a recent
comparative genomic study on this phylum, they are pervasive in
groundwater environments (Méheust et al., 2020). The genome of
groundwater Elusimicrobia encodes genes spanning a multitude of
functions, including genes involved in nitrogen cycle and
carbohydrate fermentation. Springs belonging to the “ST” category
were characterized also by the presence of bacterial taxa involved in
sulfur oxidation and reduction in aquatic, aphotic, microaerophilic/
anoxic environments. More specifically Campylobacterales,
Thiotrichales, and Desulfobulbales. Those taxa also display significant
correlations with the environmental parameters (negative with pH
and positive with most solute). The genus Gallionella contains
chemolithotrophic species adapted to low-oxygen conditions
(Hallbeck and Pedersen, 1991), this genus correlates positively with
the iron concentration, and presents a negative correlation with pH
(Supplementary Figure 3), which is coherent with a possible iron
oxidation activity.

We found a widespread distribution, at relatively high abundance,
of ASV affiliated to the Candidate Phyla Radiation (CPR) or to the
phyla Planctomycetes and Verrucomicrobia PVC superphyla in the
water for human consumption. Such bacteria are highly adapted to
the oligotrophic conditions encountered in the groundwater
environments, which result in low metabolic rate and shrunken cells
(Jorgensen, 2012). Such phyla are made of mostly uncultured species
which are not detected by standard quality controls, but are harmless
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anyway because, in copiotrophic environments such as the host-
associated ones, they are easily outcompeted by the species belonging
to the native microbiome. While Planctomycetes is a well-known
phylum in this type of environment, and it is in agreement with at
least another study focusing on groundwater for human consumption
in the Netherlands (Roeselers et al.,, 2015), the reports regarding
Verrucomicrobia in such environments are less frequent, species
belonging to this phylum are deemed to be involved in the
degradation of (poly)saccharide compounds derived probably by
terrestrial environments above the groundwater (He et al., 2017).
Another unexpected finding regarded Chlamydiales, which were
found to be enriched in TP springs (Figure 6A), such phylum hosts
many obligate intracellular species, probably symbionts of the
protozoan stygofauna. A great diversity of Chlamydia was found in
the deep ocean sediments (Dharamshi et al., 2020), our study suggests
a similar situation also in groundwater. Lastly, Savio et al., 2019
observed that Flavobacteriia abundance fluctuations were strictly
bound to discharge events (Savio et al., 2019). In our experiment, the
discharge was not measured during the sampling, so we used the
season as a proxy for the discharge; however, we did not witness any
significant correlation between this parameter and the abundance
of Flavobacteria.

Conclusion

The recent discoveries on the effect of water microbiome on the
human one point toward the need of a thorough characterization of
the microbiological quality of the waters for human consumption.
The concept of using bacteria as tracers of water quality is already
applied in the standard quality check, but recent methodological
advances allow to get a more complete overview of the microbiome
as a whole instead of specific taxa, thus increasing the resolution of
the analysis. We provided proof that the emerging properties of the
microbiome provide accurate and replicable information about
spring water quality in Trentino region over 2 years of sampling.
We found that spring diversity fluctuates through time, and this
fluctuation does not have the same magnitude in all springs. Indeed
some springs are more stable than others, and the coefficient of
variation of the Shannon diversity may vary up to one order of
magnitude. Furthermore, we found that the microbiome
composition of each spring tends to remain more similar to itself
through time than to other springs within the same season,
suggesting stronger niche selection in the area of study. At last,
we found that Planctomycetes and Verrucomicrobia were associated
with the water usage, being represented at higher abundance in the
springs used for mineral or potable purposes. Our results sum up to
the recent literature in support of the use of microbial communities
as bioindicators for groundwater quality assessment (e.g., Smith
et al,, 2015; Voisin et al., 2016; Fillinger et al., 2019; Korbel et al.,
2022), and set the stage for future, more extensive characterization
of water springs microbial communities, which can be used by the
stakeholders and the decision makers to improve the conservation,
exploitation and management plans for this important resource.
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