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Abstract: Climate change may increase the vulnerability of aquifers to contamination through ex-
treme precipitation and extended drought periods. Therefore, the understanding of groundwater
ecosystem dynamics is crucial, with bacterial assemblages playing a major role in biogeochemical
cycles. The present research describes a geospatial study targeting the bacterial community struc-
ture of groundwaters from the largest karst aquifer in Portugal (the Macigo Calcario Estremenho),
integrating hydrogeochemical and bacterial diversity data. A total of 22 samples were analyzed
from a set of 11 geographically sparsely distributed groundwater sources in dry vs. wet seasons.
The 16S rRNA gene barcoding data revealed bacterial community variability across samples in
space and time. The phylum Proteobacteria was dominant across all samples (from 44 to 92% of
total sequence reads), mainly represented by the classes Alphaproteobacteria (orders Sphingomon-
adales, BD7-3, Rhizobiales and Rhodospirillales), Betaproteobacteria (orders Burkholderiales, Rho-
docyclales, Nitrosomonadales), Gammaproteobacteria (orders Pseudomonadales, Xanthomona-
dales, Alteromonadales, Legionellales) and Deltaproteobacteria (orders Myxococcales, Spirobacil-
lales). Variation in the bacterial community was primarily attributed to parameters such as redox
conditions (DO, ORP), Fe, Mn, SO4, PO4, Sr and Cl, but also some minor and trace elements (Al, V,
Cr, Cu, Pb). Our results provide novel insights into bacterial diversity in relation to groundwater
hydrogeochemistry. The strong dominance of OTUs related to bacterial taxa associated with nitrifi-
cation/denitrification also highlights a potentially important role of these assemblages on nutrients
(nitrogen sources) and groundwater quality dynamics at this karstic aquifer system. Moreover, the
integration of bacterial assemblages information is emphasized as central for water quality moni-
toring programs.

Keywords: groundwater quality; Macigo Calcario Estremenho; bacterial diversity; 165 rRNA gene
metabarcoding
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1. Introduction

Predicted changes to the climate include extended periods of warmth and increasing
drought events with potentially important impacts on aquatic ecosystems [1-8]. Ground-
waters from karst aquifers are an important source for drinking water and ecosystems [9],
but their vulnerability to contamination is particularly high [10-15]. Moreover, there is
increasing concern regarding additional impacts from climate change due to drought in-
tensification and extreme precipitation events, which enhance the exposure of aquifers to
surface contaminants and the risk of contamination [16-18]. Worldwide karst areas usu-
ally comprise complex subsurface drainage systems, including hydrological networks, fis-
sures, and caves originating from the natural erosion of limestone and the dissolution of
calcium carbonate, which make these environments prone to contamination from surface
diffuse pollution sources such as agriculture, livestock production, industrial activity and
wastewater effluents [19-21]. This vulnerability, combined with the trend to lower annual
precipitation levels, which have been reported for Southern Europe in recent decades [22],
can impact groundwater availability and quality [23,24]. In Southern Portugal, in particu-
lar, the effects of historical reduction on precipitation levels have been more severe, with
impacts on groundwater recharge intensified by a high irrigation pressure [25,26]. All
these changes affect the whole aquifer ecosystem.

Bacterial communities play a fundamental role in groundwater geochemical cycles
[27,28], and their diversity and dynamics are thus also modulated by the hydrogeochem-
ical conditions of the aquifer. Bacterial assemblages have been shown to remain stable in
karst groundwater ecosystems [29], indicating that shifts in the bacterial community com-
position can provide potentially important information on the impact of pollution sources
and fluctuations. Over the past two decades, the knowledge of the bacterial biodiversity
from groundwater ecosystems has shown an impressive increase with recent culture-in-
dependent metagenomic approaches, namely DNA metabarcoding, providing new in-
sights into the bacterial ecology of these environments [30-32]. However, for Portuguese
groundwaters, the published information regarding the bacterial assemblages remains
scarce [33-35]. Most information is based on culturing and/or the molecular detection of
targeted pathogenic bacteria [36—42] or, if using culture-independent DNA-based tech-
niques for community studies, only considering one or two groundwater sampling sites
[33,35]. The present study aims to evaluate to what extent spatial and environmental data,
including aquifer hydrogeochemistry, can explain variation in the bacterioplankton com-
munity of several springs and boreholes at the Macigo Calcario Estremenho (Central west-
ern Portugal). Therefore, this study is a strong contribution not only to the scarce
knowledge concerning the bacterial community diversity in Portuguese groundwaters
but also considering the ecological context. This is very important to create baseline infor-
mation, particularly with the expected increase of extreme precipitation and drought ep-
isodes in the upcoming years. Moreover, it also explores the potential for the integration
of whole bacterial community information through 16S rRNA gene metabarcoding as a
promising tool for routine water quality assessment.

2. Materials and Methods
2.1. Study Area

Karst formations occupy a considerable area of the Portuguese territory [43,44]. The
Macigo Calcario Estremenho-MCE (Estremenho Karst Massif) is located in Southwest Eu-
rope and Central Western region of Portugal (Figure 1A,B) and is an uplifted Jurassic lime-
stone massif unit of the Lusitanian Basin hosting a very complex karst aquifer system,
which is made up of several subsystems, each one related to a different perennial karst
spring. The aquifer is formed by an extensive network of large and hydraulically con-
nected Jurassic limestone caves, part of the Serras de Aire e Candeeiros Natural Park [45].
It is rich in geological resources [46] and also holds an important subterranean animal
biodiversity [47]. The Macico Calcario Estremenho aquifer is also an important
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contributor to the regional river base flow, with a large variety of groundwater-dependent
ecosystems, and as a source of drinking water [45].

Macico Calcario Estremenho (MCE)
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Land cover
- Industrial and urban areas
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- Forest areas
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Figure 1. (A) Map of the location of the Macigo Calcario Estremenho (MCE) in Portugal and in the
context of Southwestern Europe; (B) map of the sampling sites location at the MCE —the sites with
samples used in the present study are highlighted in black boxes.

2.2. Sampling

Groundwater samples were collected from the discharge during pumping conditions
once the stabilization of the principal field parameters—pH, water temperature (T), spe-
cific electrical conductance (SEC), reduction-oxidation potential (Eh) and dissolved oxy-
gen (DO) under anaerobic conditions —was observed.

Samples collected for subsequent major, minor and trace element analyses were fil-
tered in the field through MF-Millipore® 0.45 pum filter membranes (47 mm diameter, hy-
drophilic, and gridded; code HAWG04700). A 30 mL aliquot was acidified (1% v/v HNO:s
Aristar® grade), and a 60 mL aliquot was kept unacidified. All samples were sealed with
parafilm, protected from sunlight, stored at 4 °C, and sent for laboratory analysis. For
DNA extraction and analysis, approximately 5 L of groundwater samples were collected
in 5L sterile bottles and immediately stored at 4 °C in the dark until further treatment at
the laboratory on that same day.

A preliminary analysis of 30 groundwater sampling sites from the Maci¢o Calcario
Estremenho was conducted for major, minor and trace element analyses, as well as for
DNA extraction, from which only a total of 11 sites consisting of wells, , and springs (Fig-
ure 1) were selected for full bacterial diversity characterization. Selection criteria were
based on methodological requirements (e.g., field collection and sample processing pro-
tocols for DNA analyses). A total of 22 groundwater samples were then considered for the
study, including two campaigns, in May 2012 and February 2013 (dry and wet seasons,
respectively) (Table 1). The sampling campaigns lasted about one week for each period.
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Table 1. Groundwater sampling sites selected at the Macico Calcario Estremenho (Portugal).

Sampling Site Sample
. Source Samplin, Total Samplin,
Site M) P Type CODE the ® Valid Sequences Deptrl)l (mg)
01 Nascente do Alviela 150043,00  275614.00 Spring 01F  27/02/2013 963 34
01IM  28/05/2012 1101 73
02 Ribeira dos Amiais 150166,02  276674.22  Waterline  02F  27/02/2013 1221 22
02M  28/05/2012 1335 108
03 Nascente do Almonda 158424,00  282140.00 Spring 03F  27/02/2013 1505 12
03M  28/05/2012 869 57
04 Nascente do Lena 140961,00  290852.00 Spring 04F  18/02/2013 1044 24
04M  29/05/2012 1074 36
07 Pogo da Ribeira do Lena 140969,26  290865.96 Well 07F  18/02/2013 1296 19
07M  29/05/2012 1079 39
08 Fonte Alqueidao da Serra 143702,33 294962.89 Borehole 08F  18/02/2013 1218 15
08M  29/05/2012 1781 15
09 12972528  286042.20  Borehole 09F  19/02/2013 1013 32
09M  29/05/2012 979 186
18 Valverde - Alcanede 138293,22  275809.88  Borehole 18F  20/02/2013 1584 297
18M  01/06/2012 939 233
19 Valverde - Alcanede 138286,06  276022.14  Borehole 19F  20/02/2013 1727 114
19M  01/06/2012 1693 262
20 Serra de Sto Antdénio 149536,33  282273.46  Borehole 20F  20/02/2013 1154 250
20M  01/06/2012 1514 250
24 Casais de Santa Teresa 135647,01 289282.98 Borehole 24F  19/02/2013 1441 220
24M  04/06/2012 1992 220

2.3. Quantification of Geochemical Parameters

Water temperature (T), specific electrical conductance (SEC), electrical conductivity
(CE), reduction-oxidation potential (Eh), pH and dissolved oxygen (DO) were determined
in situ using HANNA portable water testing meters and using a multiport flow-through
cell connected in-line to the sampling points. On-site measurements also included the de-
termination of alkalinity (quoted as HCOs") by acid titration using the standard colorimet-
ric titration HACH® kit method.

From filtered samples, the acidified 30 mL aliquot was analyzed for major, minor and
trace elements (including Mg, Ca, Na, K, Si, Fe, Sr, Li, Be, B, Al, Sc, Ti, V, Cr, Mn, Co, Nj,
Cu, Zn, Ga, Ge, As, Se, Rb, Y, Zr, Nb, Mo, Ag, Cd, In, Sn, Sb, Te, Cs, Ba, La, Ce, Pr, Nd, Sm,
Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Hg, Tl, Pb, Bi, Th and U) using Agilent 7900
Inductively Coupled Plasma Mass Spectrometry (ICP-MS) analysis. The 60 mL unacidi-
fied aliquot was used for the determination of chloride (CI-), total oxidized nitrogen (NOs-
N), nitrite (NO2"), bromide (Br-) and fluoride (F-) by Thermo Scientific Dionex ion chro-
matography (IC). The inorganic determinations were performed by certified (ISO/IEC
170125) Activation laboratories in Ontario (Canada). The electro-neutrality (E.N.) condi-
tion expressed was used as a quality control for all the determinations and ionic mass
balances with closing errors between +5% considered to be acceptable.

2.4. DNA Extraction and 165 rRNA Gene Metabarcoding

In each corresponding sampling day, approximately 2.5 L of groundwater samples
were filtered through 0.22 um polycarbonate sterile filters and stored at 20 °C. Total DNA
was extracted after resuspension in 2 mL of TE buffer [10 mM Tris HCl, 1 mM EDTA, pH
8.0] following centrifugation and a new resuspension in 200 uL of TE buffer [48]. Lysis
was carried out by adding lysozyme (1 mg mL") and incubating for 1 h at 37 °C. DNA
extraction and purification were performed using the Genomic DNA Purification Kit (MBI
Fermentas, Vilnius, Lithuania), and DNA was resuspended in TE buffer and stored at -20
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°C. Pyrosequencing libraries were obtained using the 454 Genome Sequencer FLX plat-
form (Roche Diagnostics Ltd., West Sussex, UK). Bacterial 165 rRNA gene fragments from
the V3V4 hypervariable region were amplified using barcoded fusion primers with the
Roche-454 Titanium sequencing adapters A and B (an eight-base barcode sequence), the
forward primer 5-ACTCCTACGGGAGGCAG-3' (338F) and the reverse primer 5-TAC-
NVRRGTHTCTAATYC-3' (802R) [49,50]. PCR amplifications were carried out in 20 pL
reactions with Advantage Taq (Clontech) using 0.2 M of each primer, 0.2 mM dNTPs, 1x
of polymerase mix, 6% DMSO and 1-2 pL of template DNA. PCR conditions were 94 °C
for 4 min, followed by 25 cycles of 94 °C for 30 s, 44 °C for 45 s and 68 °C for 60 s and a
final elongation step at 68 °C for 10 min. Amplicons were quantified by fluorometry with
PicoGreen (Invitrogen, Carlsbad, CA, USA), pooled at equimolar concentrations and se-
quenced in the A direction with GS 454 FLX Titanium chemistry, according to the manu-
facturer’s instructions (Roche, 454 Life Sciences, Brandford, CT, USA), at Biocant (Cantan-
hede, Portugal). Pyrosequencing sequence analysis was performed using previously de-
scribed methods [51,52].

2.5. Sequence Analysis

Sequence analysis followed previously described methods [53,54]. Briefly, in QIIME,
fasta and qual files were used as input for the split_libraries.py script. Operational Taxo-
nomic Units (OTUs) were selected using UPARSE with usearch? [55]. Chimera checking
was performed using the UCHIME algorithm [56]. OTU clustering was performed using
the -cluster_otus command (cut-off threshold at 97%). Closely related organisms of nu-
merically abundant OTUs (=200 sequences) were identified using the NCBI Basic Local
Alignment Search Tool (BLAST) command line ‘blastn’ tool with the -db argument set to
nt [57]. Bacterial 165 rDNA partial sequences generated in this study are available at NCBI
SRA BioProject under the accession number PRINA1009823.

2.6. Statistical Analysis

OTU, spatial and environmental matrices were imported into R [58]. Principal coor-
dinate analysis (PCO) was used to explore the variation in the groundwaters among sam-
pling sites. The environmental data were loge (x + 1) transformed, and the Bray—Curtis
index was subsequently used followed by PCO. The Bray—Curtis similarity was chosen as
opposed to the more frequently used Euclidean distance when dealing with this type of
physico-chemical data because of the large number of values below the detection limit in
the environmental data set. Spatial variation in the study area was modeled using princi-
pal coordinates of neighbor matrices (PCNMs). PCNM is a method for quantifying spatial
trends across a range of scales and is based on the eigenvalue decomposition of a trun-
cated matrix of geographic distances among sampling sites [59,60]. Significant PCNM ei-
genvectors were selected using the pcnm function in Vegan with 999 permutations. The
OTU data matrix was loge (x + 1) transformed and further ‘transformed” using the de-
costand() function in the Vegan package [61] in R. Through this transformation, the spe-
cies abundance data were adjusted so that subsequent ordination analyses preserved the
chosen distance among sample sites. In the present case, the Hellinger distance was used
[62]. Then, two models were set up using redundancy analysis (RDA) with the Hellinger-
transformed matrix as the response variable and spatial or environmental variables as ex-
planatory variables. RDA arranges the data points in a multidimensional space where the
axes represent gradients in species abundances, constrained by the explanatory variables
(spatial and environmental variables) [63,64]. Here, the amount of variation in composi-
tion explained by the explanatory variables is the sum of all constrained eigenvalues di-
vided by the total variation in the species data [64,65]. The spatial variables used here
consisted of PCNM variables obtained using the pcnm function in Vegan. The environ-
mental variables consisted of the first four PCO axes of the environmental data analysis
and a dummy variable of sampling time in order to ascertain the impact of temporal var-
iation and the concomitant difference in environmental parameters (e.g., temperature) on
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community composition. The ordistep() function was used in Vegan to select significant
spatial and environmental predictors of variation in composition using backward selec-
tion, maximum permutations set to 1000, and a selection criterion of p = 0.10. The rda()
function was used in R to perform the RDA and the anova.cca() function to test the signif-
icance of the RDA axes. Variance partitioning (with the varpart function in Vegan; [59,66])
was then used to partition the variance explained 1. purely by spatial variables (the purely
spatial component); 2. purely by environmental variables (the purely environmental com-
ponent); and 3. by a combination of spatial and environmental variables (the spatially
structured environmental component). The significance of the RDA ordination axes was
tested with the anova() function in Vegan with the ‘by” argument set to “axis’. This function
tests the joint effect of constraints in RDA using an ANOVA like permutation test. Figures
were generated in R software .

3. Results
3.1. Environmental Parameters

The analysis of the environmental data set indicated significant differences in envi-
ronmental conditions among sampling sites (see Figure 2). The main synthetic environ-
mental gradient (PCO1: variance explained: 61%) separated sites (08, 18-20) with rela-
tively high values of parameters such as Sr, SOs and POs4 from remaining sites with rela-
tively high values of OD1 (mg L), OD2 (%) and ORP. The second gradient (PCO2: variance
explained: 12%) separated sites (08) with relatively high values of V and Cr from sites with
relatively high values of Al (04 and 07 in February). The third axis (PCO3: variance ex-
plained: 11%) separated sites with relatively high values of Sr, PO4, V and Cr (07M, 18F,
04F and 08F) from sites with relatively high values of Cl, Cu, Pb, Mn and Zn (09M, 19M,
20M and 20F). The fourth axis (PCO4: variance explained: 10%) separated sites with rela-
tively high values of Fe, Cs and SO4 (18M and 07M) from sites with relatively high values
of V (08F). The recorded environmental parameters showed marked variations across
groundwater samples. Electrical conductivity (CE) varied between 397 and 2001 mS cm,
at 04F and 18F, respectively, whereas pH varied between 6.6 (at 18M) and 7.49 (at 02M).
Water temperature ranged from 15.90 to 20.54 °C (at 03F and 20F, respectively), depending
on borehole depth. Samples from sites 01 and 02 had the highest dissolved oxygen con-
centrations (>10.00 mg L) in February. Sample 09M had the highest oxidation-reduction
potential (ORP) (431.8 mV) and the highest concentration of Zn (56.3 mg L).

We also observed concentration peaks for certain parameters during February: the
highest value for Ni was recorded at 01F (5.9 mg L), and a peak of Al was detected at 07F
(59 mg L1); Ba had a maximum of 56.8 mg L at sample 19F. The highest value for F (1.27
mg L) was recorded for sample 20M; sample 18F also had a high peak of Sr (9.70 mg L),
followed by 19F (2.30 mg L1); a peak concentration of POs (0.93 mg L) was also recorded
at 18F; at 20F, the highest concentration of Mn (7.1 mg L-!) was recorded. Interestingly, the
concentrations of all these elements and ions were greatly reduced or undetectable in May,
suggesting a strong probability of influence from surface effluent drainage into the aqui-
fer. Nevertheless, sampling site 18 remained consistent for both February and May. Be-
sides the highest values for conductivity (EC) (1896-2001 mS cm™) and total dissolved sol-
ids (TDS) (949-1000 mg L), 18F and 18M also had the highest concentrations of Si (15.2—-
15.5 mg L), Fe (0.24-0.29 mg L), Sc (4 mg L), Ti (2.4-2.5mg L), V (15.9-16.9 mg L),
Li (16-19 mg L), B (55-56 mg L), Co (0.22-0.25 mg L), Rb (5.10-6.08 mg L), Cs (0.333—
0.351 mg L) and Cr (1.0-1.8 mg L-). Sample site 18 also had high concentrations of Ba
(52.8-55.2 mg L). Site 20 also had, during both sampling campaigns, considerable con-
centrations of Zn (10.1-10.4 mg L) and Rb (5.60-5.98 mg L), as well as the highest values
for HCOs (330-358 mg L), F (1.22-1.27 mg L), Cu (3.2-6.0 mg L), Mn (2.7-7.1 mg L),
Pb (0.23-0.66 mg L") and U (1.24-1.28 mg L-). These results highlight particular hydro-
geological conditions of sampling sites 18 and 20 from deep boreholes (>300 m depth).
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Figure 2. Principal coordinates ordination (PCO) of (A) the first and second axes and (B) the third
and fourth axes of the environmental data set. Large black circles represent loadings for sample sites
whereas small grey circles represent weighted averages for environmental variables. For codes of
environmental variables, see Table 1.

3.2. 16S rRNA Gene Metabarcoding

The sequencing effort yielded 31,256 sequences, which were assigned to 5573 OTUs
after quality control, OTU selection, and removal of chimeras, chloroplasts, mitochondria
and sequences not assigned to the Bacteria domain. The most abundant phylum overall
was Proteobacteria, which ranged from a total of 43.3% in 09M to 92.1% in 24M, with the
most abundant classes including the Alpha-, Beta-, Gamma- and Deltaproteobacteria (Fig-
ure 3A). The phylum Nitrospirae was also dominant in some samples, reaching a maxi-
mum of 36.6% in 18M, followed by other locally abundant phyla such as Bacteroidetes (0.6
to 18.0%) and Actinobacteria (0.6 to 16.2%). Burkholderiales dominated the Betaproteo-
bacteria in most samples (Figure 3B), except for samples from sites 18 and 20, which were
mainly dominated by the orders Nitrosomodadales and Rhodocyclales, respectively. For
Alphaproteobacteria, Sphingomonadales also dominated the majority of samples (Figure
3C), except for 07M, 08M, 18F, 19M, 19F, 20M and 20F. In these samples, higher abun-
dances for the orders BD7-3 and Rhodospirillales were recorded. Xanthomonadales and
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Legionellales were dominant orders of Gammaproteobacteria in most samples, except for
sample 24M, where Pseudomonadales dominated about 95% of the gammaproteobacte-
rial assemblage (Figure 3D). The Pseudomonadales order was also present in all other
other samples, except for samples from sites 18 and 20, as well as sample 24F. Sample 24F
also had an elevated dominance of Chromatiales (Gammaproteobacteria). Sample 04F also
had a high abundance of the Methylococcales order (Figure 3D). Regarding Deltaproteo-
bacteria, the Myxococcales order was abundant in most samples, except for a low abun-
dance for samples 18M and 20M. For samples from site 20, a high dominance of

Syntrophobacterales was recorded during both sampling events.
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Figure 3. Relative abundance of bacterial 165 rDNA fragments from the Maci¢o Calcario Es-
tremenho groundwater samples (with a contribution of 1% or more in at least one sample): (A) total
bacteria at the phylum level, including Proteobacteria at the class level; (B) Betaproteobacteria at the
order level; (C) Alphaproteobacteria at the order level; (D) Gammaproteobacteria at the order level;

and (E) Deltaproteobacteria at the order level.
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3.3. Analysis of Bacterial Community vs. Environmental Conditions

The first and third PCO axes of the environmental data set proved to be significant
predictors of variation in composition, along with PCNM1, 2, 3, 4 and 7 (Table 2).

Table 2. Results of stepwise model building for constrained ordination for groundwater bacterial
OTUs. Variable: explanatory variable, AIC: Aikake’s Information Briterion, Perm: number of per-
mutations.

Variable Df AIC F N. Perm P

PCO3env 1 -9.7139 1.56 199 0.05

PCOlenv 1 -7.2728 3.98 99 0.01
PCNM4 1 -7.5188 1.59 599 0.07
PCNM2 1 -7.5232 1.59 599 0.06
PCNM7 1 -7.3734 1.71 99 0.03
PCNM3 1 -7.2158 1.83 99 0.03
PCNM1 1 -6.7246 2.24 99 0.01

The dummy variable of the sampling event was not a significant predictor of varia-
tion in OTU composition; sites clustered together by location as opposed to the sampling
event in the RDA analysis (Figure 4). The first and second axes shown in Figure 4 were
both significant (axis 1: F1,14=5.42, p = 0.005; axis 2: F1,14=3.35, p = 0.005). OTU composition
was primarily structured along a gradient related to PCOL1 of the environmental analysis.
Several OTUs were associated with sites with high RDA1 values and thus sites with high
relative concentrations of of Cs, T, F, Sr, SO4 and POs (Figures. 2 and 4). These included
OTUs 7, §, 11, 14, 16, 20, 24, 27, 35 and 2109. OTU-7 assigned to the Rhodocyclales was
closely related (sequence similarity > 99%) to an organism obtained from a well sediment
sample. OTU-8 assigned to the order BD7-3 was closely related to an organism obtained
from the effluent of a biodegrading process. OTU-11 assigned to the order Nitrospirales
was related to an organism obtained from uranium mill tailings. The remaining OTUs
assigned to taxa including the Rhizobiales, Nitrosomonadales and Xanthomonadales
were related to organisms obtained from a cave groundwater, a drinking water system, a
groundwater treatment filter, nitrification and denitrification reactors formed during the
continuous supply of unchlorinated tap water, and sediment from slow sand filtration
columns (Table 3).

OTUs with low RDA1 values and thus found in sites with high relative values of
ORP, OD1 and OD2 included OTUs 2, 4, 9, 10, 15, 18, 19, 55 and 3070. These organisms
assigned to taxa including the genera Limnohabitans and Acidovorax and the orders Sphin-
gomonadales and Cytophagales were closely related (sequence similarity >99%) to organ-
isms obtained from river water, pumice, groundwater and lake water (Table 3). The sec-
ond RDA axis was primarily related to PCNM1 and thus to large-scale spatial variation.
Together, spatial and environmental variables explained 53% of the variation in composi-
tion, of which 30% was attributable to the purely spatial component, 17% due to the purely
environmental component, and 6% due to the spatially structured environmental compo-
nent.
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Figure 4. Ordination of OTU bacterial composition using redundancy analysis (RDA). OTU (small
grey numbers), site (black codes) and environmental variables (large grey codes) are shown for the
first and second axes. Arrows represent environmental variables, and their direction and length in-
dicate their contribution to variation along those axes. For numbers relating to abundant (=100 se-
quences) OTUs, see Table 3.
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Table 3. List of most abundant bacterial OTUs (2100 sequences) including OTU numbers; total sequences (Sum), taxonomic affiliation of OTU, GenBank GenInfo
sequence identifiers (GI) of closely related organisms identified using BLAST; sequence identity (Sq ident) of these organisms with our representative OTU se-

quences; and isolation source (Source) of closely related organisms identified using BLAST.

OTU Sum Phylum Class Order Family Genus GI Sq. Ident (%) Source
2 1215 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Limnohabitans 793958972 100 River water
3 717 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Variovorax 916346448 100 Rhizosphere soil, Greece: Katara Pass
4 1492 Proteobacteria Alphaproteobacteria Sphingomonadales Unclassified Unclassified 674124963 100 Pumice, Argentina: Lake Naheul Huapi
5 778 Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 511202206 99.75 Groundwater
6 568  Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 582054524 100 Holocene marine Sediment, China
7 640 Proteobacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Sulfuritalea 151547634 99.3 Well FW026 sediment sample, USA: Tennessee, Oak Ridge
8 358 Proteobacteria Alphaproteobacteria BD7-3 Unclassified Unclassified 748047217 100 Thiocyanate and cyanate degrading bioprocess gold mining effluent
9 336 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Acidovorax 685431243 100 Groundwater from Qinghai-Tibet Plateau
10 205 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Limnohabitans 793958688 100 River water
11 231 Nitrospirae Nitrospira Nitrospirales 4-29 Unclassified 26005667 99.54 Uranium mill tailings, soil sample, USA: Shiprock, New Mexico
12 212 Bacteroidetes Sphingobacteriia Sphingobacteriales Unclassified Unclassified 583828438 100 Lake water, Japan: Yamanashi, Lake Mizugaki
13 142 Nitrospirae Nitrospira Nitrospirales Unclassified Unclassified 300383876 98.14 Saturated zone of the Hanford Site 300 Area subsurface, USA
14 143  Proteobacteria Alphaproteobacteria Rhizobiales Hyphomicrobiaceae Parvibaculum 411111333 99.26 FACE soil sample
15 112 Bacteroidetes Cytophagia Cytophagales Cytophagaceae Unclassified 793958725 100 River water
16 219 Proteobacteria Unclassified Unclassified Unclassified Unclassified 389621482 97.67 Water sample, USA: Carlsbad Caverns, New Mexico Room
17 160  Proteobacteria Betaproteobacteria Neisseriales Neisseriaceae Vogesella 648880879 100 Typha rhizosphere, China: Beijing, Chao Bai River
18 130  Bacteroidetes Sphingobacteriia Sphingobacteriales Unclassified Unclassified 184189928 99.29 Lake Michigan, USA: Wisconsin
19 272  Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Limnohabitans 793958598 100 River water
20 102  Proteobacteria Betaproteobacteria Nitrosomonadales Nitrosomonadaceae Unclassified 190334133 99.77 Drinking water system, Greece: Trikala City
21 107  Proteobacteria Betaproteobacteria MND1 Unclassified Unclassified 307098593 98.14 Aquifer, China: Mankyeong River
24 130 Proteobacteria Gammaproteobacteria Xanthomonadales Sinobacteraceae Unclassified 697252878 100 Sand filter material of groundwater treatment for drinking water supply, Denmark
25 149  Bacteroidetes [Saprospirae] [Saprospirales] Chitinophagaceae Sediminibacterium 310706589 99.53 Wetland
26 202  Proteobacteria Alphaproteobacteria Caulobacterales Caulobacteraceae Unclassified 696700883 100 Todine (I-129) contaminated groundwater, USA: Hanford Site, Washington
27 180 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 761262239 100 Nitrification and denitrification reactors
29 101  Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Unclassified 297179348 99.3 Lake Chaohu particle-attached bacteria sample
31 168 Proteobacteria Betaproteobacteria Unclassified Unclassified Unclassified 480542342 100 Sediment, Romania: Cave cu Apa din Valea Lesului
33 115 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Rhodoferax 674125487 99.77 Pumice, Argentina: Lake Naheul Huapi
35 153  Proteobacteria Alphaproteobacteria BD7-3 Unclassified Unclassified 387308169 100 Biofilm formed during continuous supply of unchlorinated tap water
37 227 Nitrospirae Nitrospira Nitrospirales Nitrospiraceae Nitrospira 519904151 100 Forest soil, Austria: Rothwald National Reserve
38 118 Actinobacteria Acidimicrobiia Acidimicrobiales C111 Unclassified 674138767 100 Water, Argentina: Lake Naheul Huapi
39 121  Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Unclassified 345466942 99.30 Rice paddy soil, Japan: Niigata
41 108 Firmicutes Clostridia Clostridiales Clostridiaceae SMB53 728803947 100 Cow manure
55 204 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Limnohabitans 471184987 100 Surface water of Lake Bosten, China
57 152  Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Rhodoferax 529085332 99.53 Villerest Lake, France
91 187  Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Sphingomonas 893670304 100 Mangrove rhizpshere, India
114 109  Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Hydrogenophaga 674154381 100 Pumice, Argentina: Lake Naheul Huapi
146 169  Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 608789123 100 Sequencing batch reactor
170 114 Proteobacteria Betaproteobacteria Burkholderiales Comamonadaceae Polaromonas 422741017 100 Glacier, China
545 100  Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Kaistobacter 556512094 100 Soil
1541 209  Proteobacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Sulfuritalea 472440156 99.77 Wetland
1721 161  Proteobacteria Alphaproteobacteria Sphingomonadales Sphingomonadaceae Novosphingobium 674199408 100 Water, Argentina: Lake Espejo
1733 201  Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 923095806 100 Soil
2109 103  Proteobacteria Betaproteobacteria Rhodocyclales Rhodocyclaceae Sulfuritalea 407313806 100 Sediment from slow sand filtration (SSF) columns,
3070 137  Proteobacteria Alphaproteobacteria Sphingomonadales Unclassified Unclassified 476000349 99.51 Mesotropic artificial lake
4346 273  Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 630614109 100 Acinetobacter johnsonii
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4. Discussion

This study showed a high variation between samples in terms of both environmental
parameters and bacterioplankton composition. Interestingly, samples from sampling sites
18 and 20 differed from other samples due to the absence of dissolved oxygen, indicating
prevailing reducing conditions. Samples from site 18 also showed consistent groundwater
quality across both seasons, including high electrical conductivity (1896-2001 mS cm™)
and TDS values (approximately 1000 mg L). These values coincide with high Ca and SOs
concentrations, which may indicate that the origin of salinity is geogenic and related to
the presence of gypsum in diapiric formations. Actually, these samples were collected at
greater depths, specifically 297 and 233 m, for 18F (wet season) and 18M (dry season),
respectively.

Anions such as Cl, F, NOs and NO: were within international drinking water stand-
ards [67], as well as cations Na, Mg and Fe, which had relatively low levels compared to
those found in aquifers suffering mixing impact from saline intrusion [68] or from geo-
genic origin. As expected in karst formations, HCOs levels (294-315 mg L) and Ca con-
centrations are high (445-500 mg L) due to calcite and other carbonate minerals dissolu-
tion. The extended drought periods that result in a scarcity of surface freshwaters and a
shortage in the recharge and storage of groundwater, combined with an increased extrac-
tion pressure, can lead to an increase in total dissolved salts and groundwater quality is-
sues, including geogenic salinisation. Although this is not the case, for coastal aquifers,
salinisation can be further enhanced by saltwater intrusion [68], as already recorded in
Southern Europe, from Italy (at Favignana Island [69]) to Portugal (at Central and South-
ern regions [25,70-72] and at the Islands of Graciosa and Pico [73]).

On the other hand, the lowest pH values (6.6) were recorded at samples from sites 18
and 20, in spite of not being below the drinking water guideline of 6.5 [68]. Nevertheless,
these values suggest slightly acidic groundwaters that could affect the bacterial assem-
blages [74]. This may also indicate a trend for acidic pollution, usually linked to the oxi-
dation of pyrite minerals, acid rain, and/or nitrification [75-77]. In fact, Fe concentrations
in sample 18 (0.24-0.29 mg L) were close to the EPA standard drinking water limit of 0.3
mg L, but not at 20F (0.07 mg L). The high Fe levels can be explained by the fact that Fe
is highly soluble in acidic environments and can also be cycled by acidophile microorgan-
isms. Other high soluble metals and metalloids were also either undetectable or showed
relatively low levels, such as Al or Mn, below the EPA limits of 20 mg L' and 50 mg L
[68], in these samples. The same was true for NOs and NO: concentrations, which were
below 0.50 mgN L' and undetectable, respectively, at site 18, although NOs could reach
3.73 mgN L at 20F. Increased nitrate levels have been associated with groundwater pol-
lution [78,79] through the leaching of effluents from animal manure and slurry application
in soils. Another particular result was the high concentration of Sr (9.70 mg L) recorded
in sample 18F, way above the guideline value of 1.5 mg L [68], also suggesting geogenic
origin. Interestingly, in February, sample 19F also yielded a high value of Sr (2.30 mg L),
suggesting a possible connection between sampling sites 18 and 19 during the wet season,
when these high levels occurred. Moreover, instead of a potential washing of some solutes
during the wet season, resulting in lower concentrations and accumulation during the dry
season, samples showed pronounced concentrations of most solutes during the wet sea-
son and lower concentrations in the drier period. This suggests a deeper circulation and
mixing of contamination during the rainy season. Actually, Valverde—Alcanede is a region
of intense mining and extractive industrial activity, which contributes extensively to con-
tamination with metals. Moreover, karst areas are formed by an underground drainage
system formed by fissures and conduits that make these environments prone to contami-
nation from point and diffuse sources of surface pollution, with a major impact on
groundwater ecosystems [80,81].

Bacteria are a key community in every aquatic ecosystem, with an important role in
environmental processes, namely energy and nutrient cycling, and bacterial community
composition can vary under diverse environmental conditions, thus acting as bioindicator
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of water quality [82,83], especially after strong changes in the aquatic ecosystems. In fact,
the present study shows a high bacterial diversity across samples (as previously reported
for other Portuguese groundwater samples [33,35]) but also an important variation of bac-
terial community composition according to the hydrogeochemistry (among sites and/or
between the two seasons). At some sites (e.g., 9, 18, 19, 20 and 24), the seasonal variability
was significant, which suggested a higher vulnerability of these aquifer spots to impacts,
either from geohydrological conditions or from potential surface contamination. In fact,
Tiago and Verissimo [35] and Francga et al. [33] also reported variations in Portuguese
groundwater bacterial assemblages between samples collected in wet and dry seasons.
The dominance of Proteobacteria was massive across the studied Estremenho
groundwater samples (ranging between 43.3-92.1% of total OTUs), which is frequently
reported in freshwater bodies across the globe, including diverse Portuguese surface
freshwaters [48,50,84,85] but also groundwaters [33,35]. For Betaproteobacteria, the order
Burkholderiales was dominant in most samples, particularly members assigned to the
family Comamonadaceae and genus Limnohabitans (with different OTUs affiliating with
sequences from riverine waters), followed by other genera such as Acidovorax (from
groundwater), Rhodoferax and Hydrogenophaga (from freshwater lakes), Variovorax (from
rhizosphere soil) or even Polaromonas (from a glacier). In fact, the dominance of Coma-
monadaceae bacteria has been reported as ubiquitous under diverse conditions [86], in-
cluding contaminated groundwaters rich in sulfide or As [32,82]. The genus Rhodoferax
has been associated with the transformation of Fe and SO« [87]. Limnohabitans, Variovorax,
Hydrogenophaga and Acidovorax strains, in particular, have been found in high nitrate
and/or ammonia groundwaters [88-90]. Polaromonas strains are also involved in the nitro-
gen and carbon cycles [91]. However, for sites 18 and 20, respectively, Nitrosomonadales
and Rhodocyclales were the most abundant betaproteobacterial orders. Then again, for
both these sites, the hydrogeochemical features that suggested groundwater contamina-
tion, under anaerobic conditions, also had an impact on the bacterial assemblages rec-
orded. For sampling site 18, the dominant Nitrosomonadales OTU was assigned to a strain
of Nitrosomonadaceae from drinking water. Interestingly, sampling site 18 also had a
dominance of the class Nitrospirales. Members of Nitrosomonadales (e.g., Nitrosomonas
strains) as well as Nitrospirales (e.g., Nitrospira strains) are associated with nitrification
and are included in an ammonia-oxidizing bacteria (AOB) group found in aerobic envi-
ronments and have been recorded at both low and high depths [92,93], playing a major
role in the cycle of nitrogen, by oxidizing ammonia to nitrite and, ultimately, allowing the
conversion of nitrite into nitrate [94,95]. Nitrosomonadales bacteria have been linked to
ammonia oxidation, whereas Nitrospirales members have been associated with the trans-
formation of nitrite to nitrate [30] and are often referred also as nitrite-oxidizing bacteria
(NOB) [94]. However, under anaerobic conditions, the oxidation of ammonia (anammox)
leads to the formation of dinitrogen gas (N2) [96,97]. In fact, this could be the case at sam-
ples from site 18, as oxygen levels and nitrite concentrations were undetectable, and ni-
trate was only detectable at a low concentration at 18F (0.48 mgN L). On the other hand,
Nitrosomonas strains can be found from marine water to anaerobic sediments and are also
dominant in sand filters from drinking water treatment plants [95,98], including biofilters
for removing Fe and Mn from groundwaters [99,100], as well as in As-rich groundwaters
also with high ammonium, Fe and/or Mn concentrations [93,101,102], thus also indicating
their ability to persist and multiply in groundwaters suffering inorganic pollution. Nitro-
spira has been also detected in Portuguese aquifers with either oligotrophic features [33]
or high alkalinity with undetectable oxygen levels [35]. Interestingly, samples from site 18
showed anaerobic conditions and concentrations of Mn (2.1-2.6 mg L) surpassing the
drinking water guideline of 0.1 mg L and also increased Fe concentrations (0.24-0.29 mg
L) near the drinking water guideline of 0.30 mg L, although As levels were not very
high (<0.25 mg L1). Nevertheless, results suggest a trend for inorganic pollution at site 18,
which can also be a major concern for drinking water supply [100-102]. POs levels were
also very high for sample 18F (0.93 mg L), exceeding the recommended value of 0.025
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mg L [68]. High concentrations of NOs and POs are usually related to anthropogenic
activities such as intensive agriculture and animal farming [78,79]. At samples 18, the pres-
ence of Gammaproteobacteria Xanthomonadales and the candidate lineage MBNT 15 was
also very representative. Whereas Xanthomonadales bacteria have been linked to ammo-
nia-oxidation environments [94], MBNT 15 bacteria have been referred to as anaerobic
sulfate-reducing bacteria (SRB) [103]. This is in concordance with the highest SO4 levels
attained at these groundwater samples (933-1100 mg L), largely surpassing the interna-
tional safety guideline of 250 mg L1, along with the lack of oxygen in samples, as previ-
ously mentioend.

On the other hand, for samples 20F and 20M, there was a massive dominance of be-
taproteobacteria Rhodocyclales assigned to the genus Sulfuritalea. Strains of this genus
have been related to the oxidation of sulfur compounds and denitrification (of nitrate to
N20 or N2 gas), in both pristine [104-106] and contaminated aquifers that are rich in ni-
trate, As, Mn and/or Fe [107-110]. In fact, at site 20, nitrate levels were higher than in most
samples, ranging from 3.65 to 3.75 mg L, although still below the drinking water guide-
line of 10 mg L-'. However, denitrification usually occurs in aerobic conditions, but it can
also occur in anaerobiosis [106,108,111,112], which seems to be the case under the absence
of oxygen recorded in these samples. Here, despite the low Fe levels (0.07-0.09 mg L),
Mn reached 7.1 mg L in sample 20F, surpassing the drinking water guideline of 0.1 mg
L.

For both sites 18 and 20, OTUs matching Alphaproteobacteria members from BD7-3
(from a biofilm formed in a tap water supply), Sphingomonadales (Novosphingobium ge-
nus from freshwaters), Rhizobiales (genus Parvibaculum from soil) and Rhodospirillales
orders were also dominant. Rhizobiales members (e.g., Nitrobacter) have also been linked
to nitrite oxidation [32], whereas Sphingomonadales members include ammonia-oxidiz-
ing bacteria, which are dominant in contaminated groundwaters [113] and under anaero-
bic conditions [92], as recorded for these samples. Rhodospirillales members have been
related to aquifers also with low oxygen and contamination from dairy farming [114].
BD7-3 and Novosphingobium bacteria have been previously reported dominating together
in As-contaminated groundwaters [115].

The dominance of the Methylococcales order within the Gammaproteobacteria was
recorded at sample 04F, with dominant taxa belonging to the genera Methylomonas and
Crenothrix. Methylomonas strains are methylotrophic but have been also related to denitri-
fication, along with Sulfuritalea bacteria [108]. This order has also been associated with As-
rich groundwaters [116], namely the Crenothrix genus [117]. However, there were no par-
ticular hydrogeochemical parameters that could be directly associated with this domi-
nance.

Multivariate analyses also evidenced a clear separation of samples from sites 08 and
07. In fact, samples from site 08 were shown to be rich in several elements, including peaks
of Si (15.2-15.5 mg L), Sc (4 mg L), Ti (2.4-2.5 mg L), V (15.9-16.9 mg L!) and Cr (1.0-
1.8 mg L), but they also showed relevant nitrate levels (6.34-8.37 mg L), although within
the guideline of 11.3 mgN L-!, highlighting once more the potential contamination from
urban drainage, sewers and agricultural activities at the Macico Calcario Estremenho
[34,47,78,79]. However, the Neisseriales order (Betaproteobacteria) was very representa-
tive only at 08F, when the dissolved oxygen levels were lower (2.8 mg L-!) and Sr concen-
tration was higher (0.40 mg L-!). Sample 07F showed the highest Al levels (59 mg L),
above the guideline of 20 mg L, but neither 07 sample showed drastic changes in their
bacterial composition, characterized by a diverse and dominance-shared bacterial compo-
sition.

A particular bacterioplankton composition was recorded at sample 24M, with the al-
most total dominance of the Pseudomonadales (Gammaproteobacteria), matching an Aci-
netobacter johnsonii sequence. Gammaproteobacteria have been frequently associated with
contaminated groundwaters [34,82]. Acinetobacter strains, in particular, have been re-
ported as dominant in groundwater samples with both low and high As levels [113,118],
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and have been also associated with the dissolution of magnetite and higher levels of Fe,
indirectly promoting the reduction of nitrate by autotrophic denitrifying bacteria [119].
However, although sample 24M presented relatively high NO:s levels (4.77 mg L), sug-
gesting contamination from the surface [34], the concentrations of As and Fe were unde-
tectable and below 0.05 mg L, respectively. Gammaproteobacteria OTUs assigned to or-
ders Legionellales and Alteromonadales were also well represented in most samples. The
Legionellales order includes Legionella, a genus that has been linked to serious health risks
and that has also been found in aquifers across Europe, including in Portugal [40,120].
Alteromonadales members have been associated with marine environments or ground-
waters suffering salinization [121], with high levels of Cl, Na, Mg and SOas. Deltaproteo-
bacteria from the order Myxococcales were also dominant across most samples, except for
samples 18 and 20, suggesting their preference for aerobic environments, as previously
reported [122].

Other dominant OTUs across the groundwater samples were assigned to phyla Bac-
teroidetes (Cytophagales and Saprospirales orders), Actinobacteria (Acidimicrobiales or-
der) and Firmicutes (Clostridiales order), which are frequent in groundwaters [116]. Bac-
teroidetes dominance has previously been related to increased concentrations of SOs, TDS
and Si [123]. Actinobacteria are ubiquitous across freshwaters, but Acidimicrobiales (fam-
ily C111) members have been also detected in groundwaters [124]. Firmicutes was domi-
nated by an OTU affiliated with a sequence from the Clostridiales order and genus SMB53
retrieved from cow manure. In fact, SMB53 has been previously associated with ground-
water contaminated from leachates related to livestock activities, showing high EC, Cl and
S04 [125].

5. Conclusions

This study brings new information on the bacterial community composition from
Portuguese groundwaters, particularly from the Macigo Calcario Estremenho aquifer, lo-
cated in Central Western Portugal. The variation in the bacterioplankton community sug-
gests seasonal responses to diverse hydrogeochemical conditions, with a general trend
indicating contamination from the surface. During the dry season, there was a general
decrease in peak concentrations recorded in February for some elements (e.g., Ni, Al, Ba,
As, F, St, Mn), showing the influence of precipitation through the drainage of surface con-
taminants into the aquifer. The contamination from surface leachates derived from urban
drainage and agricultural activities has been previously reported at the Macigo Calcario
Estremenho Karst Massif. Dissolved oxygen and ORP, as well as concentrations of Sr, SO4,
POs, Al, V, Cr, Fe, Cl, Cu, Pb, Mn and Zn, were the main parameters that could explain
most of the bacterial structure variability among samples. Dominant recorded OTUs were
generally related to bacteria found in contaminated groundwaters, usually rich in As, Fe,
Mn, SOs and/or nitrate, including genera Limmnohabitans, Acidovorax, Variovorax, Hy-
drogenophaga, Rhodoferax, Polaromonas, Sulfuritalea, Novosphingobium, Parvibaculum,
Methylomonas, Crenothrix and Acinetobacter, but also members of the orders Xanthomona-
dales, Neisseriales, Legionellales, Alteromonadales, Cytophagales, Saprospirales, Aci-
dimicrobiales and Clostridiales, as well as the candidate lineage MBNT 15 and BD7-3,
suggesting the potential importance of these bacterial assemblages on the migration and
transformation of these contaminants. In fact, the bacterial assemblages gathering diverse
bacteria with major roles in the different biogeochemical cycles can act synergistically to
significantly decrease the concentrations of contaminants such as nitrate, arsenic or sul-
fide, as reported previously [112].

Our findings are an important baseline for future studies or monitoring programs for
Southern Europe, which is under the increasing pressure of severe climate change epi-
sodes that impact groundwater ecosystems. The present work also gives exploratory in-
sights into the use of bacteria as a key community to track environmental variations in
groundwater quality. DNA metabarcoding approaches may thus provide critical infor-
mation for bacterial diversity in these still unknown ecosystems. Moreover, instead of
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using solely analyses of pathogenic and toxic bacteria, the integration of information on
the whole bacterial community should be seriously considered in the future as part of
integrated routine water quality assessment and monitoring programs, as previously sug-
gested [82].
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