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Abstract: In karst areas, anthropogenic contaminants reach the subsurface with detrimental effects
on the groundwater ecosystem and downstream springs, which often serve as drinking water sources
for the local human communities. We analyzed the water chemistry and microbial community
composition in upstream and downstream locations of five hydrokarst systems (HKS) during four
seasons. Conductivity and nitrates were higher in the downstream springs than in the pre-karst
waters, whereas the concentration of organic matter, considered here as a pollution indicator, was
lower. The microbial community composition varied largely between upstream and downstream
locations, with multiple species of potentially pathogenic bacteria decreasing in the HKS. Bacteria
indicative of pollution decreased as well when passing through the HKS, but potential biodegraders
increased. This suggests that the HKS can filter out part of the polluting organic matter and, with
it, part of the associated microorganisms. Nevertheless, the water quality, including the presence
of pathogens in downstream springs, must be further monitored to control whether the water is
appropriate for consumption. In parallel, the human populations located upstream must be advised of
the risks resulting from their daily activities, improper stocking of their various wastes and dumping
of their refuse in surface streams.

Keywords: karst systems; groundwater; pollution; natural attenuation

1. Introduction

Pollution is intensifying with increasing human presence and density. In rural and
remote areas, the local communities are sometimes persuaded by governmental measures
and subsidies not to leave their households in favor of cities and continue living on the
basis of the few activities they can perform, such as agriculture and livestock farming.
Unfortunately, in most of these areas, public water supply and wastewater treatment
facilities are absent. Therefore, the local communities use natural sources, such as springs
and wells, for their drinking water supply, and discard their wastes directly into the
environment. In karst areas, the above soil layers are usually not very thick, and the
limestone bedrock is heavily fractured or crossed by caves of various sizes. Thus, wastes
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stored in leaking septic tanks, manure deposits, or various household refuse that are
dumped directly and intentionally into surface streams ultimately reach the subsurface.
The same happens with all fertilizers and other agrochemicals [1] that are dissolved and
mobilized by meteoric water into the subsurface. Here, the contaminating wastes travel
underground gravitationally with the groundwater flow towards downstream locations,
where they emerge back at the surface in the form of springs. The water may reside
underground for a shorter or longer period depending on the slope, the length of the
subterranean course, discharge of the main stream, and subsurface tributaries. In some
cases, the water may be captured underground in large karst reservoirs. Eventually, the
emerging springs are often used by local communities as drinking water sources. These
springs, contaminated from the above anthropogenic activity, represent an important threat
to human health.

The aim of this study was to investigate the fate of contaminants passing through
karst systems and to compare the microbial communities from upstream locations, before
the streams enter underground, to those in downstream springs. Despite the potential
hazard introduced by the upstream water, human populations located downstream have
not reported excessive health issues related to water quality. Therefore, we hypothesized
that (I) at least part of the contaminants is retained underground by various means, such
as dilution with cleaner water provided by underground tributaries, sorption to sediment
particles or decantation to the bottom of larger karst reservoirs; and (II) microorganisms that
enter the HKS upstream together with polluted water are partially retained underground
and thus contribute to continuous degradation of organic contaminants.

In a previous pilot study [2] based on single timepoint samplings, we observed a
decrease in the concentration of most chemical compounds from upstream to downstream
locations in ten HKS alongside a decrease in microbial diversity. For the present study, we
sampled the five most representative HKS seasonally for one year. We performed in situ
physico-chemical measurements and collected parallel samples for chemical and microbial
community analysis.

2. Materials and Methods

Upstream and downstream locations in five hydrokarst systems (HKS) were sampled
four times in different seasons during one year. The upstream locations (also called ‘ponors’)
are places in the HKS where a surface river (or smaller stream) enters underground after it
passes through areas with different human activities (Figure 1). These waters then pass
through the limestone massif and emerge in karst springs, the downstream locations in
our study.

Three HKS (I, II and III) were located in the Pădurea Craiului Mountains and two HKS
(IV and V) in the Bihor Mountains (NW Romania). The physical characteristics, such as the
length of the HKS, residence time of water underground, altitudinal difference between
ponors and springs, as well as information on the presence of underground tributaries,
are summarized in Table 1. For each HKS, a surface stream passed through areas where
the residents carried out various activities, such as agriculture, cattle farming, or the usual
household-related necessities. In all cases, there was no sewer system meant to collect all
wastewater and eventually direct it towards a treatment plant. As a consequence, all wastes
were deposited in septic tanks, usually improper and leaking, or directly discarded into the
environment. Additionally, leachates originating from manure deposits and agricultural
fields either percolate to the underground, or were washed by nearby surface streams and
transported towards the ponors, where they entered the HKS.
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Figure 1. Location of the two mountain ranges (Pădurea Craiului and Bihor Mountains) marked 
with red and blue delineations, respectively, in NW Romania (a). The five HKS (I to V) are depicted 
in panels (b,c), with the location of the ponors (triangles), springs (circles) and the direction of the 
water flow (blue arrows) through the different types of rocks explained in the legend (1. Limestones. 
2. Limestones and dolomites. 3. Limestones, sandstones and conglomerates. 4. Calcareous sand-
stones and limestones. 5. Sandstones, conglomerates and limestones. 6. Limestones and sandstones. 
7. Limestones, dolomites, sandstones and conglomerates. 8. Crystalline schists.). 
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Figure 1. Location of the two mountain ranges (Pădurea Craiului and Bihor Mountains) marked
with red and blue delineations, respectively, in NW Romania (a). The five HKS (I to V) are depicted
in panels (b,c), with the location of the ponors (triangles), springs (circles) and the direction of the
water flow (blue arrows) through the different types of rocks explained in the legend (1. Limestones.
2. Limestones and dolomites. 3. Limestones, sandstones and conglomerates. 4. Calcareous sand-
stones and limestones. 5. Sandstones, conglomerates and limestones. 6. Limestones and sandstones.
7. Limestones, dolomites, sandstones and conglomerates. 8. Crystalline schists.).

Table 1. Description of the five hydrokarst systems addressed within the present study (information
extracted from Orăs, eanu and Iurkiewicz, 2010 [3]). In each case, the length of the underground course
of water is provided, alongside the time needed for the water to flow underground from ponors to
springs, the difference in altitude between the two endpoints of the HKS (H) and the number of the
underground tributaries that feed the main course (UT). The size of the underground tributaries has
not been determined.

Mountain HKS Ponor–Spring
(Inflow–Outflow) Length (m) Time (h) H (m) UT

Pădurea Craiului
I Potriva Cave–As, tileu Cave 2620 10 107 2
II Gălăs, eni Cave–Josani Spring 1750 13 95 0
III Toaie Ponor–Dămis, enilor Spring 3550 90 255 2

Bihor
IV Ocoale Valley–Cotet,ul Dobres, tilor Spring 2800 388 770 1
V Vuiagă well–Polit,ei Spring 1360 10 225 1
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Chemical characterization. With every sampling event, we measured the physico-
chemical parameters in situ using a Hanna Multiparameter HI9829 (Hanna Instruments
Inc., Woonsocket, RI, USA) and we sampled water for chemical and microbiological analy-
sis. For determining the water chemistry, samples for ion analysis were collected in 250 mL
pre-cleaned polyethylene bottles. The samples were filtered in the field by using a syringe
and 0.45 µm MilliporeTM filters, and then transported in cool boxes to the laboratory, where
they were stored at 4 ◦C in a refrigerator and processed within 48 h. The samples were
diluted with ultrapure water (18 MΩ·cm) and leveled to an electrical conductivity of about
100 µS cm−1. A Dionex 1500 IC ion chromatography system was used for the dissolved ions
analysis (F−, Cl−, NO3

−, SO4
2−, Li+, Na+, K+, NH4

+, Mg2+, and Ca2+). The IC system was
equipped with IonPac AS23 and CS12A columns (4 × 250 mm), IonPac A23G and CG12A
pre-columns (4 × 50 mm) and a self-regenerating suppressor (ASRS ultra II, 4 mm, with a
suppressor current of 25 mA/CSRS ultra II, 4 mm, with a suppressor current of 59 mA).
After the eluent and sample ions leave the suppressor, they flow through a conductivity
detector (microprocessor-controlled digital signal processor type) and a flow cell. The
detector has a range of 0 to 15,000 µS (digital output), a temperature compensation of 1.7%
per ◦C, a cell drive of 8 kH square wave, a linearity correlation >0.999 and %RSD < 5% to
800 µS. The conductivity cell consists of passivated 316 stainless steel electrodes, with an
active volume of 1.0 µL, an operating temperature of 30 to 55 ◦C and a maximum pressure
of 2 MPa (300 psi). For both anion and cation analysis, the detector was set at a data rate
of 5.0 Hz with an operating temperature for the conductivity cell of 35 ◦C. The eluents
used were 4.5 mM Na2CO3/0.8 mM NaHCO3 (for anions) and 20 mM methanesulfonic
acid (99.0%) (for cations) at a flow rate of 1 mL/min. The quantifications were based on
the external standard method using calibration curves plotted for six standard solutions
prepared by serial dilution of the stock solutions: Dionex™ Combined Seven Anion Stan-
dard II/057590 and Dionex™ Combined Six Cation Standard-II/046070. The method had a
good linearity (R2 > 0.999) and low detection limits. The limits of detection (LOD) were:
10.3 µg/L (Li+), 12.2 µg/L (Na+), 11.9 µg/L (NH4

+), 12.7 µg/L (K+), 11.8 µg/L (Mg2+),
17.1 µg/L (Ca2+), 10.1 µg/L (F−), 21.2 µg/L (Cl−), 12.0 µg/L (NO3

−), 15.8 (PO4
3−), and

12.7 µg/L (SO4
2−). The organic matter concentration, used as a proxy for pollution, was

determined as chemical oxygen demand (COD) and it was analyzed volumetrically by the
Small-Scale Tube Dichromate method (ISO 15705:2002).

Microbial community composition. The microbial communities were determined for all
five systems from both upstream and downstream locations during four seasons using
16S rRNA-based metabarcoding techniques. DNA was extracted from the water samples
using the ZR Soil Microbe DNA kit (Zymo Research, Irvine, CA, USA) according to the
manufacturer’s instructions. The V3-V4 regions of the 16S rRNA were sequenced by a
commercial company (Macrogen, The Netherlands) using MiSeq Reagent Kit v3 Illumina,
the Nextera XT Index Kit for library preparation and an Illumina MiSeq platform. The 341F
(5′-CCTACGGGNGGCWGCAG-3′) and 805R (5′-GACTACHVGGGTATCTAATCC-3′) PCR
primers were used in the PCR reaction for amplifying the hypervariable regions following
the protocol: 95 ◦C for 3 min, 25 cycles of 95 ◦C for 30 s, 55 ◦C for 30 s, 72 ◦C for 30 s and
72 ◦C for 5 min.

The paired-end reads were than quality trimmed, merged and analyzed for chimeras
using DADA2 [4]. The resulting amplicon-sequence variants were annotated using the
classify option of the SINA aligner V 1.7 [5] using the SILVA NR V138.1 [6] database as
a reference.

Statistical methods. Alpha diversity indices were calculated from the ASV tables as
Hill numbers of order 1 and 2, and therefore, the sequence data was not rarefied [7].
Additionally, we have calculated Pielou’s evenness. Diversity calculations were performed
using the Primer6 (V 6.1.1) + Permanova Package (V 1.0.1, Primer-E, Quest Research
Limited, Auckland, New Zealand). Due to variability between sites and time points for
the measured physicochemical parameters as well as the diversity measures, comparisons
were made between the out/in ratio of each parameter per site per time point. To check
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whether parameters or community composition changed significantly between upstream
and downstream sites, the data to be tested was normalized between 0 and 1 per site per
time point. Subsequently, significance was tested for each parameter between all upstream
and all downstream samples using Mann–Whitney and Dunn’s tests. For water chemistry
where the parameters were in the same range, no normalization was carried out and the
t-test was used to compare all upstream to all downstream samples.

The explanatory power of the physico-chemical parameters on microbial community
structure was tested using distance-based linear models with redundancy analysis (DBLM-
RDA, [8]). Due to missing values in multiple parameters, this analysis was conducted on
a subset of 24 samples (out of 38), and chemical oxygen demand was removed from the
analysis as well, due to missing data in samples other than those already removed. Due to
autocorrelation between electrical conductivity, salinity and total dissolved solids, electrical
conductivity was used for the analysis.

Data availability. Raw sequencing reads were deposited in the European Nucleotide
Archive (ENA) under the project number PRJEB51648.

3. Results
3.1. Environmental Characteristics

Temperature measurements revealed that for sites I-IV, the downstream temperature
was relatively constant, regardless of the upstream water temperature. However, the
downstream temperature was not fixed between sites, with averages ranging between
7 ◦C and 12 ◦C. The pH values were higher in upstream samples for HKS I, II and IV,
and higher in downstream samples for HKS III and V. The total dissolved solids (TDS,
t = −16.49, p < 0.001) and electrical conductivity (EC, t = −14.35, p < 0.001) values were
higher in all downstream locations compared to those measured in samples collected from
upstream locations (Figure 2). The mean TDS values were 134.64 ± 104.4 ppm for samples
collected upstream and 227.25 ± 62.85 ppm for downstream samples. The EC values
were 166.08 ± 135.54 µS cm−1 upstream and 270.19 ± 77.15 µS cm−1 downstream. There
were also changes in the salinity and resistivity values measured in situ at upstream and
downstream locations in the five prospected HKS. The salinity values increased (t = −8.29,
p < 0.001) along the subterranean water course, whereas the resistivity (an inverse measure
of water electrical conductivity) decreased (t = 4.933, p < 0.001). Upstream, the mean salinity
value was 0.116 ± 0.102 mg/L, whereas downstream this value was 0.188 ± 0.051 mg/L.

The mean water resistivity values were 0.012 ± 0.015 mΩ·cm upstream and
0.003 ± 0.003 mΩ·cm downstream of the prospected HKS. All sites had a higher con-
centration of total dissolved solids downstream, but the measurements for individual ions
exhibited mixed trends. Accordingly, Ca and Mg were always higher downstream in sites
III, IV, and V when compared to upstream, and vice versa for sites I and II. Similarly mixed
trends were seen for the oxidation-reduction potentials (Figure 2), with sites II, III, and
IV having a higher redox potential downstream as compared to upstream. Interestingly,
these trends in redox potential were not fully in line with the observed changes for oxygen
concentration, since sites III, IV, and V had higher concentrations downstream.

The nitrate concentration (Figure 2) in downstream samples (7.02 ± 7.43 mg/L) was
significantly higher (t = −4.209, p < 0.001) compared to the nitrate concentration in samples
collected from locations upstream in the selected hydrokarst systems (4.87 ± 7.42 mg/L).
On the contrary, the organic matter (Figure 2), estimated here as chemical oxygen demand
(COD), was lower downstream for all but site V. The concentration values for chlorides
remained relatively unchanged (t = 0.42, p = 0.677) over the subterranean course of wa-
ter through the five prospected HKS (Figure 2). The mean chlorides concentration was
5.55 ± 3.56 mg/L in upstream samples and 5.19 ± 4.62 mg/L in samples collected from
downstream locations. A slight decrease in sulfates concentration (Figure 2) was noted be-
tween upstream (6.41± 6.37 mg/L) and downstream (4.89± 3.95 mg/L) locations. Sodium
concentration (Figure 2) decreased (t = 2.226, p = 0.037) from upstream (3.136 ± 1.416 mg/L)
to downstream (2.574 ± 0.864 mg/L) locations.
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blue and red boxplots for the ponors and springs, respectively. Lines show the median, the boxes
and whiskers show the 25th and 75th and 10th and 90th percentile, respectively. The raw chemistry
measurements are provided in Table S4.

A PERMANOVA analysis conducted to test whether the time of sampling or site
could account for the variation in physico-chemical parameters revealed that the latter
independently accounted for less than 2% of the variability between sites.

3.2. Microbial Diversity and Community Structure

Our analysis resulted in ca 1.1 million reads separated into >12,800 bacterial amplicon
sequence variants across 36 samples (Table S1). Of these, the taxa of particular interest are
summarized in Table 2 (and Table S3 in the Supplementary Materials). Alpha diversity
measures (effective species numbers (Hill numbers) with q = 1 and q = 2; Table S2) revealed a
high variability between sites (Figure 3a) with a general decrease in diversity in downstream
samples (Figure 3b). A similar trend was observed for evenness (Figure 3a,b) but with a
smaller change between upstream and downstream sites.
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Table 2. Bacteria taxa (relative abundance > 1%) for which a significant change (p < 0.05) in relative
abundance was detected between upstream and downstream locations across all sampling sites and
periods. Ratios were calculated per site and averaged. The complete taxonomic affiliation for each
taxon, the p value, and additional taxa that did not have a significant change between upstream and
downstream locations are provided in Table S3.

Functional Group Taxon Average Ratio Standard Deviation Highest Abundance

1 Biodegraders Bryobacter sp. 0.18 0.36 Upstream
2 Biodegraders Massilia sp. 0.21 0.33 Upstream
3 Biodegraders Clostridium chromiireducens 0.28 0.37 Upstream
4 Biodegraders Pedobacter boryungensis 0.30 0.39 Upstream
5 Biodegraders Methylobacterium sp. 0.41 0.45 Upstream
6 Biodegraders Flavobacterium hauense 0.41 0.50 Upstream
7 Biodegraders Acinetobacter lwoffii 0.47 0.49 Upstream
8 Biodegraders Flavobacterium limicola 0.49 0.42 Upstream
9 Biodegraders Bacteriovorax sp. 0.50 0.48 Upstream
10 Biodegraders Alkanindiges sp. 0.53 0.48 Upstream
12 Biodegraders Parasediminibacterium sp. 0.56 0.59 Upstream
11 Biodegraders Flavobacterium psychrolimnae 0.56 0.57 Upstream
13 Biodegraders Clostridium butyricum 0.66 0.52 Upstream
14 Biodegraders Bradyrhizobium elkanii 0.80 0.88 Upstream
16 Biodegraders Pedobacter sp. 0.84 1.62 Upstream
21 Biodegraders Terrimonas sp. 0.85 0.62 Upstream
17 Biodegraders Sediminibacterium sp. 0.86 1.35 Upstream
19 Biodegraders Flavobacterium saccharophilum 0.88 0.99 Upstream
18 Biodegraders Sphingomonas faeni 0.89 1.10 Upstream
20 Biodegraders Sphingomonas glacialis 0.89 1.24 Upstream
22 Biodegraders Novosphingobium sp. 0.90 0.62 Upstream
23 Biodegraders Flavobacterium segetis 0.93 1.09 Upstream
26 Biodegraders Flavobacterium aquatile 1.00 1.51 Downstream
24 Biodegraders Pseudomonas sp. 1.02 0.68 Downstream
15 Biodegraders Flavobacterium chungangense 1.09 1.64 Downstream
25 Biodegraders Nitrospira sp. 1.12 0.47 Downstream
27 Biodegraders Flavobacterium buctense 1.93 2.03 Downstream
28 Biodegraders Limnohabitans sp. 1.94 3.98 Downstream
29 Biodegraders Flavobacterium succinicans 2.03 7.86 Downstream
30 Biodegraders Flavobacterium pectinovorum 2.19 6.40 Downstream
31 Biodegraders Flavobacterium aquidurense 3.10 6.98 Downstream
1 Pathogens Staphylococcus equorum 0.10 0.04 Upstream
2 Pathogens Chryseobacterium chaponense 0.25 0.42 Upstream
3 Pathogens Carnobacterium maltaromaticum 0.37 0.48 Upstream
4 Pathogens Ralstonia pickettii 0.38 0.48 Upstream
5 Pathogens Facklamia tabacinasalis 0.49 0.45 Upstream
6 Pathogens Carnobacterium inhibens 0.52 0.49 Upstream
7 Pathogens Brevundimonas intermedia 0.57 0.66 Upstream
8 Pathogens Polynucleobacter sp. 0.60 0.40 Upstream
9 Pathogens Paeniclostridium sp. 0.65 0.42 Upstream

10 Pathogens Brevundimonas staleyi 0.71 0.67 Upstream
11 Pathogens Romboutsia sp. 0.73 0.46 Upstream
12 Pathogens Clostridium sp. 0.82 1.13 Upstream
13 Pathogens Clostridium estertheticum 0.89 1.28 Upstream
14 Pathogens Aeromonas media 1.07 0.56 Downstream
15 Pathogens Polynucleobacter asymbioticus 1.13 0.68 Downstream
1 Pollution indicators Ruminiclostridium sp. 0.29 0.41 Upstream
2 Pollution indicators Rhizobacter gummiphilus 0.36 0.55 Upstream
3 Pollution indicators Luteolibacter sp. 0.64 0.56 Upstream
4 Pollution indicators Undibacterium sp. 0.66 0.56 Upstream
5 Pollution indicators Sphaerotilus sp. 0.66 0.58 Upstream
6 Pollution indicators Devosia sp. 0.76 1.35 Upstream
7 Pollution indicators Arenimonas sp. 0.88 0.69 Upstream
8 Pollution indicators Rhodoferax sp. 1.24 2.24 Downstream
9 Pollution indicators Perlucidibaca sp. 4.97 17.19 Downstream

10 Pollution indicators Pseudoxanthomonas mexicana 6.87 6.40 Downstream
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Distance-based linear models revealed that water chemistry could account for up to
39% of the variation in microbial community structure. Individual and sequential tests
revealed that out of the tested parameters (electrical conductivity, NO3, redox potential,
O2, pH, resistivity, and temperature), redox potential, resistivity, and temperature did not
contribute significantly to the microbial community structure.

The microbial community sampled from the end points of the five hydrokarst systems
(HKS) monitored during this study was diverse and varied largely from one HKS to
another, and from upstream to downstream locations. The obtained sequences belonged
to 49 Bacteria phyla, of which 18 were more abundant, each making up more than 1% of
the total community in at least one sample. Though not fully incorporated into the SILVA
database, we adopted the new phyla taxonomy recently validated and accepted into the
bacterial code of nomenclature [9].

The most abundant phyla belonged to the Pseudomonadota (formerly Proteobac-
teria), Bacteroidota and Bacillota (formerly Firmicutes) (Figure 4a). Bacteroidota and
Pseudomonadota had a similar relative abundance in upstream samples (37 ± 18% and
36 ± 13%, respectively), yet Pseudomonadota were more abundant in downstream samples
(47 ± 14% vs. 35 ± 18%). This increase in relative abundance in downstream samples could
be attributed to the class Gammaproteobacteria. In contrast, Bacillota were more abundant
upstream (13 ± 17%) than downstream (5 ± 4%).

The change in abundance of the different phyla was evaluated between downstream
and upstream samples from the same system at individual timepoints, thus accounting
for the variation in relative abundance (Figure 4b). Differences between upstream and
downstream were noted for all phyla, yet only a few exhibited a significant systematic
increases or decrease: Bacillota (p = 0.0018), Pseudomonadota (p = 0.004), Nitrospirota
(p = 0.017), and Desulfobacterota (p = 0.033).
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To evaluate whether significant changes in the relative abundance of bacteria could
be observed at a higher taxonomic resolution, we conducted a similar analysis at the
family level (Figure 5). Out of 16 families with an average relative abundance above 1%,
3 showed significant changes between upstream and downstream samples: Comamon-
adaceae (p = 0.0018), Clostridiaceae (p = 0.04), and Sphingobacteriaceae (p = 0.000).
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Finally, we investigated whether significant changes occurred in the abundance of
specific taxa obtained from grouping ASVs with the same taxonomy, or of strains (ASVs).
Out of 260 taxa that occurred over 1% in at least 1 sample, 56 were significantly different
between upstream and downstream locations across all samples (Figure 6, Table 2). Out of
the ca. 12,000 ASVs obtained, 241 occurred in 1% of at least 1 sample, of which 86 appeared
in half of the sample pairs (10 of 19). Of these, 42 were found to significantly change in
relative abundance (i.e., decrease or increase) between upstream and downstream samples
(Figure S1). These taxa include potential biodegraders, such as members of Sphingomonas,
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Flavobacterium, and Limnohabitans; pathogens, such as species belonging to Clostridium, Mi-
crococcaceae, Massilia, and Rickettsiella; and taxa generally known as indicators of pollution,
such as species belonging to Romboutsia, Rhodoferax, and Undibacterium (Figure S1).
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4. Discussion

In populated karst areas, pollution of subsurface environments is an apparent phe-
nomenon. In the absence of a sewage system, the wastewater is discarded directly into
the environment (e.g., in nearby ditches or streams) and it ultimately reaches the subsur-
face carried by sinking surface streams or diffusely by percolation. The pollution travels
then underground with the groundwater flow and eventually emerges downstream in
springs, which are used by the local communities as drinking water sources. The fate of
contaminants and their subterranean course is not known, but the springs located down-
stream of pollution sources can represent a hazard to the health of the human communities
consuming this water directly. In this study, we characterized the changes that occur in
the chemistry and microbial community structure of samples obtained from places where
surface water infiltrates underground and arrives at downstream springs in five hydrokarst
systems (HKS) located in two karst areas in NW Romania.

4.1. Water Chemistry

We observed that the water that appears in karst springs downstream of the prospected
HKS had a different chemical composition compared to that sampled from its upstream
locations. In comparison to other settings, where electrical conductivity (EC) is regarded as
a measure of pollution with landfill leachate [10], the increase in EC values for the water
passaging through the HKS is most likely due to the dissolution of calcium carbonate rock.
Here, the water becomes richer in various salts and other compounds that dissolve during
underground passage. Increasing EC values can also be due to, for example, nitrogen
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fertilizers applied to crops [11] or groundwater pollution with wastes originating from
pig farms [12]. In our study, the increase in Ca and Mg concentrations in the downstream
springs supports this idea. The salts containing Ca and Mg are present in calcareous
rocks (i.e., limestone and dolomites) and they are soluble in water, hence the process of
karstification and the formation of caves and other underground voids.

The aeration of water may be beneficial for biodegradation of organic materials pollut-
ing the water. The more oxygen dissolved in the water, the higher the oxidation-reduction
potential (ORP), and a possibly greater chance for organic pollution to become biodegraded.
In this study, an increase of oxygen concentration that correlated well with an increase in
ORP values was noted in the springs after the underground passage of water. In locations
downstream of the HKS, the estimated values for organic matter concentration were lower
in comparison to those obtained from the upstream sites. An inverse connection between
the decrease in organic matter concentration and the increase in the concentration of ni-
trates was also noted. This may indicate that the organic matter is retained underground,
and when subsequently degraded, the resulting NH4 sustains a community of nitrifiers.
Nitrification can be an indication of the potential for natural attenuation in the selected
karst environment. The organic matter may thus remain underground. Higher nitrate con-
centration may also be related to a larger relative abundance of nitrifying microorganisms
in the downstream samples. Thus, the organic matter (regarded here as pollution) may
firstly be filtered through the karst pores of various sizes, where it may decant down to the
bottom of karst aquifers and attach to sediment particles or other substrates to be ultimately
degraded by microorganisms. Sulfates are indicators of pollution from the surface originat-
ing from human activities such as spills in the environment of various household-related
chemicals containing sulfur compounds or the application to crops of fertilizers containing
sulfates [13,14]. Sodium-containing compounds originate either naturally in rocks and
soils or they may be present in sewage effluents or leach from manure deposits or landfills.
Thus, sodium can also be regarded here as an indication of anthropogenic pollution [15].

Dilution with cleaner groundwater provided by the underground HKS tributaries can
also be an important factor contributing to the reduction of the mass and concentration
of pollution. The concentration of several chemical compounds decreased between the
upstream to downstream locations, but the concentration of other compounds increased
at the downstream sites. When dilution is the main factor contributing to a decrease in
pollution levels, then a decrease in the concentration values of all measured chemical
parameters is expected. Moreover, there were no changes in the concentration of chlorides
between the upstream and downstream locations. The chlorides are sometimes used as non-
degradable tracers [10,16], and therefore, dilution, as factor contributing to the reduction in
the concentration of various compounds, can be excluded. The changes in the concentration
of nitrates and organic matter in the subsurface course of water are most probably due to
chemical and biological transformations in these environments.

4.2. Microbial Community Structure

The microbial communities in the five HKS systems examined during this study were
complex and varied significantly between sites, and while water chemistry accounted
for a significant portion of the microbial community structure (39%), we suggest this
reflects overall differences between sites, rather than the selection of certain taxa due to the
physico-chemical parameters of the water.

Differences in the microbial community structure were observed between upstream
and downstream locations. The microbial diversity, as expressed by the effective species
numbers, was lower in samples obtained from downstream locations, in agreement with
previous preliminary data [2]. This was accompanied by a decrease in evenness, and
it suggests the substitution of some of the entering taxa by more specialized bacterial
population with higher abundance in the subsurface. The microbial community in samples
obtained from the endpoints of the five prospected hydrokarst systems was divided into
several groups of microorganisms on basis of their known physiological properties. We
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addressed the microbial community according to the following main functional groups:
(I) pollutant-degrading microorganisms, (II) pollution indicators, and (III) pathogenic
bacteria. In principle, all microorganisms with more than 1% presence in all analyzed
samples were considered. All information regarding the presence of these microorganisms
with a comparison between the change in upstream and downstream samples is gathered
in Table 2 (plus Table S3 in the Supplementary Materials), and the share in downstream
and upstream samples is depicted in Figure 6.

4.2.1. Pollutant-Degrading Microorganisms

Biodegraders are defined here as all those microorganisms that have the capabilities
for general degradation of organic materials (pollution) or the degradation of particular
chemical compounds. Biodegraders were present in the prospected karst environments
over the whole subterranean transect from the upstream ponors to the springs located
downstream of the HKS. Analyzed separately (Table S3), there were more microbial taxa
where their relative abundance was higher in samples collected upstream than the taxa
that prevailed downstream. This can suggest that degrading microorganisms are retained
underground, possibly freely in water, or more likely gathered in biofilms, in places where
the biodegradation of pollution is desired. This fact can be beneficial for the bioremediation
of polluted groundwater.

We identified 76 microbial taxa that are capable of performing processes related to the
biodegradation of pollution. Of these, 55 taxa were more abundant in upstream samples,
whereas 21 taxa had a higher presence in downstream samples (Table S3). The presence of
biodegrading microorganisms, especially in samples collected from upstream locations,
can be beneficial for the biodegradation of pollution in subsurface karst environments.
A lower presence of biodegraders in the downstream springs indicates their prevalence
underground in places where biodegradation of pollution occurs. On the other hand, the
spring water is cleaner when it contains fewer microorganisms.

In our study, we identified several taxa of microorganisms that are involved in am-
monification and subsequent nitrification of organic matter in the environment. These taxa
were Nitrososphaeria, Azospirillales, Nitrosomonadaceae, Nitrospirota, and Nitrosococ-
caceae, and their relative abundance was higher in samples collected from downstream
locations. This increase in the density of nitrifiers along the subterranean water flow path
is in agreement with the increasing concentration of nitrates along the subterranean water
flow together with a decrease in the amount of organic matter.

The most abundant microbes in our samples were members of the Flavobacterium
(Flavobacteriaceae, Bacteroidota). This genus comprises numerous species largely found in
soil and freshwater. Members of the Flavobacteriaceae had a higher relative abundance
in upstream samples compared to their abundance in downstream samples (Figure 5b).
Some species are described as capable of degrading secondary products of nylon 6 manu-
facture [17], but most Flavobacterium species are described for a wide variety of habitats.
These are heterotrophic bacteria that are capable of degrading any organic matter present in
the environment, and thus, are important for biodegradation processes in karst subsurface
environments. The family Sphingomonadaceae (Alphaproteobacteria) were second in
line as the most abundant microorganisms in our samples. They were present mostly in
samples collected upstream of the hydrokarst systems (Figure 5b). Some species belonging
to Sphingomonadaceae are capable of the biodegradation of aromatic compounds [18,19],
which makes them important for the bioremediation of polluted environments. Species
from the genus Limnohabitans (Comamonadaceae) were largely present in downstream
locations (Figure 5b). They may thrive underground on the available organic matter, the
concentration of which decreased as water passed through the HKS. In natural environ-
ments, these microorganisms form an important portion of bacterioplankton and have
high rates of substrate uptake and growth [20]. Thus, they may contribute significantly to
organic matter biodegradation in subsurface aquatic environments. Another genus well
represented in soil is Acinetobacter (Moraxellaceae, Gammaproteobacteria). Members of
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the Moraxellaceae were identified mostly in downstream sites (Figure 5b). Acinetobacter
species can contribute to the mineralization of organic matter through both nitrification and
denitrification in sewage treatment plants [21]. Other microorganisms, also belonging to
Moraxellaceae, but with a higher relative abundance in upstream samples, were members
of Alkanindiges. These microorganisms have been detected in activated sludge systems, and
they are capable of degrading hydrocarbons, such as squalene [22]. Species belonging to
Delftia (Comamonadaceae, Betaproteobacteria) are known for their abilities to degrade a va-
riety of pollutants. They can degrade paracetamol [23], aromatic hydrocarbons [24,25], and
herbicides [26]. These species are also associated with the detoxification of heavy metals,
such as cadmium [27] and gold [28]. Members of Chitinophagaceae, also detected in our
samples, especially in upstream samples (Figure 5b), are important for the biodegradation
of carbohydrates (chitin) and other organic compounds [29].

Actinobacteriota members are ubiquitous soil and water microorganisms, largely
present in all environments. These microbes can grow in large colonies that resemble fungal
mycelia and they contribute, together with fungi, to the decomposition of organic matter.
In our study, their presence (Figure 4b) was slightly higher in samples collected down-
stream of the HKS than upstream samples. Members of Patescibacteria are mostly known
from metagenomics and single-cell sequencing, since they are largely uncultivable [30].
Patescibacteria were slightly more common in upstream samples compared to their pres-
ence in downstream samples (Figure 4b). These bacteria thrive in groundwater, growing
on the available organic matter. This may be beneficial for bioremediation since more
(non-pathogenic) bacteria consume organic matter (the pollution).

Cyanobacteria are most likely introduced from the surface during the percolation
of water, but the survival of these obligate phototrophs can be affected by the absence
of light. Regardless, some Cyanobacteria have been found and are viable deep in the
subsurface [31,32]. The relative abundance of Cyanobacteria was, on average, two times
larger in samples obtained from downstream locations compared to samples collected from
upstream locations (Figure 4b). The presence in the subsurface of these microorganisms can
be useful for the bioremediation of polluted groundwater as they can degrade chlorinated
compounds [33,34]. In wastewater treatment plants, Cyanobacteria can degrade toxic com-
pounds such as pesticides [35], organophosphorus- and organochlorine insecticides [36], or
herbicides [37,38]. Other studies suggest a role for Cyanobacteria in polyethylene [39] and
crude oil biodegradation [40].

4.2.2. Pollution Indicators

Pollution indicators are defined here as those microorganisms that are detected and
described for various contaminated sites, such as sewage and sludge systems, manure
deposits, human and animal intestinal tracts, etc. The presence of these microorganisms in
the environment can directly indicate pollution by various human and domestic animal
waste. For example, if the waste from a pig farm is spilled directly into a surface stream
that sinks later into an underground karst system, then this subsurface environment will
be heavily polluted with pig manure. The question refers then to the fate of this type of
pollution underground. Is the pollution retained in the subsurface, or is it washed out of
the hydrokarst system, contaminating downstream springs that are often used as drinking
water sources by local human communities? Ideally, the pollution is retained underground
by physical means, such as decantation or sorption to sediments or other substrates, and it is
subjected to biodegradation processes performed by microorganisms. In our study, 20 of the
28 analyzed taxa could have originated from human and animal intestinal tracts or various
other polluted environments, and were more abundant in upstream samples compared to
the 8 taxa that prevailed in downstream samples (Table S3). Thus, a notable proportion of
these microorganisms remained underground, and the water in the downstream springs
was cleaner, containing less microbes. In the downstream samples, several taxa were
present in larger numbers compared to upstream samples, and this aspect may represent a
serious hazard for the quality of the drinking water in downstream karst springs. Thus,
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some of the microorganisms that entered the hydrokarst systems and were detected in
samples analyzed during the present study are of human and animal intestinal origin.
These microorganisms usually have an anthropogenic source upstream at the surface of
the hydrokarst systems where local communities live, grow crops, and house domestic
animals. The household refuse originating from, for example, leaking septic tanks, manure,
and waste deposits, are ultimately carried by percolating water towards the subsurface
with severe consequences for the fragile groundwater ecosystem and the springs that are
frequently used as drinking water sources by local communities living downstream of the
karst system.

Sludge and sewage samples. The most abundant indicators of human-induced pollution
were microorganisms belonging to Rhodoferax (Comamonadaceae, Gammaproteobacte-
ria), which were especially present in samples collected downstream of the prospected
hydrokarst systems (Figure 5b). These microbes have been identified in various stagnant
water environments, activated sludge, and sewage samples [41]. Species belonging to
Rhodoferax are capable of utilizing various carbon sources, such as acetate, lactate, pyru-
vate or succinate, in either aerobic or anaerobic conditions [42], and can reduce Fe(III) to
Fe(II) [43]. Several other microbial species detected in our samples have also been found
in sludge systems and sewage samples. These examples include Duganella species [44],
Hydrogenophaga species [45], Thermomonas species [46], Malikia species, i.e., Malikia granosa,
which was isolated from activated sludge of a municipal wastewater treatment plant [47],
Sphaerotilus natans [48], Alkanindiges [49], members of the Elusimicrobia [19], members of
the Steroidobacterales [50] and Thiothrix, which occurs in water with a constant source of
hydrogen sulfide, but has also been detected in waste water treatment plant samples [51,52].
These later species were more abundant in samples collected upstream of the prospected
hydrokarst systems.

Human and animal origin. Romboutsia (Peptostreptococcaceae, Bacillota) species were
the most abundant polluting microorganisms, especially in upstream samples (Figure 5b).
Several species of Romboutsia have been described in the human gut [53,54]. Species
belonging to Pseudoxanthomonas (Xanthomonadaceae, Gammaproteobacteria) have been
isolated from human urine and anaerobic digester samples [55] and were detected mostly
in downstream samples during this study (Figure 5b). Fusobacteriaceae species, such as
Cetobacterium somerae, have been isolated from human feces [56] and Fusobacterium necropho-
rum is common within the intestinal tract of humans and animals [57]. Some other species
identified in our water samples are specifically associated with the presence and growth of
domestic animals. For example, Erysipelotrichaceae species are common in the animal gut
microbiome and have been isolated from swine manure [58]. Species belonging to Knoel-
lia [59] and Atopostipes [60] have also been isolated from pig manure pits. Rikenellaceae [61],
Negativicutes [62], Fibrobacterales [63], Lactobacillus [64], and Muribaculaceae [65] species
are all part of animal intestinal tract microbiota and were detected in our samples, reflecting
the degree of animal waste pollution in karst groundwater.

4.2.3. Pathogenic Bacteria

Pathogens were detected in samples collected from both ends of the investigated
hydrokarst systems. Their presence was related to human activity upstream of the places
where the surface streams sink underground. Although many of these microorganisms
were more abundance before the water went underground, some of these microbes emerged
in downstream springs. These pathogens can threaten the health of people directly con-
suming water from these sources. Like pollution-indicating bacteria, these microorganisms
are a measure of human activity and undesirable in drinking water sources. Their presence
in water sources can represent a serious hazard to human health. These incidents should
be reported and the consumption of water from these sources ceased. In general, though,
notifying the local communities consuming water from contaminated sources in rural areas
does not happen. In the five HKS, we counted 32 pathogenic microbial taxa, 24 of which
had a larger abundance in upstream samples (Table S3). Thus, these microorganisms may
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remain underground, and this is an encouraging aspect with regard to natural bioreme-
diation measures. However, a significant portion of the pathogenic microbes (9 taxa) are
washed out of the karst systems in springs with potentially severe consequences for the
health of the people that consume water from these sources directly.

Bacteroidota comprises a wide group of microorganisms that are present freely in the
environment in water and soil alike, but also in the gut of humans and animals [66], where
they may be opportunistic pathogens or symbionts contributing to digestive processes. In
the groundwater samples we examined, the presence of these microbes in such high propor-
tions may represent a biological hazard associated with agriculture and cattle farming. The
family Weeksellaceae contains several pathogenic bacteria species. For example, Chryseobac-
terium species, also detected in our samples, are responsible for various diseases [67], such
as bacteremia, peritonitis, pneumonia, cystitis, and meningitis [68]. Weeksella species occur
in the human genital tract [69] and species of Bergeyella are associated with the bite of dogs
and cats [70]. Bacteroides species are opportunistic human pathogens, causing infections of
the peritoneal cavity and appendicitis [71]. A decrease in the presence and abundance of
these microorganism in the drinking water springs located downstream of the hydrokarst
systems is likely to benefit downstream communities.

The Bacillota are mainly represented by Bacilli and Clostridia. These two classes
include pathogenic microorganisms responsible for various severe diseases. These microor-
ganisms were detected mostly in samples collected downstream of the selected hydrokarst
systems (Figure 4b). They were apparently washed out of the HKS to become a hazard
to the health of people consuming this water. The most abundant microbes within this
group of pathogens present in the water samples collected from both ends of the examined
HKS belonged to Bacillus species (Bacillaceae, Bacillota). Bacillaceae members were mostly
present in upstream samples (Figure 5b), which suggests that most of these microbes were
retained underground to have less impact on drinking water sources located downstream.
Bacillus species are omnipresent in various types of environments, in water and soil, and
can survive the most extreme conditions, such as high pH, high temperature, and high
salinity. A few species produce toxins and can cause poisoning and diseases. For example,
Bacillus anthracis, also present in our samples, causes anthrax [72]. Other species, such as
Bacillus butanolivorans, which uses n-butanol as its sole carbon source, can be important in
bioremediation measures [73].

The genus Clostridium (Clostridiaceae, Bacillota) contains mainly anaerobic microorgan-
isms that were better represented in samples collected from upstream locations (Figure 5b).
This group contains several human pathogens that can cause diarrhea, botulism, and
tetanus. Clostridium perfringens, present in our samples, causes a wide range of symptoms,
from food poisoning to cellulitis, fasciitis, and necrotic enteritis [74]. Other species can
be important for bioremediation measures. For example, Clostridium chromiireducens can
reduce chromium [75], and Clostridium thiosulfatireducens has been isolated from anaerobic
sludge where it reduced thiosulfate and elemental sulfur to sulfide [76]. Species of Psy-
chrobacter (Moraxellaceae, Gammaproteobacteria) are associated with food [77] and can be
responsible for diseases such as endocarditis and peritonitis [78].

5. Conclusions

We have observed that the karst subsurface environment may attenuate pollution by
the retention of contaminants underground together with degrading microorganisms. A
large fraction of pathogenic microorganisms also remains in the subsurface, but many are
washed out in the downstream springs. This may represent a serious hazard to the health
of people using these sources for their drinking water supply. Therefore, drinking water
sources in rural areas should be monitored for the quality of the water, local communities
informed of the consequences related to the consumption of water from these springs, and
the communities located upstream of the karst systems have to be aware of the possible
threats caused by dumping their waste deliberately and unconsciously in the environment.
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Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/w14101597/s1. Figure S1. Amplicon sequence variants (ASV)
with a significant change in relative abundance between upstream and downstream samples. Values
below 0 (red line) have mostly decreased whereas above have increased. Table S1: ASV annotation
table with read counts and calculated relative abundance for the different taxa obtained in samples
collected from the end points of the five investigated HKS. Table S2: Alpha diversity measures.
Table S3: Overview of the most frequent microorganisms occurring in samples collected from both
ends of the selected hydrokarst systems. Multiple amplicon sequence variants were summed up
into one genus. The significance of change between upstream and downstream was calculated by
normalizing the abundance of each taxon between 0 and for each time point and site. The shown
P value was obtained at the ASV level and is reflected in Figure S1. Table S4: Raw measurements of
the different chemical parameters.
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