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Abstract: Bacterial metabarcoding analysis by 16S rDNA of five occurrences of mineral waters in Serbia (Torda, Slanka-
men Banja, Lomnički Kiseljak, Velika Vrbnica and Obrenovačka Banja) indicated the presence of a high percentage 
of the Proteobacteria phylum, followed by the Bacteroidetes phylum. The families Rhodobacteraceae, Burkholderia-
ceae, Pseudomonadaceae, Methylophilaceae and Moraxellaceae were the most dominant in the bacterial flora of the 
selected occurrences, whereas the most represented genera were Acinetobacter, Pseudorhodobacter, Pseudomonas, 
Limnohabitans, Massilia, Limnobacter and Methylotenera. The presence of coliform bacteria was not detected. Alpha 
diversity analysis revealed that Slankamen Banja and Lomnički Kiseljak were the richest of the selected occurrences, 
while the mineral waters of Torda, Velika Vrbnica and Obrenovačka Banja were characterized by similar diversity of 
bacterial communities determined by beta diversity analysis. Physical-chemical analysis revealed the value of total 
dissolved solids above 1 g/L, as well as elevated concentrations of some metals and non-metals. The research con-
cluded that specific bacteria contribute to the development of biocorrosion and biofouling processes of water intake 
facilities. In addition, some of these bacteria might be potential indicators of the organic sources of pollution and/or 
biotechnological natural remediators in the treatment of contaminated waters.

Keywords: mineral waters; bacterial metabarcoding analysis; 16S rDNA; alpha and beta diversity analysis; physical-
chemical analysis.

INTRODUCTION

Microorganisms were long thought to be distributed 
up to a depth of 100 m in the Earth’s crust [1]. Deeper 
parts of aquifers have been assumed to be isolated 
from surface effects of contamination because of sur-
face water infiltration through porous layers or due to 
the existence of roof watertight barriers, thus exclud-
ing mineral groundwater (MGW) habitats from the 
“contamination chain” [2]. However, with the emer-
gence of persistent waterborne infections, previous 
claims have been shown to be unreliable [3]. MGW 
are habitats characterized by a unique microbiological 

diversity, whose number is estimated at 103 to 108 cells 
per mL or per gram of sediment, reaching depths of at 
least 3 km [1,4]. In subterranean ecosystems, microor-
ganisms are found suspended in MGW or attached to 
aquifer matrix, with benthic organisms being domi-
nant in terms of biomass and biochemical activity [5]. 
According to some estimates, more than 90% of the 
microbial biomass in aquifers is attached to appropri-
ate geochemical substrates [6]. Richer microbiologi-
cal diversity is characteristic of ecotone zones where 
microorganisms can be rapidly transported along a 
steady flow of MGWs [7]. In some cases, microor-
ganism transport can be so slow as to cause mineral 



68 Arch Biol Sci. 2022;74(1):67-79

groundwater habitats to remain completely isolated 
from external factors, thus creating favorable condi-
tions for allopatric speciation [8]. Communities of 
microorganisms in subterranean ecosystems are rep-
resented by bacteria and archaea, along with fungi 
and protozoa [8, 9]. The presence and role of bacteria 
in MGWs is primarily considered and investigated 
for practical and economic reasons, since bacteria 
affect the service life of water intake facilities, induc-
ing the development of biocorrosion and biofouling. 
Following the succession of bacterial communities, 
well aging symptoms are observed, which include (i) 
an increase in bacterial metabolic activity; (ii) de-
crease in well capacity; (iii) inadequate water quality; 
(iv) the inability of the wells to distribute the required 
water quantities [10]. The development of biocorro-
sion and biofouling processes causes serious financial 
losses, where bacterial overgrowth represents the 1st 
or 2nd most expensive factor in groundwater system 
deterioration in North America [11]. In addition, 
more than half of the underground installations’ cor-
rosive processes are the result of biochemical activity 
of bacteria [12], while costs caused by iron corrosion 
can reach several billion dollars [13]. Moreover, some 
bacteria can metabolize certain corrosion inhibitors, 
while trivalent iron sediments, in combination with 
organic matrix (slime), can block drainage and are a 
special problem that develops during well exploitation 
[14]. Also, bacteria can affect the qualitative properties 
of MGWs, influencing the ecological status of water 
resources including many disease outbreaks. Apart 
from the negative indications of bacteriological di-
versity, it is possible to remedy contaminated water by 
using the metabolic activity of indigenous or alloch-
thonous communities of groundwater bacteria, since 
subterranean ecosystems are known to create condi-
tions for biological degradation of pollutants [15].

To gain insight into the taxonomic composition 
of the bacterial community of selected mineral water 
occurrences, metabarcoding analyses by 16S rDNA 
were performed. In addition, alpha and beta diversity 
analyses were undertaken with the intention of com-
paring the bacterial diversity among the examined 
mineral waters and within each occurrence individu-
ally. Also, physical-chemical analysis of mineral waters 
served to comprehensively determine the qualitative 
status of the investigated mineral water occurrences.

MATERIALS AND METHODS

Study areas

The study sites focused on the bacteriological di-
versity of the mineral waters of Torda (45.5860° N, 
20.4581° E), Slankamen Banja (45.1415° N, 20.2586° 
E), Obrenovačka Banja (44.6570° N, 20.2125° E), 
Lomnički Kiseljak (43.5110° N, 21.3281° E) and Velika 
Vrbnica (43.5251° N, 21.1918° E) and included prior 
summarization of the geological-hydrogeological 
characteristics of the investigated occurrences, which 
were sampled for metabarcoding analysis during the 
spring/summer of 2019. The studied occurrences of 
mineral waters are located in different parts of the 
territory of Serbia. Their flow follows the complex-
ity of geological and hydrogeological conditions in 
the corresponding geotectonic regions, shown in 
Supplementary Fig. S1 [16,17]. 

Sampling, DNA extraction, library preparation 
and NGS sequencing 

The mineral waters of the selected occurrences were 
sampled using deep sampling bottles from a depth of 
50 cm below the water surface. The samples were then 
collected and transported in accordance with SRPS 
EN ISO – 19458:2009 standards in sterile glass bottles. 
Samples were collected from all types of mineral water 
in 3 replicates and DNA extraction was performed 
separately for each of them. For each sample, 1000 
mL of water was filtered with IsoporeTM membrane fil-
ters (Merck Millipore Ltd., Dublin, Ireland). The DNA 
was extracted from 0.22-μm polycarbonate IsoporeTM 
filters for each replicate using the PowerSoil® DNA 
Isolation Kit (MO BIO Laboratories, Inc., Carlsbad, 
CA, USA) following the manufacturer’s instructions. 
The total DNA from each replicate was pooled into 
1 sample for each sampling site. The DNA yield of 
the analyzed samples was measured using Qubit 
Fluorometric Quantitation (Qubit 4 Fluorometer, 
Invitrogen™, Carlsbad, CA, USA). The amplicons were 
amplified following the Metagenomic Sequencing 
Library Preparation Illumina protocol (Cod. 15044223 
Rev. A). The gene‐specific sequences used in this pro-
tocol target the 16S rDNA V3 and V4 region with 
defined forward (5'-CCTACGGGNGGCWGCAG-3') 
and reverse (5'-GACTACHVGGGTATCTAATCC-3') 
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primers. Illumina adapter overhang nucleotide se-
quences were added to the gene‐specific sequences. 
The bacterial genomic DNA (5 ng/μL in 10 mM Tris 
pH 8.5) was used to initiate the protocol. After 16S 
rDNA amplification, the multiplexing step was per-
formed using a Nextera XT Index Kit (FC-131-1096). 
One μL of the PCR product was run on a Bioanalyzer 
DNA 1000 chip to verify the size (~550 bp). The li-
braries were sequenced using a 2×300 bp paired-end 
run (MiSeq Reagent kit [MS-102-3001]) on a MiSeq 
Sequencer according to manufacturer’s instructions 
(Illumina, San Diego, CA, USA).

Sequence data processing, taxonomy annotation 
and bioinformatic analysis 

Quality assessment was performed using the Prinseq-
lite program [18], applying the following parameters: 
min_length_50; trim_qual_right_30; trim_qual_type 
(mean), and trim_qual_window_20. The sequence 
data were analyzed using the QIIME 2 pipeline. 
Denoising, paired-end joining and chimera depletion 
was performed starting from paired-end reads using 
the DADA2 pipeline [19]. Taxonomic affiliations were 
assigned using the Naive Bayesian classifier integrated 
in QIIME 2 with a taxonomic assignment based on 
the SILVA_release_132 database [20,21]. Statistical 
analysis was performed using an ad hoc pipeline writ-
ten in the RStatistics environment with the Vegan and 
Biostrings packages [22]. All statistical representations 
were obtained with the dataset after removing the taxa 
represented by less than 3 sequences. Alpha diversity 
was determined by sampling-based analysis of opera-
tional taxonomic units (OTUs) and shown through 
estimator indices (Shannon, Simpson, invSimpson 
and Fisher Alpha). Observed and estimated richness 
was determined according to the following estimators: 
number of observations (OBS), Chao1 and ACE. The 
data obtained were subjected to analysis of variance 
(ANOVA). The mean separation was accomplished 
by the Duncan post hoc multiple comparison test. 
Significance was evaluated at P<0.05 for all tests. 
Statistical analyses were conducted by the general 
procedures of IBM SPSS Statistics v.20 (SPSS, Inc.). 
Additionally, rarefaction analysis was performed to 
allow an estimation of the overall diversity covered by 
the obtained sequences. Beta diversity was determined 
using principal coordinates analysis (PCoA) based on 

the Bray-Curtis dissimilarity index, which allows visu-
alizing the information in a data set containing indi-
viduals/observations described by multiple intercor-
related quantitative variables [23], as well as through 
hierarchical clustering analysis. Hierarchical clustering 
analysis was performed using a distance correlation 
coefficient and the UPGMA method for phyla, families 
and genera. A thousand bootstraps were applied to 
obtain statistics for the hierarchical clustering analysis.

Physical-chemical analysis and inductively 
coupled plasma, optical emission spectroscopy 
analysis

Mineral waters of selected occurrences were sampled 
in 5-L volume from wells using deep sampling bot-
tles. The sterile plastic bottles with caps were in ac-
cordance with international standards ISO 9001, ISO 
14001 and OHSAS 18001. Before use, the packaging 
for physical-chemical analysis was treated with 1% 
HCl, rinsed with tap water, then with distilled water, 
and finally dried. After sampling, the samples were 
delivered within the standard time limit to the accred-
ited laboratory of the City Institute of Public Health in 
Belgrade (Serbia), where all necessary parameters de-
fining the physical-chemical composition of mineral 
waters (total dissolved solids, electrical conductivity, 
color, odor, oxidizability, Na+, K+, Ca2+, Cl-, SO4

2-, NO2
-,  

NO3
-, NH3, CO2, etc.) were analyzed. 

The metal contents of the mineral water samples 
were examined according to the US EPA Method 
3051a. Before microwave digestion, the samples 
were dried at 40°C for 12 h, homogenized and sieved 
through a 100-mesh sieve. About 500 mg of sample 
was weighed in closed PFA digestion vessels and 9 mL 
of concentrated HNO3 and 3 mL of concentrated HCl 
were added. A Jupiter-A microwave oven was used for 
digestion with the following time procedure: 7 min 
with temperature rising to 175°C, followed by 4 min 
of temperature maintained at 175°C. After digestion, 
the vessels were allowed to cool down at room tem-
perature. Then, digests were transferred to volumet-
ric flasks and diluted to 50 mL with deionized water. 
These solutions were stored in polyethylene flasks 
until analysis. All prepared samples were analyzed 
using the Thermo Scientific™ iCAP™ 7400 inductively 
coupled plasma, optical emission spectroscopy (ICP-
OES) analyzer.
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RESULTS

Bacterial community composition

To identify bacterial taxa in the selected mineral water 
occurrences, 16S rDNA sequences were classified ac-
cording to the SILVA reference database. Results on 

the bacterial and archaeal phyla and families are sum-
marized in Fig. 1. The most dominant phylum in all 
mineral water samples was Proteobacteria (Fig. 1A). 
The largest number of phyla was recorded in the min-
eral waters of Slankamen Banja with 14 identified phy-
la. At the family level, Burkholderiaceae was detected 
in all examined mineral water occurrences (Fig. 1B). 

Fig. 1. Relative abundance of bacterial and archaeal taxa as assessed by 16S rDNA sequences at phylum (A), family (B) 
and genus (species) (C) levels. Torda mineral water – sample B1; Slankamen Banja mineral water – sample B2; Lomnički 
Kiseljak mineral water – sample B3; Velika Vrbnica mineral water – sample B4; and Obrenovačka Banja mineral water 
- sample B5. Only taxa with total percentage abundance above 0.5% for all samples were included.
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In the mineral waters of Torda, Pseudomonadaceae 
was the most prevalent. The family Moraxellaceae 
dominated with 85.77% relative abundance in the 
mineral waters of Obrenovačka Banja (Fig. 1B). The 
family Rhodobacteraceae was dominant in the min-
eral waters of Velika Vrbnica, Slankamen Banja and 
Lomnički Kiseljak. The richest diversity character-
ized the mineral waters of Slankamen Banja with 29 
families identified. 

Different genera dominated in the mineral water 
communities of Serbia (Fig. 1C). These results are pos-
itively correlated with the previously observed spatial 
dynamics of phyla and families. In the sample of min-
eral waters from Torda, Pseudomonas was the most 
represented genus. Acinetobacter sp. was dominant 
in the mineral water sample of Obrenovačka Banja, 
while Massilia was the codominant genus. The miner-
al water of Lomnički kiseljak was characterized by the 
dominant presence of unidentified genera in the fam-
ily Rhodobacteraceae. The genera Pseudorhodobacter 
and Limnohabitans were the main constituents of the 
mineral water of Velika Vrbnica. In the sample of min-
eral waters from Slankamen Banja, with the dominant 
presence of an unidentified genus from the family 
Rhodobacteraceae, Chlorobi bacterium and bacteria 
Blvii28 from the wastewater sludge group from the 
family Rikenellaceae were recorded at a higher per-
centage. Also, in the Slankamen Banja sample, com-
pared to the other examined occurrences, the presence 
of a larger number of genera was recorded at percent-
ages greater than 1%, including representatives of the 
genera Methylotenera, Flavobacterium, Melioribacter 
(with identified species M. roseus), Dechloromonas, 
Terasakiella, Sedimenticola (with identified species S. 
selenatireducens), Thermincola, Arcobacter, Bellilinea, 
Methyloprofundus and Pseudomonas.

Diversity of bacterial communities

Investigation of the bacterial communities’ dynam-
ics and their abundance in five different samples by 
metabarcoding analysis was performed. The bacterial 
richness and alpha diversity indices for each sample 
are presented in Table 1. Alpha diversity at all ob-
served taxonomic levels indicated significantly high 
bacterial diversity in 2 samples, with the mineral wa-
ters of Slankamen Banja characterized by richer alpha 
diversity according to the Simpson and InvSimpson 
diversity indices as compared to the mineral waters 
of the Lomnički Kiseljak. According to the other two 
indices (Shannon and Fisher Alpha), there was no 
statistical difference between them. However, the oc-
currence of mineral waters in Torda, Velika Vrbnica 
and Obrenovačka Banja that were characterized by a 
very scarce alpha diversity were not statistically differ-
ent, particularly according to the Shannon and Fisher 
Alpha indices (Table 1). The observed richness ac-
cording to OBS revealed significantly the highest bac-
terial richness for mineral waters from the Slankamen 
Banja and Lomnički Kiseljak. According to estimates 
from the Chao1 and ACE indices, there is a positive 
correlation between the observed and estimated rich-
ness. In general, both diversity and richness can be 
arranged in the following order: Slankamen Banja 
> Lomnički Kiseljak > Torda = Velika Vrbnica = 
Obrenovačka Banja, which is in accordance with all 
used indices. 

The Bray-Curtis dissimilarity index revealed 
compositional differences among samples (Fig. 2). 
Where relative distances are small this implies that 
two communities are compositionally similar and 
share a common evolutionary history. A scatter plot 
revealed that mineral water samples in Torda, Velika 

Table 1. Biodiversity measures of obtained taxa trough microbial richness and alpha diversity indices

Occurrence of mineral 
waters Shannon Simpson InvSimpson Fisher Alpha OBS* CHAO1 ACE

Torda 0.44b ± 0.2 0.18c ± 0.1 1.24b ± 0.1 1.40b ± 0.4 9.00b ± 2.5 9.00b ± 2.5 9.25b ± 2.6

Slankamen Banja 2.72a ± 0.6 0.83a ± 0.1 9.57a ± 3.3 21.79a ± 9.4 174.00a ± 70.7 174.00a ± 70.7 174.00a ± 70.7

Lomnički Kiseljak 1.89a ± 0.4 0.58ab ± 0.1 2.56b ± 0.4 23.04a ± 9.4 162.00a ± 66.6 162.00a ± 66.6 162.00a ± 66.6

Velika Vrbnica 0.53b ± 0.3 0.35bc ± 0.2 1.73b ± 0.4 0.45b ± 0.2 2.00b ± 0.6 2.00b ± 0.6 1.00b ± 1.0

Obrenovačka Banja 0.29b ± 0.1 0.16c ± 0.1 1.22b ± 0.1 0.27b ± 0.1 2.00b ± 0.6 2.00b ± 0.6 1.00b ± 1.0
 *OBS – observed species richness; values followed by the same letter for each estimator are not statistically significant according to the Duncan post hoc 
multiple comparison test
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Vrbnica and Obrenovačka Banja have a very similar 
biodiversity of bacterial communities. Compared to 
them, the bacterial diversity in samples of mineral 
waters of Slankamen Banja and Lomnički Kiseljak 
was different at all taxonomic levels (with higher val-
ues for Dim1). According to the values of Dim2, the 
samples Slankamen Banja and Lomnički Kiseljak dis-
played less dissimilarity in the bacterial communities 
at the family and genus levels. However, hierarchical 
clustering analysis based on the abundances of spe-
cific taxa at the phylum level showed that the min-
eral waters of Torda, Velika Vrbnica and Obrenovačka 
Banja show similarity of bacterial communities and 
less dissimilarity than the samples of mineral waters 

from Lomnički Kiseljak, while the mineral 
waters of Slankamen Banja were the most 
distant. At the family level, clustering was 
found between the samples of mineral wa-
ters of Lomnički Kiseljak, Velika Vrbnica 
and Slankamen Banja, while the mineral 
waters of Torda and Obrenovačka Banja 
were the most distant. However, at the genus 
level, the greatest similarity was confirmed 
between the mineral waters of Slankamen 
Banja and Lomnički Kiseljak, as well as 
Torda and Obrenovačka Banja, while the 
mineral waters of Velika Vrbnica differ from 
the remaining four samples. However, the 
height also indicated that they diverge and 
differ between each other (Fig. 3). 

Physical-chemical analysis of the 
investigated occurrences

According to the classification of medicinal 
mineral waters by temperature and pH val-

ues, the occurrence of mineral waters in Obrenovačka 
Banja was determined as a warm (subthermal) water, 
while the mineral waters of Velika Vrbnica, Lomnički 
kiseljak, Slankamen Banja and Torda belong to cold 
waters [24, 25]. Weakly acidic mineral waters are 
found in the occurrence of Velika Vrbnica, neutral 
occurrences are in Lomnički kiseljak, while weakly 
alkaline mineral waters are found in the occurrences 
of Slankamen Banja, Obrenovačka Banja and Torda 
(Table 2). Based on total dissolved solids, all investi-
gated occurrences of mineral waters can be classified 
as brackish waters. The investigated occurrences of 
mineral waters differed in the aspect of characteristic 

Fig. 2. Principal component anal-
ysis of bacterial compositions in 
five different samples at phylum, 
family and genus taxonomic levels. 
Torda mineral water – sample B1; 
Slankamen Banja mineral water 
– sample B2; Lomnički Kiseljak 
mineral water – sample B3; Velika 
Vrbnica mineral water – sample 
B4; and Obrenovačka Banja min-
eral water – sample B5. The indi-
vidual samples are color-coded to 
indicate differences between them.

Fig. 3. Cluster analyses of bacterial compositions in five different samples at 
phylum, family and genus taxonomic levels. Torda mineral water – sample B1; 
Slankamen Banja mineral water – sample B2; Lomnički Kiseljak mineral water 
– sample B3; Velika Vrbnica mineral water – sample B4; and Obrenovačka 
Banja mineral water – sample B5. Dendrogram reports of AU and BP scores 
(P-values). AU P-values (red) are an “approximately unbiased” P-value, cal-
culated by multi-scale bootstrap resampling. BP values (green) are “bootstrap 
probability” values, which are less accurate than AU values. Clusters (edges) 
with high AU values (≥95%) are strongly supported by the data. Red frames 
report approximately unbiased P-values higher than 95%. 
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ionic composition and in ions exhibiting the high-
est concentrations (Table 2). The chemical composi-
tion of the investigated occurrences, indicating basic 
ionic types of mineral waters, is also presented in the 
Piper diagram (Fig. 4). Hence, HCO3 – Na mineral 
waters were found in the occurrences of Obrenovačka 
Banja and Lomnički Kiseljak, HCO3 – Mg, Ca, Na 

in the occurrence of Velika Vrbnica, Cl – Na in the 

occurrence in Slankamen Banja, while SO4, HCO3 
– Na, Mg were found in the mineral water occur-
rence in Torda. Regarding metals, increased Li and B 
concentrations were observed in the mineral waters 
of Lomnički Kiseljak, and an elevated Sr concentra-
tion was recorded in Slankamen Banja. A Fe content 
above 1 mg/L was recorded in Obrenovačka Banja. 
A low Mn content characterized all the investigated 

Table 2. Applied standard for determining the value of tested physical and chemical parameters of mineral waters and results of physical-
chemical analysis of the investigated occurrences of mineral waters

Tested parameters Standard Torda Slankamen 
Banja

Obrenovačka 
Banja

Lomnički 
Kiseljak Velika Vrbnica

BASIC PHYSICAL-CHEMICAL PROPERTIES
T (°C)* * 11.0 18.4 30.6 13.0 12.0
TDS at 105°C (mg/L) SMEWW 19th 2207 7440 1730 4700 1530
pH SRPS ENISO 7.9 7.6 7.9 6.8 6.5
Color (°Co-Pt scale) US EPA <5 <5 60 <5 <5
Apparent color (°Co-Pt scale) US EPA 10 10 80 5 5
Odor US EPA Rotten cabbage Oil Ammonia Oil No odor
Oxidizability (mg/L) PRI 1.8 22.6 / 0.9 1.3
EC (μS/cm) SRPS EN 4550 11020 2290 6400 2050

MACROCOMPONENTS (mg/L)
Cations

Na+ US EPA 984 2452 492 1712 132
K+ US EPA 0.1 30.4 22.4 117.0 17.0
Mg2+ US EPA 169.0 107.0 8.4 109.0 137.0
Ca2+ US EPA 46.1 198.0 10.1 163.0 331.0

Anions
HCO3

- SRPS ENISO 629.9 272.7 1476.2 4648.2 1714.1
SO4

2- US EPA 1380.3 3.5 1.2 217.6 66.8
Cl- US EPA 255.6 4615.0 74.2 220.1 85.2
NO3

- SMEWW 19th 39.4 13.4 3.8 6.8 12.8
MICROCOMPONENTS (mg/L)

Li US EPA 0.037 0.808 0.689 5.200 0.292
Sr US EPA 0.86 13.10 1.47 2.18 1.37
Se US EPA <0.001 / / / /
Mn US EPA <0.001 0.028 0.032 0.278 0.005
Fe US EPA 0.01 <0.01 1.17 0.03 <0.01
B US EPA 2.36 9.83 2.87 19.30 0.74
F- US EPA 0.423 0.025 1.680 0.352 0.210
I- WA 1988 <2.0 5.7 0.5 <2.0 <2.0
NO2

- SRPS EN 0.012 0.036 <0.007 <0.007 <0.007
NH3 PRI <0.05 83.80 24.00 <0.05 0.14

GASES (mg/L)
Free CO2 SMEWW 19th <0.5 9.4 <0.5 786.6 46.2
H2S ISO <0.04** <0.04** <0.04 <0.04** <0.04**

*T – Temperature: Torda [24], Slankamen Banja, Obrenovačka Banja, Lomnički kiseljak, Velika Vrbnica [25]; TDS – Total dissolved solids; EC - 
Electrolytic conductivity; **Hydrogen sulfide soluble as S-2; / – Parameter value not specified.
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occurrences of mineral waters. High F and NH3 con-
tents characterized the mineral waters in Obrenovačka 
Banja, while increased I and NH3 contents character-
ized the mineral waters in Slankamen Banja. As for 
gas composition, an extremely high content of free 
CO2 was recorded in the mineral waters of Lomnički 
Kiseljak. A low H2S content characterized all studied 
occurrences of mineral waters.

DISCUSSION

To acquire a better description of the bacterial di-
versity in analyzed mineral waters which are used 
for drinking (Torda, Lomnički kiseljak and Velika 
Vrbnica) and bathing (Slankamen Banja and 
Obrenovačka Banja), we performed metabarcoding 
analysis. The observed diversity of bacterial phyla 
and their representatives revealed their association 
with the aquatic environment. The selected mineral 
water occurrences were classified after considering 
the data on the richness of microbiological diversi-
ty by the observed dominant phyla and families of 
bacteria. Thus, the mineral waters of Torda, Velika 
Vrbnica, Lomnički Kiseljak and Obrenovačka Banja 
can be designated as Proteobacteria mineral water, 

while the occurrence in Slankamen Banja can be des-
ignated as Proteobacteria-Bacteroidetes mineral wa-
ter. The Pseudomonadaceae mineral waters (Torda), 
Rhodobacteraceae mineral waters (Slankamen 
Banja and Lomnički Kiseljak), Rhodobacteraceae-
Burkholderiaceae mineral waters (Velika Vrbnica) and 
Moraxellaceae mineral waters (Obrenovačka Banja) 
were designated as Proteobacteria mineral waters. An 
earlier study documented the dominant presence of 
representatives of the Proteobacteria phylum in bio-
film communities [26] that were associated with the 
development of biocorrosive processes [27]. Also, it 
is known that Proteobacteria representatives are the 
most common groups of bacteria in drinking water, 
and their physiological diversity and ubiquity could 
have potential implications regarding the sanitary and 
hygienic safety of the water resources [28]. Thus, the 
correlation between contamination of recreational 
and drinking water and Pseudomonas bacteria [29] 
and the development of biocorrosion and bacterial 
overgrowth (biofilm formation) has already been 
established [30]. Besides biofouling, representatives 
of the Gallionellaceae family have biotechnological 
significance as their metabolic activity could be used 
to remove divalent iron from groundwater [31]. Also, 
representatives of the genus Acinetobacter from the 
family Moraxellaceae possess biotechnological po-
tential in the remediation treatment of contaminated 
water, and it is known that they can induce the devel-
opment of mucus [32]. The Sedimenticola genus was 
shown to participate in sulfur compound oxidation, 
while in anoxic conditions and in the absence of light 
it can use nitrogen compounds [33]. On the other 
hand, the role of the Proteobacteria phylum in bio-
fouling processes is suggested by representatives of the 
Hydrogenophilaceae family that were previously iso-
lated from aerobic digesters in sludge treatment [34], 
as well as representatives of the Rhodobacteraceae 
family whose presence was recorded in mineral wa-
ter biofilm deposits with sulfur and carbon monoxide 
oxidation isolates [35, 36]. In the Burkholderiaceae 
family, the genera Acidovorax, Limnobacter, Massilia 
and Limnohabitans were identified. Species of the 
Limnobacter genus have been found in volcanic de-
posits, seawater, etc., and can participate in sulfur 
oxidation, oxidative phosphorylation, ethanol fer-
mentation, etc. [37]. The Massilia genus is present in 
freshwater habitats, with some representatives isolated 

Fig. 4. Piper diagram of the chemical composition of the studied 
occurrences of mineral waters. Torda mineral water – sample 1; 
Slankamen Banja mineral water – sample 2; Obrenovačka Banja 
mineral water – sample 3; Lomnički Kiseljak mineral water – 
sample 4; and Velika Vrbnica mineral water – sample 5.
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from drinking water and heavy-metal-contaminated 
soil [38], while the Limnohabitans genus is a char-
acteristic inhabitant of acidic and alkaline habitats 
[39]. The Pseudorhodobacter genus was isolated from 
sandy sediments [40], which is in accordance with 
its occurrence in the studied mineral waters. From 
the Flavobacteriaceae family, the Maritimimonas, 
Planktosalinus and Flavobacterium genera were de-
tected, and it was shown earlier that they can contrib-
ute to the mineralization of organic substances [41]. 

In addition to the presence of the Proteobacteria 
phylum in biofilm communities, the Bacteroidetes 
phylum with the species Melioribacter roseus was also 
detected. Previously it was shown that this species is 
found in biofilms of thermal water drainage zones 
with indications of biofouling of water intake facili-
ties [42, 43]. Also, the presence of Bacteroidetes and 
Firmicutes phyla were documented in rust samples, 
pointing to the risk of developing biocorrosive pro-
cesses [44]. From the Rikenellaceae family, the un-
cultivated genus from the Blvii28 wastewater-sludge 
group was found in the Slankamen Banja sample, as 
well as in anaerobic wastewater treatment systems 
and freshwater habitats, with the ability to ferment 
carbohydrates and generate hydrogen [45]. The genus 
Thermincola, which was found in Slankamen Banja, 
includes anaerobic thermophilic species that perform 
anaerobic oxidation of carbon monoxide [46], point-
ing to a possible role in biogeochemical transforma-
tions of chemical elements in the ecosystem of mineral 
waters. Besides Proteobacteria and Bacteroidetes, the 
presence of other phyla might also indicate biofouling 
processes. The ability of the Patescibacteria phylum to 
survive in groundwater habitats is conditioned by ge-
nome size, ultra-small cell size and the ability to avoid 
phage invasion [47]. The Chloroflexi phylum can 
participate in the processes of transformation of or-
ganic substances [48], while the Acidobacteria phylum 
was established in biofilm samples of drinking water 
treatment plants [49]. The presence of Acidobacteria 
could be the result of vertical seepage of water from 
the upper layers of the soil, considering that represen-
tatives of Acidobacteria are especially widespread in 
the soil [50]. It was previously observed that seasonal 
hydrological conditions could have an impact on the 
bacteriological diversity of subterranean ecosystems 
because they affect the transport of bacteria from 
one environment to another [51]. The presence of 

the Spirochaetes phylum could be an indication for 
the presence of contaminants of organic origin such 
as hydrocarbons in mineral waters, while some of its 
representatives possess a pathogenic character, indi-
cating a health risk in using such mineral water [52].

Furthermore, the hydraulic connection between 
mineral and surface waters affects the more intensive 
development of groundwater bacteria, which indi-
rectly accounts for the greatest richness of alpha di-
versity, especially in the tested samples of Slankamen 
Banja and Lomnički Kiseljak, which was confirmed 
by metabarcoding analysis, particularly when bear-
ing in mind the character of the mineral waters of 
Slankamen Banja and Lomnički Kiseljak and their vi-
cinity to the Danube and Lomnica Rivers, respectively. 

Physical-chemical analysis revealed high contents 
of macrocomponents in samples originating from dif-
ferent types of mineral water occurrences. The total 
dissolved solids of the investigated phenomena in-
dicated elevated concentrations of basic ions as the 
result of solubilization of inorganic salts in the mineral 
waters of an appropriate mineralogical-petrographic 
type. Also, the higher levels of total dissolved solids 
indicate elevated conductivity values [53]. After ana-
lyzing the content of microcomponents, B and NH3 
had the highest values. As an element, B regularly par-
ticipates in the composition of minerals of the Earth’s 
crust, thus its presence in mineral waters is often re-
ported [54]. Elevated concentrations of B could also 
be the result of anthropogenic pollution [55], i.e., an 
indication of the connection between the mineral wa-
ters of Lomnički Kiseljak and contaminants of organic 
origin. The extremely elevated NH3 concentrations 
recorded in the mineral waters of Slankamen Banja 
and Obrenovačka Banja are an indicator for the pres-
ence of contaminants of organic origin, resulting from 
seepage from industrial plants, animal compost, vari-
ous fertilizers, etc., given that elevated concentrations 
of NH3 of natural origin in hydrological systems have 
not been fully demonstrated [56].

According to the Rulebook on the quality and 
other requirements for natural mineral, spring and 
table waters of Serbia [57], the results of physical-
chemical analysis of the examined mineral waters 
of Torda, Slankamen Banja, Lomnički Kiseljak and 
Velika Vrbnica corresponded with the range of tested 
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parameters. However, considering the Rulebook on 
the hygienic safety of drinking water of Serbia [58], 
the mineral water of Obrenovačka Banja is not chemi-
cally suitable due to changed organoleptic properties, 
increased consumption of KMnO4 and elevated con-
centrations of NH3, F, B, Fe, K and Na. Also, according 
to the same Rulebook [58], the values for B measured 
in the occurrences of Torda and Lomnički Kiseljak, 
as well as for Mn in all occurrences, are not allowed 
in drinking and bottled natural waters. Coliform bac-
teria, as one of the most common causes of bacterio-
logical contamination of drinking water samples [58], 
were not detected in the analyzed samples. The pres-
ence of the genus Pseudomonas in the mineral waters 
of Torda, Slankamen Banja and Lomnički Kiseljak is 
not allowed according to the Rulebook from 2005 and 
2013 [57], which primarily addresses the presence of 
P. aeruginosa, and we cannot confirm the existence 
of the typical species. In addition, according to the 
World Health Organizations (WHO) guidelines for 
drinking-water quality, there are no criteria regard-
ing Pseudomonas species since it was not proven that 
water resources containing these species are sources of 
infection for the human population [59]. Similarly, the 
United States Environmental Protection Agency has 
stated that the presence of Pseudomonas species is not 
mandatory for monitoring primary drinking-water 
national regulations [60]. Furthermore, according to 
the WHO [59], the potentially pathogenic bacteria 
from the genus Acinetobacter that were detected in 
the mineral waters of Torda, Lomnički Kiseljak and 
Obrenovačka Banja do not represent a health risk to 
the general human population consuming the water.

CONCLUSIONS

A detailed insight into the bacterial flora and physical-
chemical properties of mineral waters was obtained. 
All investigated occurrences were characterized by 
elevated values of total dissolved solids and basic ionic 
components, while in some occurrences extremely 
elevated concentrations of chemical compounds were 
recorded. Bacteriological diversity with different phys-
iological groups of bacteria that differed among the 
examined occurrences was found. The research con-
cludes that many representatives of identified bacteria 
can contribute to the development of biocorrosion 
and biofouling processes of water intake facilities. In 

addition, the presence of bacteria with a biotechno-
logical potential for use in the remediation of con-
taminated water, and indicators of organic pollution 
are reported. Under conditions of multipurpose use 
of mineral waters, it is necessary to apply appropri-
ate treatments for the revitalization of water intake 
facilities and/or remediation of mineral waters, while 
ensuring continuous monitoring of the selected occur-
rences. In this way, the water intake facilities would 
be maintained in a state of maximum functionality, 
without any negative effects of bacteriological diver-
sity on the service life of wells that could continuously 
provide safe mineral water resources.

Funding: This work was supported by the Ministry of Education, 
Science and Technological Development of Serbia [Contract Nos. 
TR37014 and 451-03-68/2022-14/200178]. The funding agency 
had no role in the study design, data collection and analysis, deci-
sion to publish, or preparation of the manuscript.

Author contributions: VŠ collected the mineral water samples; 
VŠ and VD summarized the geological-hydrogeological charac-
teristics of the selected occurrences; ID and VŠ participated in the 
experimental work; ID, VŠ and TJ participated in the processing 
and interpretation of the obtained data; VŠ, VD, TJ, VO, MĆ, BK 
and ID participated in the creation and reading of the manuscript.

Conflict of interest disclosure: None to declare.

Data availability: The metagenomics datasets are deposited in 
the BioProject database (NCBI) as PRJNA627735 available at 
https://www.ncbi.nlm.nih.gov/sra/%20PRJNA627735 (under 
the following accessions: [Torda mineral water – sample B1 
(SAMN14682966), Slankamen Banja mineral water – sample B2 
(SAMN14682967), Lomnički kiseljak mineral water – sample B3 
(SAMN14682968), Velika Vrbnica mineral water – sample B4 
(SAMN14682969), Obrenovačka Banja mineral water – sample 
B5 (SAMN14682970)].

REFERENCES

1. Madigan MT, Martinko JM, Stahl DA, Clark DP. Brock biol-
ogy of microorganisms. 13th ed. San Francisco: Pearson 
Benjamin-Cummings; 2010. 1043 p.

2. De Giglio O, Barbuti G, Trerotoli P, Brigida S, Calabrese A, 
Di Vittorio G, Lovero G, Caggiano G, Uricchio VF, Mon-
tagna MT. Microbiological and Hydrogeological Assessment 
of Groundwater in Southern Italy. Environ Monit Assess. 
2016;188:638. https://doi.org/10.1007/s10661-016-5655-y

3. Keesari T, Ramakumar KL, Prasad MBK, Chidambaram S, 
Perumal P, Prakash D, Nawani N. Microbial Evaluation of 
Groundwater and its Implications on Redox Condition of a 
Multi-Layer Sedimentary Aquifer System. Environ Process. 
2015;2:331-46. https://doi.org/10.1007/s40710-015-0067-5



77Arch Biol Sci. 2022;74(1):67-79 

4. Griebler C, Avramov M. Groundwater Ecosystem Services: 
a Review. Freshw Sci. 2015;34(1):355-67. 
https://doi.org/10.1086/679903

5. Flynn TM, Sanford RA, Bethke CM. Attached and Sus-
pended Microbial Communities in a Pristine Confined 
Aquifer. Water Resour Res. 2008;44(7):W07425. 
https://doi.org/10.1029/2007WR006633

6. Karwautz C. Microbial biofilms in groundwater ecosystems 
[dissertation]. [München]: Technische Universität; 2015. 
146 p.

7. Goldscheider N, Hunkeler D, Rossi P. Microbial bioceno-
ses in Pristine Aquifers and an Assessment of Investigative 
Methods. Hydrogeol J. 2006;14(6):926-41. 
https://doi.org/10.1007/s10040-005-0009-9

8. Griebler C, Lueders T. Microbial Biodiversity in Groundwa-
ter Ecosystems. Freshw Biol. 2009;54(4):649-77. 
https://doi.org/10.1111/j.1365-2427.2008.02013.x

9. Šaraba V, Krunić O. Biohidrogeologija na mestima isticanja 
odabranih pojava termomineralnih voda Srbije. In: Ganić 
M, editor. Zapisnici Srpskog geološkog društva (za 2017. 
godinu). Beograd: Srpsko geološko društvo; 2017. p. 69-82. 

10. Cullimore R. Determination of Plugging and Corrosion 
risks in water wells of all types. Water well rehabilitation 
workshop protocol 22608. Saskatchewan, Canada: Drycon 
Bioconcepts Inc; 2008.

11. Smith SA. Biofouling in Water Wells. In: Lehr JH, Keeley J, 
editors. Water Encyclopedia: Ground Water. John Wiley & 
Sons, Inc; 2005. p. 35-8. 
https://doi.org/10.1002/047147844X.gw76

12. Jemcev VT, Đukić DA. Mikrobiologija. Beograd: Vojno-
izdavački zavod; 2000. 762 p.

13. Enning D, Garrelfs J. Corrosion of Iron by Sulfate-Reduc-
ing Bacteria: New Views of an Old Problem. Appl Environ 
Microbiol. 2014;80(4):1226-36. 
https://doi.org/10.1128/AEM.02848-13

14. Blackwood DJ. An Electrochemist Perspective of Micro-
biologically Influenced Corrosion. Corros Mater Degrad. 
2020;1(1):59-76. https://doi.org/10.3390/cmd1010005

15. Ben Maamar S, Aquilina L, Quaiser A, Pauwels H, Michon-
Coudouel S, Vergnaud-Ayraud V, Labasque T, Roques C, 
Abbott BW, Dufresne A. Groundwater Isolation Governs 
Chemistry and Microbial Community Structure Along 
Hydrologic Flowpaths. Front Microbiol. 2015;6:1457. 
https://doi.org/10.3389/fmicb.2015.01457

16. Institut za geološko-rudarska istraživanja i ispitivanja 
nuklearnih i drugih mineralnih sirovina. Geološka Karta 
1:500.000 - SFR Jugoslavija [Map]. Beograd: Savezni geološki 
zavod; 1970.

17. Filipović B, Krunić O, Lazić M. Regionalna Hidrogeologija 
Srbije. Beograd: Univerzitet u Beogradu, Rudarsko-geološki 
fakultet; 2005. 401 p.

18. Schmieder R, Edwards R. Quality Control and Preprocessing 
of Metagenomic Datasets. Bioinform. 2011;27(6):863-864. 
https://doi.org/10.1093/bioinformatics/btr026

19. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, John-
son AJA, Holmes SP. DADA2: High-Resolution Sample 
Inference From Illumina Amplicon Data. Nat Methods. 
2016;13(7):581-3. https://doi.org/10.1038/nmeth.3869

20. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, 
Pepiles J, Glöckner FO. The SILVA Ribosomal RNA Gene 
Database Project: Improved Data Processing and Web-Based 
Tools.Nucl Acids Res.. 2012;41:590-6. 
https://doi.org/10.1093/nar/gks1219

21. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, 
Al-Ghalith GA, Alexander H, Alm EJ, Arumugam M, Asni-
car F, Bai Y, Bisanz JE, Bittinger K, Brejnrod A, Brislawn CJ, 
Brown CT, Callahan BJ, Caraballo-Rodríguez AM, Chase 
J, Cope EK, Da Silva R, Diener C, Dorrestein PC, Doug-
las GM, Durall DM, Duvallet C, Edwardson CF, Ernst M, 
Estaki M, Fouquier J, Gauglitz JM, Gibbons SM, Gibson 
DL, Gonzalez A, Gorlick K, Guo J, Hillmann B, Holmes S, 
Holste H, Huttenhower C, Huttley GA, Janssen S, Jarmusch 
AK, Jiang L, Kaehler BD, Kang KB, Keefe CR, Keim P, Kel-
ley ST, Knights D, Koester I, Kosciolek T, Kreps J, Langille 
MGI, Lee J, Ley R, Liu YX, Loftfield E, Lozupone C, Maher 
M, Marotz C, Martin BD, McDonald D, McIver LJ, Melnik 
AV, Metcalf JL, Morgan SC, Morton JT, Naimey AT, Navas-
Molina JA, Nothias LF, Orchanian SB, Pearson T, Peoples 
SL, Petras D, Preuss ML, Pruesse E, Rasmussen LB, Rivers 
A, Robeson MS, Rosenthal P, Segata N, Shaffer M, Shiffer 
A, Sinha R, Song SJ, Spear JR, Swafford AD, Thompson LR, 
Torres PJ, Trinh P, Tripathi A, Turnbaugh PJ, Ul-Hasan S, 
van der Hooft JJJ, Vargas F, Vázquez-Baeza Y, Vogtmann 
E, von Hippel M, Walters W, Wan Y, Wang M, Warren J, 
Weber KC, Williamson CHD, Willis AD, Xu ZZ, Zaneveld 
JR, Zhang Y, Zhu Q, Knight R, Caporaso JG. Reproducible, 
Interactive, Scalable and Extensible Microbiome Data Sci-
ence Using QIIME 2. Nat Biotechnol. 2019;37: 852-7. 
https://doi.org/10.1038/s41587-019-0209-9

22. R: A language and environment for statistical computing 
[Internet]. Vienna, Austria: R Foundation for Statistical 
Computing R Core Team, 2018. [cited 2021 Feb 02]. Avail-
able from: https://www.R-project.org/

23. Lê S, Josse J, Husson F. FactoMineR: an R Package for Mul-
tivariate Analysis. J Stat Softw. 2008;25(1):1-18. 
https://doi.org/10.18637/jss.v025.i01

24. Tomić M, Lazić M. Lekovite vode Vojvodine kao potencijal 
za razvoj banjskog turizma. Beograd: Zadužbina Andrejević; 
2017. 119 p. 

25. Filipović B. Mineralne, termalne i termomineralne vode 
Srbije. Beograd: Univerzitet u Beogradu, Rudarsko-geološki 
fakultet; 2003. 278 p.

26. Al Ashhab A, Sweity A, Bayramoglu B, Herzberg M, Gil-
lor O. Biofouling of Reverse Osmosis Membranes: Effects 
of Cleaning on Biofilm Microbial Communities, Membrane 
Performance, and Adherence of Extracellular Polymeric 
Substances. Biofouling. 2017;33(5):397-409. 
https://doi.org/10.1080/08927014.2017.1318382

27. Procópio L. The Era of ‘Omics’ Technologies in the Study 
of Microbiologically Influenced Corrosion. Biotechnol Lett. 
2020;42(3):341-56. 
https://doi.org/10.1007/s10529-019-02789-w

28. Vaz-Moreira I, Nunes OC, Manaia CM. Ubiquitous and Per-
sistent Proteobacteria and Other Gram-Negative Bacteria in 
Drinking Water. Sci Total Environ. 2017;586:1141-9. 
https://doi.org/10.1016/j.scitotenv.2017.02.104



78 Arch Biol Sci. 2022;74(1):67-79

29. Mena KD, Gerba CP. Risk Assessment of Pseudomo-
nas Aeruginosa in Water. Rev Environ Contam Toxicol. 
2009;201:71-115. 
https://doi.org/10.1007/978-1-4419-0032-6_3

30. Drycon Bioconcepts Inc (DBI). Biological Activity Reaction 
Tets - BARTTM [Internet]. Saskatchewan, Canada; 2004. 
[cited 2021 March 5]. 1-57 p. Available from: http://www.
dbi.ca/BARTs/PDFs/Manual.pdf 

31. Hallbeck L, Pedersen K. The Family Gallionellaceae. In: 
Rosenberg E, DeLong EF, Lory S, Stackebrandt E, Thomp-
son F, editors. The Prokaryotes. Berlin, Heidelberg: Springer; 
2014. p. 853-8. 
https://doi.org/10.1007/978-3-642-30197-1_398

32. Teixeira LM, Merquior VLC. The Family Moraxellaceae. In: 
Rosenberg E, DeLong EF, Lory S, Stackebrandt E, Thomp-
son F, editors. The Prokaryotes. Berlin, Heidelberg: Springer; 
2014. p. 443-76. 
https://doi.org/10.1007/978-3-642-38922-1_245

33. D’Angeli IM, Ghezzi D, Leuko S, Firrincieli A, Parise M, 
Fiorucci A, Vigna B, Addesso R, Baldantoni D, Carbone C, 
Miller AZ, Juardo V, Saiz-Jimenez C, De Waele J, Cappelletti 
M. Geomicrobiology of a Seawater-Influenced Active Sulfu-
ric Acid Cave. PLoS One. 2019;14(8):e0220706. 
https://doi.org/10.1371/journal.pone.0220706

34. Orlygsson J, Kristjansson JK. The Family Hydrogenophila-
ceae. In: Rosenberg E, DeLong EF, Lory S, Stackebrandt E, 
Thompson F, editors. The Prokaryotes. Berlin, Heidelberg: 
Springer; 2014. p. 859-68. 
https://doi.org/10.1007/978-3-642-30197-1_244

35. Karwautz C, Kus G, Stöckl M, Neu TR, Lueders T. Micro-
bial Megacities Fueled by Methane Oxidation in a Mineral 
Spring Cave. ISME J. 2018;12(1):87-100. 
https://doi.org/10.1038/ismej.2017.146

36. Pohlner M, Dlugosch L, Wemheuer B, Mills H, Engelen 
B, Reese BK. The Majority of Active Rhodobacteraceae in 
Marine Sediments Belong to Uncultured Genera: a Molecu-
lar Approach to Link Their Distribution to Environmental 
Conditions. Front Microbiol. 2019;10:659. 
https://doi.org/10.3389/fmicb.2019.00659

37. Chen Y, Feng X, He Y, Wang F. Genome Analysis of a Lim-
nobacter sp. Identified in an Anaerobic Methane-Consum-
ing Cell Consortium. Front Mar Sci. 2016;3:257. 
https://doi.org/10.3389/fmars.2016.00257

38. Ofek M, Hadar Y, Minz D. Ecology of Root Colonizing Mas-
silia (Oxalobacteraceae). PloS One. 2012;7(7):e40117. 
https://doi.org/10.1371/journal.pone.0040117

39. Hahn MW, Kasalický V, Jezbera J, Brandt U, Šimek, K. Lim-
nohabitans Australis sp. nov., Isolated From a Freshwater 
Pond, and Emended Description of the Genus Limnohabi-
tans. Int J Syst Evol Microbiol. 2010;60:2946-50. 
https://doi.org/10.1099/ijs.0.022384-0

40. Lee YM, Yang JY, Baek K, Han SJ, Shin SC, Hwang CY, Hong 
SG, Lee HK. Pseudorhodobacter Psychrotolerans sp. nov., 
a Psychrotolerant Bacterium Isolated From Terrestrial Soil, 
and Emended Description of the Genus Pseudorhodobacter. 
Int J Syst Evol Microbiol. 2016;66(2):1068-73. 
https://doi.org/10.1099/ijsem.0.000841

41. Ahmed I, Yokota A, Fujiwara T. Chimaereicella Boritolerans 
sp. nov., a Boron-Tolerant and Alkaliphilic Bacterium of the 

Family Flavobacteriaceae Isolated From Soil. Int J Syst Evol 
Microbiol. 2007;57(5):986-92. 
https://doi.org/10.1099/ijs.0.64728-0

42. Podosokorskaya OA, Kadnikov VV, Gavrilov SN, Mardanov 
AV, Merkel AY, Karnachuk OV, Ravin NV, Bonch-Osmo-
lovskaya EA, Kublanov IV. Characterization of Melioribacter 
Roseus gen. nov., sp. nov., a Novel Facultatively Anaerobic 
Thermophilic Cellulolytic Bacterium From the Class Ignavi-
bacteria, and a Proposal of a Novel Bacterial Phylum Ignavi-
bacteriae. Environ Microbiol. 2013;15(6):1759-71. 
https://doi.org/10.1111/1462-2920.12067

43. Takada K, Shiba T, Yamaguchi T, Akane Y, Nakayama Y, 
Soda, S, Inoue D, Ike M. Cake Layer Bacterial Communities 
During Different Biofouling Stages in Full-Scale Membrane 
bioreactors. Bioresour Technol. 2018;259:259-67. 
https://doi.org/10.1016/j.biortech.2018.03.051

44. Li X, Duan J, Xiao H, Li Y, Liu H, Guan F, Zhai X. Analysis 
of Bacterial Community Composition of Corroded Steel 
Immersed in Sanya and Xiamen Seawaters in China via 
Method of Illumina MiSeq Sequencing. Front Microbiol. 
2017;8:1737. https://doi.org/10.3389/fmicb.2017.01737

45. Su XL, Tian Q, Zhang J, Yuan XZ, Shi XS, Guo RB, Qiu YL. 
Acetobacteroides Hydrogenigenes gen. nov., sp. nov., an 
Anaerobic Hydrogen-Producing Bacterium in the Family 
Rikenellaceae Isolated From a Reed Swamp. Int J Syst Evol 
Microbiol. 2014;64(9):2986-91. 
https://doi.org/10.1099/ijs.0.063917-0

46. Sokolova TG, Kostrikina NA, Chernyh NA, Kolganova 
TV, Tourova TP, Bonch-Osmolovskaya EA. Thermincola 
Carboxydiphila gen. nov., sp. nov., a Novel Anaerobic, Car-
boxydotrophic, Hydrogenogenic Bacterium From a Hot 
Spring of the Lake Baikal Area. Int J Syst Evol Microbiol. 
2005;55(5):2069-73. https://doi.org/10.1099/ijs.0.63299-0

47. Tian R, Ning D, He Z, Zhang P, Spencer SJ, Gao S, Shi W, Wu 
L, Zhang Y, Yang Y, Adams BG, Rocha AM, Detienne BL, 
Lowe KA, Joyner DC, Klingeman DM, Arkin AP, Fields MW, 
Hazen TC, Stahl DA, Alm EJ, Zhou J. Small and Mighty: 
Adaptation of Superphylum Patescibacteria to Groundwater 
Environment Drives Their Genome Simplicity. Microbiome. 
2020;8(1):51. https://doi.org/10.1186/s40168-020-00825-w

48. Nierychlo M, Miłobędzka A, Petriglieri F, McIlroy B, Nielsen 
PH, McIlroy SJ. The Morphology and Metabolic Potential of 
the Chloroflexi in Full-Scale Activated Sludge Wastewater 
Treatment Plants. FEMS Microbiol Ecol.  2019;95(2). 
https://doi.org/10.1093/femsec/fiy228

49. Li C, Ling F, Zhang M, Liu WT, Li Y, Liu W. Characterization 
of Bacterial Community Dynamics in a Full-Scale Drinking 
Water Treatment Plant. J Environ Sci. 2017;51:21-30. 
https://doi.org/10.1016/j.jes.2016.05.042

50. Costa OY, Zerillo MM, Zühlke D, Kielak AM, Pijl A, Riedel 
K, Kuramae EE. Responses of Acidobacteria granulicella 
sp. WH15 to High Carbon Revealed by Integrated Omics 
Analyses. Microorganisms. 2020;8(2):244. 
https://doi.org/10.3390/microorganisms8020244

51. Griebler C, Avramov M. Groundwater Ecosystem Services: 
a Review. Freshw Sci. 2015;34(1):355-67. 
https://doi.org/10.1086/679903

52. Dong X, Greening C, Brüls T, Conrad R, Guo K, Blaskowski 
S, Kaschani F, Kaiser M, Laban NA, Meckenstock RU. Fer-

http://www.dbi.ca/BARTs/PDFs/Manual.pdf


79Arch Biol Sci. 2022;74(1):67-79 

mentative Spirochaetes Mediate Necromass Recycling in 
Anoxic Hydrocarbon-Contaminated Habitats. ISME J. 
2018;12(8):2039-50. 
https://doi.org/10.1038/s41396-018-0148-3

53. Islam R, Faysal SM, Amin R, Juliana FM, Islam MJ, Alam 
J, Nazir Hossain M, Asaduzzaman M. Assessment of pH 
and Total Dissolved Substances (TDS) in the Commercially 
Available Bottled Drinking Water. IOSR J Nurs Helathc Res. 
2017;6(5):35-40. 

54. Seidel U, Haegele FA, Baumhof E, Jans K, Seidler Y, Kre-
mer D, Bakker SJL, Birringer M, Lüersen K, Bosy-West-
phal A, Rimbach G. Boron Contents of German Mineral 
and Medicinal Waters and Their Bioavailability in Dro-
sophila melanogaster and Humans. Mol Nutr Food Res. 
2021;65(15):e2100345. 
https://doi.org/10.1002/mnfr.202100345

55. Lima IQ, Ramos OR, Munoz MO, Aguirre JQ, Duwig C, 
Maity JP., Sracek O, Bhattacharya P. Spatial Dependency of 
Arsenic, Antimony, Boron and Other Trace Elements in the 
Shallow Groundwater Systems of the Lower Katari Basin, 
Bolivian Altiplano. Sci Total Environ. 2020;719:137505. 
https://doi.org/10.1016/j.scitotenv.2020.137505

56. Du Y, Ma T, Deng Y, Shen S, Lu Z.. Sources and Fate of 
High Levels of Ammonium in Surface Water and Shallow 
Groundwater of the Jianghan Plain, Central China. Environ 
Sci Process Impacts. 2017;19(2):161-72. 
https://doi.org/10.1039/C6EM00531D

57. Official Gazzete (2005/2013) Rulebook on quality and other 
requirements for natural mineral water, natural spring water 
and table water 53/2005 and 43/2013 [Internet]; 2013 [cited 
2021 Apr 15]. Available from: 
http://www.pravno-informacioni-sistem.rs/SlGlasnikPortal/
eli/rep/slscg/ministarstva/pravilnik/2005/53/1/reg

58. Official Gazzete (1998/1999/2019) Regulation on hygienic 
quality of drinking water 42/98, 44/99 and 28/019 [Internet]; 
2019 [cited 2021 Apr 15]. Available from: 
https://www.pravno-informacioni-sistem.rs/
SlGlasnikPortal/eli/rep/slsrj/ministarstva/
pravilnik/1998/42/2/reg

59. World Health Organization (WHO). Guidelines for drink-
ing-water quality. 4th ed. Geneva, Switzerland: World Health 
Organization; 2011. 541 p.

60. National Primary Drinking Water Regulations (NPDWR) 
- Microorganisms [Internet]. Washington, D.C: United 
States Environmental Protection Agency [cited 2021 Apr 
13]. Available from: https://www.epa.gov/ground-water-
and-drinking-water/national-primary-drinking-water-
regulations#Microorganisms

Supplementary Material

The Supplementary Material is available at: https://www.serbio-
soc.org.rs/NewUploads/Uploads/Saraba%20et%20al_7354_Sup-
plementary%20Material.pdf

http://www.pravno-informacioni-sistem.rs/SlGlasnikPortal/eli/rep/slscg/ministarstva/pravilnik/2005/53/1/reg
https://www.pravno-informacioni-sistem.rs/SlGlasnikPortal/eli/rep/slsrj/ministarstva/pravilnik/1998/42/2/reg



