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Bacterial diversity and predicted enzymatic
function in a multipurpose surface water
system – from wastewater effluent
discharges to drinking water production
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Hodon Ryu2, Sallamaari Siponen1, Asko Vepsäläinen1, Ari Kauppinen1,4, Osmo Puurunen5, Aki Artimo5,
Noora Perkola6, Timo Huttula7, Ilkka T. Miettinen1 and Tarja Pitkänen1,8

Abstract

Background: Rivers and lakes are used for multiple purposes such as for drinking water (DW) production,
recreation, and as recipients of wastewater from various sources. The deterioration of surface water quality with
wastewater is well-known, but less is known about the bacterial community dynamics in the affected surface
waters. Understanding the bacterial community characteristics —from the source of contamination, through the
watershed to the DW production process—may help safeguard human health and the environment.
Results: The spatial and seasonal dynamics of bacterial communities, their predicted functions, and potential
health-related bacterial (PHRB) reads within the Kokemäenjoki River watershed in southwest Finland were analyzed
with the 16S rRNA-gene amplicon sequencing method. Water samples were collected from various sampling points
of the watershed, from its major pollution sources (sewage influent and effluent, industrial effluent, mine runoff)
and different stages of the DW treatment process (pre-treatment, groundwater observation well, DW production
well) by using the river water as raw water with an artificial groundwater recharge (AGR).
The beta-diversity analysis revealed that bacterial communities were highly varied among sample groups (R = 0.92,
p < 0.001, ANOSIM). The species richness and evenness indices were highest in surface water (Chao1; 920 ± 10)
among sample groups and gradually decreased during the DW treatment process (DW production well; Chao1:
320 ± 20). Although the phylum Proteobacteria was omnipresent, its relative abundance was higher in sewage and
industrial effluents (66–80%) than in surface water (55%). Phyla Firmicutes and Fusobacteria were only detected in
sewage samples. Actinobacteria was more abundant in the surface water (�13%) than in other groups (�3%).
Acidobacteria was more abundant in the DW treatment process (�13%) than in others (�2%). In total, the share of
PHRB reads was higher in sewage and surface water than in the DW treatment samples. The seasonal effect in
bacterial communities was observed only on surface water samples, with the lowest diversity during summer.
(Continued on next page)
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(Continued from previous page)
Conclusions: The low bacterial diversity and absence of PHRB read in the DW samples indicate AGR can produce
biologically stable and microbiologically safe drinking water. Furthermore, the significantly different bacterial
communities at the pollution sources compared to surface water and DW samples highlight the importance of
effective wastewater treatment for protecting the environment and human health.

Keywords: Bacterial communities, Sewage effluent, Surface water, Seasonal effects, Predicted biological function,
16S rRNA amplicon sequencing

Introduction
Assuring an adequate supply of high-quality raw water
for the production of drinking water (DW) is a challenge
worldwide. In most cases, surface waters such as rivers
and lakes near cities fulfill the demand for raw water [2].
However, anthropogenic sources of pollution via dis-
charges of treated municipal and industrial effluents
often pose a threat to the surface water quality. Despite
the highly developed wastewater treatment techniques,
not all pollutants are sufficiently removed [22]. Occa-
sionally, raw sewage from combined sewer overflows
may also contaminate river water [19]. In addition,
diffuse sources of pollution—such as runoff from agri-
cultural land, forest areas, and urban flow during heavy
rains and snowmelt may—deteriorate surface water qual-
ity. Overall, the protection of raw water quality from mul-
tiple sources of pollution is a critical task for maintaining
environmental health. Besides surface waters, groundwater
can be a good source of high-quality raw water for DW
production. However, the high drinking water demand in
some geographical locations may require the use of artifi-
cial groundwater recharge (AGR) [29]. In Finland, for ex-
ample, AGR and groundwater together fulfill about 60%
of the raw water demand for DW production, and the rest
of the demand is fulfilled from surface waters [2].

Bacterial communities play a central role in aquatic
ecosystems and can be affected by various ecological fac-
tors in water such as temperature and light conditions,
UV radiation, pH, the concentrations of available oxy-
gen, nitrogen, phosphorous, and metal ions [49], the
presence of biodegradable pollutants [52], predator in-
teractions and the presence of bacteriophages [33], and
land-use patterns of the catchment area [48]. Further-
more, the bacteria introduced from pollutant sources
may shape both the taxonomic and functional diversity
of the recipient water [26, 52]. While many of the eco-
logical factors may differ depending on geographical lo-
cation, these may also vary even seasonally at a single
location [54], affecting the rate of photosynthesis and
ecosystem productivity. Moreover, due to the unidirec-
tional flow of water, ecological factors within a river eco-
system can be almost unique.

Recently, many bacterial community studies have used
high-throughput 16S ribosomal RNA gene sequencing

analysis [55], including studies in engineered water sys-
tems (i.e., drinking water systems) [17, 27] and natural
aquatic ecosystems [30, 35, 48]. The 16S rRNA gene
amplicon analysis is the most often used to describe the
composition of bacterial communities, but it may also
provide information about the presence of PHRB [28,
53] and may be used to predict the enzymatic function
of aquatic bacterial communities [1, 32, 34]. However,
comprehensive information about how the bacterial
community changes from sources of contamination to
surface waters and into drinking water production is
lacking, especially in regards to boreal regions.

The aim of the study was to find out if (a) the bacterial
community structure and function—specifically diversity,
taxonomy, predicted enzymatic function, and PHRB—
change significantly from the sources of contamination
through the surface water to drinking water production;
(b) the AGR process can produce biologically stable and
microbiologically safe drinking water. To reach the study
aims, water samples were systematically collected in
each season (autumn, winter, spring, and summer) in
two consecutive years from a surface water ecosystem
consisting of lakes and rivers, its major point pollutant
sources all the way to drinking water production with
the AGR process, a path rarely followed before. Then,
bacterial diversity, taxonomy, predicted enzymatic func-
tions, and changes in the read abundance of potential
health-related bacteria (PHRB) over time and sites were
evaluated with the 16S rRNA gene sequencing method.

Materials and methods
Description of the study area
The study sites were in the Kokemäenjoki River water-
shed in the southwestern part of Finland (Supplemental
Table S1, [19, 44]). The Nordic conditions of the study
area consist of four distinct seasons with a high variation
in daylight hours, temperature, and precipitation (Sup-
plemental Table S2). The natural discharge in Finnish
rivers is usually highest in the spring and early summer
due to snowmelt, despite this period having the lowest
mean precipitation.

The Kokemäenjoki River flows from Lake Pyhäjärvi
near the city of Nokia, towards the southwest coast of
Finland. It drains water from diverse sources such as
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treated municipal and industrial sewage discharges and
runoff from urban areas, mines, agricultural fields, and
forest areas. The river water is used for bathing and
recreational purposes and serves as raw water for DW
production (23 million m3 / year) in the Turku region
(southwest part of Finland) [19, 29]. The AGR technique
is used for the drinking water production process. Ini-
tially, the raw water from the river is pretreated using
sieving, dissolved air flotation, and sand filtration prior
to infiltration into the sand/gravel esker aquifer located
in the Virttaankangas managed aquifer area [29]. The
AGR production plant consists of seven infiltration
areas, each having two to four infiltration ponds. The
average residence time of the infiltrated water in the es-
ker aquifer is 4 months, and the water quality is moni-
tored from groundwater (GW) observation wells.
Potable water is pumped from the DW production wells
and supplied to consumers after UV and chloramine
disinfection.

A total of seven municipal wastewater treatment
plants (WWTPs) discharging treated wastewater efflu-
ents into the Kokemäenjoki watershed were included in
the study: Rahola and Viinikanlahti in the city of Tam-
pere; Kullaanvuori and Siuro in the city of Nokia; and
Mouhijärvi, Vammala, and Äetsä in the city of Sasta-
mala. Viinikanlahti is the largest WWTP of the study,
serving about 200,000 inhabitants, and Mouhijärvi is the
smallest, serving about 1300 inhabitants [2, 19]. All these
WWTPs use primary and secondary treatment pro-
cesses, including screening, grit removal, and ferric salt
addition followed by conventional activated sludge treat-
ment with the addition of flocculants. Industrial effluents
were collected from two industrial treatment plants prior
to discharge into the river. The mine runoff water was
collected from a mining area discharge.

Water samples
A total of 243 water samples were collected from 30
sampling locations in each season for 2 years from the
Kokemäenjoki watershed, its point sources of pollution,
and the DW production process (Table 1). Surface water
samples were collected from 15 sampling locations, of
which two were in the lake region, four in tributary riv-
ers, and nine in the main river.

All surface water samples were collected with a grab
sampler from one meter below the surface except at Site
2 (located on the deepest region of the lake), where the
samples were collected from one meter, 10 m, and 40 m
below the surface to assess if sampling depth had an ef-
fect on lake bacterial communities. Also, groundwater
samples of infiltrated water from observation and pro-
duction wells and wastewater samples from WWTPs
were collected as grab samples. The DW production well
samples were collected before adding any disinfection, as

the current study followed the path from surface water
to the DW production well. Water samples were trans-
ported in coolers to the laboratory of the Finnish Insti-
tute for Health and Welfare (Kuopio, Finland) and
processed within 24 h.

DNA extraction, amplification, and sequencing
Collected samples were stored by filtering the samples of
surface water (75 ml – 400 ml), sewage effluent (50 ml –
100 ml), and groundwater (500 ml – 1000 ml) onto nylon
membranes with a pore size of 0.2 �m (N66, Ultipor, Pall
Corporation, Ann Arbor, Michigan, USA). Immediately
after filtration, the membranes were treated with RNAla-
ter (Qiagen, Hilden, Germany) and kept at 4 °C over-
night before freezing at � 75 °C [44].

DNA was extracted from stored filters, which were
first transferred to microcentrifuge tubes with acid-
washed DNase and RNase free glass beads (Mo Bio
Laboratories, Inc., Carlsbad, California, USA). Storage
tubes containing RNAlater were centrifuged for 3 min at
maximum speed, and the pellet was resuspended with
500 �l lysis buffer (Buffer RLT Plus (Qiagen, Hilden,
Germany) containing �-mercaptoethanol (Sigma-Aldrich
Co., St. Louis, MO) and added to the microcentrifuge
tube containing the filter. The tubes were then bead-
beated for 40 s at maximum speed (Mini-Bead-Beater,
Biospec Products, Inc., Bartlesville, Oklahoma, USA) and
centrifuged 3 min at maximum speed. The DNA fraction
was extracted using AllPrep DNA/RNA Mini Kit (Qia-
gen GmbH, Germany) following the manufacturer’s
protocol.

The DNA extracts were shipped on dry ice to the
laboratory of the United States Environmental Protec-
tion Agency (Cincinnati, Ohio) for community sequen-
cing, as previously described [5, 27]. Specifically, DNA
extracts were used as templates for 16S rRNA gene
metabarcoding primers. We used barcoded primers
515F and 806R [10] to construct 16S rRNA gene se-
quence libraries for each sample tested. The PCR assays
used for the sequencing libraries were performed in 25-
�l volumes using the Ex Taq kit (TaKaRa) with 200 nM
concentrations (each) of the forward and reverse primers
and 2 �l of DNA extracts and using the following cycling
conditions: an initial 5 min denaturing step at 95 °C,
followed by 35 cycles at 95 °C for 45 s, 50 °C for 60 s, and
72 °C for 90 s, and a final elongation step at 72 °C for 10
min. Each barcode corresponded to an eight-base se-
quence unique to each sample. Amplicons were visual-
ized on an agarose gel to confirm product sizes, and
aliquots of each amplicon of the expected size were
pooled and sequenced using an Illumina MiSeq sequen-
cer and 250-bp paired-end kits at the Cincinnati Chil-
dren’s Hospital DNA Core facility.

Tiwari et al. Environmental Microbiome           (2021) 16:11 Page 3 of 17






























