
Science of the Total Environment 859 (2023) 160340

Contents lists available at ScienceDirect

Science of the Total Environment

j ourna l homepage: www.e lsev ie r .com/ locate /sc i totenv
Effects of temperature and light exposure on the decay characteristics of fecal
indicators, norovirus, and Legionella in mesocosms simulating subarctic
river water
Ananda Tiwari a,b,⁎, Ari Kauppinen a,1, Pia Räsänen a, Jenniina Salonen a,c,2, Laura Wessels a,3, Janne Juntunen d,
Ilkka T. Miettinen a, Tarja Pitkänen a,b,⁎

a Finnish Institute for Health and Welfare, Expert Microbiology Unit, Kuopio, Finland
b University of Helsinki, Department of Food Hygiene and Environmental Health, Helsinki, Finland
c University of Eastern Finland, Department of Environmental and Biological Sciences, Kuopio, Finland
d Finnish Environment Institute, Freshwater Center, Jyväskylä, Finland
H I G H L I G H T S G R A P H I C A L A B S T R A C T
⁎ Corresponding authors at: Finnish Institute for Health a
E-mail addresses: ananda.tiwari@thl.fi (A. Tiwari), tarja.

1 Current address: Finnish Food Authority, Laboratory an
2 Current address: Oulu Municipality, Division of Environ
3 Current address: German Federal Institute for Risk Asses

http://dx.doi.org/10.1016/j.scitotenv.2022.160340
Received 5 July 2022; Received in revised form 14 O
Available online 22 November 2022
0048-9697/© 2022 The Authors. Published by Elsevi
• Coliphages decayed 22–27 times, and
E. coli 4.8 times slower in 4 °C than 22 °C.

• E. coli, enterococci, and som. coliphages
weremore sensitive to light than tempera-
ture.

• Bacterial DNA/RNA, and Legionella were
more sensitive to temperature than light.

• Norovirus GII and F-specific coliphages
were also more sensitive to temperature.

• Indication power of fecal indicators can
vary between seasons of the year.
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Knowledge of the decay characteristics of health-related microbes in surface waters is important for modeling the
transportation of waterborne pathogens and for assessing their public health risks. Although water temperature and
light exposure are major factors determining the decay characteristics of enteric microbes in surface waters, such ef-
fects have not been well studied in subarctic surface waters. This study comprehensively evaluated the effect of tem-
perature and light on the decay characteristics of health-related microbes [Escherichia coli, enterococci, microbial
source trackingmarkers (GenBac3&HF183 assays), coliphages (F-specific and somatic), noroviruses GII and Legionella
spp.] under simulated subarctic river water conditions. The experiments were conducted in four different laboratory
settings (4 °C/dark, 15 °C/dark, 15 °C/light, and 22 °C/light). The T90 values (time required for a 90 % reduction in
the population of a target) of all targets were higher under cold and dark (2.6–51.3 days depending upon targets)
than under warm and light conditions (0.6–3.5 days). Under 4 °C/dark (simulated winter) water conditions, F-
specific coliphages had 27.2 times higher, and coliform bacteria had 3.3 times higher T90 value than under 22 °C/
light (simulated summer) water conditions. Bacterial molecular markers also displayed high variation in T90 values,
with the greatest difference between 4 °C/dark and 22 °C/light recorded for HF183 DNA (20.6 times) and the lowest
difference for EC23S857 RNA (6.6 times). E. coli, intestinal enterococci, and somatic coliphages were relatively more
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sensitive to light than water temperature, but F-specific coliphages, norovirus, and all bacterial rDNA and rRNA
markers were relatively more sensitive to temperature than light exposure. Due to the slow microbial decay in winter
under subarctic conditions, the microbial quality of river water might remain low for a long time after a sewage spill.
This increased risk associated with fecal pollution during winter may deserve more attention, especially when river
waters are used for drinking water production.
1. Introduction

Information on the decay characteristics of health-related microbes and
their molecular markers in surface waters help in understanding their
dynamics and is a prerequisite for conducting transportation modeling in
surface waters (Juntunen et al., 2017; Rankinen et al., 2016; Whitehead
et al., 2016; Green et al., 2011; Korajkic et al., 2019). Such information is
important for microbial risk assessment and mitigation of contamination
(Kotwal and Cannon, 2014; Boehm et al., 2018). Although the effect of a
temperature increase and light exposure on the decay characteristics of var-
ious entericmicrobes has been studied earlier (Dick et al., 2010; Kauppinen
andMiettinen, 2017; Noble et al., 2004; Sinton et al., 2002; Sokolova et al.,
2012a), such effects have not been comprehensively investigated under
subarctic river conditions targeting many types of microbes at the same
time. Furthermore, the decay characteristics of molecular markers of fecal
contamination have not previously been compared with culture-based mi-
crobial results for riverwaters under such climatic conditions. The subarctic
climate is characterized by high seasonal variation in temperature and
daylight hours (Table S1). Winters are mostly dark and cold, and river
water runs under an ice cover. Autumn and spring have relatively equal
daylight and dark hours with relatively warm temperatures, and summer
is the warmest season, with daylight hours even exceeding 20 h (Tiwari
et al., 2021a).

The culturable counts of fecal indicator bacteria (FIB), i.e. Escherichia
coli, and intestinal enterococci are used globally in monitoring the micro-
bial quality of surface water (Directive, 2006; US EPA, 2012; Tiwari et al.,
2021b). The recreational water quality criteria of the United States use
the term Enterococci, while the EU Bathing Water Directive uses the term
intestinal enterococci, but these two terms are considered equivalent and
have been used interchangeably (Tiwari et al., 2021b). However, Entero-
cocci include more diverse species, while the taxonomic distribution of in-
testinal enterococci monitored according to the EU BathingWater Directive
mainly includes four Enterococcus species: E. faecalis, E. faecium, E. durans,
and E. hirae (Tiwari et al., 2021b; Tiwari et al., 2018; Byappanahalli
et al., 2012).

Culture-based methods are widely used and standardized for providing
evidence of viable targets. However, these methods are often criticized for
being time-consuming in obtaining results due to the compulsory incuba-
tion step, as well as the inability to monitor many microbes, including via-
ble but nonculturable strains (Tiwari et al., 2022). Molecular methods such
as real-time quantitative polymerase chain reaction (qPCR) are culture-
independent and especially important for monitoring viral pathogens
such as noroviruses (Kauppinen et al., 2014), as well as difficult to culture
fecal bacteria, including the order of Bacteroidales (Haugland et al., 2010;
Pitkänen et al., 2013). The gene copy number of 16S rRNA (rRNA) analyzed
with reverse transcription (RT)-qPCR can serve as a proxy for metabolically
active cells when compared to the copy numbers of 16S rRNA genes
(rDNA), as unlike environmental DNA, rRNA cannot persist for long in
water after the bacterial cell wall is disrupted (Green et al., 2011;
Pitkänen et al., 2013; Bustin and Nolan, 2004; Kapoor et al., 2015).

Furthermore, the current FIB-based monitoring approach cannot differ-
entiate the source of microbial contamination in surface water (Harwood
et al., 2014; Rytkönen et al., 2021; Korajkic et al., 2018). Identifying such
contamination sources is necessary for human health risk assessment and
the remediation of contamination sources. Host-specific molecularmarkers,
targeted with qPCR or (RT)-qPCRmethods, are commonly used approaches
for microbial source tracking (MST) (Green et al., 2011; Haugland et al.,
2010; Harwood et al., 2014; Rytkönen et al., 2021; Okabe and Shimazu,
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2007; Ryu et al., 2012; Boehm et al., 2013; Ahmed et al., 2016; Ahmed
et al., 2007).

This study evaluated the effect of light exposure and water temperature
on the decay characteristics of health-related microbial targets, including
the fecal indicators Escherichia coli (culture and EC23S857 assay), entero-
cocci (culture and Entero1 assay), general Bacteroidales (GenBac3 assay),
human- specificBacteroides (HF183 assay), F-specific and somatic coliphages
(natural/indigenous strains present in wastewater and laboratory-grown
spiked strains), noroviruses GII and Legionella spp. under four experimental
settings (4 °C/dark, 15 °C/dark, 15 °C/light, and 22 °C/light) simulating
subarctic river water conditions. Bacterial qPCR markers were targeted
with both ribosomal RNA genes (rDNA) and ribosomal RNA (rRNA) and
evaluated the dynamics of metabolic activities in different temperatures.

2. Materials and methods

2.1. Experimental setup

The experiments were conducted under the following temperature and
light conditions; 4 °C/dark (simulated river water condition for Nordic
winter), 15 °C/dark (simulated river water condition for Nordic spring
and autumn nights), 15 °C/light (simulated riverwater condition for Nordic
spring and autumn days), and 22 °C/light (simulated river water condition
for Nordic summer). Full-spectrum solar lights (24 h per day) (Sylvania
Reptistar) with UV-A and UV-B light (438 mm, ø 26 mm, 15 W, 6500 K,
UV-A 30 %, UV-B 5 %) were used to create the light exposure (Tiwari
et al., 2019) and mesocosms were shielded in all four-sides and top with
black plastic to create dark conditions, and partially uncovered only during
the collection of samples. Each experimental setting included two identical
mesocosms; (a) natural setup (NS) mesocosm here the decay characteristics
of natural targets (E. coli, coliform bacteria, intestinal enterococci, natural
strains of coliphages (F-specific and somatic), andBacteroidales) were inves-
tigated by adding municipal sewage effluent to river water in the ratio of
1:7; (b) spiked setup (SS) mesocosm here the decay characteristics of
laboratory-grown strains of coliphages (F-specific and somatic), Legionella
pneumophila, and norovirus extracted from a stool sample were spiked in
an identical setup to the NS mesocosm (Table S2). The detail about the
spike preparation is explained in Supplementary Material (Spike prepara-
tion). The L. pneumophila spike was not included in the 22 °C/light experi-
ments. The final volume of water was 35 L in all mesocosms. The river
water was collected from the River Kokemäenjoki, southwestern Finland,
and the sewage effluent was collected from the Viinikanlahti wastewater
treatment plant in Tampere, Finland (Tiwari et al., 2021a; Pitkänen et al.,
2013). Water in the mesocosms was continuously mixedwith a mechanical
stirrer and the mesocosms were covered to prevent water evaporation
(Tiwari et al., 2019).

2.2. Sample collection from mesocosms

Background counts of all microbial targets were enumerated separately
from the river water and sewage effluent before setting up the mesocosms.
About 30 min after the initiation of the mesocosm experiment, duplicate
water samples were collected with a peristaltic pump to enumerate the ini-
tial target counts (Day 0). In the same way, duplicate water samples were
collected after 2, 7, 9, 14, 21, 28, 34, and 41 days in the 4 °C experiment
(I), after 1, 2, 3, 6, 9, 14, 21, 28, 35, and 42 days in the 15 °C experiments
(II and III), and after 0.5, 1, 1.5, 2, 2.5, 3, 4, 6, 8, 10, and 13 days in the
22 °C experiment (IV). Samples were preferably processed on the sampling
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day or, in case of evening sampling, were stored at +4 °C in the dark until
analysis during the next day. For molecular assays of bacterial targets, poly-
carbonate membranes (see Section 2.3.1) were stored at −75 °C or lower
and all extractions were performed only after storage. Throughout the
experiment, the water temperature of each mesocosmwas recorded during
each sampling event.

2.3. Microbial enumeration

Microbial targets were enumerated with culture-based methods, qPCR
(DNA target), RT-qPCR (RNA target), or a combination of all these methods
(Table S2). The colony counts of E. coli and coliform bacteria were enumer-
ated with a membrane filtration method on Choromocult® Coliform Agar
medium supplemented with the antibiotics vancomycin and cefsulodin
(Merck, Darmstadt, Germany) (Tiwari et al., 2016; ISO-9308-1, 2014). Intes-
tinal enterococci were enumerated on Slanetz&Bartley mediumwith confir-
mation on bile aesculin azide agar (Tiwari et al., 2018; ISO-7899-2, 2000).
In both methods, water samples were filtered with 47-mm-diameter and
0.45-μm pore size membrane filters (GN-6, Pall Life Sciences, USA). Lower
sample volumes (~10mL) were filtered at the beginning and higher sample
volumes (up to 1000 mL) at the end of the experiment. The sample volume
was estimated based on the target counts of earlier sampling days.

F-specific and somatic coliphages were enumerated with U.S. Environ-
mental Protection Agency (US EPA) method 1602 (US EPA, 2001; US EPA
Method 1602, 2001) by using a single agar layer or double agar layer proce-
dure, depending on the sample volume. A small sample volume (≤0.5 mL)
was analyzed with a double agar layer, and sample volumes up to 100 mL
were analyzed with a single agar layer. Log-phase host bacterial cultures
for both procedures were prepared as described in the US EPA method
1602 (US EPA Method 1602, 2001).

Legionella spp. was enumerated with the ISO 11731 method, with a
small modification (ISO-11731, 1998). A volume of 100–200 μL of samples
was directly cultured into a buffered charcoal yeast extract medium
containing glycine, vancomycin, polymyxin B, and cycloheximide (GVPC)
agar (Oxoid Ltd., Cambridge, UK). Instead of concentrating the samples as
in ISO 11731, here we diluted the samples 1:10 with sterile deionized
water until the concentration reached 10−2 (ISO-11731, 1998). The initial
count of the GVPC plate was enumerated after four days of incubation and
then counted every second or third day up to 10–12 days of incubation.
Suspected colonies were further confirmed on R2A, BCYE, and BCYE-cys
media and were reported as colony counts per milliliter.

2.3.1. Molecular methods for fecal bacteria
A volume of 100mL from the natural setup (NS) mesocosms was filtered

in duplicate on 47-mm-diameter and 0.4-μm pore size polycarbonate mem-
branes (Nuclepore, Whatman). One of the duplicate membranes was stored
immediately at −80 °C and the other was incubated at +36 °C in aerobic
conditions for 4 h on Columbia agar (Oxoid Ltd.) before storing at −80 °C.
The extra incubation step was performed to explore the metabolic stage of
the bacterial targets.

The DNA and RNA fractions were extracted as described earlier
(Pitkänen et al., 2013) by using the AllPrep DNA/RNA Mini Kit (Qiagen
GmbH, Hilden, Germany). Before extraction, cell lysates were prepared
from frozen membranes by bead beating (Mini-Bead Beater, Biospec Prod-
ucts, Inc., USA). RNA was purified immediately after extraction with the
TURBO DNA-free™ Kit (Life Technologies, USA) using the manufacturer's
protocol. The DNA and RNA concentrations were measured using Qubit
RNA and dsDNA HS assay kits (Life Technologies, USA) and a Qubit 2.0
Photometer (Life Technologies, USA) following the manufacturer's proto-
col. Complementary DNA (cDNA) was synthesized from RNA samples
after extractions and RNA purification using the Superscript III First-
Strand Synthesis System (Life Technologies, USA) and stored at −20 °C.

Bacterial rDNA and rRNAmarkers were targetedwith TaqMan RT-qPCR
and qPCR assays (Table S3). For bacterial targets, the qPCR program started
with denaturation at 95 °C for 10 min and was followed by 40 cycles of 15 s
at 95 °C and annealing for 1min at 60 °C. The same programwas used for all
3

bacterial targets and performed as explained earlier (Rytkönen et al., 2021),
using the QuantStudio6 Flex Real-Time PCR System (Applied Biosystems,
USA) for HF183, EC23S857 assays, and the Agilent Stratagene Mx 3005
QPCR System (Agilent Technologie, USA) for GenBac3 and Entero1 assays.
A standard curve for rDNA and rRNA plates was produced by applying
synthesized DNA fragments (gBlocks, IDT) containing the target sequences
in numbers between 2 × 100 and 2 × 106 copies.

During the calculation of the qPCR gene copies (GC/100 mL), qPCR
inhibition was estimated from diluted sample fractions (Table S4). If the
GC from the diluted sample fraction was more than two times higher than
the GC from the original sample fraction, then inhibition was considered
to have occurred and the GC from dilution was reported; otherwise, the
weighted mean between the original and the diluted sample reactions
was reported, as carried out previously (Pitkänen et al., 2013). Sterile
deionized water and reagent blanks were used during the filtration and
nucleic acid extraction processes as negative controls. The limit of detection
(LOD) was calculated by determining the highest GC detected in the nega-
tive controls.

2.3.2. RT-qPCR protocol for norovirus GII
Water samples were concentrated with a PEG precipitation process and

the norovirus GC was enumerated using RT-qPCR, as performed earlier by
Kauppinen et al. (Table S3) (Kauppinen et al., 2014). In brief, the RNA
from PEG precipitates was isolated with the High Pure Viral RNA Kit
(Roche Molecular Biochemicals Ltd., Germany) according to the manufac-
turer's instructions and stored at −75 °C or lower. With each batch of
samples, nuclease-free water and norovirus GII was used as a negative and
a positive control, respectively, for the RNA extraction process. The qPCR
program run was carried out with a Rotor-Gene™ 3000 real-time rotary
analyzer (Qiagen). The RT-qPCR reaction cycle was as described earlier
(Kauppinen et al., 2014). Quantification was performed using a norovirus
GII plasmid standard as done earlier (Nordgren et al., 2008).

2.4. Statistical analysis

Datawere log-transformed before further analysis. The decay character-
istics (decay rate, T90 i.e., the time for the target number to decrease by
90 %, T99 i.e., the time for the target number to decrease by 99%) were an-
alyzed with regression analysis in GInaFiT version 1.7 software (Geeraerd
et al., 2005). The decay rate, root mean square error (RMSE), and coeffi-
cient of determination (R2) of each target were calculated for both log-
linear and best-fitted non-linear models, but the T90 and T99 values were
only calculated with the best-fitted decay model (the lowest RMSE and
the highest R2 value), either a linear or non-linear model. Spearman rank-
order correlation tests were used to examine the relationship between
pairs of targets. Statistical tests with a p-value of < 0.05 were considered
significant.

3. Results and discussion

For a comprehensive evaluation of the effect of water temperature and
light exposure on the decay characteristics of health-related microbial tar-
gets in simulated subarctic river water conditions, four experiments were
conducted in three batches (dark and light experiments at 15 °C were con-
ducted in same batch). Experiment I, at 4 °C/dark treatment, mimicked
the river water during the winter, while experiments II and III at 15 °C
corresponded to the conditions during spring and autumn (night and day
respectively), and experiment IV under 22 °C/light conditions represented
river water during the summer. As shown in Table S1, high seasonal varia-
tion in temperature and daylight hours are major characteristics of this
climatic region.

The background counts of target microbes (E. coli, intestinal enterococci,
F-specific coliphages, somatic coliphages, norovirus GII, Legionella spp.) in
sewage effluent and river water before setting up the mesocosms are re-
ported in Table S5. These counts were all higher in sewage effluent than
in river water samples. In sewage, the average counts from three batches
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of experiments for E. coli and intestinal enterococci were 3.40 and 3.36 log10
CFU/100 mL, respectively, and those of F-specific and somatic coliphages
were 3.68 and 4.06 log10 PFU/100 mL, respectively. In river water, the
E. coli and intestinal enterococci counts were 0.91 and 1.77 log10 CFU/
100 mL, respectively, and the enumeration of F-specific and somatic coli-
phages resulted in −0.51 and 0.76 log10 PFU/100 mL, respectively. The
number of norovirus gene copies was >0.44–0.48 log10 GC/mL in effluent,
but none were detected in river water. Legionella was not detected in either
sewage effluent or river water (Table S5). Due to the low concentration of
Legionella and norovirus GII in the effluent and river water, the addition of
spikes were required to conduct the decay experiments for these targets.

The initial counts of all targets in experiments I–IV are presented in
Table S6. Except for bacterial rDNA and rRNA markers, the initial counts
of each target between experiments I-IV varied less than one magnitude.
Indeed, how long a targetmicrobe is detected in an experiment or in surface
waters after a contamination event is determined by both the initial num-
bers and the decay rate of the target. In this study, some of the targets
were detected for a longer time in the 22 °C than the 15 °C light experiment
due to a higher initial number of targets (Figs. 1 & 2, Tables 1 & 2).

3.1. Targets persisted longer in cold and dark than in warm and light conditions

The longer persistence of targets in cold and dark conditions than in
warm and light conditionswas clearly illustrated by the T90 andT99 values
of the targets in the experiments I-IV (Tables 1 & 2). Under simulated sub-
arctic winter water conditions (4 °C/dark), the T90 value of coliform bacte-
ria was 3.3 times (10.5 days at 4 °C and 3.2 days at 22 °C), E. coli 4.8 times
(11.5 days at 4 °C and 2.4 days at 22 °C), intestinal enterococci 5.8 times
(11.5 days at 4 °C and 2.0 days at 22 °C), norovirus 6.1 times (10.5 days
Fig. 1. Reduction in viable bacterial counts under different mesocosm conditions. The
limitations during the study setup, the Legionella spp. results from the 22 °C mesocosm a
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at 4 °C and 3.2 days at 22 °C), F-specific coliphages 27.2 times (40.8 days
at 4 °C and 1.5 days at 22 °C, in NS), and somatic coliphages 22.3 times
(51.3 days at 4 °C and 2.3 days at 22 °C, in NS) higher than under simulated
subarctic summer water conditions (22 °C/light) (Table 3).

The reduction in the T90 value due to an increase in water temperature
and light exposure was consistent withmany earlier studies (Korajkic et al.,
2019; Dick et al., 2010; Kauppinen andMiettinen, 2017; Noble et al., 2004;
Sinton et al., 2002; Sokolova et al., 2012a; Ahmed et al., 2016). The higher
decay rate of enteric microbes in warm and light exposure (Figs. 1& 2), can
be due to the simultaneous contribution of many factors. At higher temper-
atures, natural death, starvation, bacteriophage attack, and predation can
be accelerated (Blaustein et al., 2013). Predator and phage communities
also becomemore active at higher temperatures and can accelerate their at-
tacks on the microbes targeted in the experiment (Korajkic et al., 2014). In
contrast, at low temperatures, metabolic activities and protein synthesis
may decrease to a minimum level and microbes may even enter the hiber-
nation stage and remain alive only due to the formation ofmembrane lipids
and cold-shock proteins (Nedwell, 1999). In the case of viruses, the in-
creased temperature may enhance protein denaturation, damage nucleic
acids, and increase capsid oxidation (Pinon and Vialette, 2019).

Solar radiation is the next major cause of the inactivation of aquatic mi-
crobes (Boehm et al., 2018; Boehm et al., 2019; Mancini, 1978; Jozić et al.,
2014). An earlier study demonstrated a linear relationship between light
exposure and the microbial decay rate (Mancini, 1978). Solar radiation
can inactivate microbes via three independent mechanisms: (a) direct pho-
tobiological damage, (b) exogenous photooxidation, and (c) endogenous
photooxidation (Korajkic et al., 2019; Boehm et al., 2018; Tiwari et al.,
2019; Boehm et al., 2019; Jozić et al., 2014; Kadir and Nelson, 2014).
Furthermore, the reaction of solar radiation with oxygen in the presence
error bars represent the standard deviation of duplicate samples. Due to practical
re not available.



Fig. 2.Reduction in the number of norovirus GII and F-specific and somatic coliphages under different mesocosm conditions. The error bars represent the standard deviation
of duplicate samples. NS = natural setup mesocosm, SS = spiked setup mesocosm.
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of photosynthesizers such as humic substances produces lethal microbici-
dal, secondary toxicants in aquatic systems, accelerating microbial death
(Jozić et al., 2014; Kadir and Nelson, 2014; Häder et al., 2015).

In the 4 °C/dark experiment, both virus indicators of fecal contamina-
tion in the natural setup mesocosm exhibited slower decay, as higher T90
values were recorded (F-specific coliphages 40.8 days, somatic coliphage
51.3 days) than for fecal indicator bacteria (E. coli 11.5 days and entero-
cocci 11.5 days) and pathogens (norovirus 12.1 days and Legionella
spp. 7.5 days). Under 15 °C/dark conditions, the T90 value was in general
shorter, ranging from 14.4 days for somatic coliphages in the natural
setup mesocosm to 0.1 days for Legionella spp. At the same temperature
(15 °C) but under light conditions, the highest T90 value was recorded for
coliforms (8.8 days) and the lowest for Legionella spp. (<0.1 days). In the
conditions mimicking the subarctic summer, i.e., the 22 °C/light experi-
ment, microbial decay was faster than under the other tested conditions;
a 90 % reduction took only 3.2 days for coliform bacteria and 90 % of the
spiked F-specific coliphages had disappeared after 0.6 days.

Under light conditions (experiments III and IV), the natural strains of
both coliphages decayed faster (i.e., had lower T90 values) than E. coli,
intestinal enterococci, and norovirus, the opposite result being recorded
under dark conditions except for somatic coliphages at 22 °C, where it
had higher T90 value than intestinal enterococci and norovirus (Table 1).
This might indicate that F-specific coliphages are more sensitive to light
than E. coli, intestinal enterococci, and norovirus. An earlier study evalu-
ated the effect of UV radiation as a tertiary treatment process for the inacti-
vation of bacterial indicators (total coliforms, fecal coliforms, E. coli, and
enterococci) and virological indicators (somatic coliphages, F-specific coli-
phages) in two wastewater treatment plants in Spain, in which bacterial
5

indicators and F-specific coliphagesweremore sensitive toUV than somatic
coliphages (Gomila et al., 2008).

When comparing the T90 values of two commonFIB (E. coli and intestinal
enterococci) with norovirus under different experimental conditions, E. coli
was relatively more persistent under light exposure and increased water tem-
perature than intestinal enterococci, whereas norovirus was more persistent
than intestinal enterococci in all experiments except at 15 °C under dark
conditions (Table 1). Consistent with our study, many earlier studies have
reported that E. coli is more persistent under light than enterococci (Boehm
et al., 2018; Noble et al., 2004; Sinton et al., 2002; Boehm et al., 2019;
Mancini, 1978; Jozić et al., 2014). The higher persistence of E. coli than
enterococci under light conditions is presumably due to the complex repair
mechanism for light-damaged DNA in E. coli cells (Noble et al., 2004;
Sinton et al., 2002), a mechanism that does not exist in enterococci. In a
later study, Cabral et al. also demonstrated that enterococci are more sensi-
tive to light and temperature than E. coli, with higher seasonal variation in
the enterococci count than in the E. coli count in a subtropical estuary
(Cabral et al., 2018). A comparison between the T90 values of our study
and many earlier studies is presented in Table S7. In comparison with earlier
studies, E. coli, coliform bacteria, and enterococci weremore persistent in our
study (Dick et al., 2010; Noble et al., 2004; Sinton et al., 2002; Sokolova et al.,
2012b).With an exception, a study reported T90 value of 7.4 days in ambient
river water conditions in Florida, US, appears higher than 2.4 days in the
15 °C/light and 2.0 days in the 22 °C/light experiment of our study
(Anderson et al., 2005). Consistently with the results from experiments
conducted at 15 °C and 22 °C with light exposure in our study, a systematic
review reported an average T90 value from published literature of 3.1 days
for E. coli and 2.7 days for enterococci (Brooks and Field, 2016).



Table 1
Decay characteristics of culturable counts of bacterial and viral water quality indicators, gene copies of norovirus GII, and count estimate of Legionella spp.

Target Last day of
detection

Log-linear T90 days T99 days Best-fit non-linear

Decay rate
(k) (/day)

R2 RMSE Decay rate (/day) Best fit (±SE) R2 RMSE

Experiment I (4 °C dark)
E. coli CFU 41 0.20 ± 0.01 0.98 0.27 11.5 (V) 23.0 (VII)
Coliform bacteria 41 0.22 ± 0.01 0.98 0.3 10.5 (VII) 20.9 (VIII)
iENT CFU 41 0.20 ± 0.02 0.93 0.54 11.5 (V) 23.04 (VI)
F+ coliphages (NS) 41 0.05 ± 0.01 0.72 0.26 40.8 (II) 47.4 (II) W (δ = 40.8 ± 0.8, p = 4.6 ±

1.0)
0.96 0.04

Som. coliphages (NS) 41 0.03 ± 0.01 0.81 0.06 51.3 (I) 66.4 (I) W (δ = 51.4 ± 4.8, p = 2.7 ±
0.9)

0.92 0.03

Norovirus GII 41 0.19 ± 0.01 0.93 0.33 12.1 (IV) 24.2 (V)
F+ coliphages (SS) 34 0.89 ± 0.02 0.92 0.64 2.6 (IX) 5.2 (IX)
Som. coliphages (SS) 7 0.14 ± 0.03 0.97 0 16.4 (III) 32.9 (IV) – – –
Legionella spp. 41 0.09 ± 0.02 0.72 0.88 7.5 (VIII) 43.4 (III) DW (α = 1.04 ± 0.41, δ1 =

7.49 ± 1.36, p = 6 ± 10.6, δ2
= 44.0 ± 6.5)

0.87 0.39

Median (minimum–maximum) 41.0 (7.0–41.0) na na na 12.1 (2.6–51.3) 24.2 (5.2–66.4) na na na na

Experiment II (15 °C dark)
E. coli CFU 21 0.33 ± 0.04 0.94 0.32 7.0 (IV) 14.0 (III)
Coliform bacteria 21 0.30 ± 0.05 0.85 0.44 9.3 (II) 11.6 (V) Kmax = 1.34 ± 1.3 LLST (Sl = 7.7 ± 1.3)N_rs = 1.32 0.99 0.15
iENT CFU 21 0.30 ± 0.04 0.90 0.37 7.7 (III) 14.2 (II)
F+ coliphages (NS) 14 0.39 ± 0.03 0.97 0.11 5.9 (V) 11.8 (IV)
Som. coliphages (NS) 21 0.16 ± 0.01 0.98 0.08 14.4 (I) 28.8 (I)
Norovirus GII 21 0.42 ± 0.02 0.99 0.15 5.5 (VI) 11.0 (VI)
F+ coliphages (SS) 9 1.34 ± 0.14 0.96 0.87 1.7 (VIII) 3.4 (VIII)
Som. coliphages (SS) 21 0.44 ± 0.03 0.95 0.27 5.2 (VII) 10.5 (VII)
Legionella spp. 14 23.03 ± 0.10 0.55 1.4 0.1 (IX) 12.3 (IX) k1 = 28.16 ± 1245

k2 = 0.16 ± 0.09
B (f = 0.93 ± 0.08) 0.85 0.48

Median (minimum–maximum) 21.0 (9.0–21.0) na na na 5.9 (0.1–14.4) 11.6 (0.2–28.8) na na na na

Experiment III (15 °C light)
E. coli CFU 14 0.65 ± 0.08 0.93 0.45 3.5 (III) 7.1 (III)
Coliform bacteria 21 0.26 ± 0.06 0.88 0.53 8.8 (I) 10.7 (II) k1 = 1.29 ± 0.4

k2 = 0.00 ± 0.07
BS (f = 0.996± 0.00, Sl = 7.0±
0.6)

1.0 0.10

iENT CFU 6 0.96 ± 0.03 1 0.04 2.4 (IV) 4.8 (IV)
F+ coliphages (NS) 6 1.21 ± 0.01 0.98 0.13 1.9 (V) 3.8 (V)
Som. coliphages (NS) 6 1.44 ± 0.01 1 0 1.6 (VI) 3.2 (VI)
Norovirus GII 9 0.42 ± 0.08 0.96 0.89 5.5 (II) 11.6 (I)
F+ coliphages (SS) 6 1.44 ± 0.09 0.99 0.35 1.6 (VI) 3.2 (VI)
Som. coliphages (SS) 6 23.20 ± 0.13 0.96 0.79 0.1 (VIII) 0.2 (VIII)
Legionella spp. 3 27.50 ± 0.59 0.67 4.15 <0.1 (IX) 0.1 (IX) k = 27.46± 11,819 LLT (Log10 (N_res) = 2.1 ± 0.17 0.97 0.06
Median (minimum–maximum) 6.0 (3.0–21.0) na na na 1.9 (0.1–8.8) 3.8 (0.1–11.6) na na na na

Experiment IV (22 °C light)
E. coli CFU 10 0.96 ± 0.03 0.99 0.17 2.4 (II) 4.8 (II)
Coliform bacteria 10 0.72 ± 0.1 0.8 1.94 3.2 (I) 5.2 (I) k1 = 1.36 ± 0.69

k2 = 0.001 ± 0.46
BS (f = 0.996± 0.01, Sl = 1.5±
1.2)

0.93 0.71

iENT CFU 8 1.15 ± 0.07 0.97 0.38 2.0 (IV) 4.0 (IV)
F+ coliphages (NS) 8 1.54 ± 0.15 0.75 2.08 1.5 (VI) 3.1 (VI) k1 = 1.59 ± 0.24

k2 = 0.001 ± 0.16
B (f = 0.998 ± 0.004) 0.96 0.3

Som. coliphages (NS) 6 0.99 ± 0.02 1 0.01 2.3 (III) 4.7 (III)
Norovirus GII 8 1.15 ± 0.06 0.98 0.59 2.0 (IV) 4.0 (IV)
F+ coliphages (SS) 4 3.84 ± 0.29 0.94 1.21 0.6 (VIII) 1.2 (VIII)
Som. coliphages (SS) 8 1.64 ± 0.09 0.97 0.72 1.4 (VII) 2.8 (VII)
Median (minimum–maximum) 8.0 (4.0–10.0) na na na 2.0 (0.6–3.2) 4.0 (1.2–5.2) na na na na

N = natural setup mesocosm, S = spiked setup mesocosm, W = Weibull, DW= double Weibull, LLST = log-linear shoulder tail, B = biphasic, BS = biphasic shoulder,
LLT = log-linear tail, iENT = Intestinal enterococci, F+ coliphages = F-specific coliphages, Som. coliphages = somatic coliphages, RMSE = root mean square error. The
roman number in parenthesis following with T90 and T99 values indicates the order of persistence of the target, more persistent with a lower number. T90 and T99 values
were calculated only with the best-fitted decay model. Legionella spike was not used in 22 °C mesocosms.
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F-specific coliphages are considered the best indicators of norovirus, as
both have a similar structure (Boehm et al., 2019). Coliphages were rela-
tively more persistent in our study in comparison to earlier studies, except
for Sinton et al. (Table S7) (Noble et al., 2004; Sinton et al., 2002; Sokolova
et al., 2012a). However, the norovirus GCpersisted for a shorter time at 4 °C
than in an earlier study performed on drinking water and wastewater
(Kauppinen and Miettinen, 2017). This may partly be explained by the
differences in the experimental setup, matrix, and mixing, factors that
may have led to relative differences in virus sedimentation. The variation
in decay characteristics of norovirus with coliphages and FIB under differ-
ent experimental conditions may indicate that the predictability of fecal
6

indicators could vary under different climatic conditions. Therefore, an in-
dicator that is demonstrated to be good in one set of climatic conditions
maybe not be equally good under other climatic conditions.

Among the mesocosms, both somatic and F-specific coliphages were
detected for longer in the natural than in the spiked setups (Table 1,
Fig. 2). This could be due to variation in the sample volume and the limit
of detection, as the single agar layer method with a 100-mL sample volume
was used in the natural setup mesocosm, but a double agar layer method
with a <1-mL sample volume was used and in the spiked setup mesocosm.
Furthermore, natural strains of coliphages are endemic to sewage, so they
might cope better with environmental stress factors than laboratory-grown



Table 2
Decay characteristics of bacterial rDNA and rRNA markers.

Target Last day of
detention

Log-linear T90 days T99 days Best-fit non-linear

Decay rate (k)
(/day)

R2 RMSE Best fit (±SE) R2 RMSE

Experiment I (4 °C dark)
GenBac3 DNA 41 0.09 ± 0.01 0.92 0.19 25.6 (V) 51.2 (V) – – –
GenBac3 RNA 41 0.07 ± 0.01 0.96 0.01 32.9 (III) 65.8 (III) – – –
HF-183 DNA 41 0.07 ± 0.01 0.93 0.14 32.9 (III) 65.8 (III) – – –
HF-183 RNA 41 0.05 ± 0.01 0.80 0.17 46.1 (I) 92.1 (I) – – –
EC23S857 DNA 41 0.08 ± 0.01 0.92 0.17 28.8 (IV) 57.6 (IV) – – –
EC23S857 RNA 41 0.10 ± 0.01 0.95 0.17 23.0 (VI) 46.1(VI) – – –
Entero1 DNA 21 0.09 ± 0.07 0.36 0.51 – – – – –
Entero1 RNA 41 0.10 ± 0.02 0.84 0.31 23.0 (VII) 46.1 (VII) – – –
Median (minimum–maximum) 41.0 (21.0–41.0) na na na 28.8 (23.0–46.1) 57.6 (46.1–92.1) na na na

Experiment II (15 °C dark)
GenBac3 DNA 21 0.43 ± 0.06 0.88 0.29 7.3 (VI) 12.0 (I) LLST (Sl= 5.4. Nres = 2.8± 0.1, Kmax= 1.17) 0.99 0.02
GenBac3 RNA 21 0.38 ± 0.10 0.73 0.81 8.8 (III) 9.2 (III) LLST (Sl = 8.5. Nres = 4.45 ± 0.37, Kmax =

6.13)
0.92 0.52

HF-183 DNA 9 0.35 ± 0.1 0.62 0.5 8.9 (II) 9.0 (VI) W (δ = 8.9, P = 37.4 0.92 0.24
HF-183 RNA 21 0.45 ± 0.1 0.81 0.74 8.7 (IV) 9.1 (IV) LLST (Sl = 8.4. Nres = 3.0, Kmax = 6.6) 0.98 0.29
EC23S857 DNA 9 0.51 ± 0.14 0.78 0.45 7.6 (V) 8.8 (VII) W (δ = 7.5 ± 0.3, P = 4.3 ± 0.8) 0.99 0.11
EC23S857 RNA 21 0.41 ± 0.07 0.86 0.57 5.6 (VII) 11.2 (II) – – –
Entero1 DNA 6 – 0.03 0.09 – – – – –
Entero1 RNA 9 0.2 ± 0.16 0.28 0.54 9.0 (I) 9.1 (V) W (δ = 8.97 ± 7513, P = 33 ± 100,000) 0.68 0.42
Median (Minimum-Maximum) 15.0 (6.0–21.0) na na na 8.7(5.6–9.0) 9.1(8.8–12.0) na na na

Experiment III (15 °C light)
GenBac3 DNA 14 0.34 ± 0.16 0.86 0.28 3.1 (VII) 6.3 (VII) LLT (Nres = 3.2 ± 0.5, Kmax = 0.74 ± 0.2) 0.91 0.22
GenBac3 RNA 21 0.55 ± 0.08 0.90 0.64 4.2 (VI) 8.4 (V) – – –
HF-183 DNA 6 0.48 ± 0.13 0.82 0.26 4.8 (V) 9.6 (IV) – – –
HF-183 RNA 6 0.23 ± 0.09 0.68 0.18 10.0 (II) 20.0 (II) – – –
EC23S857 DNA 6 0.67 ± 0.14 0.85 0.46 6.5 (III) 8.2 (VI) W (δ = 6.5 ± 0.4, P = 3.0 ± 0.5) 0.99 0.13
EC23S857 RNA 21 0.41 ± 0.06 0.90 0.48 5.6 (IV) 11.2 (III) – – –
Entero1 DNA 6 0.22 ± 0.05 0.87 0.10 10.5 (I) 20.9 (I) – – –
Entero1 RNA 6 – 0.17 0.25 – – – – –
Median (Minimum-Maximum) 6.0 (6.0–21.0) na na na 5.6(3.1–10.5) 9.6(6.3–20.9) na na na

Experiment IV (22 °C light)
GenBac3 DNA 10 1.04 ± 0.16 0.86 0.56 1.7 (VII) 2.6 (VII) LLT (Nres = 3.2 ± 0.2, Kmax = 1.8 ± 0.2) 0.96 0.32
GenBac3 RNA 10 0.72 ± 0.08 0.91 0.34 3.2 (IV) 6.4 (IV) – – –
HF-183 DNA 10 0.74 ± 0.1 0.82 0.52 1.6 (VIII) 3.3 (VI) LLT (Nres = 3.7 ± 0.1, Kmax = 1.42 ± 0.1) 0.98 0.20
HF-183 RNA 10 0.70 ± 0.03 0.98 0.15 3.3 (III) 6.6 (III) – – –
EC23S857 DNA 10 0.56 ± 0.08 0.84 0.4 2.0 (VI) 4.5 (V) LLT (Nres = 3.1 ± 0.2, Kmax = 1.17 ± 0.2) 0.95 0.23
EC23S857 RNA 10 0.65 ± 0.04 0.97 0.17 3.5 (I) 7.1 (I) – – –
Entero1 DNA 4 0.86 ± 0.15 0.84 0.33 2.2 (V) – WT (δ=2.0± 0.1, P= 4.9± 2.5, Log(Nres) =

3.5 ± 0.08)
0.97 0.13

Entero1 RNA 8 0.68 ± 0.06 0.95 0.18 3.4 (II) 6.8 (II) – – –
Median (Minimum-Maximum) 10.0 (4.0–10.0) na na na 2.7 (1.6–3.5) 6.4 (2.6–7.1) na na na

Genetic materials were collected for 41 days at 4 °C dark mesocosms, 28 days at 15 °C dark mesocosms, 35 days at 15 °C light mesocosm, and for 10 days at 22 °C light
mesocosm. LLST = log-linear shoulder tail, W = Weibull, LLT = log-linear tail, – = not applicable or not reported due to low R2-value. RMSE = root means square
error. T90 and T99 values were calculated only with the best-fitted decay model.
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strains. Comparing the two coliphages (F-specific and somatic), the somatic
coliphages had better persistence in both natural and spiked setup
mesocosms, except for under 15 °C/light conditions (Table 1).

3.2. Decay of bacterial rDNA and rRNA markers

In this study, qPCR and RT-qPCR experiments were conducted in three
batches, i.e., separately for experiment I (4 °C), experiments II & III (15 °C
dark and light), and experiment IV (22 °C). The detection limit varied in
different batches of experiments, but the quantification limit was the
same for assays in all batches of experiments (Table S4). Quantitative
PCR (qPCR) methods are also used as an alternative for the rapid monitor-
ing of fecal contamination and in microbial source tracking (Tiwari et al.,
2021b; Shrestha and Dorevitch, 2019), as the culture-based enumeration
of E. coli and enterococci used for regulatory monitoring of bathing
and drinking water cannot discriminate the source of contamination
(Directive, 2006; US EPA, 2012; Tiwari et al., 2021b). Therefore, compara-
tive understanding of the decay characteristics of culture-based methods
and qPCR methods is important for the interpretation of results. In this
study, bacterial DNA and RNA were found more persistent than culturable
7

count of E. coli and intestinal enterococci (Tables 1 & 2). Brooks and Field
argued that light reduces the culturability of bacteria rather than killing
them, so genome materials persist for longer than culturable counts
(Brooks and Field, 2016). Dupray et al. also reported that Salmonella DNA
can persist for up to 55 days at 10 °C and 2–10 days at 20 °C after losing
the culturability of the bacterium (Dupray et al., 1997). The higher persis-
tence of genetic markers than culturable cells may further indicate the
presence of viable but nonculturable strains. Surprisingly, Bacteroidales
GC persisted longer than E. coli and enterococci GC at 4 °C experiment,
but mostly not in higher temperature (Table 2). In general, strictly anaero-
bic bacteria such as Bacteroidales are believed to be less persistent in
environmental water than facultative anaerobic bacteria such as E. coli
and enterococci (Liang et al., 2012).

Bacterial DNA and RNA were found more sensitive to an increase in
temperature than light. Like other markers, bacterial rDNA and rRNA
markers also decayed slower in the simulated winter water setting (4 °C/
dark) than the summer experimental setting (22 °C/light) (Fig. 3). In the
4 °C/dark experiment, the highest T90 value (46.1 days) was recorded for
HF183 RNA and the lowest (23.0 days for both) for Entero1 RNA and
EC23S857 RNA (Table 2). In the 15 °C/dark experiment, the T90 value



Table 3
The difference (n-fold) of T90 values among the simulated conditions for the microbial targets in this study.

Target 4 °C dark–15 °C dark 15 °C dark–15 °C light 4 °C dark–15 °C light 15 °C light–22 °C light 15 °C dark–22 °C light 4 °C dark–22 °C light

E. coli CFU 1.6 2.0 3.3 1.5 2.9 4.8
Coliform bacteria 1.1 1.1 1.2 2.8 2.9 3.3
Intestinal enterococci CFU 1.5 3.2 4.8 1.2 3.9 5.8
F-specific coliphages (NS) 6.9 3.1 21.5 1.3 3.9 27.2
Somatic coliphages (NS) 3.6 9.0 32.1 0.7 6.3 22.3
Norovirus GII 2.2 1.0 2.2 2.8 2.8 6.1
F-specific coliphages (SS) 1.5 1.1 1.6 2.7 2.8 4.3
Somatic coliphages (SS) 3.2 52.0 164.0 0.1 3.7 11.7
Legionella spp. 256 1.0 > 256 na na na
GenBac3 DNA 3.6 2.4 8.3 1.8 4.3 15.1
GenBac3 RNA 3.7 2.1 7.8 1.3 2.8 10.3
HF-183 DNA 3.7 1.9 6.9 3.0 5.6 20.6
HF-183 RNA 5.3 0.9 4.6 3.0 2.6 14.0
EC23S857 DNA 3.8 1.2 4.4 3.3 3.8 14.4
EC23S857 RNA 4.1 1.0 4.1 1.6 1.6 6.6
Entero1 DNA na na na 4.8 na na
Entero1 RNA 2.6 na na na 2.6 6.8

NS = natural set-up, SS = spiked set-up, na = not available.
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ranged from 9.0 days for Entero1 RNA to 5.6 days for EC23S857 RNA,
while under 15 °C/light conditions, Entero1 DNA displayed the highest
T90 value (10.5 days) and GenBac3 DNA the lowest value (3.1 days). The
most rapid decay of bacterial RNA and DNA markers was observed under
22 °C/light treatment, with the T90 value ranging from 3.5 days for
EC23S857 RNA to 1.6 days for HF183 DNA (Table 2). Among the rDNA
markers GenBac3, HF183, and EC23S857, respectively, the decay was
15.1 times, 20.6 times, 14.4 times slower under 4 °C/dark than 22 °C/
light conditions (Table 3). Similarly, the rRNA markers GenBac3, HF183,
EC23S857, and Entero1 respectively decayed 10.3 times, 14.0 times, 6.6
times, and 6.8 times slower under 4 °C/dark than 22 °C/light conditions
(Table 3).

The T90 value of the HF183 rDNA marker was 1.6 days in the 22 °C/
light treatment in our study, which was consistent with Liang et al. in a
study conducted in a freshwater microcosm at ambient temperature and
with light exposure in Florida, US (Liang et al., 2012). Furthermore,
Seurinck et al. reported T90 values for the HF183 DNA marker of 24
days, 10 days, and 6 days at 4 °C, 12 °C, and 28 °C, respectively, in an earlier
study conducted under ambient light conditions (Seurinck et al., 2005),
which differed from the values of 32.9 days, 8.9 days, 4.8 days, and 1.6
days, respectively, in the 4 °C/dark, 15 °C/dark, 15 °C/light and 22 °C/
light treatments in our study. Furthermore, in the 22 °C/light treatment,
the T99 values of the DNA markers HF183 (3.3 days) and GenBac3 (2.6
days) were similar to values reported byDick et al. (2010) (Table S7). How-
ever, in comparison to Dick et al., HF183 (T99 values 9 days vs 2.5 days)
and GenBac3 (T99 values 6.3 days vs 2.6 days) markers persisted longer
in our study in the 15 °C/light treatment (Dick et al., 2010). Liang et al.
reported a significantly lower T90 value for HF183 DNA (~3.2 days) and
RNA (~2.4 days) (Liang et al., 2012) than in our study (4.8 days for DNA
and 10.0 days for RNA) under 15 °C/light conditions. However, the T90
value of the HF183 rDNA marker in our study (1.6 days) under 22 °C/
light conditions (~1.4 days) was similar to an earlier study under similar
light and temperature conditions (Walters and Field, 2009). A systematic
review by Boehm et al. reported an overall lower T90 value for HF183
DNA (~1.9 days) than in our study (1.6–32.9 days vary in different exper-
iment) (Boehm et al., 2018). However, Ahmed et al. reported a significantly
lower T90 value (2.4 days) than in our study (4.8–8.9 days at 15 °C) for the
HF183 DNA marker in a freshwater mesocosm study conducted under
ambient temperature and light conditions in Australia (Ahmed et al., 2019).

Among the two bacterial markers (rDNA and rRNA), rRNA markers
were detected for a longer time and more frequently than rDNA markers
(Table 2). This could be due to having a higher initial copy number. The
high sensitivity of rRNA-based markers compared to rDNA-based markers
was consistent with earlier studies (Pitkänen et al., 2013; Rytkönen et al.,
2021). In the case of the Entero1 assay, the limit of detection (LOD) was
higher than in many other assays, due to a high background signal in this
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assay, so both rDNA and rRNA markers for Enterococcus spp. were detected
in relatively shorter periods of time (Table S3).

3.3. Bacterial metabolic activity and enrichment effect

The bacterialmetabolic activitieswere investigated by comparing rDNA
and rRNA copy numbers from different assays. For all assays, at 4 °C, the
rDNA copy number was higher than that for rRNAmarkers, but the reverse
was observed at higher temperatures (Fig. 3). This might indicate very lim-
ited metabolic activities of bacterial targets at 4 °C. The ratio of rRNA to
rDNA was almost constant at 4 °C, and the highest peak was observed at
22 °C after 3–4 days of the experiment (Fig. 4). The ratio of rRNA to
rDNA was highest at 15 °C for Entero1, but at 22 °C the ratio was highest
for GenBac3 and EC23S857. The ratio of rRNA to rDNA decreased in all
assays after the enrichment treatments, and the decrease was higher in
the Bacteroidales assay than in Entero1 and EC23S857 assays (Fig. 4).
Thus, our study demonstrated an increasing metabolic activity of enteric
bacteria at higher temperatures (Figs. 3 and 4), as the ratio of rRNA to
rDNA is higher when bacteria are metabolically active (Pitkänen et al.,
2013; Bustin and Nolan, 2004; Kamke et al., 2010).

3.4. Temperature and light effects on the relationship between targets

The relationship between different targets estimated by calculating
Spearman's correlation coefficient varied under the experimental condi-
tions I–IV (Supplemental Data S1). When pooling all data from the four
experiments, E. coli had a significant positive correlation with all targets
except for somatic coliphages measured in the natural setup mesocosm,
Legionella, the HF183 RNA marker, and Entero1 DNA and RNA markers,
while intestinal enterococci mostly had a significant positive correlation
with all targets.

Stronger relationships between targets were recorded when all targets
either had a slow decay rate (under 4 °C/dark conditions) or a rapid
decay rate (under 22 °C/light conditions) than when there was variation
in decay rates between different targets (at 15 °C under dark or light condi-
tions, Fig. S1, Supplemental Data S1). Bacterial rDNA and rRNA markers
had poorer relationships with each other in both the light and dark experi-
ments at 15 °C than at 4 °C and 22 °C. Such effects could be due to variation
in the response to light exposure and a temperature increase in different
targets (Tables 1 & 2). This was clearly seen when ranking the T90 and
T99 values of targets in each experiment from highest to lowest: the posi-
tion of each target changed in each experiment (Tables 1 and 2). In the
4 °C/dark and 15 °C/dark experiments, the somatic coliphages measured
in the natural setup mesocosm had the highest T90 values, which were
51.3 days at 4 °C and 14.1 days at 15 °C, but coliforms were the most
persistent targets in the 15 °C/light and 22 °C/light mesocosms (Table 1).



Fig. 3. Reduction in the number of gene copies of bacterial targets GenBac3, HF183, EC23S857, and Entero1 under different mesocosm conditions determined with (RT-)
qPCR assays. The error bars represent the standard deviation of duplicate samples.
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Mostly targets (E. coli, intestinal enterococci, and norovirus) had log-
linear decay model in all experiments (experiments I–IV), except Weibull
model was the best fitted model for both types of coliphages in natural
setup mesocosms at 4 °C, but log-liner model in higher temperature except
for 22 °C, where F-specific coliphages had biphasic decay model, as best
fitted model (Figs. 1 & 2; Tables 1 & 2). However, a Weibull model was
reported as the best decay model for E. coli in river water (Boehm et al.,
2018), and a biphasic decaymodel for E. coli (both CFU and GC) and Entero-
coccus GC but log-linear with shoulder and tail for intestinal enterococci
(Ahmed et al., 2019).

Many factors may affect the decay characteristics of microbes in simu-
lated surfaces water experiments such as sedimentation of microbes,
ecological factors (temperature, light, nutrients, and biotic interactions
e.g. predation, bacteriophage, and competition), experimental design,
measurement tools, and data analyses (Korajkic et al., 2019; Boehm et al.,
2018). Such complicated effects are highly site specific and difficult or
almost impossible to simulate in laboratory experiments. Often, comparing
and interpreting the research findings from these types of experiments with
earlier literature is challenging due to probable differences in the experi-
mental design, measurement tools, and data analyses. In the case of exper-
iments II and III, E. coli, coliforms, and enterococci were found on the last
sampling day (Fig. 1). We suspect it is not an actual growth instead it ap-
peared due following two reasons: (a) associated with the re-suspension
of surface-associated bacterial cells in conditions where the water is
pumped to the sample bottle from a smaller total volume, in the end, part
of experiment (b) due to increase in sample volume during the last sam-
pling day with the cultivation-based method. Such changes in sampling
volume may change the limit of detection and influence target counts and
9

detection and quantification frequencies. Therefore, we have not included
these last-day samples in our model fitting of the decay curve (Table 1).

Microbial pollutants are transported, dispersed, and inactivated in
surface water after being released from a source (Korajkic et al., 2019;
Boehm et al., 2018). Many factors, such as the initial numbers of targets
in the source, dilution, decay rate, rate of settling on the bottom, resuspen-
sion from the bottom, and transportation in hydrological pathways are
important in determining the concentration of enteric microbes in surface
water (Boehm et al., 2018; Tiwari et al., 2019). Such factors need to be
accounted for while modeling microbial dispersion and transportation in
hydrological pathways.

4. Conclusions

The higher persistence of enteric microbes mainly during the simulated
winter experimental setting may indicate a higher microbial health risk
during winter and may demand extra attention at drinking waterworks
using surface water as raw water and in recreational areas used for winter
swimming in subarctic regions. However, the effects of temperature and
light exposure were found to vary widely between different microbial
targets, as we recorded variation in the change in T90 and T99 values for
each target under different experimental settings, relationships between
targets estimated as Spearman's rho, and decay curves under different ex-
perimental conditions. E. coli, intestinal enterococci and somatic coliphages
were more sensitive to light exposure than to an increase in water temper-
ature, but F-specific coliphages, norovirus and all bacterial rDNA and rRNA
markers were found more sensitive to a water temperature increase than to
light exposure. Such variation in the decay characteristics of each tested



Fig. 4. Change in the ratio of rRNA to rDNA during experiments under different mesocosm conditions. +4 h incub. denotes the extra 4-h incubation of the biomass on a
membrane filter on top of Columbia agar at 36 °C. The error bars represent the standard deviation of duplicate samples. The ranges of the x-axis are different for each
mesocosm.
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microbe under different experimental conditions may indicate possible
variation in the predictive capacity of fecal indicators in different seasons
of the year. Thus, an indicator demonstrated to be the best for predicting
enteric pathogens in one season of the year may not be equally good in
other seasons.
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