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ABSTRACT

Recent studies have shown that crAssphage is abundant in human faecal samples
worldwide. It has thus been postulated as a potential microbial source tracking
(MST) marker to detect human faecal pollution in water. However, an effective
implementation of crAssphage in water management strategies will depend on an
understanding of its environmental dynamics. In this work, the abundance and
temporal distribution of crAssphage was analysed in the effluent of wastewater
treatment plants using different sewage treatments, and in two rivers (water and
sediments) that differ in pollution impact and flow regime. Additionally, the
influence of environmental conditions (temperature and rainfall) on the removal of
the marker was studied along a river section, and natural inactivation was assessed
by a mesocosms approach. Molecular and culture-based tools were used to compare
crAssphage abundance and dynamics with those of bacteria and bacteriophages
currently applied as global indicators (E. coli, somatic coliphages, Bacteroides
GAL7 bacteriophages, and the human-associated MST markers HF183 and HMBIf).
CrAssphage concentrations in sewage effluent and river samples were similar to
those of HF183 and HMBIf and higher than other general and /or culture-based
indicators (by 2-3 orders of magnitude). Measurement of crAssphage abundance
revealed no temporal variability in the effluent, although rainfall events affected the
dynamics, possibly through the mobilisation of sediments, where the marker was
detected in high concentrations, and an increase in diffuse and point pollution.
Another factor affecting crAssphage inactivation was temperature. Its persistence
was longer compared with other bacterial markers analysed by gPCR but lower than

culturable markers. The results of this study support the use of crAssphage as a
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human source tracking marker of faecal pollution in water, since it has similar
abundances to other molecular human MST markers, yet with a longer persistence
in the environment. Nevertheless, its use in combination with infectious

bacteriophages is probably advisable.

1. INTRODUCTION

Over the last decades there has been a worldwide effort to develop and improve
indicators to detect the risk of faecal pollution in water and avoid the transmission
of waterborne diseases. Faecal indicator bacteria (FIB), mainly E. coli and
enterococci, have been widely used to assess water quality and have played a key
role in reducing the number of waterborne diseases and improving public health
(Edberg et al., 2000; WHO, 2001). Methods developed to detect these indicators
have been largely based on culture-based techniques, and are sensitive, specific,
easy-to-use and inexpensive, thus permitting a global use. An alternative approach is
offered by molecular methods based on gPCR detection (Lavender and Kinzelman,
2009; USEPA, 2012; Wade et al., 2006). However, research shows that FIB may not
provide sufficient public health protection given that viruses have different
persistence, survival and transport rates in water bodies (Edberg et al., 2000). Thus,
water management protocols are beginning to include somatic coliphages as viral
faecal indicators, because they are more persistent than E. coli and enterococci and
can be used as a surrogate to indirectly measure enteric viruses (Jofre et al., 2016;

McMinn et al., 2017; NHMRC, 2011; USEPA, 2016, 2006). A new type of markers
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have been introduced in the last decades to determine the source of faecal pollution
in water, namely the microbial source tracking (MST) markers (Bernhard and Field,
2000; Gomez-Dofiate et al., 2012; Green et al., 2014; Mieszkin et al., 2009; Shanks
et al., 2008). MST markers rely in the detection of host-associated bacteria or
viruses (bacteriophages or host pathogens) or directly mitochondrial DNA of the
target host (Roslev and Bukh, 2011). They allow a better management of polluted
water areas as they can determine the source of faecal pollution, allowing effective
restoration measures on the origin. Thus, the strategy for water quality improvement

is changing from a Public Health to a One Health approach.

MST markers targeting host-associated bacteria or bacteriophages can be
determined by culturable methods or by quantitative PCR (qPCR) (Jofre et al.,
2014; McMinn et al., 2017). The use of phages for MST purposes involves
measuring the different proportions of the four genogroups of F-specific RNA
bacteriophages (Hsu et al., 1995; Ogorzaly et al., 2009; Schaper et al., 2002). More
recently, the enumeration of bacteriophages infecting Bacteroides strains isolated
from humans or animals has been described (Gomez-Dofate et al., 2011; Jofre et al.,
1986; Payan et al., 2005; Tartera et al., 1989). However, the considerable
geographical variability in the sensitivity of the different Bacteroides strains used
for detecting phages of different faecal origin requires the isolation of a suitable
strain from every area (Ebdon et al., 2007; Payan et al., 2005).

Human viruses like poliomaviruses and adenoviruses have been proposed as
alternative human source tracking markers (Ahmed et al., 2015; Liang et al., 2015),

but the prevalence, infection process and shedding of these pathogens also vary
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considerably according to region, thereby limiting their sensitivity (Gerba et al.,

2017; Harwood et al., 2013) and use as indicators.

Next-generation sequencing has represented a giant step towards unravelling viral
“dark matter” (Hurwitz et al., 2016). These techniques allow viral metagenomes of
yet-to-be cultured organisms to be assembled and new viruses identified. This has
been the case for a highly abundant group of human gut bacteriophages described
after cross-assembling the viral metagenomes of faeces from 12 people (Dutilh et
al., 2014). The assembled phage genome obtained, named crAssphage (for “cross
assembly”), was detected in all the studied individuals, and Bacteroides species
have been identified as the putative host (Dutilh et al., 2014; Shkoporov et al.,
2018). Mapping the genome to already published metagenomes showed a high
abundance of crAssphage in human samples (faeces and sewage) from different
geographical areas (including USA, Europe, Africa and Asia) (Cinek et al., 2018;
Dutilh et al., 2014; Stachler and Bibby, 2014), outnumbering other known human-

associated viruses such as noroviruses and adenoviruses (Stachler and Bibby, 2014).

Prompted by the great abundance of crAssphage in the human gut (Dutilh et al.,
2014) compared to other potential viral source tracking markers, two different
methods have already been described for its application as an MST marker. One
approach was developed in the USA (CPQ_056 and CPQ_064) (Stachler et al.,
2017) and the other in Europe, adapting the target to the sequence of the crAssphage

variant detected there, which was different from the one found in USA (Garcia-
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Aljaro et al., 2017a). Both markers showed similar abundance in human samples
and were absent in animal samples or found in lower amounts than in human

samples (Ahmed et al., 2018; Garcia-Aljaro et al., 2017a; Stachler et al., 2017).

The evaluation of the abundance, persistence, inactivation, and resuspension of FIB
and MST in the environment requires an understanding of their behaviour and the
availability of data for modelling purposes, as shown in previous studies (Ballesté et
al., 2018; Bell et al., 2009; Blaustein et al., 2013; Drummond et al., 2014; Garcia-
Aljaro et al., 2017b; Jamieson et al., 2005). To assess the potential of crAssphage as
a human MST marker in the environment, the aim of the present work was to
measure its dynamics in potentially human-polluted water samples. Thus, the
abundance of crAssphage was determined in sewage effluents and rivers with
different pollution impacts, including water and sediments. CrAssphage removal in
a river with human point pollution was monitored to determine the effect of
environmental parameters. Additionally, inactivation was assessed in situ using
previously developed mesocosms experimental approaches (Ballesté et al., 2018).
The dynamics of crAssphage were compared with those of other bacterial and viral
faecal indicators and MST markers detected by culture-based and molecular
techniques: E. coli, somatic coliphages (SOMCPH), bacteriophages infecting
Bacteroides GAL7 strain (GA17PH) (Gomez-Dofate et al., 2011; Payan et al.,
2005), the human-associated Bifidobacterium marker HMBIf (Gomez-Dofiate et al.,
2012) which has been designed and applied in the area of study (Casanovas-
Massana et al., 2015; Yahya et al., 2017) and the human-associated Bacteroides
marker HF183 (Haugland et al., 2010) which is being used as MST in a wide

geographical area (Ahmed et al., 2018; Cao et al., 2018; Mayer et al., 2018).
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2. MATERIAL AND METHODS

2.1. Intra and inter wastewater effluent comparison

Treated wastewater was obtained from 18 wastewater treatment plants (WWTPSs) in
Catalonia, north-eastern Spain, which serve a population equivalent (PE) ranging
between 1,877 and 358,333 with a median of 5,546 PE. Six of the WWTPs use a
biological treatment, 6 biological treatment and nutrient removal (nitrogen and
phosphorus), 3 biological treatment with nitrogen removal, 1 biological treatment
with phosphorus removal, 1 primary treatment, and 1 biological nutrient removal

and a tertiary treatment with UV disinfection.

The effluent of another WWTP was subjected to annual sampling, with 11 samples
collected over 2 years, to evaluate the intra-effluent variation (Jan, Feb, May, Jun,
July, Oct, Nov 2016, Feb, June, 2017, Feb 2018). This WWTP treated sewage for

12,500 PE with a biological and nutrient removal system.

2.2. CrAssphage evaluation in river samples

2.2.1. River with a high pollution impact

A total of 11 water samples were collected at the lower transect of the River
Llobregat during one year. This Mediterranean river has an annual mean flow of 12
m? s, ranging from 3 m* s™ to 1200 m® s after a heavy rainfall event and/or during
snowmelt. The river supplies water to the city of Barcelona and is subjected to high

human pollution pressure due to the effluent of several WWTPs located upstream
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(Casanovas-Massana et al., 2015). In addition, 20 samples of sediment (1 cm deep)

were also collected.

2.2.2. River with a low pollution impact

A total of 10 water samples were collected from the “Riera de Canoves” during 2
years. This temporal Mediterranean river has a low annual mean flow of 0.005 m® s
! ranging from 0 m®s™ to 0.012 m* s™ during a heavy rainfall event. Upstream land
use is mainly forestry, some households that may have septic tanks, and agricultural

areas (Fig. 1).

2.3. CrAssphage reduction in the environment

2.3.1. In situ, downstream in the low-polluted river

CrAssphage dynamics were evaluated in the “Riera de Canoves”. This water system
was chosen because it has a small catchment area (12 Km?), the flow is controlled
by a dam, and the main pollution pressure is the effluent of a WWTP, which should
be the main source of crAssphage. Before the discharge, diffuse pollution of mainly
human origin was detected, but at a few orders of magnitude lower than after the
discharge. Thus, before the discharge it was considered a low-polluted river. The
effluent accounts for 33% of the flow on wet days to 100% on dry days. Samples
were collected 75 m after the discharge of the WWTP effluent (P75) to allow it to
mix completely with the river water, as well as at 450 m and 1000 m downstream
(P450 and P1000) (Fig. 1). The concentration of the different faecal indicators (E.
coli and SOMCPH) and MST markers (crAssphage, GA17PH, HMBIf and HF183)
were measured to monitor their removal (due to inactivation and/or sedimentation).

A total of 11 sampling campaigns were performed in two years, including 6 samples

8
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taken at low temperature (maximum temperature (Tmax) < 13°C), 3 at an
intermediate temperature (Tmax between 13 and 25°C), and 2 at a high temperature
(Tmax > 25°C) (Table 1). Environmental data (temperature and rainfall) were
obtained from the closest automatic meteorological station (Catalan Meteorological

Service: http://www.meteo.cat/) (Table 1). Water samples were collected using

sterile containers, transferred to the laboratory at 4°C and analysed within 6 h.

Finally, the obtained data were used to calculate the distance in which the initial

population was reduced by 90% (Dgo values [Km]):

Ny

— =107k
No
1
Dy = k.
N

where Ng is the concentration of the microbial markers (gene copies (gc) 100 ml™,
the plaque-forming units (PFU) 100 mI™ or the colony-forming units (CFU) 100 ml’
1) at distance d (in Km), and N the concentration of the microbial markers at the

initial point (Km = 0).

2.3.2. In mesocosms

The persistence of FIB and MST markers was studied by a mesocosms approach,
and crAssphage persistence was determined as previously described (Ballesté et al.,
2018). Briefly, different dialysis bags were filled with a 1:10 dilution of sewage in
groundwater and kept in a 60 m® concrete deposit fed by well water located in the
grounds of the university and used for experimental purposes. Experiments were
performed in two different seasons: summer (water temperature of around 25°C) and

winter (water temperature of around 14.5°C). Sewage was collected from a WWTP

9
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that serves a population equivalent of 300,000. Dialysis bags were collected
regularly in order to evaluate the abundance and decay of crAssphage. Finally, the
obtained data were used to calculate the time required to achieve a 90% reduction in
the initial population (Tgo values [days]). A detailed description of the experiments

and conditions can be obtained in Ballesté et al. (2018).

2.4. Enumeration of faecal indicator bacteria and bacteriophages by culture

media

The concentrations of E. coli in treated sewage were analysed using Chromocult®

Coliform Agar (Merck, Darmstadt, Germany) at 44.5°C for 24 h (I1SO, 2000a).
Results were expressed as CFU 100 ml™*. Somatic coliphages were enumerated
according to 1SO10705-2 using Modified Scholtens' Agar (MSA), and GA17PH
using the double layer plaque assay reported in 1ISO10705-4 with the corresponding
host strain as previously described (Muniesa et al., 2012). Briefly, MgCl, was added
to 100 ml of water to a final concentration of 0.05 M, and concentrated by filtration
using a 0.22 um pore size mixed cellulose ester membrane (Merck Millipore, Cork,
Ireland). Membranes were transferred into flasks with 6 ml Elution Buffer (1% Beef
Extract, 0.5 M NaCl and 3% Tween 80) and viruses were eluted using an ultrasound
bath for 4 min (Méndez et al., 2004). The elution solution was brought to a pH of 7
and filtered through a low protein-binding 0.2-um pore size PES syringe filter
(Merck Millipore) to remove any remaining bacterial cells. One ml of the solution
was titred in triplicate with the corresponding host strain. Additionally, for water
with a high concentration of SOMCPH (highly polluted surface water and treated
sewage), 1 ml of the sample was also directly analysed in triplicate. Results were

expressed as PFU 100 ml ™,

10
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2.5. Enumeration of microorganisms by molecular methods

2.5.1. Nucleic acid extraction

Different volumes of water were used for microbial source tracking analysis
according to the origin of the sample and the suspended particles able to fill the
filter. Each sample was concentrated using a 0.22 um pore size cellulose ester
membrane (SO-PAK, Millipore, Darmstadt, Germany), from which DNA was
extracted. Membranes were placed in 0.5 ml of GITC buffer (5 M guanidine
thiocyanate, 100 mM EDTA [pH 8.0], 0.5% sarkosyl) and frozen at -20°C in lysis
buffer until DNA extraction. The DNA was extracted using the QlAamp DNA
Blood Mini Kit (Qiagen GmbH, Hilden, Germany) with some modifications, as
previously reported (Gourmelon et al., 2007). The same DNA extraction was used to
quantify the different molecular MST markers tested. Filtration and DNA extraction

controls were run together with the samples.

2.5.2. Total E. coli quantification by real-time guantitative PCR

Total E. coli were enumerated by quantification of a fragment of 16S rRNA gene by
a gPCR TagMan® assay using the TagMan® Environmental Master Mix 2.0
(Applied Biosystems, Barcelona, Spain) as previously described (Huijsdens et al.,

2002).

2.5.3. MST marker quantification by real-time quantitative PCR

Different MST markers linked to human faecal sources were analysed by real-time

gPCR: crAssphage (Garcia-Aljaro et al.,, 2017a), the human-associated

11
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Bifidobacterium marker HMBIf (Gémez-Dofate et al., 2012) and the HF183 marker
(Haugland et al., 2010), using the primers, probes and protocols previously
described. Amplification was performed in a 20 pl reaction mixture using TagMan
Environmental Master Mix 2.0 (Applied Biosystems, Foster City, CA, USA) in a
StepOne Real-Time PCR System (Applied Biosystems). Each mixture contained the
corresponding concentration of each primer and probe (Garcia-Aljaro et al., 20174a;
Gomez-Donate et al., 2012; Haugland et al., 2010) and 5 pL of the DNA sample.
The thermal-cycler conditions were 10 min at 95°C, 40 denaturation cycles of 15 s

at 95°C, and 1 min of annealing and extension at 60°C.

All samples, negative controls, and extraction and filtration blanks were run in
duplicate, and analyses were repeated when discordance between duplicates was
detected. Results were expressed as gc 100 ml™. Five points of the standard curves
were included in duplicate for each run and were generated from different 10-fold
serial dilutions of the linearized plasmid containing the target gene. pPGEM®-T Easy
Vector (Promega, Madison, WI, USA) was used for HMBIif and crAssphage
linearized using Scal restriction digestion. pBluescript 11 SK (Agilent Tech) was
used for HF183 linearized using Notl restriction digestion. The quantification limit

was 6, 45 and 3 gc per reaction for crAssphage, HMBIf, and HF183, respectively.

2.6. Data analysis

Microbial abundances were log-transformed and analysed for descriptive statistics.
Data were analysed and plotted using the statistical software R version 3.5.1 (R

Core Team, 2016) through the RStudio interface (Cahn et al., 2011) including
12
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packages “car” 3.0-2, “ggplot2” v. 3.0.1 (Wickham, 2016) and “reshape2”
(Wickham, 2007). The average and standard deviation values were reported when
data were normally distributed. Otherwise, the median and median absolute
deviation values were used. Correlation analysis was performed among the different
markers and indicators, and environmental parameters using Pearson linear
correlation (Pearson coefficient, r). Values with P values lower than 0.05 and 0.10

are shown.

3. RESULTS
3.1. Intra and inter comparison of crAssphage in wastewater effluents

The abundance of crAssphage was analysed in 18 WWTP effluents (inter-effluent
comparison) and compared with that of E. coli, SOMCPH, GA17PH and HMBIf.
All 18 samples were positive for all the markers with the exception of GA17PH,
which was below the limit of detection in 3 samples. The average concentrations of
crAssphage in treated sewage were 5.28 logso gc 100 ml™ (with a range from 4.43 to
6.39 logie gc 100 ml™), similar to those obtained with HMBif (5.38 gc 100 ml™),
slightly higher than for E. coli (4.54 logi, CFU 100 mI™) and SOMCPH (4.45 PFU
logzo 100 mI™), and around 3 logso higher than for GA17PH (2.01 logi PFU 100 mI°
1) (Table 2, Fig. 2a). Since the WWTPs sampled used different sewage treatments,
which could affect the relative abundance of each microbial marker in the effluent,
the correlation between different indicators was evaluated. A positive correlation
was observed between crAssphage and HMBIf, E. coli and SOMCPH but not with

GAL17PH. The low abundance of GA17PH may have hampered any possible

13
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correlation (Table 3, Table S1). Lower concentrations of all the markers were
detected in the WWTP using nutrient removal, but otherwise no clear pattern

associated with the sewage treatment was observed (Fig. S1).

After monitoring the crAssphage in the effluent of the same WWTP for two years to
assess temporal variability (intra-effluent comparison), an average abundance of
5.34 logso gc 100 ml™ of crAssphage was found(with a range from 4.65 to 6.72 logso
gc 100 ml'). No seasonality was detected: the minimum and maximum
concentration were observed in January and February 2016, respectively, with a
return to average levels after 15 days (Fig. S2). An abundance similar to crAssphage
was observed for HMBif (5.53 logie gc 100 mI™) and HF183 (5.32 logso gc 100 ml
1, a 1 logyo lower concentration for E. coli (4.42 log;o CFU 100 mI™) and SOMCPH
(4.26 logy PFU 100 ml™), and almost 4 logs lower for GA17PH (1.69 log;y PFU
100 ml™) (Fig. 2b and Table 2). CrAssphage correlated best with HF183, and

moderately well with HMBIf and E. coli (Table 3, Table S1).

3.2. CrAssphage evaluation in a river highly impacted by pollution

CrAssphage abundance were measured in water samples collected in the Llobregat
River over one year (n=11). All the samples were positive for crAssphage, with an
average abundance of 5.42 logso units gc 100 ml™ (Table 2, Fig. 2c). These values
were similar to those already obtained for the molecular markers HMBIf and E. coli
(detected by gPCR), 1 logio unit higher than for culture-detected E. coli and
SOMCPH, and 3 logjo units higher than GA17PH (Garcia-Aljaro et al., 2017). A
significant correlation was observed with GA17PH and E. coli by gPCR (Table 3,

Table S1).
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All 20 samples of river sediments analysed for crAssphage were positive, with an
average of 6.51 logso units gc gr dry weight (dw)™, a minimum value of 5.17 logso
units gc gr dw™ dry weight and maximum of 8.29 logs units gc gr dw™ (Table 2).
Similar values were obtained for E. coli by gPCR, whereas the concentration of the
culture-based markers E. coli and SOMCPH were 2 logio units lower and GA17PH
5 logio units lower. In this case, crAssphage correlated strongly with all the markers
and indicators analysed: E. coli (by qPCR and culture), SOMCPH and GA17PH

(Table 3, Table S1).

3.3. CrAssphage evaluation in a river with a low pollution impact

All 10 samples from the “Riera de Canoves” (UP3) were positive for crAssphage
and E. coli, whereas 9 were positive for SOMCPH, 8 for HMBIf, 7 for HF183 and 3
for GA17PH. The crAssphage concentration at this sampling point were highly
variable (within a range of 0.95 to 5.28 logyo units gc 100 ml™), with an average
concentration of 3.46 logso units gc 100 ml™ (Table 2 and Fig. 2d). CrAssphage also
showed a high variability when compared with other markers, with a range of 4.33
logio units, and a high positive correlation was found with HF183, HMBIf, and E.
coli (Table 3, Table S1). CrAssphage concentrations correlated positively with the
accumulated rainfall data from the sampling day and 3 days before (rs: 0.656, P
value: 0.039). Downstream of this sampling point, crAssphage concentration in the
effluent discharged by the WWTP was 5.34+0.59 logyo units gc 100 ml™. The
highest crAssphage values for UP3 and the effluent were observed on the same
sampling date (February 8", 2016) after a rainfall event (rain the day before: 7.2
m?).
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3.4. CrAssphage reduction in the environment: in situ downstream

The reduction of crAssphage was measured in the “Riera de Canoves” together with
that of E. coli, SOMCPH, GA17PH, HMBIif and HF183. Samples were first
collected at 75 m downstream of the effluent discharge to allow the mixing of river
and effluent waters, and then at 450 m and 1000 m. The concentrations of the
markers usually decreased downstream at different rates (Fig. 3). A shorter Dy
(distance in which a 90% reduction of the population was observed) represents a
higher reduction, whereas a longer Dgy represents a higher persistence in the water
flow and a longer diffusion along the waterbody. The Dgy of crAssphage oscillated
between 0.23 and 1.06 Km, with a median of 0.62 Km (Table 4, Fig. 4), with an
outlier value of 10.62 Km in sample 11 after a heavy rainfall event (the day before
the sampling: 13.9 m®). Although there was a big rainfall event before sampling 3,
the Dgo Was within the range. This could be because the rain fell two days before the
sampling (33.8 m®) and the system had already recovered, although other factors
may have contributed. The longest Dgos were observed for the infectious phages
SOMCPH and GA17PH (Table 4), followed by E. coli with similar values to
crAssphage, and finally the shortest Dgos were obtained for HF183 and HMBIf. For
the latter, no reduction could be calculated during the high temperature samplings (6
and 10) since the concentrations were under the limit of detection at P450 and
P1000. For these samples the smallest Dgyy value obtained was used (sampling 1).
The reduction in crAssphage strongly correlated with that of SOMCPH, HMBIf and
HF183, and a moderate correlation was observed with E. coli and GA17PH (Table

3, Table S1).
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Records of maximum and minimum temperature and rainfall were used to assess
correlations between the indicators and environmental parameters (Table 1).
Occasionally, the concentration of the different markers did not decrease
downstream or even increased slightly after rainfall events (Fig. S3, Fig. 4).
CrAssphage showed a very strong positive correlation with the rainfall data (the
accumulated rainfall from the sampling day and the day before) (r: 0.900, df: 9, P
value < 0.001), indicating that a longer distance was needed for the initial
population to decrease after rainfall. Moreover, a strong negative correlation with
temperature was observed, with the population decreasing more rapidly at higher
temperatures (Tmax -0.631, P value: 0.037 and r Tni, -0.700, df: 9, P value: 0.017).
CrAssphage was the indicator with the strongest correlation with environmental
parameters, although SOMCPH and HMBIf also correlated highly with rainfall (r:
0.768, df: 9, P value: 0.006 and r: 0.739, df: 7, P value: 0.023), but less significantly
with the minimum temperature (r: -0.601, df: 9, P value: 0.051 and r: -0.635, df: 7,
P value: 0.066). However, a low correlation was observed between crAssphage and
flow rate, whereas the correlation was high for HF183 and HMBIf (r: 0.788, df: 8, P

value: 0.007 and r: 0.770, df: 8, P value: 0.009).

3.5. CrAssphage reduction in the environment: mesocosms

The inactivation of crAssphage was evaluated using mesocosms during seasons of
low and high temperature. CrAssphage was detected during 6 days in the summer
experiment, when water temperatures ranged from 22 to 28°C (mean of 25°C) and
the maximum global solar radiation from 784 W m™ to 1.100 W m™. In winter, with
ranges of water temperature of 8.5-11°C and maximum global solar radiation of

273-871 W m, the marker was detected for up to 21 days (the duration of the
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experiment) (Fig. 5). The average obtained Tgos were 2.41 days in summer and
10.21 days in winter. These values were similar to or slightly higher than for E. coli
and other MST markers in summer (Tg of 1.05 days for HF183, 2.20 days for
HMBIf, 1.52 days for E. coli culture and 2.62 days for E. coli gPCR) and much
higher in winter (Tgo of 3.26 days for HF183, 6.12 days for HMBIf, 2.06 days for E.
coli culture and 4.26 days for E. coli gPCR) (Table S2) (Ballesté et al., 2018). Tqo
values for SOMCPH were similar to crAssphage in winter (9.90 £ 1.58 days) and

higher in summer (4.84 + 0.30 days).

4. DISCUSSION

The recently described Bacteroides bacteriophage crAssphage is reported to be one
of the most abundant viruses in sewage and human faecal samples (Dutilh et al.,
2014; Shkoporov et al., 2018; Stachler and Bibby, 2014). Due to its prevalence, it
has been postulated as a potential human MST marker and two different methods
have already been developed for its application. The assay designed in the USA
(CPQ_056 and CPQ_064) showed the marker was highly abundant in raw sewage
(9.1-10.0 logy gc L™, with a high specificity and sensitivity, although cross-
reactivity has been observed, mainly with poultry samples (Ahmed et al., 2018;
Stachler et al., 2017). The other method developed in Europe, was adapted and
validated to the crAssphage sequence detected in the area, that shows few
differences with the crAssphage sequence in USA (Garcia-Aljaro et al., 2017a). This
assay revealed a similar marker abundance to that of CPQ_056 and CPQ_064 in raw
sewage (8.4-9.9 logyo gc L™) and high sensitivity, although with some occurrence in

animal samples. However, the concentration in non-targeted samples was found to
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be 2-4 orders of magnitude lower than in untreated sewage samples (Garcia-Aljaro
et al., 2017a; Stachler et al., 2017). Given that this marker targets a virus, and its
concentration is at least two orders of magnitude higher than enteric viruses
(Ahmed et al., 2018), it could be a more effective pathogen indicator than the
classical faecal indicators E. coli and enterococci. Another advantage is that it is a
molecular method and the same DNA extraction can be used to analyse
complementary faecal indicators to improve the source identification (Casanovas-
Massana et al., 2015). However, to date no studies have determined crAssphage
dynamics in the environment, which is fundamental for its application for water

management purposes.

In our study, crAssphage was detected in WWTP effluents at higher concentrations
(1 order of magnitude) than the general culture-based indicators SOMCPH and E.
coli, whereas its abundance in raw sewage was similar to that of other human
molecular MST markers like HMBIif and HF183 (Garcia-Aljaro et al., 2017a;
Stachler et al., 2017). In addition, crAssphage showed a concentration 3-4 logs
higher than infectious Bacteroides strain GAL17 bacteriophages (GA17PH).
GAL17PH has proved to be a good human-associated marker in the studied area and
has been used as a culturable indicator of human enteric viruses (Jofre et al., 2014;
Muniesa et al., 2012). The intra-effluent comparison showed that crAssphage
abundance was quite stable along the year, with variations possibly related to
rainfall events, which overwhelmed WWTP capabilities by increasing the flow.
Comparing crAssphage concentrations in the WWTP effluents in the current study
with those previously reported in untreated sewage (Garcia-Aljaro et al., 2017a)

(mean of 8.24 logy, units gc 100 ml™) reveals a decrease of around 3 logy, after the
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wastewater treatment. However, the crAssphage concentration in the effluents
discharged to the environment was similar to that of bacterial molecular markers and
higher than cultured bacterial and infectious viral markers. Similar values for faecal
indicators and human source tracking markers other than crAssphage were observed
in treated wastewaters from Europe and Northern Africa than in those of this work
(i.e. E. coli and SOMCPH around 4 logi, CFU and PFU 100 ml™, GA17PH between
0.1 to 3 logie PFU 100 ml™ and HF183 between 4 and 6 logio gc 100 mL™) (Mayer
et al.,, 2018, 2016; Yahya et al., 2015; Wery et al., 2008). Meanwhile values of
around 2.5 logo and 1-2 logyo gc 100 mL™ were observed for human adenoviruses
and polyomaviruses in effluents in Europe (Bofill-Mas et al., 2006; Mayer et al.,

2016), 3-4 logio lower concentration than crAssphage.

The abundance of crAssphage was measured in two different kinds of rivers: the
Llobregat River, which has a medium-high flow and a high human pollution impact,
and the temporal “Riera de Canoves”, which has a low flow and is impacted by
diffuse pollution (upstream of the WWTP effluent discharge). The same pattern of
abundances was observed in the two rivers and also in the WWTP effluents. The
molecular markers detected by qPCR (crAssphage and HMBIf) were 2 orders of
magnitude more abundant than E. coli and SOMCPH detected by culture-based
methods, and almost 3 orders of magnitude higher than GA17PH. The concentration
of crAssphage in the Llobregat River remained stable throughout the 11 sampling
campaigns, with values similar to those of the WWTP effluents, thereby confirming
the low water quality of this river at this site (Casanovas-Massana et al., 2015). A
high concentration of crAssphage was also found in the sediments in the lower

transect of the river, similar to other qPCR markers and indicators (Garcia-Aljaro et
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al., 2017b). The lower concentration of cultured indicators confirms that DNA
markers can still be detected when viability has decreased. The high concentration
of MST markers indicate that microorganisms accumulate in the sediments and that
these may act as a reservoir of microorganisms, including indicators, which can be
mobilized after a rainfall event (Calero-Caceres et al., 2017; Cho et al., 2016; Fauvel
et al., 2016, Garcia-Aljaro et al., 2017b; Jamieson et al., 2005; Wu et al., 2009).
Although it cannot be completely excluded, growth of the MST markers is not
expected to take place in the sediments, firstly because most of them are indicators,
hence unable to propagate in the environment (Martin-Diaz et al., 2017). In addition,
for CrAssphage, the anaerobic metabolism of its bacterial host, Bacteroides,

precludes its propagation.

A high variability in crAssphage abundance was observed in the “Riera de
Canoves”, with a strong correlation with two human markers, suggesting that the
diffuse human pollution in the area may be due to septic tank leakages in
households without a sewer connection. This supposition is supported by a moderate
correlation of crAssphage with 3-4 days of accumulated rainfall, which may have

increased the leakage (Peed et al., 2011).

The concentration of crAssphage in the “Riera de Canoves” downstream of the
WWTP effluent discharge was normally lower, unless there was a big rainfall event
(as in sampling campaign 11). CrAssphage persisted longer than other bacterial
markers analysed by gPCR but less than the culturable markers, especially the viral
indicators SOMCPH and GA17PH, for which the Dgy was almost double. The
inactivation results obtained for the infectious bacteriophages analysed in this study

are in accordance with the study of Fauvel and co-workers, who obtained a Dgg
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between 2.8 and 9.5 km for infectious FRNA phages in a river (Fauvel et al., 2017).
These results show that although viral indicators generally persist longer in the
environment than bacterial indicators, crAssphage had a lower persistence than the
infectious bacteriophages, even when detected by molecular methods. Despite these
differences, a strong correlation was observed between crAssphage and SOMCPH.
This may happen when the pollution is still recent, then correlation can be
maintained and may disappear when the pollution becomes aged. Besides, it has to
be considered that E. coli and SOMCPH are general indicators and their source in
the catchment maybe attributed to other animal sources, although the presence of

animal-associated MST markers was not relevant at the catchment (data not shown).

The reduction of crAssphage in the “Riera de Canoves” cannot be attributed only to
natural inactivation, but to removal from the water column by sedimentation since
viruses and bacteria may become attached to particles and sediment in the waterbed
(Cho et al., 2016; Jamieson et al., 2005). The correlation of higher crAssphage
concentration with rainfall events may be associated with an increase in diffuse
pollution originating from septic tanks, an increased effluent flow from the WWTPs,
and/or the mobilization of sediments which, as already suggested may become a
reservoir of faecal indicators (Calero-Céaceres et al., 2017; Garcia-Aljaro et al.,
2017b). However, some other reports indicate that viruses are mainly free in water
bodies (Peduzzi and Luef, 2008), if this is the case, natural inactivation factors can

play a major role in the reduction of crAssphage in this site.

The persistence of crAssphage was measured using an in situ mesocosms approach

performed previously to analyse the die-off of different MST markers (Ballesté et
22
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al., 2018). Thus, DNA extractions stored at -80°C were used to evaluate the
crAssphage inactivation during high and low temperature seasons and it was
compared with that of other human MST markers like HMBIf and HF183 and faecal
indicators like E. coli and SOMCPH. A higher inactivation was observed in
summer, as already found for bacterial indicators, but the Tges of crAssphage were
higher than those of the other MST markers and E. coli during both seasons,
suggesting a greater resistance to environmental parameters. This effect was
particularly significant in winter, when crAssphage was detected on more than 21
days compared to 10 days for the other MST markers, which had between 1.66 and
5-fold lower Tg. In winter the decay of crAssphage was similar to that of SOMCPH
(10.21 and 9.90 days, respectively), although in summer SOMCPH persisted for
longer. Other studies have reported similar results for infectious SOMCPH and
Bacteroides phages with Tgos of 3-4 days in summer and 14-16 days in winter
(Casanovas-Massana and Blanch, 2013) and 1.72 days in summer and 13.54 days in
winter (Wu et al., 2016). Thus, crAssphage has similar persistence to SOMCPH, the
slight variation being possibly due to the different methodological and

environmental parameters of each study.

These results confirm that in summer there are several inactivation parameters,
including higher temperature, higher irradiation and more active predators like
grazing protozoa and bacteria (Barcina et al., 1997; Menon et al., 2003; Wanjugi
and Harwood, 2013), which exert a similar effect on the different MST markers and
indicators. In contrast, in winter the intrinsic characteristics of the marker become
more significant (Ballesté et al., 2018), in this case being the higher resistance of a

viral particle. It should be noted that ®CrAss001, the only bacteriophage isolated
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from the crAssphage family, has an unusual way of replication; it can generate free
virions, and although not a temperate phage it interacts with Bacteroides intestinalis
without causing lysis in a sort of carrier state life cycle (Shkoporov et al., 2018).
Thus, phage virions should be able to coexist with bacterial cells carrying the non-
integrated phage. The proportion of each state in natural samples is unknown and
may be related to both intrinsic and extrinsic parameters. Therefore, the persistence
would vary depending on the crAssphage state (bacterial or virion). Likewise, the
virion state of crAssphage can maintain good correlation with SOMCPH despite the
differences in persistence shown by the bacterial state. In this work, crAssphage was
analysed by molecular methods from the total DNA isolated from samples, hence it
was impossible to discern whether the detected phage was in the virion state or
inside the bacterial cell. Differences in the phage state in different environmental
conditions (after inactivation or seasonal) could explain the variable correlations

with bacterial molecular markers or infectious phages found in this study.

In general, crAssphage correlated highly with other human-associated markers like
HMBIf and HF183 and with E. coli in the wastewater effluents and in the “Riera de
Canoves”. In the highly polluted Llobregat River correlation was found only with
GAL7PH and E. coli measured with molecular methods. The high level of pollution
in this river, with some sources far upstream, may alter the correlation between
parameters. On the other hand, crAssphage correlated with SOMCPH in the inter-
effluent comparison and also in sediments, where crAssphage correlated with all the
markers tested. The reduction of crAssphage also correlated with all the observed
indicators. Ahmed et al. (2018) observed similar trends in crAssphage and HF183 in

polluted waters during dry and wet weather, although the presence and absence did

24



562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

582

583

584

585

not always coincide, a discrepancy was attributed to different rates of decay. The
present study confirms the variable decay rates of crAssphage and human MST
markers, including HF183, with the differences being notably higher in the low

temperature season.

Based on these observations, crAssphage can been postulated as a useful alternative
to be included in the global MST toolbox (Dutilh et al., 2014; Garcia-Aljaro et al.,
2017a; Stachler et al., 2017). However, as already mentioned, crAssphage does not
show 100% specificity and has been detected in animal samples, albeit at low
concentration (Ahmed et al., 2018; Garcia-Aljaro et al., 2017a; Stachler et al.,
2017), which means it cannot be used as a human MST marker on its own.
Nevertheless, since it is detected at a low concentration in non-targeted samples
(around 3 logio lower), it may not be problematic in the analysis of diluted
environmental samples unless a big volume of sample is concentrated. Besides,
some methodological pitfalls have to be considered, in this case crAssphage was
evaluated as the bacterial MST markers. However, the concentration method used
(filtration through 0.22um cellulose ester membrane) might not be the optimal for
the recovery of free bacteriophages that might have been lost through the filter, then
crAssphage abundance could have been underestimated. However, it has already
been observed that the viral fraction of sewage holds 1 logip lower crAssphage
concentration than the total DNA fraction, what suggests that a big part is in the
bacterial cell (Garcia-Aljaro et al. 2017a). Moreover, molecular techniques may
show differences depending on the DNA extraction method used, and here the same
DNA extraction method was used for all the markers to avoid the bias caused by the

different efficiencies during the extraction step.
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Some controversy appears when proposing molecular or culture-based methods for
MST. Molecular MST markers do not depend on the use of a right host (for phages
or viruses) or on the viable-but not culturable state of the marker, allowing the
detection of the markers regardless their physiological state. In contrast, molecular
detection does not provide information of the infectivity of the marker, although this
should not pose a serious drawback for MST that aims to know the faecal source of
the pollution. Nevertheless, it is highly advisable to use different MST markers that,
in combination with other strategies such as conditional probabilities or machine
learning approaches, can provide the maximum accuracy in determining the source
of faecal pollution (Ballesté et al., 2010; Kildare et al., 2007; Mayer et al., 2018;

Sanchez et al., 2011).

5. CONCLUSIONS

e CrAssphage is highly sensitive, abundant, and shows high correlation with other

faecal indicators (viral and bacterial, cultured and molecular). Thus, crAssphage
enlarges the toolbox of potential MST markers and can be used for water

management and monitoring.

e CrAssphage is highly abundant and stable in WWTP effluents, showing similar

abundances to and high correlation with human bacterial source tracking

markers and higher abundance than E. coli and other viral indicators.

e CrAssphage was detected in human-impacted rivers at similar abundance to

other human MST markers and at higher concentration than faecal indicators for
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both point and diffuse pollution. In the latter case, abundance was related with

rainfall events.

CrAssphage inactivated more rapidly at high than at low temperatures. During
the low temperature season it showed a Tgo of around 10 days, which is similar
to SOMCPH and much higher than other bacterial human source tracking

markers.

Sediments can become a reservoir of crAssphage together with other molecular

markers, which can be mobilized after rainfall events.

CrAssphage persisted longer in waterbodies than other molecular MST markers
like HMBIf and HF183 but less than culture viral markers SOMCPH and
GAL17PH. Thus, factors other than natural inactivation, including particle
adsorption, sedimentation or the bacteriophage state (virion or inside the cell),

may affect crAssphage reduction.
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Table 1. Meteorological data obtained from an automatic station close to “Riera de Canoves”

stream during the sampling campaigns. Season: winter (W), summer (S), medium (M). Tmax:

Maximum temperature (°C). Tmin: Minimum temperature (°C). R: Rainfall of the sampling

day. RR: Rainfall of the sampling day and 1 day before (mm). RRR: Rainfall of the sampling

day and 2 days before (mm). Flow rate (m*s™)

Sampling Date Season Tmax Tmin R RR RRR Flow rate
1 18/01/2016 w 6.4 2.3 0.0 0.0 0.0 0.007
2 08/02/2016 W 9.8 5.7 0.0 7.2 7.2 0.009
3 29/02/2016 W 11.9 5.8 0.0 15 3338 0.018
4 02/05/2016 M 18.8 10.8 0.0 0.0 35 0.013
5 06/06/2016 S 17.5 17 0.0 0.0 1.3 0.009
6 18/07/2016 S 254 204 0.0 0.0 0.0 0.006
7 17/10/2016 M 16.5 13.3 0.0 0.0 0.1 0.009
8 29/11/2016 W 9.4 5.2 0.4 0.0 2.0 0.015
9 27/02/2017 W 12.9 5.3 0.0 0.0 0.1 0.011
10 20/06/2017 S 274 174 0.0 0.0 0.0 0.008
11 13/02/2018 w -0.2 -7.4 0.0 13.9 13.9 na

na: Not available data
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Table 2. Descriptive statistics of faecal indicators: E. coli, SOMCPH and human
microbial source tracking markers: GA17PH, HMBIf, HF183 and crAssphage from:
inter WWTPs effluents comparison, intra WWTP effluent comparison for 2 years, in
Llobregat River (water and sediments), and “Riera de Canoves” stream. Data is
given in logio gc (E. coli, HMBIf, HF183 and crAssphage), PFU (SOMCPH and
GA17PH), CFU (E. coli) per 100 ml for water samples or per gr of dry weight for
sediment samples. The data for the Llobregat River of E. coli (culture and gPCR),

SOMCPH, GA17PH and HMBIf is already published in Garcia-Aljaro et al (2017b).
na: Not available.
Sample values E. E. SOMCPH GA17PH HMBIif HF183 crAssphage
coli coli
gPCR
Inter n 18/18 na 18/18 15/18 18/18 na 18/18
effluent mean 454 na 4.45 2.01 5.38 na 5.28
comparison sd 094 na 0.88 0.75 0.56 na 0.54
min 292 na 3.10 0.60 4.23 na 4.43
max 6.56 na 6.28 2.95 5.99 na 6.39
Intra n 11/11 na 11/11 11/11 10/10 10/10 11/11
effluent mean 442 na 4.26 1.69 5.53 5.32 5.34
comparison  sd 0.48 na 0.18 0.50 0.63 0.89 0.59
min 350 na 4.03 0.78 4.30 3.37 4.65
max 497 na 4.59 2.27 6.54 6.44 6.72
Llobregat n 11/11 1111 1111 11/11 11/11 na 11/11
River mean 449 5.08 4.46 2.26 6.08 na 5.42
Water sd 045 0.88 0.23 0.68 0.55 na 0.60
min 3.94 404 4.12 0.60 5.05 na 4,53
max 521 6.33 4.78 3.26 6.76 na 6.47
Llobregat n 18/20 20/20 18/20 18/20 na na 20/20
River mean 4.10 6.18 4.31 1.04 na na 6.51
Sediments  sd 1.20 0.67 1.28 1.10 na na 0.76
min 1.12  5.05 1.61 -0.38 na na 5.17
max 571 7.55 5.81 2.62 na na 8.29
Riera de n 10/10 na 9/10 3/10 8/10 7/10 10/10
Canoves mean 2.86 na 1.94 0.93 3.56 3.46 3.46
Stream sd 053 na 0.55 0.64 0.66 0.87 1.29
min 203 na 0.97 0.30 2.68 2.35 0.95
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max 349 na 2.67 1.58 4.77 441 5.28
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Table 3. Significant Pearson correlation coefficients between crAssphage and other

markers in the different environments tested in this study.

E. coli

E. coli gPCR SOMCPH GA17PH HMBIif HF183
Inter effluent comparison 0.729' na 0.665" nsc 0.757" na
Intra effluent comparison 0.585° na nsc nsc 0.603°  0.642'
Llobregat River Water 0.589° nsc nsc 0.708" nsc na
Llobregat River Sediments 0.804' 0.878" 0.843" 0.755 na na
Riera de Canoves Stream 0.589° na nsc nsc 0.794' 0.877"
Reduction along the stream nsc na 0.875" nsc 0.802'  0.759'

ISignificant at p < 0.05

2Signiﬁcant atp<0.1 and > 0.05
nsc: Not significant correlation

na: Not available
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928 Table 4. Distance (km) with a 90% reduction of the initial bacterial or phage
929 concentration (Dgo) obtained in “Riera de Canoves” catchment for E. coli culture-
930 based, SOMCPH, GA17PH, HMBIf, HF183 and crAssphage. The distance sampled
931 to calculate the Dgp was 925 m.

932

Sampling E. coli SOMCPH GAl17PH HMBIf HF183  crAssphage

1 0.53 0.56 0.78 0.28 0.30 0.49
2 1.05 1.20 3.61 0.82 0.72 1.06
3 1.70 1.65 -2.56 1.92 1.03 0.82
4 0.47 1.18 0.93 1.37 0.59 0.43
5 0.63 0.71 1.72 0.55 0.40 0.62
6 0.52 0.42 0.23 <0.28 0.20 0.23
7 0.67 1.00 1.27 0.33 0.49 0.58
8 0.71 1.23 1.59 0.40 0.58 0.73
9 1.49 1.88 1.97 1.01 0.87 0.79
10 1.49 2.57 0.63 <0.28 0.38 0.37
11 1.42 4.86 NA 2.95 NA 10.62
Median  0.71 1.20 1.10 0.55 0.54 0.62
Mad* 0.36 0.72 0.82 0.40 0.25 0.28

933 ! Mad: Median absolute deviation
934

935
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FIGURE LEGENDS

Figure 1. Sampling sites and land use in the “Riera de Canoves” catchment area.

Figure 2. Boxplot comparing the concentrations of the faecal indicators E. coli and
SOMCPH, and human microbial source tracking markers HMBIf, crAssphage and
GAL17PH in the: a) inter-effluent comparison (18 WWTPs), b) intra-effluent comparison
(1 WWTP during 11 samplings), c) Llobregat River (11 samples) and d) “Riera de

Canoves” (10 samples).

Figure 3. Concentration of E. coli, SOMCPH, GA17PH, crAssphage, HMBIif and
HF183 in different sampling points along ‘“Riera de Canoves” stream. P75 — 75 m
downstream the WWTP discharge; P450 — 450 m downstream the discharge; P1000 —

1000 m after the discharge.

Figure 4. CrAssphage reduction along 1 Km in the “Riera de Canoves” during 11
different sampling campaigns over 2 years. Logarithmic reduction is calculated as the
difference of the logarithm of gc 100 ml™ at each distance (Ng) and Km 0 (N,). The last

facet includes the accumulation of all the reductions.

Figure 5. CrAssphage inactivation assessed by an in situ mesocosms approach in two
seasons: summer (squares) and winter (dots). Logarithmic reduction is calculated as the
difference of the logarithm of gc 100 mI™ at each time (N;) and the beginning of the

experiment (No).
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