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• Somatic, F-specific and total coliphages
were analysed in different water matrices.

• ISO and U.S. EPA methods and a commer-
cial kit were compared for 100 mL
samples.

• Environmental samples contain higher
somatic than F-specific coliphage counts.

• In samples with more than 100 PFU,
somatic coliphages were better detected
by ISO.

• SAL assay using ISO host strains is useful
for samples with less than 100 PFU.
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 In the last decade coliphages have been included inmanywater quality regulations as viral faecal indicators. However,
the standardised methods used to detect and quantify coliphages differ in bacterial host strains, culture media and
techniques. In this comparative study, 100 mL samples of mineral drinking water, river water and wastewater were
analysed with International Organization for Standardization (ISO) standard methods, with United States-
Environmental Protection Agency (U.S. EPA) based methods as well as commercial kits combining a single agar
layer (SAL) assay with ISO bacterial host strains. The three methods gave similar counts (p-value>0.05) for somatic
and total coliphages in the matrices with less than 100 PFU/100 mL, whereas for F-specific coliphages, the U.S. EPA
method provided statistically significant lower numbers (p-value<0.05) than the other two protocols, possibly because
it uses a different bacterial host strain (Escherichia coli HS (pFamp) R vs. the ISO strain Salmonella enterica serovar
TyphimuriumWG49). In samples with more than 100 PFU/100 mL, the ISO method yielded higher counts of somatic
coliphages than the other two protocols (p-value<0.05). As the three methods provided similar results in clean water,
the approach combining a SAL assaywith the ISO bacterial host strain could be a useful option for coliphage analysis in
this type of sample, as it does not require a concentration step.
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1. Introduction

Enteric bacteria have been successfully used as faecal indicator organ-
isms (FIO) since the 19th century (Pipes et al., 1977). However, outbreaks
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of waterborne disease can have several etiological agents (bacteria, viruses,
protozoa, etc.) and many have been associated with previously treated or
bacteriologically safe water (Blanco et al., 2017; Giammanco et al., 2018;
Mellou et al., 2014; Sinclair et al., 2009) used not only for drinking but
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also irrigation and bathing, among other purposes (Farrell et al., 2021).
Compared to bacteria, viruses are smaller and more abundant; they also
persist longer in the environment and are more resistant to treatments.
For all these reasons, regulations and guidelines for water quality manage-
ment should include viral indicators and establish upper limits according to
water usage.

Coliphages are viruses that infect Escherichia coli and other closely re-
lated enteric bacteria. Their usefulness as viral indicators and model organ-
isms to analyse and predict waterborne viral hazards is widely reported
(Armon and Kott, 1996; IAWPRC Study Group on Health Related Water
Microbiology, 1991; Jofre et al., 1995). Somatic coliphages (SOMCPH),
which infect the host strain through the cell wall, and F-specific coliphages
(FCPH), which infect through the F-pilus, are the main coliphage types as-
sociated with water quality monitoring (Jofre et al., 2016).

National and international water management directives and regula-
tions are increasingly including the monitoring of both types as viral indi-
cators (Blanch et al., 2020). Different characteristics distinguish these
groups: while SOMCPH are typically found in higher concentrations com-
pared to FCPH in ground-, surface and wastewaters (Jebri et al., 2015;
Jofre et al., 2016), FCPH may be more resistant to some water treatments
such as UV inactivation (Costán-Longares et al., 2008; Francy et al., 2012;
Montemayor et al., 2008). Bacterial host strains have been developed to de-
tect total coliphages (TCPH), namely somatic and F-specific at the same
time (Guzmán et al., 2008).

Standardised methods (ISO and U.S. EPA) differ in the techniques and
bacterial host strains used to detect and quantify coliphages. ISO-10705-2
(ISO, 2000a), a method for SOMCPH analysis, uses the double agar layer
(DAL) plaque assay and E. coli C (ATCC 13706) and E. coli WG5 (ATCC
700078), whereas the ISO-10705-1 (ISO, 1995) method for FCPH enumera-
tion is based on the DAL assay and Salmonella enterica serovar Typhimurium
WG49 (NCTC 12484). Both ISOmethods can be used with amaximum sam-
ple volume of 5 mL per plate and are also applicable in presence/absence
tests, which may be adapted for quantitative analysis by the most probable
number (MPN) method. Nevertheless, drinking and environmental water
with very low loads of faecal pollution require the analysis of higher vol-
umes. In addition, water regulations often stipulate routine analysis of
microbiological parameters in 100 mL water samples, including coliphages
(Ballesté et al., 2022). Some concentration procedures for coliphages have
already been described (Sobsey et al., 1990), sequentially adapted (Sinton
et al., 1996; Méndez et al., 2004) and validated according to ISO-10705-3
(ISO, 2003).

U.S. EPAmethods 1601 and 1602 (U.S. EPA, 2001a, 2001b) consist of a
presence/absence test and a Single Agar Layer (SAL) plaque assay using
E. coli CN13 (ATCC 700609) and E. coli Famp- E. coli HS (pFamp) R (ATCC
700891), from this point forward E. coli HS, as bacterial host strains to de-
tect and/or quantify SOMCPH and FCPH, respectively. These procedures
are for the analysis of 100mLof groundwater. In addition, U.S. EPAmethod
1642 (U.S. EPA, 2018a) is used for the analysis of 100 mL of recreational
and wastewater subjected to advanced treatments with a previous concen-
tration by ultrafiltration of larger volumes (2 L) whereas U.S. EPA method
1643 is used for 100 mL of secondary wastewater (U.S. EPA, 2018b).

In the present study, the different methods for the enumeration of
SOMCPH, FCPH and TCPH are compared in different water matrices. The
aim was to obtain data that may be useful to improve coliphage analysis
and facilitate its implementation in laboratory routines by reducing the
number of procedural steps.

2. Materials and methods

2.1. Samples

A total of 50 samples were collected inMay–June of 2021 fromdifferent
sources as follows: 20 samples of mineral drinking water, 20 samples of
freshwater (river water) and 10 samples of wastewater. Mineral drinking
water bottles from different springs were purchased in a local retailer,
whereas river water and wastewater samples were collected in 1 L sterile
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containers and transported to the laboratory at 4 °C where the analyses
were performed within 24 h of collection.

Ten out of 20 mineral drinking water samples were spiked with a coli-
phage stock equivalent to 10 PFU of SOMCPH, FCPH and TCPH per 100
mL of sample. This stock was prepared with the secondary effluent of a
wastewater treatment plant (WWTP) as a reference material according to
the ISO method (ISO, 2000b).

Freshwater samples were collected in the lower course of the Llobregat
river (Catalonia, Spain) and were classified in two levels of contamination:
thosewith a lower coliphage concentration containing from10 to 100 PFU/
100 mL and a higher concentration of 100 to 1000 PFU/mL.

Wastewater samples were collected after secondary treatment at two dif-
ferentWWTPs located in the BarcelonaMetropolitanArea (Catalonia, Spain)
that treat the sewage for 2.8 and 1.7 million inhabitant-equivalents. Raw
wastewater was not used in this research because of its extreme heterogene-
ity and unstable characteristics, which vary during a day.

In order to analyse samples with up to 103 PFU/100 mL, river and
wastewater samples with higher concentration were autoclaved to use
them as diluent for the same sample.

2.2. Enumeration of coliphages

SOMCPH and FCPHwere quantified using three differentmethods: ISO,
U.S. EPA-based method, and commercial kits that combine the SAL plaque
assay of U.S. EPA with ISO methods (SAL/ISO) (Table 1). The analyses of
SOMCPH and FCPH by the ISO method (ISO-SOM and ISO-F) were per-
formed using the DAL plaque assay (ISO, 2000a, 1995) after concentration
of the 100 mL water samples following a previously described method
(Méndez et al., 2004), as recommended (ISO, 2003). The analysis of
SOMCPH and FCPH by the U.S. EPA-based method (EPA-SOM and EPA-
F) was performed using the BP1609 and BP1619 Kits (Bluephage S.L.,
Spain), respectively, based on these standardised methods which include
a SAL assay and E. coli CN13 and E. coli HS as the respective bacterial
host strains (U.S. EPA, 2001b) but slightly modified. The modification con-
sists in the replacement of 10 mL of sterile water by 10 mL of additional
bacterial working culture. For the SAL/ISO method, we used the commer-
cial BP1604 and BP1614 Kits (Bluephage S.L., Spain) for SOMCPH
and FCPH, respectively (SAL/ISO-SOM and SAL/ISO-F). These combine
the U.S. EPA SAL assay with ISOmedia and bacterial host strains: Modified
Scholten's Agar (MSA) and E. coliWG5 for SOMCPH analysis, and Tryptone-
Yeast extract-Glucose Agar (TYGA) and S. enterica WG49 for FCPH (ISO,
2000a, 1995).

Twomethods were used to quantify TCPH: ISO-T and SAL/ISO-T. In the
former, the DAL plaque assay (Guzmán et al., 2008; ISO, 2000a) was ap-
plied after the concentration of 100 mL water samples (Méndez et al.,
2004), as recommended (ISO, 2003). In the latter, the BP1641 Kit
(Bluephage S.L., Spain) was used, which consists of the SAL plaque assay,
the medium TYGA and bacterial host strain E. coli CB390, as previously
described (Guzmán et al., 2008).

2.3. Statistical analysis

The normality distribution of the data was checked by Shapiro-Wilks
test. Comparative analysis was performed by Student's t-test and the
Wilcoxon test. Data analysis and plots were carried out using R Studio
software v. 1.2.5001.

3. Results

Mineral drinking water was negative for SOMCPH, FCPH and TCPH by
all the assessed methods, and coliphage numbers in spiked samples varied
according to themethod used (Fig. 1a). ISO-SOM and SAL/ISO-SOM results
did not differ with statistical significance (p-value = 0.188), whereas EPA-
SOM produced lower counts (p-value<0.05). Similarly, both ISO-T and
SAL/ISO-T methods provided similar TCPH numbers, without statistically
significant differences (p-value = 0.51). Regarding FCPH, higher counts



Table 1
Summary of the methods used in this study for the detection of coliphages in 100 mL samples. SAL: Single Agar Layer; DAL: Double Agar Layer.

Name Method Host strain Coliphages
detected

Technique Water type

ISO-SOM ISO 10705:3 + ISO 10705:2 E. coli WG5 Somatic
coliphages

Concentration + DAL All types of water expected to contain <3PFU/mL

SAL/ISO-SOM BP1604 E. coli WG5 Somatic
coliphages

SAL Drinking and reclaimed water

EPA-SOM USEPA1602/USEPA1642/USEPA1643 E. coli CN13 Somatic
coliphages

SAL Groundwater/treated water/recreational and wastewater after
ultrafiltration

ISO-T ISO 10705:3 + ISO 10705:2 E. coli CB390 Total coliphages Concentration + DAL All types of water expected to contain <3PFU/mL
SAL/ISO-T BP1641 E. coli CB390 Total coliphages SAL Drinking and reclaimed water
ISO-F ISO 10705:3 + ISO 10705:1 S. enterica

WG49
F-specific
coliphages

Concentration + DAL All types of water expected to contain <3PFU/mL

SAL/ISO-F BP1614 S. enterica
WG49

F-specific
coliphages

SAL Drinking and reclaimed water

EPA-F USEPA1602/USEPA1642/USEPA1643 E. coli HS F-specific
coliphages

SAL Groundwater/treated water/recreational and wastewater after
ultrafiltration
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were obtained by SAL/ISO-F compared to ISO-F (p-value<0.05), whereas
no statistically significant differences were observed between the results
of SAL/ISO-F and EPA-F (p-value = 0.07) or ISO-F and EPA-F (p-value =
0.107). Despite the differences, the mineral drinking water samples were
spiked with very low numbers (less than 10 PFU/100 mL) and the results
obtained were all in the same logarithm unit.

River water samples were split in two groups (low and high faecal con-
tamination) according to their theoretical concentration: those containing
less than 100 PFU/100 mL (Fig. 1b) and those with more (Fig. 1c). In sur-
face water with a low concentration, the results of the three assayed
methods did not differ with statistical significance for SOMCPH and
TCPH (p-value<0.05). However, FCPH counts by EPA-F were lower than
those obtained by the ISO-F and SAL/ISO-F methods (p-values<0.05).

In surface water with a high concentration of coliphages, higher
SOMCPH counts were obtained by ISO-SOM than the two methods using
SAL (p-values<0.05), whose results did not differ (p-value = 0.19). This
trend was not repeated for TCPH, as ISO-T and SAL/ISO-T gave similar re-
sults (p-value = 0.79). FCPH counts could not be compared as the concen-
trations were below 100 PFU/100 mL in all the samples.

In secondary effluent wastewater, counts differed depending on the
method (Fig. 1d). SOMCPH recovery was higher by ISO-SOM than the
methods using a SAL assay, with statistically significant differences be-
tween ISO-SOM and SAL/ISO-SOM (p-value<0.05). In contrast, no
Fig. 1. Boxplot of the concentrations of somatic coliphages (SOM), F-specific coliphages
a) spiked drinking water, b) river water with low coliphage concentrations, c) river wat
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such differences were found for TCPH between the ISO-T and
SAL/ISO-T methods. FCPH counts by ISO-F and SAL/ISO-F were
similar (p-value = 0.19) and higher compared to the EPA-F method
(p-values<0.05).

When comparing the overall performance of coliphage quantification
methods in low-concentration samples (below 100 PFU/100mL), no differ-
ences were found between the ISO, U.S. EPA, and SAL/ISO methods for
SOMCPH and TCPH, but FCPH counts were higher by ISO and SAL/ISO
than the U.S. EPA method. In high concentration samples, the ISO method
yielded higher SOMCPH and TCPH counts than the methods using a SAL
assay; the differences were statistically significant for SOMCPHwith regard
to SAL/ISO and U.S. EPA (p-values<0.05), and for TCPH with regard to
SAL/ISO (p-value<0.05).

Finally, taking into account all the different sample types and the num-
bers obtained with the ISO method as a reference, ratios between the
methods were calculated (Fig. 2). For all methods, the ratio is near to
one, meaning they yielded very similar results. However, the variability
of U.S. EPA methods for both somatic and F-specific coliphages was higher
as determined by the proportions between U.S. EPA methods and ISO
methods (Fig. 2). On the other hand, the ratios between the different
methods show that there is no variability between the results obtained by
the studied SAL/ISO methods and the ISO methods for both somatic and
F-specific coliphages.
(F) and total coliphages (T) obtained using ISO, SAL/ISO and U.S. EPA methods in:
er with high coliphage concentrations and d) wastewater samples.



Fig. 2. Ratios between the SAL/ISO and U.S.EPA methods and ISO methods for somatic coliphages (SOM), total coliphages (T) and F-specific coliphages (F).
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4. Discussion

Coliphages have been included in many water quality regulations and
guidelines in recent years, although the standardised methods used for
their determination differ in bacterial host strains, media, and technique.
We here compare and discuss the coliphage enumeration results obtained
by three different methods, including standardised methods and commer-
cialized kits, in 100 mL samples of different types of water.

There were no detectable levels of endogenous coliphages in un-
amendedmineral drinking water. When the samples were spiked, different
SOMCPH, FCPH and TCPH counts were obtained according to the method
used. Despite the statistical differences, the samples were spiked with 10
PFU/100 mL, which is a very low concentration, and the counts were all
in the same logarithm, suggesting that the methods used in this study
could be indifferently adopted to analyse this type of water. In this study,
all SOMCPH analyses by the ISO method were performed with the E. coli
WG5 strain. Although the ISO method prescribes the use of E. coli strain C
to detect SOMCPH in clean water and E. coli WG5 for polluted water, it
has been demonstrated that nalidixic acid can inhibit the growth of Gram
negative bacteria (Crumplin and Smith, 1975), whereas E. coli WG5 is a
nalidixic acid-resistant strain. Therefore, from a water quality monitoring
perspective, the use of E. coli WG5 is preferable, as it entails a lower risk
of interference in the plaque assays from sample microbiota, including
that of drinking water.

The standardised methods can provide an early reading for SOMCPH
after 6–7 h, which includes bacterial culture growth, experimentation,
and 4 h of incubation, but overnight incubation is advisable to ensure the
detection and quantification of all the coliphages in the samples, especially
when their concentrations are low (Mendez et al., 2017). The inclusion of
coliphages in water quality monitoring and risk management has stimu-
lated research on ways to shorten the standardised protocols for coliphage
enumeration in number of steps, time of procedure and time required to ob-
tain the results. The emerging rapid methods, some of them with commer-
cial application, are mainly based on non-agar supports to improve plaque
display or an enzymatic reaction produced by phage-induced bacterial lysis
(Blanch et al., 2020). Although still not included in official regulations, the
implementation of these new techniques could revolutionize water man-
agement in the near future.

Our analysis of environmental water samples confirmed that SOMCPH
outnumber FCPH in concentration by about one logarithm. This trend has
been observed in previous studies around the world using DAL and SAL
assays (Dias et al., 2018; Dungeni et al., 2010; Lucena et al., 2003;
Rezaeinejad et al., 2014). A meta-analysis of studies on coliphage density
in different types of environmental water found that SOMCPH counts are
usually significantly higher than those of FCPH in surface water, with a
few exceptions in North America (Nappier et al., 2019) that could be attrib-
uted to differences in the technique, bacterial host strains and sample vol-
ume used in the analysis.

In river water with low coliphage concentrations, the EPA-F method
provided significantly lower counts of FCPH compared to ISO-F and SAL/
ISO-F, in disagreement with other studies (Sobsey et al., 2004). The same
trend was observed in wastewater, suggesting that the E. coli HS bacterial
host strain (U.S. EPA) appeared to be less receptive to coliphage infection
4

compared to S. enterica serovar Typhimurium WG49 (ISO). Another rele-
vant factor is that the plaques formed by E. coliHS are more difficult to de-
tect with the naked eye, making their count more challenging for an
inexperienced technician.

In river water samples with coliphage concentrations below 100 PFU/
100 mL, SOMCPH counts were similar by the three tested methods. This
suggests that the SAL/ISO technique is also a suitable new option for the
analysis of 100 mL samples, with the advantage that it does not require
the concentration step of the ISO 10705-3 method before enumeration.
After the concentration, which is performed by membrane filtration, coli-
phage recovery can be influenced by various factors such as sample turbid-
ity, coliphage type and virus adsorption to the membrane (Méndez et al.,
2004).

Inwastewater samples, the lower counts obtained by techniques using a
SAL rather than DAL assay are consistent with the scant data available in
the literature (Méndez et al., 2020; Mooijman et al., 2001). When describ-
ing the SAL procedure in the late 1980s, Grabow and Coubrough compared
different media and host bacterial strains, but recognised the difficulty of
conducting a comparative study of SAL and DAL assays in 100 mL samples
due to the highly variable recoveries produced by each technique (Grabow
and Coubrough, 1986). In SAL assays with samples with high coliphage
concentrations, a possible explanation is coliphage adsorption to the sur-
face of the Petri dish, which varies according to the material used. This is
not the case in DAL assays, where the host bacteria and sample are in con-
tact with an agar layer. Additionally, the DAL assay is limited to only 1 mL
sample volumes and requires significant larger numbers of replicate plates
to process volumes at or near 100 mL.

Based on the overall results, the use of the SAL/ISOmethod, which com-
bines the SAL assaywith ISO host bacterial strains, could facilitate the anal-
ysis of somatic coliphages, F-specific coliphages and total coliphages in
large volume water samples. Conversely, in volumes of up to 10 mL, the
DAL technique could provide better recoveries.

5. Conclusions

- Sample analyses confirmed that somatic coliphages are present in
higher concentrations than F-specific coliphages in environmental
water.

- The combination of a SAL assay with the ISO bacterial host strain pro-
vided similar results to the ISOmethod in 100mL samples when the so-
matic coliphage concentrationwas below 100 PFU/100mL; themethod
using the SAL assay could therefore substitute the ISO method for the
analysis of clean samples and thus avoid the concentration step.

- Themethod combining a SAL assay and the ISObacterial host strain and
the ISOmethod yielded higher F-specific coliphage counts than the U.S.
EPA method, suggesting that S. enterica serovar Typhimurium WG49
counts better than E. coli HS.
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