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ARTICLE INFO ABSTRACT

Keywords: With stringent effluent requirements and the implementation of new processes for micropollutant removal, it is

Activated sludge increasingly important for wastewater treatment plants (WWTPs) to understand the factors affecting effluent

fﬂaaer}c’phf’ges quality. Phages (viruses infecting prokaryotes) are abundant in the biological treatment processes. They can
etaviromics

contribute to organic carbon in the treated effluent both because they are organic in nature and occur in the
effluent and because they cause lysis of microorganisms. Today very little is known about the effects of phages on
effluent quality. The goal of this study was, therefore, to determine the relationship between phages and organic
carbon in WWTP effluents. We also examined the diversity, taxonomy, and host-association of DNA phages using
metagenomics. Effluent samples were collected from four WWTPs treating municipal wastewater. Significant
differences in both organic carbon and virus-like particle concentrations were observed between the plants and
there was a linear relationship between the two parameters. The phage communities were diverse with many
members being taxonomically unclassified. Putative hosts were dominated by bacteria known to be abundant in
activated sludge systems such as Comamonadaceae. The composition of phages differed between the WWTPs,
suggesting that local conditions shape the communities. Overall, our findings suggest that the abundance and
composition of phages are related to effluent quality. Thus, there is a need for further research clarifying the
association between phage dynamics and WWTP function.

Microbial ecology
Tertiary treatment

Introduction includes adsorption and injection of nucleic acids into the host, repli-

cation using the host cell’s molecular machinery, and assembly of virus

Most municipal wastewater treatment plants (WWTPs) rely on bio-
logical processes. Both suspended growth processes, such as activated
sludge, and biofilm processes, such a moving bed biofilm reactors and
trickling filters, are commonly used. These biological reactors contain
high numbers of microorganisms that treat the wastewater by removing
organic compounds, nitrogen, and phosphorus. The prokaryotic com-
munities in WWTPs have been investigated in many studies (e.g. Wu
et al,, 2019; Yang et al.,, 2011), but the viral communities are less
explored. Phages, i.e., viruses that infect prokaryotes, are the most
abundant living entities on Earth (Clokie et al., 2011). Their life cycle
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particles (virions), which are released into the environment to infect
other cells. Lytic phages immediately start to replicate inside the host
cell whereas lysogenic phages integrate into the host cell’s genome and
remain there until their lytic cycle is activated (Weinbauer, 2004). As
phages are dependent on host cells to replicate, we can expect to find
phages wherever prokaryotes are found (Dennehy and Abedon, 2021).
Often, phages outnumber prokaryotic cells by an order of magnitude,
although there is a large variation in the phage-to-prokaryote ratio be-
tween different environments (Parikka et al., 2017). Since there are high
concentrations of prokaryotes in wastewater treatment processes, we
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can expect to find high concentrations of phages there as well (Shapiro
and Kushmaro, 2011). Indeed, previous studies enumerating phage
particles in WWTPs have found that biological treatment processes have
high concentrations (Otawa et al., 2007). Typically, activated sludge
and anaerobic digesters have higher phage particle concentrations than
the influent and effluent wastewater (Brown et al., 2019; Wu and Liu,
2009). Brown et al. (2019) found higher concentrations in the effluent
than the influent, suggesting that a production of phage particles in the
biological reactors leads to a net increase in the wastewater as it moves
through a WWTP.

Phages are believed to have a strong influence on the microbial
community composition and ecosystem function in wastewater treat-
ment processes, but we still know relatively little about their effects
(Brown et al., 2019). There are examples where phages have been
associated with changes in bioreactor performance. For example, Barr
et al. (2010) hypothesized that phage infection of Candidatus Accumu-
libacter phosphatis was responsible for a decline in the performance of
biological phosphorus removal in laboratory-scale sequencing batch
reactors. Liu et al. (2017) found a decline of nitrifying bacteria corre-
sponding to an increase of phages associated with these bacteria in
bulking sludge.

Phage infections can potentially affect the concentration of organic
compounds in effluent wastewater. Lysis of host cells leads to release of
organic compounds (Middelboe et al., 1996). Some of these organics are
immediately used as substrates by other microorganisms (Rosenberg
et al., 2010) while others may be more recalcitrant and remain in the
effluent. In other environments such as the oceans, phage-induced lysis
of microorganisms is known to contribute to the pool of dissolved
organic matter (Breitbart et al., 2018; Suttle, 2005). The phage particles
themselves are also organic and although they are small (the capsid size
of Caudovirales members is typically 45-185 nm in diameter Dion et al.,
2020), high concentrations in the water could potentially make a
noticeable contribution to the organic carbon concentration. Today, it is
becoming increasingly important for WWTPs to reach low concentra-
tions of organic carbon in their effluent. This is driven both by tougher
regulations on effluent biochemical oxygen demand and by prospective
implementation of new technologies, such as ozonation and activated
carbon adsorption, for removal of micropollutants. For example, both
the required ozone dose and the lifetime of activated carbon filters
depend on the organic carbon concentration in the water (Boehler et al.,
2012; Nothe et al., 2009; Rizzo et al., 2019). A small increase in organic
carbon concentration can thus lead to increased resource consumption
and costs at the treatment plant. It is therefore important to understand
the causes of variations in effluent organic carbon concentrations. Phage
activity could be one important cause, which we currently know very
little about. Thus, the goal of this study was to determine the relation-
ship between phage particles and organic carbon concentrations in the
effluent of WWTPs and to examine the phage communities using
metagenomics.

Materials and methods
Wastewater treatment plants and sampling

For analysis of concentrations of organic carbon and phage particles,
24-h flow-proportional samples were collected from four Swedish
WWTPs treating municipal wastewater (see process schemes in Fig. S1,
supplementary material). For plant A, B, and C, samples were collected
in May 2017. For plant D, samples were collected from June to
December 2017. Samples were stored in plastic containers at a tem-
perature of 4 °C until analysis.

Plant A has pre-precipitation in settling tanks followed by a high-
loaded activated sludge process. The settled effluent from the acti-
vated sludge is partly recycled over nitrifying trickling filters to anoxic
zones in the inlet of the activated sludge tanks. Another part of the
secondary effluent flows though nitrifying and denitrifying moving bed
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biofilm reactors (MBBRs). Methanol is added for the post-denitrification
step. The final effluent is filtered through 15-um pore size disk filters
before discharge. The average inflow to the WWTP was 4.4 m> s~! and
the 7-days biochemical oxygen demand (BOD;) was 170 mg/L. The
sludge age was 4.6 d, and the organic load to the activated sludge was
0.30 kg BOD; kg ! suspended solids d .

Plant B has pre-precipitation in settling tanks followed by a high-
loaded activated sludge process. The settled activated sludge effluent
flows through a nitrifying trickling filter followed by post-denitrification
in methanol-fed MBBRs. This is followed by dissolved air flotation with
the possibility of adding precipitation chemicals. The average inflow to
the WWTP was 1.2 m® s ™! and the BOD; was 225 mg/L. The sludge age
wals 2.9 d, and the organic load was 0.42 kg BOD, kg ~! suspended solids
d.

Plant C has primary settling followed by a low-loaded activated
sludge process with nitrification and pre-denitrification. This is followed
by chemical treatment and sedimentation. The final effluent is further
treated in a pond system. The average inflow to the WWTP was 0.38 m®
s™! and the BOD; 208 mg/L. The sludge age was 7-21 days, and the
organic load was 0.058 kg BODy kg~ suspended solids d .

Plant D has an activated sludge process with nitrification and pre-
denitrification in parallel with an activated sludge process using
sequencing batch reactors (SBRs) process. The effluent from both these
processes go to chemical treatment with dosage of aluminum chloride
and final settling. About 10% of the effluent was treated in a pilot-scale
ultrafiltration (UF) unit, with a nominal pore size of 0.02 um, and a
granular activated carbon (GAC) filter unit, with an empty bed contact
time (EBCT) of 19 min on average. The total average wastewater inflow
was 0.20 m® s ! and the BOD; was 290 mg/L. The sludge age was 9 d in
the activated sludge and 14 d in the SBRs. The organic load was 0.87 kg
BODy;, kg_l suspended solids d_l, where 55% was treated in the acti-
vated sludge process and 45% in the SBRs.

Samples for analysis of organic carbon and phage particles were
collected from the final effluent in all WWTPs. In plant C and D, samples
were collected both after the conventional treatment processes and after
tertiary treatment with ponds (plant C) or UF and GAC (plant D).
Samples for metagenomics were collected from plants A, B, and C. Grab
samples collected on three days a month apart were analyzed from plant
A. One 24-h, flow-proportional sample each, was analyzed from plant B
and C (after the conventional treatment processes).

Analytical methods

The collected samples were filtered through 0.45-um pore size
polyethylene sulfone filters before analysis. The organic carbon con-
centration of the filtered samples was analyzed with a TOC analyzer
(TOC-V, Shimadzu). This fraction of the organic carbon content in water
is conventionally referred to as dissolved organic carbon (DOC),
although it contains a mix of truly dissolved and colloidal substances,
such as phage particles. Therefore, we use the acronym DOC for the
organic carbon concentrations measured in the study.

The concentration and size distribution of phage particles were
analyzed using nanoparticle tracking analysis (NTA, Nanosight NS-300,
Malvern). In NTA, a laser is used to visualize individual particles in a
water sample and a video of the particles is recorded. The particle
concentration is calculated based on the number of identified particles.
The hydrodynamic diameters of the particles are calculated based on the
Brownian motion observed in the videos. We determined phage con-
centrations and size distributions using at least three to five 30 s videos
of each sample.

NTA has previously been used to measure phages and adenoviruses
in water (Anderson et al., 2011; Kramberger et al., 2012). It has also
been compared to other techniques such as the plaque assay, which is
the standard way of analyzing concentrations of infectious phages and
viruses. We also made this comparison using P1 phages (Text S1, sup-
plementary material). The ratio between total virion concentrations
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measured with NTA and the infectious phage concentrations measured
as plaque forming units (PFU) was 12 + 8, which is in line with previous
observations (Anderson et al., 2011; Du et al., 2010). We also confirmed
that the observed particles in WWTP effluents were indeed phages by
staining them with SYBR Gold. The SYBR Gold nucleic acid stain
(concentrate in DMSO, ThermoFisher) was diluted 50 times in
Tris-EDTA buffer (pH 7.4, Supelco) and 25 uL of the dilution was added
to 10 mL effluent wastewater, resulting in a 20 000 times dilution of the
original SYBR Gold stock solution. The mixture was heated at 80 °C for
10 min and allowed to cool to room temperature. Then, NTA was carried
out with a blue laser (488 nm). The instrument was equipped with a 500
nm light filter, which can be inserted in the light path. Without the filter,
all particles can be observed. With the filter in the light path, only
particles stained with SYBR Gold can be observed. The stain rapidly
bleached when exposed to the laser which meant only a few seconds
long videos could be recorded, and hydrodynamic diameters could not
be determined. Therefore, DNA staining was only carried out on a few
samples to confirm that the observed particles were indeed phages (see
Video S1, supplementary material) while quantification was done
without SYBR Gold. Examples of still images of stained and unstained
samples are shown in Fig. 1. We refer to the particles quantified with
NTA as virus-like particles (VLP).

To determine the contribution of VLP to the DOC concentration, a
zinc hydroxide precipitation method was used to remove the fine par-
ticles from the water (Mamais et al., 1993). For the samples from plant
D, this was also compared to measuring the DOC concentration in
samples collected before and after the ultrafiltration step.

Metagenomics

The five samples for metagenomics were filtered through 0.2-ym
pore size polyethylene sulfone filters. The VLP were concentrated using
Amicon Ultra-15 centrifugal filters with a molecular weight cutoff of
100 kDa (Millipore). Approximately 50-100 ml sample volume was
concentrated to 1 ml. To remove extracellular DNA, 10 pl (20 U) of
DNase I (Invitrogen) was added to the 1 ml concentrate. It was incubated
at room temperature for 15 min and thereafter the DNase was inacti-
vated at 75 °C for 5 min. Phage DNA was then extracted from the
samples using Norgen’s Phage DNA Isolation Kit (Norgen Biotek)
following the manufacturer’s instructions. DNA fragmentation was
performed using a Covaris E220 system targeting an insert size of
350-400 bp. Library preparation was carried out using the SMARTer
ThruPLEX DNA-seq Kit (Takara). Paired-end 151 bp sequencing was
done using a NovaSeq 6000 system, SP flow cell, and v1 sequencing

(i)
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chemistry (Illumina). The raw sequence reads are deposited at the Eu-
ropean Nucleotide Archive under project number PRJEB50470.

The raw sequence reads were quality filtered using fastp v0.20.0
(Chen et al., 2018). The coverage was normalized to a target depth of
100 and a minimum depth of 2 using BBNorm (v38.61, https://sourcefo
rge.net/projects/bbmap/). Then, contigs were assembled individually
from each sample using Spades v3.15.3 with the setting -metaviral
(Antipov et al., 2020). CheckV v0.8.1 was used to determine whether the
contigs represented viral genomes (Nayfach et al., 2021). All contigs
with at least one viral gene and more than twice as many viral genes
than host genes were retained. The relative abundances of the contigs in
each sample were determined by mapping the quality filtered reads to
the phage contigs using CoverM (https://github.com/wwood/CoverM)
with bwa-mem v0.7.17 (Vasimuddin et al., 2019) as mapper. For a
contig to be considered present in a sample, at least 80% of its nucleo-
tides had to have a coverage exceeding one.

Taxonomic classification of the phage contigs was done using
PhagCN with default settings (Shang et al., 2021). Potential hosts of the
phages were identified using two methods. In the first method, we
mapped the phage contigs against the CRISPR spacer database of
CrisprOpenDB (Dion et al., 2021). In the second, we used ANVIO v7
(Eren et al., 2021) to taxonomically classify tRNA sequences in the
phage contigs. In ANVIO, tRNAScan-SE is used for identification of tRNA
sequences (Chan and Lowe 2019). The results from the two methods
were combined and the phage-host associations were visualized using
Circos (Krzywinski et al., 2009).

The presence and function of auxiliary metabolic genes in the phage
genomes was determined in ANVIO using the function anvi-estimate-
metabolism. Genes were predicted using Prodigal v2.6.3 (Hyatt et al.,
2010). Gene functions were determined by matching the genes to KEGG
orthologs using the KOfam database (Aramaki et al., 2020). The genes
were then categorized into metabolic pathways as defined by KEGG
modules (Muto et al., 2013).

Statistical methods

To determine differences in VLP concentration, DOC concentrations,
and particle sizes between WWTPs, Levene’s test for equal variances was
first carried out. Then, a one-way ANOVA was done to determine if
statistically significant differences existed. Finally, Tukey’s Honest Sig-
nificant Difference (HSD) post-hoc test was done for pairwise compari-
sons. The Levene and ANOVA tests were done using Scipy (Virtanen
et al., 2020) and Tukey’s HSD was done using Statsmodels (Seabold and
Perktold, 2010). Correlation between parameters was examined using

Fig. 1. SYBR Gold-labelled particles (i) and non-labelled particles (ii) in effluent wastewater visualized using NTA.
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ordinary linear regression in Statsmodels.

Diversity was calculated as the Hill number of diversity order 1 (lD)
(Jost, 2006). This diversity index weighs each phage contig according to
its relative abundance in the sample and the index can therefore be
interpreted as the number of phage contigs that are “common” in the
sample. Pielou’s evenness index (Pielou, 1966) was used to quantify the
distribution of phage contigs detected in a sample. The index ranges
from O to 1 and a high value means that all detected contigs have similar
relative abundance in the sample (i.e. high evenness). The difference in
phage composition between samples was calculated as Hill-based
dissimilarity of diversity order 1. This index ranges from O to 1 and
can be interpreted as the fraction of “common” phage contigs not shared
between pairs of samples. Diversity indices and principal coordinate
analysis (PCoA) were calculated using qdiv (Modin et al., 2020).

Results
The concentrations of VLP and DOC were different in the four WWTPs

In Fig. 2, the concentrations of DOC and VLP, and the sizes of the VLP
in the four WWTPs are shown. There were significantly different con-
centrations of effluent DOC between WWTPs (p = 4.10’6, ANOVA).
These ranged from 7.1 + 0.6 mg L™} (average+standard deviation, n =
7) for plant C to 14.7 + 3.0 mg L™! (n = 4) for plant D. Post-hoc pairwise
comparisons showed significant differences (p < 0.02, Tukey’s HSD)
between all plants except A and B. For VLP, there were also significant
differences (p = 0.01, ANOVA), with concentration ranging from 3.8
(£0.7)010° VLP mL ! in plant C to 7.3(+3.3)e10° VLP mL ! in plant D.
Pairwise comparisons showed that plant C had significantly lower con-
centrations than plant A and D (p < 0.02, Tukey’s HSD). No significant
difference in the mean and mode of the VLP diameters between the
WWTPs was observed. The VLP size distribution is also shown in Fig. S2
(supplementary material). The mode of the size distribution was be-
tween 90+5 nm in plant C and 102+22 nm in plant D.

There was a linear correlation between VLP and DOC concentrations

Using linear regression, the correlation between DOC and VLP con-
centrations was investigated (Fig. 3i). There was a significant correla-
tion (dej =0.73,p < 0.001) and the slope of the regression line was 1.25
(40.33)-10712 mg DOC VLP™! (95% confidence interval). When linear
regression was carried out on the data from each plant individually,
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positive correlations could be observed for all plants with Pearson’s r
ranging from 0.54 to 0.99. The correlations were statistically significant
for plants C and D (p < 0.05) (Fig. S3, supplementary material).

VLP contributed to the DOC concentrations

The possible contribution of VLP to the DOC was investigated by
removing particles from the water using a flocculation method and then
measure the DOC and VLP concentrations again (Fig. 3ii). The reduction
in DOC concentration after flocculation was between 22 + 4% (average
+standard deviation, n = 7) in plant A and 30 + 6% (n = 2) in plant D.
The reduction in VLP concentration ranged from 88 + 5% in plant A to
99 + 1% in plant B (n = 7). The reduction in DOC was correlated with
the reduction in VLP (Rgdj = 0.73, p < 0.001) and the slope of the
regression line was 0.54(£0.15)-10712 mg DOC VLP™! (95% confidence
interval). There was also a linear correlation for all plants individually
with Pearson’s r ranging from 0.45 to 0.93, although the correlations
were only significant for plants A and C (Fig. S4, supplementary
material).

As plant D was equipped with a UF unit with a cutoff of 0.02 pm, this
provided an alternative way of analyzing the contribution of VLP to
DOC. The DOC concentrations dropped from 14.7 + 2.6 to 13.0 + 2.4
mg L7}, corresponding to a reduction of 11.3 + 2.6%. The VLP con-
centrations dropped from 7.3+(2.8)-10° to 0.022-(0.004)-10° VLP
ml’l, corresponding to a reduction of 99.7 + 0.1% (n = 4). For these
four samples, no statistically significant linear correlation could be
determined but the ratio between changes in DOC and VLP was 0.24
+(0.07)-107 12 mg DOC vLp~! (average+standard deviation, n = 4).

Tertiary treatment had varying effects on the DOC and VLP concentrations

Plant C was equipped with a pond system as tertiary treatment before
the effluent was discharged. As water flowed through the ponds, the
DOC concentration decreased by 9 & 11%, from 7.1 + 0.5 mg L ™! to 6.4
+ 0.4 mg L! (average+tstandard deviation, n = 5). The VLP concen-
tration, on the other hand, decreased by 75 + 4%, from 3.8(+0.7)e10°
VLP mL~! to 0.96(10.23)0109 VLP mL~!. There was no change in the
size distribution of VLPs (Fig. S5, supplementary material).

Plant D was equipped with a UF unit followed by GAC filter unit. As
mentioned above, the UF removed 99.7 + 0.1% of the VLP and 11.3 &
2.6% of the DOC. The following GAC filtration led to a decrease in the
DOC concentration by 1449%, from 13.0 + 2.4 mg L' t0 11.0 + 1.3 mg
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Fig. 2. Concentration of DOC (i) and VLP (ii) in the four WWTPs, and the mean (iii) and mode (iv) of the hydrodynamic diameters of the VLPs. The boxes show the
1st, 2nd, and 3rd quartiles. The whiskers extend 1.5 times the interquartile range and measured values outside this range are shown as circles. The data is based on
samples collected after secondary treatment in each WWTP (Fig. S1, supplementary material).
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Fig. 3. (i) Correlation between concentrations of DOC and VLP. (ii) Correlation between changes in concentrations of VLP and DOC after flocculation with zinc
hydroxide. In samples D (UF), ultrafiltration was used to remove particles from the water. Error bars show standard deviations of multiple VLP analyses (n = 3 or n

= 4.

L~L. The VLP concentration increased across the GAC filter from 0.02
(40.004)010° VLP mL ! to 0.14(£0.04)e10° VLP mL 1.

Phage communities from different WWTPs had different composition

The bioinformatics resulted in 366 phage contigs out of which 106
were classified as complete phage genomes while 43, 73, and 143 were
classified a high-, medium-, and low-quality genomes, respectively, by
CheckV.

The phage communities had similar alpha diversity and evenness
(Fig. 4i,ii). For beta diversity, the three samples from plant A clustered,
suggesting they had similar composition in comparison to the samples
from the other two WWTPs (Fig. 4iii).

A difference in composition between samples from different plants
was also seen in the analysis of auxiliary metabolic genes in the viral
contigs (Fig. 5). These are genes that encode various metabolic functions
in the host cells (Breitbart et al., 2018). The sample from plant A had an
even distribution between genes associated with nucleotide- and amino
acid metabolism. In plant B, metabolism of co-factors and vitamins
dominated while amino acid metabolism dominated in plant C.

Putative viral hosts were diverse

Putative associations between phages and hosts are shown in Fig. 6.
Among phage classifications, Siphoviridae, Myoviridae, and Podoviridae
were the most common. Many contigs were also unclassified phages. Out
of the 366 phage contigs, 70 could be linked to a putative host. Coma-
monadaceae, Pseudomonadaceae, Rhodocyclaceae, and Burkholderiaceae
were the most common host affiliations represented by 9, 6, 6, and 5

contigs, respectively. There were 20 phage contigs that could be
detected in all five samples. Most of the contigs in this core community
were unclassified and only one, a Siphoviridae, had a host link to a
Pseudomonadaceae sp. The most common host affiliation that could be
observed in all five samples were Comamonadaceae, Pseudomonadaceae,
Flavobacteriaceae, Enterobacteriaceae, and Rhodobacteraceae (Fig. S6,
supplementary material).

Discussion
Can we predict phage concentrations in WWTP effluents?

Phage concentrations and the phage-to-prokaryote ratio is highly
variable in different environments (Parikka et al., 2017) and fluctuates
over time (Brown et al., 2019). There is also an order of magnitude
difference in phage concentrations observed in different process streams
and WWTPs. In activated sludge, 107 to 10° particles mL~! have been
measured (Brown et al., 2019; Otawa et al., 2007; Wu and Liu, 2009),
and in anaerobic digesters 10'° particles mL ! were observed (Wu and
Liu, 2009). The effluent concentrations are typically lower. Wu and Liu
(2009) measured a concentration of 108 particles ml ! in the effluent
from a Singaporean WWTP and Brown et al. (2019) measured concen-
trations of around 108 to 10° particles ml~! from an English WWTP. In
this study, the VLP concentration measurements in the effluent from the
four plants varied by a factor of 5. Despite the variability, there are in-
dications that WWTP process design and operation could be a predictor
of phage concentrations. Phage production can be linked to prokaryotic
productivity (Parikka et al., 2017; Zimmerman et al., 2020). This has, for
example, been observed in marine environments where lytic viral
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Fig. 5. Auxiliary metabolic genes detected in the metaviromes. The gene functions are categorized based on KEGG modules.

infections and phage production was higher when the prokaryotic pro-
ductivity was high during the summer season, while lysogeny was more
prevalent during the winter season (Payet and Suttle, 2013). A WWTP is
a highly productive environment, and we can therefore expect high
phage concentrations. However, the productivity (i.e., microbial growth
rate) depends on the process configuration. We observed that the acti-
vated sludge plants with high organic loading rate (A, B, and D) had
higher VLP concentrations than plant C (Fig. 2). This could be explained
by faster microbial growth and lower fraction of inert material in
high-loaded systems. In plant C, we can see that the VLP concentration
dropped by 75 + 4% after the effluent passed through a pond system.
The microbial activity and density were likely much lower in the ponds
than in the activated sludge system, leading to the decline in VLP con-
centration. In the tertiary treatment of plant D, we could also observe a
link between microbial activity and VLP concentration. After VLPs were
removed by the UF unit, an increase in VLP concentration could be
observed following the GAC filtration unit, which might be explained by
biological activity. Organic compounds are degraded by a biofilm
forming on the activated carbon surface (Acevedo Alonso et al., 2021).
The biofilm growth in the GAC could thus explain the increase in phages
in the water. Many other factors at WWPTSs, such as the type of activated
sludge process (SBR or continuous flow) and the presence of chemical
treatment, could also affect the VLP concentration as well as the rela-
tionship between VLP and DOC, and should be investigated in further
work.

Can we predict phage community composition in WWTP effluents?

There were clear differences in phage composition between the
WWTPs. The beta diversity analysis suggested that each WWTP had its
own distinct phage community. Despite being samples taken a month
apart, the three phage communities from plant A clearly grouped and
were different from the phage communities in plant B and C (Fig. 4ii).
Phage communities are shaped by interactions with the hosts (Liu et al.,
2021). The Red Queen hypothesis (Van Valen, 2014) suggests a
continuous arms race between phages and their hosts (Rohwer and
Segall, 2015). When the host evolves improved defense systems against
a phage, the phage counteracts this by evolving improved ways of
infecting the host. A genome study of Candidatus Accumulibacter species
in separate bioreactors found that the species mainly differed in genomic
regions related to phage defense, suggesting that local arms races with
phages likely drives speciation of both the host and the phage (Kunin
et al., 2008). Speciation caused by arms races between bacteria and
phages would lead to different species evolving in different locations.
This would explain how geographically separate WWTPs evolve distinct
phage communities, which could be observed in our study. Differences
phage community composition could lead to different relationships
between phage concentrations and DOC at different WWTPs.

Despite having different composition, several of the host associations
could be seen in samples from all the WWTPs (Fig. S6, supplementary
material). Among the identified hosts (Fig. 6), many of the taxa are

known to belong to the core microbiome of activated sludge. These
include, for example, Comamonadaceae and Rhodocyclaceae (Wu et al.,
2019).

What are the practical consequences of phage activity for WWTPs?

Phage activity affects WWTPs in several ways. In the effluent, the
phage particles themselves contribute to the DOC concentration. The
zinc hydroxide precipitation we used to remove phages from the water
suggested that they accounted for 22-30% of the DOC and that a phage
contains 0.54(+0.15)-10 12 mg carbon. This is likely an overestimation
as other organic compounds than phages could have been removed from
the water in the flocculation process. A more realistic estimate was
obtained from plant D, which used ultrafiltration with a 0.02 pm cutoff.
Although this could also have removed non-phage organic particles, the
number of such particles in the investigated size range was likely small
in comparison to the number of phages, as indicated by SYBR Gold
staining during NTA (supplementary video). The measurements across
the UF unit in plant D suggested that phages made up 11.3 + 2.6% of the
DOC in the effluent and that a phage contains 0.24(£0.07)-1012 mg
carbon. This is similar to previous estimates of the carbon content of
phage particles, which range from 0.055-107'2 to 0.2.107'2 mg (Stew-
ard et al., 2007; Wilhelm and Suttle, 1999). Jover et al. (2014) estab-
lished a relationship between the elemental content of a phage and its
capsid size. Based on the size measurements in Fig. 2, we estimate that in
an effluent containing 10'° phages per ml, the phages would contribute
with 0.72 mg L~ DOC, 0.29 mg L ™! total nitrogen, and 0.11 mg L ™! total
phosphorus (Text S2, supplementary material). Especially the phos-
phorus content may be relevant for WWTPs, which often have strict
discharge limits on total phosphorus.

The linear correlation between DOC and VLP concentrations
observed in this study (Fig. 3i) cannot be solely explained by the carbon
content of the phages themselves. Phage activity can also contribute to
effluent DOC concentrations by causing lysis of prokaryotic cells in the
biological treatment processes. The term “viral shunt” has been used to
describe the recycling of nutrients that occurs when viral lysis of host
cells results in the release of cellular debris, which can be taken up by
other prokaryotic cells (Zimmerman et al., 2020). A fraction of the
cellular debris is likely recalcitrant (Jiao et al., 2010) and remains in the
WWTP effluent. High levels of lytic infection would thus both result in
high concentrations of phage particles and organic carbon derived from
cellular debris. Phage activity can also lead to changes in the microbial
composition of biological treatment process and indirectly affect treat-
ment performance. The viral shunt will cause a decline in the population
infected by the phage and growth of the co-existing microorganisms able
to use the released nutrients, which affects the balance between different
populations. Such phage-driven changes in the relative abundance of
different taxa were previously reported for a membrane bioreactor
(Shapiro et al., 2010). The arms race between phages and their hosts also
leads to diversification, and the evolution of phage resistance in the host
can be associated with changes in metabolism, for example, the ability to
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Fig. 6. Links between phages (light gray bars) and putative host microorganisms (dark gray bars). The size of the bars in the outer ring is proportional to the number
of phage-contigs with the specified taxonomic affiliation. Red bars and links refer to contigs belonging to a core phage community (i.e., contigs that are present in all
five samples). The abbreviation unkn after the host name means that host was unclassified at the family level, but had a higher-level classification.

metabolize organic compounds (Middelboe et al., 2009). This could
theoretically have consequences for the performance of wastewater
treatment processes. Phages can also contribute to horizontal gene
transfer (Touchon et al., 2017) and affect the metabolism of the mi-
croorganisms they infect. For example, marine phages were shown to
carry auxiliary metabolic genes for several nitrogen conversion pro-
cesses (Gazitiia et al., 2021). Nitrogen conversions are important in

wastewater treatment and the role of phages for these processes should
be explored further. In our data set, we could see that the distribution of
auxiliary metabolic genes where different in phage communities from
different WWTPs, indicating that the effects of phages on microbial
metabolism could differ depending on the WWTP.
Both the concentration and the composition of DOC in the effluent
from biological treatment has effects on the performance of tertiary
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treatment technologies. The effectiveness of advanced oxidation pro-
cesses is reduced by presence of DOC (Dantas et al., 2012) and both the
concentration and oxidation state of DOC were shown to determine the
removal efficiency of micropollutants during ozonation (Ekblad et al.,
2019). The sorption efficiency of activated carbon for micropollutant
removal is negatively affected by increasing DOC concentration (Boeh-
ler et al., 2012). Disinfection by chlorination is used as the final treat-
ment step at WWTPs around the world. The presence of DOC would
increase the chlorine consumption and lead to the formation of toxic
byproducts (Summers et al., 2020). Managing the DOC content in
WWTP effluents is, therefore, an important challenge. Phage activity is
important for the function of biological treatment processes in WWTPs
and, as shown in this study, there is a relationship between DOC and
phage concentrations.

Conclusions

Based on samples from four Swedish WWTPs, a linear correlation
between DOC- and VLP concentrations could be established. The
contribution of the VLP to the DOC concentration is in the order of one
mg per liter. In plant D equipped with UF, this corresponded to 11.3 +
2.6% of the total DOC in the water. Since the fraction of the DOC that
can be attributed to carbon in VLPs was quite small, there most be
another explanation for the observed linear correlation between DOC
and VLP. Phage infection of bacterial cells would also cause an increase
in DOC concentration in the wastewater because of organic compounds
released by the lysed host cells. High concentrations of VLP could
indicate high rates of infections and many lysed host cells, which could
explain the linear correlation between DOC and VLP.

The phage diversity was high and many phage contigs were taxo-
nomically unidentified. The diversity of putative hosts was also high and
corresponded to bacterial families frequently found in activated sludge
systems. Differences in phage composition between treatment plants
and a possible relationship between organic loading rate and phage
concentration and composition suggest that it may be possible to control
phage activity by the design and operation of WWTPs. This warrants
further investigations because even small changes in effluent quality
caused by phage activity can have consequences for tertiary treatment
processes for micropollutants removal and disinfection.
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