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A B S T R A C T   

Phage emit communication signals that inform their lytic and lysogenic life cycles. However, little is known 
regarding the abundance and diversity of the genes associated with phage communication systems in wastewater 
treatment microbial communities. This study focused on phage communities within two distinct biochemical 
wastewater environments, specifically aerobic membrane bioreactors (AeMBRs) and anaerobic membrane bio
reactors (AnMBRs) exposed to varying antibiotic concentrations. Metagenomic data from the bench-scale systems 
were analyzed to explore phage phylogeny, life cycles, and genetic capacity for antimicrobial resistance and 
quorum sensing. Two dominant phage families, Schitoviridae and Peduoviridae, exhibited redox-dependent dy
namics. Schitoviridae prevailed in anaerobic conditions, while Peduoviridae dominated in aerobic conditions. 
Notably, the abundance of lytic and lysogenic proteins varied across conditions, suggesting the coexistence of 
both life cycles. Furthermore, the presence of antibiotic resistance genes (ARGs) within viral contigs highlighted 
the potential for phage to transfer ARGs in AeMBRs. Finally, quorum sensing genes in the virome of AeMBRs 
indicated possible molecular signaling between phage and bacteria. Overall, this study provides insights into the 
dynamics of viral communities across varied redox conditions in MBRs. These findings shed light on phage life 
cycles, and auxiliary genetic capacity such as antibiotic resistance and bacterial quorum sensing within waste
water treatment microbial communities.   

1. Introduction 

Membrane bioreactors (MBRs) are widely used for wastewater 
treatment (Goswami et al., 2018). MBRs can produce high-quality 
treated water with low effluent concentration of organic micro
pollutants such as such as pharmaceuticals (Goswami et al., 2018). The 
main application of MBRs in wastewater treatment is under aerobic 
conditions (Goswami et al., 2018), but interest in AnMBRs is growing 
due to their potential for energy recovery and lower sludge production 
(Smith et al., 2012). However, both aerobic and anaerobic MBRs require 
biofouling control to reduce energy demands of treatment and maintain 
high pollutant removal efficiency (Smith et al., 2012). 

Phage therapy has been proposed as a mechanism to address 
biofouling in MBRs (Bhattacharjee et al., 2015) and for other applica
tions in wastewater systems including controlling pathogenic bacteria, 
improving the digestibility and dewaterability of waste-activated 
sludge, and controlling filamentous bacteria by preventing foaming 

(reviewed by Withey et al. 2005). However, currently little is known 
regarding the diversity, abundance, and functions of phage and how 
they interact with bacteria during biological wastewater treatment. The 
promise of phage therapy cannot be realized without a better under
standing of phage diversity, host range, and the dynamics of phage-host 
interactions within wastewater treatment bioprocesses and more spe
cifically in MBRs. 

Phage are said to be more abundant in water resource recovery fa
cilities (WRRFs) than in any other aquatic environment (Fuhrman, 1999; 
Tamaki et al., 2012; Wommack and Colwell, 2000). Studies have used 
metagenomic data or meta-analysis to assess the viral communities and 
their auxiliary metabolic capabilities within WRRFs by analyzing the 
influent, activated sludge, anaerobic digester, and effluent of the treat
ment processes (Tamaki et al., 2012; Strange et al., 2021; Yuan and Ju, 
2023). Few studies have evaluated the ecology of phage or their life 
cycle in membrane bioreactors, particularly under different redox 
conditions. 
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Phage infect bacterial cells by attaching to cell surface receptors and 
inserting their genetic material into the bacterial cell (Clokie et al., 
2011; Doss et al., 2017). After infection, phage either lyse the cell (lytic 
cycle) or integrate their DNA into the bacterial cell (lysogenic cycle). For 
the lytic life cycle, phage accumulate in the bacterial cell until 
phage-encoded proteins (i.e., holin and endolysin) lyse the cytoplasmic 
membrane of the host bacteria allowing the phage to burst out of the 
cell. For the lysogenic life cycle, the phage will replicate inside the host 
genome and could stay dormant for generations. The two life cycles play 
a major role in shaping microbial communities (Chevallereau et al., 
2022), making it important to understand the mechanisms of how phage 
reproduce and switch between both life cycles. 

Phage and bacteria possess the ability to communicate among 
themselves and with each other (reviewed by (Duddy and Bassler, 2021; 
Vela and Al-Faliti, 2023)). In phage, several phage-phage molecular 
communication systems have been observed including lysis inhibition 
(LIN) (Abedon, 1992; Abedon, 2019), LIN collapse (Abedon, 1992; 
Abedon, 2019), high multiplicity lysogeny decisions (Wadhwa, 2017), 
and arbitrium systems (Erez et al., 2017). Identifying the communica
tion signals within phage is critical as it guides the switch between the 
lytic and lysogenic life cycles. In bacterial cells, quorum sensing is car
ried out with chemical signaling molecules (i.e., autoinducers) that are 
secreted into the environment and then sensed by other bacterial cells 
(Feng et al., 2013; Hu et al., 2021; Shrout and Nerenberg, 2012). 
Autoinducer-associated prophage induction is a type of 
bacteria-to-phage communication that informs lytic or lysogenic life 
cycles (Silpe and Bassler, 2019). These complex systems warrant further 
investigation to provide a mechanistic understanding of the role of mi
crobial communication within both phage and bacteria on microbial 
activity, particularly in complex environments such as wastewater 
treatment systems. 

We analyzed metagenomic data from a laboratory-scale aerobic 
membrane bioreactor (AeMBR) and an anaerobic membrane bioreactor 
(AnMBR) operated in parallel at different antibiotic concentrations 
(Wang et al., 2022). Bioinformatic tools were used to recover viral genes 
and phage community capabilities from both reactors at different anti
biotic concentrations. The study provides a new perspective on the (i) 
phage communities, (ii) genes associated with the phage life cycles, (iii) 
genetic potential for antibiotic resistance and quorum sensing within 
phage under different redox environments and antibiotic loading 
conditions. 

2. Materials and methods 

2.1. Metagenomic data 

Metagenomic data were obtained from a study of bench-scale 
AeMBR and AnMBR investigating antimicrobial resistance patterns as 
a function of antibiotic loading and redox (Wang et al., 2022). Briefly, 
the AeMBR and the AnMBR were operated in parallel at 25 ◦C and fed a 
synthetic feed representative of medium-strength domestic wastewater. 
Different antibiotic levels were applied in a stepwise fashion for a period 
of seven days at each of the concentrations (0, 10, and 250 μg/L). The 
antibiotic mixture included sulfamethoxazole (SMX, a sulfonamide), 
erythromycin (ERY, a macrolide), and ampicillin (AMP, a beta-lactam). 
Intracellular DNA (iDNA) and extracellular DNA (exDNA) were sepa
rately extracted from effluent samples from each MBR. For these sam
ples, a 150 mL effluent sample was filtered through a 0.2 µm filter, and 
the filtrate was then precipitated via isopropyl alcohol and resuspended 
to obtain the exDNA sample. Intracellular DNA was extracted from the 
filter. The biomass sample was obtained from the MBRs by taking a 2 mL 
sample and then centrifuging at 10,000 g at 4 ◦C for 1 min. Both the filter 
and the biomass samples were extracted using Maxwell 16 LEV Blood 
DNA Purification Kit (Promega, Madison, WI) as previously described 
(Wang et al., 2022). Samples were collected at the end of each antibiotic 
loading period (Table 1) across the three sample types (iDNA, exDNA, 

and biomass) and subsequently sequenced using Illumina NextSeq 
platform with PE 150 bp reads (USC Genome Core, Los Angeles, CA). 
The raw reads were then further analyzed using a bioinformatic 
pipeline. 

2.2. Bioinformatic analysis 

2.2.1. Reads pre-processing, assembly, and mapping 
Fastp v0.23.2 (Chen et al., 2018) was used to quality filter/trim the 

raw reads. Raw reads were filtered based on a PHRED quality threshold 
of 25 and a length threshold of at least 50. The reads were then trimmed 
using both a sliding window and a leading window of 4 bases with a 
mean PHRED quality score of 25. The reads were also deduplicated and 
an overlap analysis was performed for the reads to correct mismatched 
base pairs in overlapped regions. The filtered and trimmed reads were 
then assembled to contigs using Megahit v1.2.9 (Li et al., 2015) using a 
k-min of 21, k-max of 255, and step size of 6. The quality of the assembly 
was checked using QUAST v5.2.0 (Gurevich et al., 2013). The filtered 
and trimmed reads from fastp were also mapped to the sample’s as
sembly using Bowtie2 v2.4.4 (Langmead and Salzberg, 2012) and then 
quantified using Samtools v1.13.0 (Danecek et al., 2021). Samtools 
provides the coverage depths of the whole contig and the coverage per 
position for the genes in the contigs. Assembled contigs for each of the 
samples are deposited on NCBI Project ID PRJNA1073904. The full 
bioinformatic pipeline is available at https://github.com/Delgado-Vela- 
Research-Group/Phage-Analysis. 

2.2.2. Viral contigs identification and prophages 
We adapted a previously published bioinformatic pipeline to deter

mine the viral contigs from the assembled contigs (Hegarty et al., 2022). 
We established a threshold for contig length of 2300 bp based on the 
average N50 value from QUAST from three representative samples. 
Contigs longer than 2300 bp were then sorted into viral contigs based on 
using the consensus of three bioinformatic tools: CheckV v1.0.1 (Nay
fach et al., 2021), VirSorter v1.0.6 (Roux et al., 2015), VirSorter2 v2.2.4 
(Guo et al., 2021). The contig was determined viral if (1) it was com
plete, high, or medium from CheckV, (2) it had a score in VirSorter2 
greater than 0.95, (3) it had at least two hallmark viral genes in Vir
Sorter2, or (4) it was a category 1 or 2 in VirSorter (Hegarty et al., 2022). 
A contig was also considered viral if it had at least two of the following 
conditions (1) Category 3–6 in VirSorter, (2) low in CheckV, or (3) a 
score between 0.5–0.95 in VirSorter2. We also removed any contigs that 
had a length of more than 50,000 bp and did not contain any viral 
hallmark genes in VirSorter2, no viral genes with more than one host 

Table 1 
Description of sample names, types, and antibiotic concentration.  

Sample type Redox 
condition 

Antibiotic 
concentration (μg/L) 

Sample code 

Intracellular DNA 
(iDNA) 

Aerobic 
0 Ae_intra_0 
10 Ae_intra_10 
250 Ae_intra_250 

Anaerobic 

0 An_intra_0 
10 An_intra_10 
250 An_intra_250 

Extracellular DNA 
(exDNA) 

Aerobic 
0 Ae_extra_0 
10 Ae_extra_10 
250 Ae_extra_250 

Anaerobic 

0 An_extra_0 
10 An_extra_10 
250 An_extra_250 

Biomass 

Aerobic 
0 Ae_bio_0 
10 Ae_bio_10 
250 Ae_bio_250 

Anaerobic 
0 An_bio_0 
10 An_bio_10 
250 An_bio_250  
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gene in CheckV, and if it had 3 times greater host genes than viral genes 
from CheckV. The viral contigs identified were further analyzed to 
determine if they were prophage using CheckV and VirSorter. From 
CheckV if the category provirus was deemed as “yes”, it was categorized 
a prophage. From VirSorter, if the viral contig is a category 1 or 2 pro
phage, it was categorized as a prophage. 

2.2.3. Data normalization 
The iDNA and exDNA sample reads were normalized using reads per 

kilobase million (rpkm) to account for differences in coverage depth and 
gene lengths. We calculated the rpkm by determining the number of 
mapped reads from the total reads for each sample. To account for 
coverage depth, we divided the depth of each gene in the contig by the 
mapped reads per million. Then to account for the gene length, we 
divided the normalized depth value by the gene length per 1000. Due to 
differing biomass concentration in the two reactors, the biomass sample 
reads were normalized by using rpkm per gram volatile suspended solids 
(rpkm/g VSS sequenced). We calculated the grams of VSS sequenced 
based on Eqs. (1) and (2). Mapped reads were then divided by the grams 
of VSS sequenced to get mapped reads per gram of sequenced VSS. The 
calculations to account for coverage depth and gene length were the 
same as the iDNA and exDNA mentioned above.   

g VSS sequenced = μL DNA sequenced ∗ Y
(

g VSS
μL DNA

)

(2)  

2.2.4. Gene annotations and viral taxonomy 
All gene annotations were assigned using DRAM v1.4.6 (Shaffer 

et al., 2020) based on the Pfam database. The coverage depths per po
sition from Samtools (Section 2.2.3) were matched with the gene posi
tions that had an annotation assigned to identify their coverage. The 
data were normalized based on the rpkm discussed in Section 2.2.3. The 
rpkm value of the similar annotation in the sample was summed to 
identify the abundance of the function in the same sample and to 
compare it with the other samples. From the Pfam hits we identified the 
proteins that were associated with the lysogenic life cycle, lytic life 
cycle, and potential viral-to-bacterial communication systems. We 
manually examined all contigs that were annotated to quorum sensing 
(QS) genes to ensure QS gene annotations were within a phage contig or 
within the phage region of the genome for prophage. If the QS gene was 
not less than 4000 bp away from a known phage annotation, it was not 
included in the analysis. The viral contigs identified from Section 2.2.3 
were used as input for the taxonomy assignment. We assigned the tax
onomies using PhaGCN (Shang et al., 2021), which assigns the taxon
omies of the viral contigs based on the International Committee on 
Taxonomy of Viruses (ICTV) 2022 tables. 

2.2.5. Alpha and beta diversity 
The alpha and beta diversity within the viral communities were 

calculated using the vegan v2.6–4 (Oksanen et al., 2013) in R-studio 
(Team, R. Developement Core, 2009). We calculated several measures of 
alpha diversity: richness (the number of viruses found in the sample), 
Shannon index (a measure of the diversity of viruses in the community), 
and Shannon evenness index (how similar the abundance of the different 

species in the community). Richness was normalized based on the rpkm 
normalization strategy discussed in Section 2.2.5 and the Shannon 
indices were normalized by dividing the Shannon indices by the 
maximum Shannon index of the specific sample. Beta diversity was 
quantified using the vegandist function in the vegan package, which 
allowed computation of the Bray Curtis distances between samples. Data 
were normalized similarly to the description in Section 2.2.5 using the 
rpkm values of each sample. 

2.2.6. Antibiotic resistance genes (ARGs) analysis 
The viral contigs were compared against the Megares v3.0 (Bonin 

et al., 2023) database using nucleotide BLAST v2.11.0 to annotate the 
ARGs groups for all the samples. Hits with bitscores higher than 70 were 
used for the analysis. Data were normalized using the rpkm method 
discussed previously (Section 2.2.5). We manually examined the contigs 
deemed as prophage from Section 2.2.2 that had ARG hits. If the ARG 
annotation was not less than 4000 bp distance from a phage annotation, 
it was not included in the ARG analysis. 

2.2.7. ANOVA analysis of prophage 
The viral contigs that were considered prophage from Section 2.2.3, 

were further analyzed. We first calculated the percentage of prophage 

contigs from the total number of viral contigs per sample analyzed. 
Using the percentages, we performed a one-way ANOVA analysis on the 
iDNA and exDNA samples with the goal of identifying differences in 
prophage percentages between the aerobic and anaerobic samples from 
the two sample types (iDNA and exDNA). The ANOVA analysis was 
performed in R-studio (Team, R. Developement Core, 2009) to evaluate 
variances between all samples, only iDNA samples, and only exDNA 
samples. 

3. Results and discussion 

3.1. Schitoviridae was more dominant under anaerobic conditions while 
Peduoviridae was dominant under aerobic conditions 

Metagenomic analysis allowed investigation of the functional ca
pacity and taxonomic composition of the viral communities in the MBRs. 
Our assembly resulted in 212,043 contigs longer than 2300 bp, of which 
1043 contigs were categorized as viral. Approximately 91 % of the viral 
contigs were observed in effluent iDNA and exDNA samples, as opposed 
to the biomass samples, likely due to insufficient sequencing depth given 
that the biomass community is significantly more diverse than the 
effluent community (Wang et al., 2022). Schitoviridae was the most 
dominant family in the effluent from the AnMBR (Fig. 1), and though 
more diverse, Peduoviridae was the most dominant family in the effluent 
from the AeMBR (Fig. 1). We also observed that Schitoviridae was almost 
non-existent in the AeMBR, but there was a presence of Peduoviridae in 
the AnMBR. While Schitoviridae accounted for 4.70 %−87.80 % of phage 
relative abundance in all the anaerobic samples, its relative abundance 
was only 0.28 %−7.02 % in 4 out of 6 of the aerobic samples. 
Conversely, Peduoviridae was present at 8.81 %−42.67 % across 5 of 6 
aerobic samples and present at lower abundance (0.16 %−13.53 %) 
across all anaerobic samples. A beta diversity analysis (Fig. S7) did not 
show clustering by either sample type or antibiotic concentration. 

Y =
g VSS

μL DNA extract

=
MLVSS (g VSS/mL Sample)∗ Sample Volume extracted (mL Sample )

μL DNA extract

(1)   
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Our study provides evidence that the dominant viral taxa could differ 
between the AeMBR (Peduoviridae dominant) and the AnMBR (Schito
viridae dominant). To our knowledge, few studies have found phage 
associated with the two families (Schitoviridae and Peduoviridae) in 
wastewater environments. One study isolated phage from wastewater 
and found novel members of the Schitoviridae family with further 
genomic analysis showing association with the lytic life cycle (Gomes 
et al., 2023). No studies to our knowledge have shown the presence of 
Peduoviridae in wastewater environments. However, it has been 
observed in soil (Ji et al., 2023) and grass silages (Sáenz et al., 2023). 
Several studies have reported that the most dominant viral families in 
the wastewater were Siphoviridae, Myoviridae, and Podoviridae (Tamaki 
et al., 2012; Ballesté et al., 2022; Brown et al., 2019; Wu and Liu, 2009). 
However, the composition of the viral communities differs between the 
influent, activated sludge, anaerobic digestion, and effluent (Tamaki 
et al., 2012; Ballesté et al., 2022; Brown et al., 2019; Wu and Liu, 2009). 
We did not observe evidence of the presence of the most abundant 
families (Siphoviridae, Myoviridae, and Podoviridae) commonly found in 
activated sludge environments, from analyzing the metagenomic data 
from the iDNA or exDNA in the effluent of the MBRs in this study. This 
may be because membrane separation impacts the phage community in 
the effluent compared to conventional secondary effluent. Our study 
used recently updated ICTV tables and a classification algorithm that 
uses a semi-supervised learning model, but it is also relevant to note that 
there is a lack of consensus with respect to classification algorithms and 
databases for viral contigs. The application of different classification 
algorithms or databases could impact phage taxonomic analysis. 

3.2. Phage in both redox conditions possess both lytic and lysogenic 
capabilities 

The presence of either lytic or lysogenic genes were investigated to 
understand the abundance and diversity of genes related to both life 
cycles as a function of redox and antibiotic loading. Genes associated 
with lysogeny and lysis for the biomass samples were at lower abun
dances when compared to iDNA and exDNA samples when using our 
bioinformatic tools (Figs. S1 & S3). This lower coverage of lytic or 

lysogenic genes in the biomass samples shown in Figs. S1, and S3 in the 
SI, is associated with the lower overall mean coverages of all contigs 
(Table S1) in the biomass samples in comparison to the iDNA and exDNA 
samples. As described above, this may be due to the expected higher 
diversity in the biomass samples which could lead to lower sequencing 
depths. Fig. 2 shows the three most abundant lytic or lysogenic genes 
found in all the samples. Phage Schitoviridae, the most abundant phage 
family in the AnMBR (Fig. 1), had both lytic and lysogenic capabilities in 
the AnMBR. Two lytic genes (Transglycosylase SLT domain 
[PF01464.23], Holin of 3TMs, for gene transfer release [PF11351.11]) 
and one lysogenic gene (Phage integrase family [PF00589.25]) were 
among the most abundant. 

Genes associated with the lysogenic life cycle were identified in both 
MBRs at the different antibiotic loadings, with no clear pattern with the 
antibiotic concentrations (Fig. 3). For the iDNA and exDNA samples, we 
identified 4 genes (Phage regulatory protein Rha [PF09669.13], Phage 
regulatory protein CII (CP76) [PF06892.14], Phage integrase family 

Fig. 1. Phage families of the AeMBR and the AnMBR. The figure shows the taxonomy at each antibiotic concentration level.  

Fig. 2. The most abundant gene families related to either lysogeny or lysis 
identified in all the samples, overall abundance was highest in the AnMBR 
reactor. The green rectangle represents iDNA samples. The purple rectangle 
represents exDNA samples. White indicates rpkm values between 0 and 10, that 
is shown at higher resolution in Figs. 3 and 4. 
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[PF00589.25], and Integrase core domain [PF00665.29]) that have the 
potential to carry out lysogenic functions. We observed at least 2 lyso
genic genes present in each sample. The gene Phage integrase family 
[PF00589.25] was observed in 10 out of the 12 samples analyzed and it 
was most abundant in the AN iDNA 0 μg/L condition. Phage integrases 
are enzymes that are used by temperate phage to promote lysogeny 
(Groth and Calos, 2004). The enzymes mediate the recombination be
tween the phage DNA and the bacterial host genome to accomplish the 
integration of the phage into the bacterial host (Groth and Calos, 2004). 
Additionally, the gene encoding the Phage regulatory protein CII (CP76) 
[PF06892.14], was found in the MBRs. As the CII protein accumulates 
and reaches a threshold level, it initiates the lysogenic cycle by acti
vating the CI repressor that blocks the promoters necessary for the Cro 
gene synthesis which is needed for the lytic cycle (Oppenheim et al., 
2005; Richardson et al., 1989). As the expression of CII protein in
creases, the level of lysogenation increases as well (Hao et al., 2021). 
The Phage regulatory protein Rha [PF09669.13] was only found in one 
of the samples analyzed. The Rha protein is found in temperate phage 
and bacterial prophage regions (Henthorn and Friedman, 1995). Over
all, several mechanisms of lysogeny were identified in both redox 

conditions. 
Similar to lysogeny, genes associated with the lytic life cycle were 

identified in both MBRs at the different antibiotic loadings (Fig. 4). For 
the iDNA and exDNA samples, we identified 17 distinct lytic genes 
present in at least one of the samples. The phage lysozyme [PF00959.22] 
gene was found in all the samples, with the highest abundance in the AE 
exDNA 10 μg/L sample. We have identified 6 genes encoding for the 
holin protein and 10 genes encoding for the endolysin or lysozyme 
proteins in this study (Fig. 4). The holin protein acts by forming holes in 
the bacterial plasma membrane, subsequently allowing the endolysin to 
degrade or lyse the bacterial cell (Abedon, 2019; Wang et al., 2000). We 
also observed the presence of the DNA-binding transcriptional regulator 
Cro [PF14549.9] in the AE exDNA 0 μg/L sample. The Cro gene initiates 
the lytic life cycle in phage by blocking the synthesis of the CI gene in 
lambda phage (Abedon, 2019; Lee et al., 2018). Overall, our analysis 
found that the aerobic and anaerobic MBRs did not have a significant 
difference (p-value=0.19) in the diversity of lytic and lysogenic genes 
(anaerobic MBRs average was 3.8 ± 2.0 different genes, compared with 
aerobic MBRs 2.6 ± 2.2 in all samples). 

The choice of the life cycle of phage can be explained by two models, 

Fig. 3. Abundance (rpkm) of the gene families related to lysogeny identified in all the samples for both the aerobic (AE) and anaerobic (AN). The green rectangle 
represents iDNA samples. The purple rectangle represents exDNA samples. 

Fig. 4. Abundance (rpkm) of the gene families related to lysis identified in all the samples for both the aerobic (AE) and anaerobic (AN). The green rectangle 
represents iDNA samples. The purple rectangle represents exDNA samples. The genes that are associated with the holin protein are Phage holin T7 family holin 
superfamily II [PF10746.12], Putative 2/3 transmembrane domain holin [PF13272.9], LydA holin phage holin superfamily III [PF16083.8], Holin of 3TMs for gene- 
transfer release [PF11351.11], Bacteriophage holin family superfamily II-like [PF16082.8], Bacteriophage holin family [PF05105.15]. Endolysin or lysozyme genes 
are Transglycosylase SLT domain [PF01464.23], Phage tail lysozyme [PF18013.4], Phage lysozyme [PF00959.22], Peptidase M15 [PF08291.14], N-acetylmuramoyl- 
L-alanine amidase [PF01510.28], N-acetylmuramidase [PF11860.11], Glycosyl hydrolases family 25 [PF01183.23]; CW_7 repeat [PF08230.14], Glycosyl hydrolases 
family 25 [PF01183.23], CHAP domain [PF05257.19], Bacteriophage Rz lysis protein [PF03245.16]. 
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‘Kill-the-Winner’ (KtW) and ‘Piggyback-the-Winner’ (PtW) (Silveira and 
Rohwer, 2016; Tang et al., 2022; Thingstad, 2000). The two models are 
thought to be driven by host density, where at higher host densities the 
KtW model dominates, and at lower host densities the PtW model 
dominates (Silveira and Rohwer, 2016; Tang et al., 2022; Thingstad, 
2000). Phage interchange between the two ecological strategies to 
ensure their survival at different host densities and environmental 
conditions. We saw evidence of the presence of both lytic and lysogenic 
proteins in our samples, indicating that both models (KtW and PtW) 
were present in our samples. We also identified prophage from our viral 
contigs by using the CheckV and VirSorter tools (Table S2). From the 
total viral contigs (1043 viral contigs), CheckV had on average 8.11 ±
6.22 prophage contigs, while VirSorter had on average 7.17 ± 6.30 
prophage contigs. ANOVA analysis was used to investigate differences in 
abundances of prophage relative to total phage abundances between the 
aerobic and anaerobic samples in the different sample types (iDNA & 
exDNA). From CheckV results, there was a significantly higher (F- value 
= 33.61, p-value = 0.0044, Tukey’s HSD = 0.0044) percentage of pro
phage in the anaerobic iDNA than in the aerobic iDNA (Tables S3 & S5). 
This may suggest the potential of having more phage induction in the 
AeMBR since the prophage were no longer in the cell. However, when 
using the VirSorter, we did not observe a significant difference (F-value 
= 0.907, p-value = 0.395, Tukey’s HSD = 0.395) between the aerobic 
and anaerobic prophage percentages in the iDNA samples (Tables S4 & 
S6). The results underscore that these tools are still being refined and 
further analysis is needed to identify the prophage contigs and poten
tially link these to their bacterial hosts. 

Several studies in the literature have indicated that antibiotics act as 
a prophage inducer (switch the phage from being in a lysogenic state to a 
lytic one) (Tang et al., 2022; Motlagh et al., 2015; Zhang et al., 2020). In 
a bench-scale enhanced biological phosphorus removal (EBPR), it was 
shown that the antibiotic ciprofloxacin induced prophage resulting in 
the decrease of efficiency of the phosphorous removal (Silveira and 
Rohwer, 2016). Ciprofloxacin was also observed in another study to 
trigger the induction of Stx-prophage (Tang et al., 2022). However, 
there is not a consensus in the literature showing a positive correlation 
between prophage induction and antibiotic concentration (Colo
mer-Lluch et al., 2014a). Similarly, we did not observe a positive cor
relation between genes associated with lysis and antibiotic loading. It 
should be emphasized that our study is limited to DNA data, and we did 
not evaluate the expression of induction genes under higher antibiotic 
loading, and it is therefore possible the antibiotics were inducing cell 
lysis by phage. 

The different redox conditions from the AeMBR and AnMBR tested 
could influence the dominant life cycle for phage in wastewater (Withey 
et al., 2005). We observed a higher diversity of the lytic proteins in the 
exDNA in the AeMBR in comparison to the AnMBR (Fig. 2), indicating 
that there is less evidence of lysis occurring in the AnMBR. However, we 
did not observe evidence that the different redox conditions change the 
presence of lysogenic genes (Fig. 3). A study by Ewert & Paynter (Ewert 
and Paynter, 1980) observed higher concentrations of phage titers in 
activated sludge compared to influent wastewater, suggesting lytic life 
cycles were favorable in conventional aerobic activated sludge. The 
importance of the lytic life cycle under aerobic conditions was also 
investigated in a bench-scale EBPR activated sludge process, in which 
four phages were isolated from the system (Khan et al., 2002). The phage 
showed its wide host range including in one instance an ability to infect 
both Gram-positive and Gram-negative bacteria. Results also showed 
that two of the four phage failed to infect their original hosts, which may 
suggest a mutation occurring on either the host or the phage that did not 
result in the lysis of the host cell. The study demonstrated the complex 
interactions and roles of phage in activated sludge. Few studies have 
evaluated infection mechanisms and viral life cycles in anaerobic con
ditions compared to aerobic environments (Withey et al., 2005; 
Hernández and Vives, 2020). More studies are needed to investigate the 
life cycle of phage under anaerobic conditions to understand the 

dynamics of phage, and the expression of these functions under different 
conditions. 

3.3. Aerobic conditions favored the abundance and presence of ARGs 
from the viral contigs 

ARGs from phage can be horizontally transferred to bacteria through 
transduction (Borodovich et al., 2022). In our analysis, we identified the 
ARGs from our viral contigs as these could pose a mechanism for ARG 
dissemination within bacterial communities (Fig. 5). We did not observe 
any phage-related ARGs in our AnMBR samples. In the aerobic samples, 
we observed that the AE exDNA 10 μg/L sample had the highest abun
dance of ARGs including drug and biocide resistance, betalactams, and 
aminoglycosides. We also observed these genes and 
macrolide-lincosamide-streptogramin (MLS) presence at lower abun
dances in the other AE exDNA samples (0 and 250 μg/L), and in one 
intracellular sample (AE iDNA 10 μg/L). The most abundant viral contig 
(Fig. S8) with an ARG was classified as Peduoviridae and had resistance 
genes of betalactams, aminoglycosides, and drug and biocide resistance. 
We did not observe a relationship between the increase in antibiotic 
concentrations and the abundance of the ARGs in the samples (Spear
man’s rho= 0.56, p-value = 0.12). Only the ARG MLS was observed in 
the prophage identified from the viral contigs (Tables S7 & S8). How
ever, when we compared the abundances of ARGs in viral contigs to the 
overall abundances of ARGs from the previous study (Wang et al., 2022), 
the ARGs from the viral contigs represent a small percentage (0.000182 
%) of the overall abundances of ARGs across all the samples, which is 
consistent with a previous study that saw only 0.57 % ARGs were carried 
by vOTUs within anaerobic digestion ARGs (Zhang et al., 2024). 

We have observed the presence of several ARGs in our viral DNA 
fractions. However, there could be other undetected ARGs within the 
viral populations which could be attributed to sequencing depth. Other 
studies have observed that phage carry several ARGs such as tetracy
cline, betalactams, ampicillin, quinolones, and erythromycin (Colo
mer-Lluch et al., 2014a; Balcazar, 2014; Colomer-Lluch et al., 2014b; 
Lood et al., 2017). In our study, phage-associated ARGs were only pre
sent in the AeMBR. Our result is consistent with the previous study 
(Wang et al., 2022), indicating that it is less likely for AnMBR to release 
ARGs (both phage- and non-phage associated) into the environment and 
the potential to use AnMBR to reduce the release of ARGs in full-scale 
wastewater treatment applications. 

3.4. Quorum sensing genes were observed in AeMBRs 

Identifying the lytic and lysogenic proteins along with identifying 
ARGs improves understanding of the phage life cycle and potential ARGs 
in the viral contigs at different redox conditions. To take our analysis a 
step further, we investigated quorum sensing genes within the viral 
contigs. There is evidence in the literature that confirms quorum sensing 

Fig. 5. Analysis of the ARG groups associated with the viral contigs for both the 
aerobic and anaerobic reactor. Abundances are measured using the rpkm 
values. Rpkm values are shown on a log scale in the figure. 
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between phage and bacteria (Vela and Al-Faliti, 2023), which could 
influence the switch to lytic life cycles (Duddy and Bassler, 2021; Silpe 
and Bassler, 2019; Laganenka et al., 2019; Tan et al., 2020). In our study, 
we have identified 2 genes (Bacterial regulatory proteins, luxR family 
[PF00196.22], Autoinducer binding domain [PF03472.18]) that are 
associated with quorum sensing capabilities from our viral contigs 
(Fig. 6). Similar to the ARG hits (Fig. 5), we only saw evidence of QS 
genes in the phage-related contigs in the AeMBR and not in the AnMBR. 
The most abundant QS-containing viral contig (Fig. S9) was found in the 
exDNA sample from the 10 ug/L conditions and contained both luxR and 
lysogenic genes but was of unknown taxonomy. The luxR protein acts as 
a sensor-regulator for the chemical signals produced by bacteria called 
N-Acylhomoserine lactones (AHLs) (Nasser and Reverchon, 2007; Sub
ramoni and Venturi, 2009). The AHLs are produced by bacteria in a 
cell-density-dependent way, then the AHL signal gets detected by the 
luxR protein as a result the system regulates the bacterial cell functions 
such as biofilm formation and virulence (Nasser and Reverchon, 2007; 
Subramoni and Venturi, 2009; Oh and Lee, 2018). Together, these re
ceptors indicate that phage could be responding to bacterial signals in 
aerobic environments. 

4. Conclusion 

Our study focused on the use of metagenomic analysis of viral 
communities in an AeMBR and AnMBR under different antibiotic load
ings. Our study provides valuable insights into the diversity and func
tional potential of viral communities in wastewater treatment systems 
under different redox conditions and antibiotic exposures. We investi
gated different aspects of these viral communities including taxonomic 
composition, life cycle (lytic and lysogenic), ARGs, and quorum sensing 
genes. We observed that Schitoviridae was dominant in the AnMBR 
whereas phage Peduoviridae was more dominant in the AeMBR. Our 
results also indicated that regardless of the redox condition, phage had 
both lytic and lysogenic capabilities. Furthermore, the ARGs were only 
present in phage in the AeMBR effluent, supporting the results from the 
previous study that AnMBRs are less likely to release ARGs into the 
environment. This provides further validation for the potential of 
AnMBRs to have reduced dissemination of antimicrobial resistance. 

For the potential to leverage phage for wastewater process opera
tions, further research is needed to explore the intricate interactions 
between phage and their bacterial hosts in wastewater environments. 
The regulation of lytic and lysogenic life cycles should also be investi
gated under different types of wastewater environments and along the 
treatment process to better be able to adopt ‘phage therapy’ for 
biofouling control or other beneficial treatment outcomes. Furthermore, 
the mechanisms by which receptors of phage and bacteria interpret 
autoinducers can be further investigated to understand how they regu
late the functions of the microbial communities. Overall, future research 
could potentially help in improving the efficiency of wastewater treat
ment by understanding how to use phage and bacterial quorum sensing 
signals to control the treatment process. 
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