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ABSTRACT
Bacteriophages play central roles in the maintenance and function of most ecosystems by regulat-
ing bacterial communities. Yet, our understanding of their diversity remains limited due to the lack 
of robust bioinformatics standards. Here we present ViroProfiler, an in-silico workflow for analyzing 
shotgun viral metagenomic data. ViroProfiler can be executed on a local Linux computer or cloud 
computing environments. It uses the containerization technique to ensure computational repro-
ducibility and facilitate collaborative research. ViroProfiler is freely available at https://github.com/ 
deng-lab/viroprofiler.
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Introduction

Bacteriophages (or phages) are the most abundant 
biological entities on earth. They play a key role in 
most ecosystems by regulating bacterial commu-
nities. Recent studies suggested that changes in 
phage composition are associated with several dis-
eases, such as IBD1,2, type 2 diabetes3, 
malnutrition4, and many more5. Understanding 
the mechanisms of interactions between phages 
and their bacterial hosts can provide some insights 
into the role of these viruses in the environment 
and the human body.6

The introduction of shotgun metagenomics 
has significantly improved our understanding 
of microbial community composition in most 
ecosystems, including the human body. 
However, with the introduction of Qiime7 and 
Mothur8 profiling of bacterial communities has 
become standardized, no such standard 
approach is yet available for analyzing the viral 
community. In addition, compared to metage-
nomics analyses of the bacterial communities, 
profiling viruses’ compositions is still highly 
time-consuming through the current approaches 
commonly used in the field.

Recently, several tools have been developed to 
characterize different features of viral contigs after 
assembly. These tools can be classified into three 
groups based on their function: 1) tools designed 
for viral discovery, which include VirSorter29, 
VIBRANT10, DeepVirFinder11, and VIP12. These 
tools mainly use homology searches against refer-
ence databases or features learned from viral 
sequences. 2) The second group includes pipelines 
for virome composition analysis, including 
VirusSeeker13 MetaVir14, ViromeScan15 and 
FastViromeExplorer16. 3) The third group includes 
tools for taxonomy classification or functional 
annotation, such as VMAGP17 and 
vConTACT218. However, the function of these 
tools is mainly limited to identifying a few charac-
terization factors in viral metagenomes. Some of 
these tools are also highly difficult to install or use 
for inexperienced users, which makes configuring 
and integrating them into other tools for generat-
ing reproducible data challenging for researchers 
with limited bioinformatics experience.

Here we present ViroProfiler, a containerized 
pipeline for viral metagenomic data analysis. 
ViroProfiler takes advantage of the most recently 
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developed viral metagenomic analysis tools and 
databases to improve the taxonomy and functional 
annotation of viruses and their gene products. In 
addition, ViroProfiler uses containerization to 
ensure computational reproducibility. 
ViroProfiler can be executed through a container 
platform such as Docker and Singularity19 on 
Linux clusters or cloud computing environments. 
It can also be installed via the Conda recipe for 
high-performance computing clusters that don’t 
support containers.

Results

Overview of the pipeline

Quality control, assembly, and viral discovery
We have included multiple quality control steps for 
generating an unbiased contig library for down-
stream analyses in ViroProfiler. These measures 
ensure to exclude redundancy in the contigs gen-
erated, identify prophages and dereplicate highly 
similar contigs of the same species. This provides 
a significant advantage to downstream analyses by 
accurately estimating the relative abundance of 
viral taxa and metabolic genes in samples. In addi-
tion, we included a binning option which enables 
construction of viral metagenome-assembled 

genomes (vMAGs) or bins, and provides a more 
realistic estimation of viral community composi-
tions. After the non-redundant contig library 
(nrclib) or bins are built, we use VirSorter29, 
VIBRANT10, DeepVirFinder11 and CheckV20 to 
detect putative viral sequences. VirSorter2, 
VIBRANT and CheckV identify viral sequences 
based on their homology to the reference data-
bases, while DeepVirFinder uses a machine learn-
ing model to detect viral sequences. Therefore, it 
can detect novel viruses not showing homology to 
the public databases. ViroProfiler provides 
a scoring system for classifying viral contigs iden-
tified by multiple tools in this step (Figure 1).

Functional annotation and AMG prediction
In the annotation step, the pipeline provides 
two possible approaches. By default, 
ViroProfiler uses DRAM-v, the viral mode of 
DRAM21, an automated pipeline for identifying 
microbial metabolism. DRAM-v can identify 
auxiliary metabolic genes (AMGs) in viral 
sequences and annotating their genomes using 
multiple publicly available databases. The down-
side of using DRAM-v for annotation is that it 
slows down the analyses. Therefore, to over-
come this issue, we provide an alternative 
approach for gene annotation, which relies on 

Figure 1. Schematic overview of the ViroProfiler pipeline. Optional steps are indicated with dashed boxes and arrows.
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searching the EggNOG database22 using 
eggNOG-mapper23. The latter is helpful if iden-
tifying AMGs in viral contigs is out of interest. 
For the taxonomy assignment, we combine 
vConTACT218 and MMseqs2 taxonomy24 mod-
ule searching against NCBI viral RefSeq data-
base. Combining these two methods, we can 
significantly improve the accuracy of taxonomy 
assignment to viral sequences from metage-
nomics data (Figure 1).

Host prediction, and the assessment of replication 
cycle
The potential hosts of viral sequences are predicted 
using iPHoP25, a recently developed tool which 
uses a two-step framework that integrates multiple 
methods for assigning hosts to different viruses 
based on their genomic signatures with a < 10% 
false-discovery rate. In addition, our pipeline 
allows predicting the replication cycle of viral 
sequences using BACPHLIP26 and a newly devel-
oped in-house software Replidec27, with 
a combined accuracy of more than 90%. These 
tools use the genetic signatures of viral sequences, 
which are associated with three different types of 
replication cycles in viruses, lytic, lysogenic, and 
chronic, to predict their replication cycles 
(Figure 1 and S1).

Visualization and downstream analyses

We developed an R package called vpfkit (short for 
“ViroProfiler Tookit”) for downstream analyses of 
ViroProfiler results in R. It contains functions for 
preprocessing data generated from multiple 
ViroProfiler steps, and a Shiny APP called 
ViroProfiler-viewer for visualizing and manipulat-
ing results interactively in a web page. ViroProfiler- 
viewer allows users to filter viral contigs based on 
their length, quality, and other annotations such as 
taxonomy, host, and replication type. In addition, 
a TreeSummarizedExperiment object file can be 
generated as inputs for downstream analyses in 
R. Intermediate files from ViroProfiler, such as 
genome sequences and BAM files, can be used in 
other software and pipelines, such as MetaPop28 for 
micro- and macro-viral diversity analyses.

Metagenome analyses and validation of the 
pipeline

We used a simulated mock dataset29 and an experi-
mental dataset from previous studies to evaluate 
the performance of ViroProfiler. The mock dataset 
contains 14 simulated Illumina paired-end sequen-
cing samples, each with 500–1000 viral genomes 
from the NCBI RefSeq database v69. We analyzed 
13 out of the 14 samples using ViroProfiler (sam-
ple_12 had no reverse FASTQ file, so it was 
removed). We compared the viral detection preci-
sion and sensitivity of ViroProfiler with Kraken230, 
and abundance estimation performance with 
Bracken31.

Specifically, the raw reads from the mock dataset 
were fed into ViroProfiler for preprocessing, 
assembly (without binning), annotation, and abun-
dance estimation (”ViroProfiler” in Figure 2). For 
comparison, Kraken2 and its standard database 
were used to detect viruses from reads prepro-
cessed by ViroProfiler. Bracken was then used to 
estimate the abundance of viruses identified by 
Kraken2 (”BrackenSTD” in Figure 2) and 
ViroProfiler (”BrackenVPF” in Figure 2), respec-
tively. The taxonomy lineage of viruses was stan-
dardized using Taxonkit32 on the NCBI taxonomy 
database (obtained on 2022-12-15). We compared 
the performance of these tools in virus identifica-
tion using precision, sensitivity, and F1 score (har-
monic mean of precision and sensitivity) on 
different taxonomic ranks and abundance thresh-
olds. Our analyses show that ViroProfiler has the 
best performance (highest F1 score) at the phylum 
and order levels, especially at lower abundance 
thresholds, i.e., ViroProfiler can detect low- 
abundance viruses with high precision and sensi-
tivity. While using Bracken with Kraken2 and its 
standard database (BrackenSTD) has the highest 
sensitivity, they showed a lower precision at the 
phylum and order levels. At the family level, 
ViroProfiler achieved performance comparable to 
BrackenSTD, while at the genus and species levels, 
the sensitivity of ViroProfiler dropped 
significantly.

This was expected, as in contrast to 
ViroProfiler, which uses lowest common ancestor 
(LCA) of all genes in viral contigs for taxonomy 
assignment, Kraken2 relies on LCA of exact 
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k-mer matches of partial genomes, which 
increases sensitivity when the viral sequences 
have representatives in the Kraken2 reference 
database. Since Kraken2 standard database and 
the mock dataset are highly similar, we created 
a custom database that only included viral con-
tigs annotated by ViroProfiler to evaluate the 
performance of Kraken 2 when these two are 
less alike. Our results showed that BrackenVPF 
had the lowest sensitivity in all taxonomic ranks. 
Even at the phylum level, where ViroProfiler 
had>95% sensitivity and precision, BrackenVPF 
had only~50% sensitivity (BrackenVPF in 
Figure 2a). In addition, we compared the perfor-
mance of BrackenSTD and BrackenVPF with 
ViroProfiler in estimating the viral abundances 
using the mock dataset. We compared the abun-
dance profile generated by ViroProfiler, 
BrackenSTD, and BrackenVPF with the true 
composition profile from the original study 
using Bray-Curtis dissimilarity (Figure 2b). 
ViroProfiler and BrackenSTD showed similar 
performance at the phylum and order levels, 

while Kraken2 and Bracken with the standard 
database (BrackenSTD) performed better at the 
family, genus, and species levels. However, when 
Kraken2 and Bracken were used with the custom 
database (BrackenVPF), it showed the lowest per-
formance in all taxonomic ranks.

Altogether, our analyses show that ViroProfiler 
can accurately classify viruses at phylum, order, 
and family levels. In addition, Viroprofiler provides 
a database-independent approach for viral classifi-
cation, contrary to Kraken2. This is especially use-
ful for metagenomic studies, as metagenomes 
usually include viruses with no homology to the 
reference database.

To evaluate the performance of ViroProfiler on 
real datasets, we randomly selected and analyzed 20 
out of 266 samples from a previous study of viral 
community composition in fecal samples from 
ulcerative colitis (UC) patients and healthy 
individuals2. Using ViroProfiler, we significantly 
improved the viral discovery rate by identifying 761 
viral contigs compared to 183 contigs assembled by 
the authors. We also observe differences in phage 

Figure 2. Benchmarking ViroProfiler on mock samples. a) Compares the performance of ViroProfiler with Kraken2 and Bracken in 
detecting viruses. b) Compares the performance of ViroProfiler and Bracken in providing estimations of viral abundance. BrackenSTD, 
when Bracken was used with the Kraken2 standard database. BrackenVPF, when Bracken was used with the custom database. Bracken 
was used for estimating the abundance of identified taxa. Smaller values indicate closer similarity to the true composition profile.
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community composition identified by the earlier 
study compared to the ViroProfiler findings. For 
example, contrary to the initial analyses, we observed 
a higher proportion of Podoviridae in samples from 
healthy individuals than in UC patients (34.6% vs 
12.3%). In addition, we did not observe significant 
differences in diversity scores, as seen in the initial 
analyses. Moreover, through ViroProfiler, we used 
DRAM-v, which with a higher accuracy, to strictly 
identify AMGs in viral contigs, contrary to the initial 
study that relied on the general functional capacity of 
the viral contigs, which could be misleading2. Finally, 
ViroProfiler assigned a host to each viral contig, 
showing that UC patients carry fewer phages that 
infect Bacteroidia than healthy individuals (Figure 3).

Computational requirements

ViroProfiler can be installed on most operating sys-
tems that support Conda and containerization 

techniques. However, it is recommended to run the 
pipeline on a High-Performance Computing (HPC) 
system. The minimum hard disk requirement for 
the databases and container images is~80GB. 
However, additional storage space is required if 
users want to run optional modules such as 
EggNOG annotation and PHAMB binning. 
A detailed storage space requirement for each mod-
ule is available in supplementary table 1.

Our benchmarking analysis on 13 mock datasets 
using Helmholtz Munich’s Scientific Computing 
HPC cluster (1 to 20 CPUs and 1 to 120 GB of 
RAM for each process) was finished in 12 hours. 
Host prediction was the most time-consuming and 
took 10 hours to complete. However, most analyses 
can be run in parallel; therefore, using more compu-
tational resources will decrease the running time. The 
execution times and the computational resources 
used for each step are provided in supplementary 
figure S1 and supplementary file 1, respectively.

Figure 3. a) Relative abundance of viral contigs generated by ViroProfiler; b) Violin plots show different diversity indexes; c) Heatmap 
of AMGs predicted in viral contigs from healthy and UC samples; d) Sankey plot of host prediction for different viral contigs.
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Discussion

Viral communities are central to the mainte-
nance of most ecosystems, including the 
human body. The introduction of shotgun meta-
genomics has provided opportunities to study 
these communities. Yet, analyses of generated 
data require applying multiple bioinformatic 
tools and need relevant programming skills. 
We believe ViroProfiler, a containerized pipeline 
for virome data analysis, can address these 
issues. ViroProfiler combines stand-alone analy-
tical tools and databases with a workflow man-
agement system which enables flexible and 
reproducible analyses of virome data in an inter-
active environment while significantly shorten-
ing the processing time.

We benchmarked ViroProfiler using mock 
datasets and compared its performance to the 
existing tools for classifying viruses. ViroProfiler 
showed high accuracy in classifying viruses at 
taxonomic ranks higher than genus. Moreover, 
it can detect viral replication cycles, predict 
hosts, and identify AMGs in viral sequences. 
We also used ViroProfiler for analyzing pre-
viously published experimental viral metagen-
ome data as part of our validation step. We 
then compared our results with the original 
analyses, which showed significant improvement 
in multiple profiling steps, including viral dis-
covery, taxonomy assignment, functional anno-
tation, host and replication cycle predictions. 
This was achieved while less than ten percent 
of the published data were analyzed.

In conclusion, we believe that ViroProfiler can 
substantially improve the quality of data analyses 
in virome research and pave the ground for more 
standardized characterization of the viral com-
munities from complex ecosystems. However, 
ViroProfiler is specifically designed for classifying 
viruses in samples with isolated viruses. 
Therefore, excessive environmental contamina-
tions, usually found in metagenome sequences, 
could increase the running time of the pipeline 
and result in lower precision. Yet, this is 
a general issue with virome studies, and it is 
recommended to isolate the viral fractions before 
sequencing for an accurate estimation of viruses 
in the samples.

Methods

The pipeline

ViroProfiler integrates state-of-the-art bioinformatic 
tools via Conda environments and containerization 
techniques for processing viral metagenomic 
sequences in a nf-core32 based Nextflow33 pipeline 
(Figure 1). It executes series of standard viral meta-
genomics analysis subsequently or separately if part of 
the analysis has been done elsewhere. The installation 
process is described in detail at https://github.com/ 
deng-lab/viroprofiler. For ensuring reproducible ana-
lyses, a specific version of the pipeline can always be 
run by using the version parameter in the command 
line (-r <version>). In addition, each container used 
in the workflow is tagged by the accompanying tool 
version, pre-build and stored on Docker Hub (https:// 
hub.docker.com/u/denglab). The benefit of contain-
ers is that users don’t need to install multiple software 
that may cause conflict. Each container contains one 
or more sub-workflows that is versioned, and 
Nextflow will automatically download and manage 
the containers used in each step. Core modules of 
ViroProfiler and integrated tools are listed in Table 1.

Quality control

The quality control of raw sequencing reads is 
performed using fastp37. The high-quality reads 
are generated by following five consecutive 
steps: 1) trimming adapters, 2) removing low- 
quality reads and 3) trimming the low-quality 
bases (Q < 20) at the end of reads, 4) removing 
the trimmed reads with length<30bp, and 5) if 
decontamination option is enabled, reads that 
show homology to mammalian host genomes will 
be removed38. This is specifically beneficial for 
identification of AMGs as the previous studies20 

have shown that the removal of host contamination 
substantially improves the accuracy of AMG iden-
tification and interpretation of viral-encoded 
functions.

Genome assembly and dereplication

Each sample was individually assembled using 
metaSPAdes34. The assembled contigs were then 
merged into a multi-FASTA file and contigs 
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shorter than a threshold (ex. 1kbp) were excluded 
from the further analyses. This step generated the 
long “complete contig library” (cclib_long). The 
quality of cclib_long was then evaluated using 
CheckV20, which were assessed for their quality, 
completeness, and potential contamination. The 
host flanking region were also removed from the 
final contigs. To remove redundancy in the contig 
library, we dereplicated the cclib_long by clustering 
contigs following the MIUViG guidelines (95% 
ANI – Average Nucleotide Identity and 85% AF – 
Aligned Fraction)39 using custom python script 
anical.py and aniclust.py from CheckV. This step 
generated a non-redundant contig library (nrclib) 
for downstream analyses.

Viral contig binning

Due to the limitation of assemblers, we usually get 
fragmented contigs of a viral genome. To overcome 
this limitation, ViroProfiler uses binning approach 
that relies on Phamb36 and vRhyme35 to identify 
contigs that belong to the same genome and classify 
them as a bin, or viral metagenome-assembled 
genome (vMAG). Phamb is a recently developed 
tool for binning phage genomes that relies on 
DeepVirFinder for viral contig discovery and 
a deep-learning algorithm for contig binning40. It 
requires>50,000 contigs as input, which sometimes 
can not be met. In that case, users can choose 
vRhyme for the binning step, which uses multi- 
sample coverage effect size comparisons between 

scaffolds, protein redundancy scoring mechanism, 
and machine learning model to detect bins. Viral 
quality, completeness and contamination ratio of 
bins were then assessed using CheckV. Binning is 
set as an optional step in ViroProfiler because the 
risk of false positive and the fact that contigs in 
a bin is connected randomly, which might not 
represent the actual viral genomes.

Viral contig identification

ViroProfiler integrates five different tools for iden-
tification of viral sequences: 1) VirSorter29, 2) 
MMseqs2 taxonomy assignment24 based on NCBI 
viral RefSeq, 3) CheckV20, 4) DeepVirFinder11 

and 5) VIBRANT10. Briefly, contigs or bins are 
identified as viruses when they satisfy one of the 
following criteria: 1) identified as viruses in cate-
gory 1, 2, 4, or 5 by VioSorter2 with default para-
meters (–virome mode); 2) classified as viruses by 
Mmseqs2 taxonomy module; 3) classified as com-
plete, high-quality, medium-quality and low- 
quality by CheckV; 4) have a score>0.9 and 
p-value<0.01 in the DeepVirFinder prediction; 5) 
identified as viruses by VIBRANT. Viral detection 
tools were selected based on their approach to 
identifying viral sequences. VirSorter2, 
VIBRANT, MMseqs taxonomy module, and 
CheckV identify viral sequences based on the 
homology of proteins in contigs to reference data-
bases, which is more reliable than non-homology- 
based tools like DeepVirFinder. However, 

Table 1. Core modules and integrated tools of ViroProfiler.
Software Module License Reference

metaSPAdes Assembly NA 35

vRhyme Binning GPL v3 36

Phamb Binning MIT 37

CheckV Virus detection and QC BSD 20

VirSorter2 Virus detection GPL v2 9

DeepVirFinder Virus detection USC-RL v1.0 11

VIBRANT Virus detection and gene annotation GPL v3 10

DRAM Functional annotation GPL v3 21

eggnog-mapper Functional annotation GPL v3 22,23

abricate Functional annotation GPL v2 https://github.com/tseemann/abricate
MMseqs2 Taxonomy assignment GPL v3 24

vConTACT2 Taxonomy assignment GPL v3 18

Bacphlip Replication cycle prediction MIT 26

Replidec Replication cycle prediction MIT 27

iPHoP Host prediction GPL v3 25

CoverM Abundance estimation GPL v3 https://github.com/wwood/CoverM
Kraken2 Virus detection MIT 30

Bracken Abundance estimation GPL v3 31
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DeepVirFinder employs a machine-learning model 
trained on viral genomic signatures to distinguish 
viral sequences from non-viral sequences. 
Therefore, it can detect novel viruses with no 
homology to the reference databases. While 
homology-based tools like VirSorter2 and 
VIBRANT tend to have lower false positive rates 
on longer contigs (e.g.>3 kbp), non-homology- 
based tools like DeepVirFinder have shown higher 
sensitivity, making them more suitable for analyz-
ing short contigs (e.g.<3 kbp) and detecting novel 
viruses41–43.

ViroProfiler provides a confidence classification 
to the contigs or bins identified as viruses using the 
following criteria, 1) “high confident” is assigned if 
they are classified by VIBRANT, or as category 1,2 
by VirSorter2, or as viruses by mmseqs2 taxonomy 
module, or have “Complete”, “High-quality”, 
“Medium-quality” annotation in CheckV; 2) “low 
confident” are rest contigs that predicted as viral 
sequences by DeepVirFinder, and “unclassified” by 
MMseqs2 taxonomy module or have “Low quality” 
annotation in CheckV.

Gene prediction and protein function annotation

To keep as many potential genes as possible, contigs 
in cclib_long are fed into Prodigal44 for predicting 
protein-coding genes and translating them to pro-
teins. To remove redundancy and improve annota-
tion speed in downstream analysis, proteins are 
clustered using MMseqs245 using thresholds of mini-
mum identity (0.7 by default) and coverage (0.9 by 
default). These thresholds can be modified in the 
params.yml config file before running the pipeline. 
Representative proteins of these clusters are used to 
make the non-redundant protein library (nrplib), 
which is assigned a computationally predicted func-
tion and gene ontology using eggNOG-mapper23 

searching against the EggNOG database22. This step 
will not be necessary in case prediction of AMGs is 
planned as DRAM-v also provides functional annota-
tions. Functional annotations of viral contigs are 
annotated using DRAM-v, which searches viral 
genes against multiple databases, such as KEGG46, 
PFAM47, VOGDB (https://vogdb.org/) and NCBI 
viral RefSeq48. DRAM-v also detects auxiliary meta-
bolic genes (AMGs) in viral genomes. In addition, 
antimicrobial resistance and virulence genes can be 

identified using Abricate (https://github.com/tsee 
mann/abricate) to search genes against CARD49, 
ResFinder50 and VFDB51, 52 databases.

Taxonomy assignment

Taxonomy assignment of viral contigs is per-
formed using a combination of viral genome clus-
tering and voting-based classification approaches. 
Briefly, for viral contigs longer than 10 kbp, their 
protein sequences are fed into vConTACT253 for 
virus clustering and taxonomy annotation. Since 
vConTACT2 does not report taxonomy names at 
the species and subspecies level, we combine 
vConTACT2 clustering with the MMseqs2 taxon-
omy module24 using the NCBI viral RefSeq as 
references. MMseqs2 assigns taxonomy to viral 
sequences by comparing their proteins to reference 
databases and determining taxonomy using the 
lowest common ancestor. MMseqs2 was selected 
as it is fast and sensitive24. We combine the 
MMseqs2 results with viral clusters (VCs) gener-
ated by VConTACT2. When VCs contain multiple 
contigs with different taxonomies, we use LCA to 
assign the final taxonomy. However, users could 
manually check these VCs and determine taxon-
omy based on their domain knowledge. To be 
consistent with taxonomy assignment, names and 
lineages are standardized using taxonkit32 and an 
in-house python script.

Host and replication cycle prediction

We used iPHoP to predict virus-host ranges25, 
which integrates multiple methods to provide 
host predictions. This makes its predictions highly 
reliable compared to other tools available for host 
prediction. However, iPHoP has a big database 
(~200GB), thus we set host prediction as an 
optional step. Users can skip this step if they are 
not interested in the host predictions. The virus 
replication cycle is predicted using BACPHLIP26 

and Replidec27.

Viral abundance estimation

ViroProfiler provides two approaches for viral abun-
dance estimation. The first approach uses Bracken to 
estimate the abundance of each taxonomic category 
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from the Kraken2 classification results. This pro-
vides accurate estimates of viral sequences with 
representatives in the Kraken2 reference database. 
However, Kraken2 fails to identify novel viruses with 
no homology to the databases. Therefore, the second 
approach estimates viral abundance based on map-
ping clean reads to ViroProfiler assembled viral con-
tigs. Briefly, clean reads are mapped to contigs in 
nrclib using bowtie254 to create BAM files for each 
sample. Next, CoverM (https://github.com/wwood/ 
CoverM) is used to remove spurious read mappings 
at less than 90% identity in BAM files and then 
calculate the number of reads (−m count), trimmed 
mean of coverage (-m trimmed_mean) and covered 
fraction (-m covered_fraction) of each contig across 
all samples. In the downstream analyses, the abun-
dance of a viral contig in a sample is usually set to 
zero if reads from that contig cover less than 
a threshold percentage (ex. 50%) in the sample. 
This refinement of the abundance table can be gen-
erated in ViroProfiler-viewer in an interactive way. 
Finally, if the abundance of genes is of interest, 
featureCounts55 is used to calculate number of 
reads mapped to each protein-coding gene. 
Altogether, these two approaches can accurately esti-
mate viral abundance regardless of their homology 
to reference databases.
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