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Abstract

High-throughput sequencing technologies provide unprecedented power to identify novel viruses from a wide variety of
(environmental) samples. The field of ‘viral metagenomics’ has dramatically expanded our understanding of viral diversity.
Viral metagenomic approaches imply that many novel viruses will not be described by researchers who are experts on (the
genomic organization of) that virus family. We have developed the papillomavirus annotation tool (PuMA) to provide
researchers with a convenient and reproducible method to annotate and report novel papillomaviruses. PuMA currently
correctly annotates 99% of the papillomavirus genes when benchmarked against the 655 reference genomes in the
papillomavirus episteme. Compared to another viral annotation pipeline, PUMA annotates more viral features while being
more accurate. To demonstrate its general applicability, we also developed a preliminary version of PUMA that can annotate
polyomaviruses. PUMA is available on GitHub (https://github.com/KVD-lab/puma) and through the iMicrobe online
environment (https://www.imicrobe.us/#/apps/puma).
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1. Introduction ‘viromic’ approaches facilitate the identification of highly di-

Viruses and viral diseases have fascinated humans for millen-
nia [reviewed in Woolhouse et al. (2012)]. We are currently in
the era of ‘Neovirology’ (Enquist and Editors of the Journal of
Virology 2009), and recent technological advances provide an ag-
nostic approach to sequencing nucleotides from environmental
samples. These approaches dramatically accelerated viral dis-
covery (Hurwitz et al. 2016; Nooij et al. 2018). Excitingly, these

verse viruses from a wide array of sample types. However, for
these viromic studies to maximize their potential scientific im-
pact, the identified viral genomes should be annotated and cu-
rated before publication. Many viruses are being identified by
researchers who are not necessarily experts on that specific
family of viruses, thus complicating a detailed curation process.
Bioinformatic software packages have the potential to provide
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quick, accurate, and reproducible annotations. These software
tools should be universally available, actively maintained, pow-
erful yet intuitive, and automatable (Rose et al. 2016).

The Papillomaviridae (PVs) is a family of viruses with a circu-
lar, double-stranded DNA genome about 8,000bp in length.
Prototypical papillomavirus genomes contain six distinct open
reading frames (ORFs). The early proteins (E1, E2, E6, E7) (Bergvall
et al. 2013: 1; McBride 2013: 2; Roman and Munger 2013; Vande
Pol and Klingelhutz 2013) manipulate the cellular environment
to support viral replication, while the late L1 and L2 proteins are
the viral structural proteins (Buck et al. 2013; Wang and Roden
2013). In addition, some viruses contain additional ORFs (e.g. E5,
E8, E9, E10) (Van Doorslaer 2013). The viral upstream regulatory
region (URR), is located downstream of the L1 ORF and contains
binding sites for viral and host proteins (Bernard 2013).

We describe a papillomavirus annotation tool (PuMA). PuMA
can be added to computational pipelines, or a graphical user in-
terface is available through the iMicrobe online environment
(Youens-Clark et al. 2019). When benchmarked against the pap-
illomavirus episteme (PaVE) (Van Doorslaer et al. 2012, 2017), a
database of manually annotated genomes, PuMA accurately
annotates 99% of the virus genes present in PaVE, while anno-
tating more features compared to other available pipelines. To
demonstrate its potential broad usability, we adapted PuMA to
annotate viruses belonging to a different taxonomic family.

2. Implementation
2.1 Philosophy

The papillomavirus annotation tool (PuMA) leverages a set of
existing software tools and packages (see GitHub repository).
The PuMA source code is written in Python 3 and extensively
uses Biopython v1.72 (Cock et al. 2009) and other Python mod-
ules to handle and manipulate the data. Multiple sequence
alignments are estimated using Muscle (Edgar 2004) and local
database searches are performed using BLAST v2.7.1 (Camacho
et al. 2009). Motif discovery and annotation are performed by
MEME (Bailey and Elkan 1994) and FIMO (Grant et al. 2011), re-
spectively. Detailed installation and usage instructions are pro-
vided on the PuMA github repository (https://puma-docs.
readthedocs.io/en/latest/?badge=latest). PuMA is available un-
der a broad GNU General Public License.

2.2 Reference genomes

Like many annotation pipelines, PUMA is extensively based on
homology-based search approaches. Therefore, PUMA uses the
manually curated sequences available in the PaVE database (Van
Doorslaer et al. 2012, 2017). In March of 2020, the PuMA database
contained 655 reference sequences with annotated features. As
new genomes are added to PaVE, the PuMA database will also be
updated. Conversely, PuMA annotations will be shared with
PaVE to ensure maximum agreement between both resources.

2.3 Annotation of viral ORFs and putative proteins

In a first step, all stretches of at least seventy-five nucleotides lo-
cated between two stop codons on the forward coding strand are
translated into putative peptides. These putative peptides are used
in a BLASTp homology (Altschul et al. 1990; Altschul et al. 2005)
search against a custom protein database (available on the PuMA
GitHub page) to identify the viral proteins and deduce ORFs.

This approach identifies the first in frame methionine as the
start of the protein. However, in many cases (data not shown),

this results in a faulty annotation. To identify the most likely
start codon, a Blastp homology search is used to identify the
closest neighbors of each newly identified protein. Based on
e-value cutoffs (e > 1e—43), up to ten related proteins are identi-
fied. These eleven (putative protein and up to ten relatives)
sequences are aligned using MUSCLE (Edgar 2004). Based on this
alignment, the most parsimonious (i.e. shared by majority of
proteins) is considered the conserved methionine start position.

Following identification of L1, the circular viral genome is
linearized so that the first position following the stop codon for
the L1 ORF is identified as position 1. This implies that all viral
genomes will start with the URR.

2.4 Annotation of spliced viral transcripts and putative
proteins

A typical papillomavirus combines several promoters and
splice-donor and acceptor sites to transcribe up to twenty alter-
natively spliced mRNAs (Graham and Faizo 2017). At this time,
PuMA automatically annotates the two most-studied alterna-
tively spliced viral mRNAs, E1"E4 and E8"E2. The splice acceptor
is shared between the E17E4 and E8"E2 mRNAs and is embedded
within the viral E2 ORF. We use MUSCLE (Edgar 2004) to align the
newly annotated E2 ORF to its closest previously known relative.
The splice acceptor site is identified based on the implied homol-
ogy between both viruses. A similar homology-based approach is
used to identify the splice donor sites for E1*E4 and E8"E2, both
located within the E1 ORF (Puustusmaa and Abroi 2016).

2.5 Annotation of regulatory elements within the URR

The sequences for 655 known URR were downloaded from PaVE.
These URR sequences were used in MEME (Bailey and Elkan
1994) to generate a consensus. For E1 binding sites, we used
MEME to identify a single motif with length between eighteen
and twenty-one bases (ATDATTGTTGNYAACAAYHAT; D: A, G,
or T; N: any base; Y: C or T; H: A, C, or T). For the E2 binding sites,
motifs of exactly 12bp were identified (ACCGNWWNCGGT; W:
A or T) binding site profile. For both motif searches, a custom
background model, based on URR sequences in the training set
was used. PUMA uses FIMO and these MEME generated profiles
(Grant et al. 2011) to identify putative E1 or E2 binding sites
within the viral URR (Figure 2A).

3. Running PuMA

3.1 Command-line

Briefly, PUMA is written in python3 and should run indepen-
dently of operating systems. While PuMA has several depen-
dencies, these are standard and are expected to be maintained
by their respective developers. If these dependencies become
deprecated, PuMA will endeavor to update its code to minimize
disruptions. Detailed (installation) instructions are available on
the PuMA GitHub repository. As a minimal requirement, PuMA
requires a papillomavirus genome in FASTA format (e.g.
new_PV.fa). Using the command-line interface, type:

python3 run_puma.py —i new_PV.fa

This will execute PUMA and generate different output files
(Table 1).

To minimize the need to download, install, and maintain
different dependencies PUMA is also available from Docker Hub.
These Docker ‘containers’ are isolated from the local
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Table 1. Output files provided by the PuMA annotation pipeline

File Description

extension

csv A comma-separated file containing details for each
putative annotation.

gff3 General Feature Formatted file containing details for
each putative annotation.

Gb NCBI GenBank formatted file containing details for
each putative annotation.

fsa Linearized genome in FastA format. This file can be
used for GenBank submission.

tbl NCBI tbl2asn TBL formatted file. This file can be used
for GenBank submission.

pdf Graphical representation of the newly annotated viral
genome.

environment on a user computer and come pre-packaged with
all the software installed, ready for use. Docker images can be
downloaded from the PuMA GitHub page.

3.2. iMicrobe

iMicrobe (Youens-Clark et al. 2019) provides a graphical user in-
terface to run PuMA. Login to your free account and navigate to
‘my account’. Use the Data Store menu to upload your data to
iMicrobe. Navigate to the PuMA app within iMicrobe and use the
‘Data Store’ button to select your genome file (Figure 1). We rec-
ommend running PuMA using the default settings. This analysis
will provide the same data as obtained through the command-
line settings (Table 1). Data can be downloaded for offline use.
iMicrobe accesses the Extreme Science and Engineering
Discovery Environment compute resources at Texas Advanced
Computing Center including Stampede2. While this offers access
to significant compute power, the large number of users means
that a job might be in the queue for hours. Once the job runs, it
takes a few seconds for execution to complete.

3.3 Output files

PuMA generates several output files. The initial folder is named
according to the virus name. This folder contains two distinct
folders. The ‘program_files’ folder has all the files that PuMA
generated while running. These can be used for troubleshooting
purposes, but do not contain final results, and can typically be
ignored. The ‘for_user’ folder contains the annotated viral ge-
nome in several distinct formats (Table 1), as well as a log file
describing the progress of the analysis. In addition to several
annotated genome files, PUMA also provides the input files
needed to streamline submission to GenBank using the NCBI
tool tbl2asn (https://www.ncbi.nlm.nih.gov/genbank/tbl2asn2/).
If the user wants to use PuMA to submit to GenBank, an addi-
tional template file containing meta-data is needed. This file
can be generated through the NCBI (https://submit.ncbi.nlm.
nih.gov/genbank/template/submission/).

4. PuMA evaluation
4.1 Dropout testing

PuMA is built around homology-based approaches. Therefore,
to compare the accuracy of PuMA to the manually annotated
PaVE genomes, we performed dropout testing using all genomes
in the PaVE database. Practically, we ran PuMA as described
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above but use custom databases excluding the test genome and
associated annotations. This way, the test genome shares at
most 90% sequence identity with its closest neighbor in the data-
base (Bernard et al. 2010). We automated this process (available
on GitHub) and annotated all 655 genomes on the PaVE database.
Following annotation, the PuMA output was compared to the
annotations currently on PaVE. Python scripts to replicate these
analyses are included in the PuMA GitHub repository.

4.2 Comparison of PuMA to viral annotation pipeline
and identification

We ran viral annotation pipeline and identification (VAPiD)
(Shean et al. 2019) using default settings. To ensure a fair com-
parison between PuMA and VAPiD, we ensured that VAPID used
a local database consisting of the manually curated PaVE
genomes, and not the default NCBI GenBank database. We uti-
lized the dropout tests as described for the testing of PuMA
above. Following annotation, the PuMA output was compared to
the annotations currently on PaVE. Python scripts to replicate
these analyses are included in the PuMA GitHub repository. We
acknowledge that VAPID’s annotation power is derived from
identifying closely related viruses and transferring the annota-
tion. As such, our defined database of PaVE genomes may have
lowered the accuracy of VAPID.

5. Results and discussion

We developed PuMA to facilitate the consistent and uniformly
annotation of papillomavirus genomes. To test the performance
of PuMA, we downloaded 655 FASTA-formatted viral genomes
(with 6,557 associated annotations) from PaVE [(Van Doorslaer
et al. 2012, 2017); accessed on 15 January 2020]. These genomes
were manually annotated by experts in papillomavirus biology
(Van Doorslaer et al. 2012, 2017). These PaVE reference genomes
were used for the development and testing of PuMA. PuUMA uses
a FASTA formatted sequence of a novel papillomavirus genome,
linearizes the circular genome, and annotates putative proteins
and regulatory elements (Figure 2). The output from PuMA can
be used in downstream applications or uploaded to GenBank
using the Sequin submission tool. To test the accuracy of PuMA,
we used a drop-out test to compare PuMA to the manually an-
notated features in PaVE database. Using this approach, the cur-
rent version of PuMA (version 1.2.1) accurately annotates ~99%
of the genes in PaVE (Figure 2B). Without additional informa-
tion, PuMA will annotate the longest putative protein in each
ORF (starting at the first methionine). This does not always
identify the correct start position. To address this, PUMA uses a
multiple sequence alignment with homologous sequences to
identify the most parsimonious start position for each gene.
Nonetheless, all but one of the discrepancies between PuMA
and the (manually) annotated genomes are due to differences
in start codon prediction. Alignments comparing the PuMA an-
notation to PaVE are available on the PuMA GitHub page.

The homology-based approach used by PuMA assumes that
the manually annotated sequences on PaVE are correct and bio-
logically relevant. However, since the majority of the viral pro-
teins have not been experimentally validated, it is difficult to
confirm the biological accuracy of these annotations. This is
highlighted by the prediction of the E1"E4 and E8”E2 spliced
transcripts. Splice site prediction is a notoriously hard problem,
and this is not different for papillomavirus genes. Out of 1269
E17E4 and E8"E2 annotations in PaVE, PUMA and PaVE disagree
on 159. However, in the absence of biological validation, it is
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App

Name puma-1.2.1u
Description Papillomavirus genome annotation tool
Help http://github.com/KVD-lab/puma
Version 1.21
Tags annotation
Inputs
Input file *
Parameters
E-value 0.00001
Min. protein length 25
Settings
Queue normal &

& Data Store

BLAST e-value

The queue for the job (note that the high memory queue is often much slower)

The maximum run time allowed in HH:MM:SS

Figure 1. Screenshot of PuMA submission form on iMicrobe.

A

FASTA formatted
whole genome sequence

y

Linearize circular genome
(1st position of the URR)

Annotate viral ORFs

Most parsimonious
start codon

Annotate
E17E4 and EB*E2

B
Locate URR
Use FIMO to predict
E1 and E2 binding sites PuMA  VAPID
c E1E10

Figure 2. (A) Flowchart illustrating the PuMA algorithm: see the methods section for more details. (B) PuMA correctly annotates 99% (blue) of manual annotations pre-
sent on the PaVE database. PUMA annotations were compared to the manually curated genomes in the PaVE database. The previously described VAPiD algorithm cor-
rectly identifies 79% of all annotations, wrongly annotates 15%, and did not identify 6% of possible annotations (C) proteins that were wrongly identified by PuMA

v1.2.1 are plotted.

impossible to know which annotation is correct. To improve the
performance of PuMA while maximizing the accuracy of the
PaVE database, there will be continuous exchange of database
annotations between PuMA and PaVE. As more biological data
becomes available, this will be incorporated in PaVE and PuMA.
Other pipelines for annotating viral genomes have been de-
scribed. Specifically, the recently described VAPID (Shean et al.
2019) pipeline has many similarities with PuMA. Unlike PuMA,
VAPID was developed to annotate many different viral families.

To provide a general idea on PuMA’s performance, we compare
PuMA to VAPID. Both programs rely on blast-based homology
searches. To allow for a fair comparison, both programs used
the manually annotated PaVE reference genomes as the base of
their annotations. Overall, PuMA identifies more papillomavirus
genes (correctly) compared to VAPIiD (Figure 2B). Also, PuMA
identifies spliced transcripts and regulatory elements that are
not identified by VAPiD. PUMA was created as a papillomavirus
specific tool, while VAPIiD annotates very diverse viral families.



Therefore, it is to be expected that PuMA is more accurate. This
in no means devaluates VAPID as a powerful annotation pipe-
line. However, if papillomavirus genome annotation is the goal,
PuMA should be used. PUMA derives its power from the manu-
ally annotated annotations on PaVE.

We will continue to incorporate new biological information to
improve PuUMA’s annotation accuracy. For example, the L1 protein
for the recently described fish papillomavirus, SaPV1, (Lépez-
Bueno et al. 2016) is likely encoded from a spliced mRNA.
However, since this a unique feature for this virus, PuMA does not
annotate this spliced mRNA, but wrongly annotates a short L1
based on the canonical (mammalian) papillomavirus genomes.
Once more viruses show these unique features, PuMA will be
updated to provide accurate annotations of these fish viruses.

Since PuMA relies on homology-based searches to known vi-
ruses, it is easy to adapt PUMA to annotate different viral fami-
lies. To demonstrate this, we modified PuMA to annotate
polyomavirus genomes. Expertly annotated viral genomes were
downloaded from PyVE (http://home.ccr.cancer.gov/lco/PyVE.
asp). We updated the primary BLAST database to contain poly-
omavirus sequences (available on GitHub). Since polyomavi-
ruses are translated bi-directionally, we edited the PuMA code
to annotate both the forward and reverse strands of the poly-
omavirus genomes. Without making additional changes, PUMA
correctly annotates 87% of polyomavirus proteins compared to
the manually annotated PyVE derived genomes. While this ac-
curacy can be improved, this exercise demonstrates that, given
a well-annotated database, PUMA can be used to annotate a
wide array of viruses belonging to different families.

6. Conclusion

The goal of PuMA is to provide users with an automated means
of uniform and unbiased papillomavirus genome annotation.
With the development of new sequencing technologies, PuMA
will aid in the labor-intensive process of annotating the pro-
vided genome. Even though PuMA is papillomavirus specific,
the open-source software combined with the custom functions
allows for easy adaption for other viruses by merely changing
the background databases. This was demonstrated by adapting
PuMA to annotate a different family of viruses.
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