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Abstract

The number of sequenced bacteriophage genomes is growing at an exponential rate. The majority of sequenced
bacteriophage genomes are annotated by one or more of several freely available gene identification programs
(Glimmer, GeneMark, RAST, Prodigal, etc.). No program has been shown to consistently outperform the others;
thus, the choice of which program to use is not obvious. We present the Phage Commander application for rapid
identification of bacteriophage genes using multiple gene identification programs. Phage Commander runs a
bacteriophage genome sequence through nine gene identification programs (and an additional program for iden-
tification of tRNAs) and integrates the results within a single output table. Phage Commander also generates
formatted output files for direct export to National Center for Biotechnology Information GenBank or genome
visualization programs such as DNA Master. Users can select the threshold for which genes to export (genes
identified by at least one program, genes identified by at least two programs, etc.). Phage Commander was
benchmarked using eight high-quality bacteriophage genomes whose genes are backed by experimental data. Our
results show that the most accurate annotations are obtained by exporting genes identified by at least two or three
programs. Many groups opt to manually curate the annotations obtained from gene identification programs, and
Phage Commander was designed to facilitate manual curation of genome annotations. Our benchmarking results
show that manual curation does indeed produce more accurate annotations than any individual gene identification
program. The authors thus recommend manually curating the output of Phage Commander to generate maximally
accurate annotations. Phage Commander is currently being used in the corresponding author’s bacteriophage
genome annotation class and has reduced the labor cost and improved the quality of genome annotations.

Keywords: bacteriophages, genome annotation, genomics, gene identification

Introduction chance of their host evolving resistance.* Inconsistent early
results and the development of highly successful antibiotics
such as penicillin led to phages being eclipsed as treatment

I |: ACH YEAR, ANTIBIOTIC-RESISTANT bacteria cause an es-
agents in the West. However, several recent high-profile cases

timated 2.8 million infections and 35,000 deaths in the

United States according to the U.S. Center for Disease Con-
trol." This figure is set to increase, as preliminary evidence
suggests that part of the high mortality rate of coronavirus
disease 2019 could be due to opportunistic bacterial infec-
tions.>? Bacteriophages, or phages for short, are attractive as
an alternative to antibiotics because they are effective at lys-
ing their host rapidly, are highly specific to their host and
therefore harmless to humans and gut flora, cause few if any
side effects, and coevolve with their host, thereby reducing the

of successful use of phages to resolve antibiotic-resistant in-
fections in the United States and United Kingdom have gen-
erated significant attention and renewed interest in phages as
treatment agents.””’ Phages are also becoming increasingly
important in agricultural and commercial applications as
treatments for infections in livestock and honeybees.®® They
are also the source of a large number of commercial enzymes
used in molecular biology, and have featured in many seminal
discoveries in molecular biology.'*"!
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PHAGE COMMANDER

Owing to the growing interest in phages and the constantly
decreasing cost of sequencing, the number of sequenced
phage genomes is growing at an exponential rate.'” The se-
quencing of a novel phage genome is followed by annotation,
which consists of (1) identifying genes, (2) identifying gene
starts, and (3) assigning putative function to genes. ~ Genes
and gene starts are usually identified using one or more gene
identification programs, such as Glimmer,14 GeneMa.rk,15
GeneMark.hmm,16 GeneMark with Heuristics,17 Gene-
MarkS,'® GeneMarkS2,'"> RAST,?® BASys,?! Prodigal,?
Prokka,23 MetaGene,24 and PAANOTATE.? Although de-
signed for bacterial genomes (with the exception of PhA-
NOTATE), these programs rapidly produce phage genome
annotations with roughly 80-90% accuracy.'* Each of these
programs uses a different algorithm and produces unique
results. Preliminary study has shown that no program con-
sistently outperforms the others,12 and, thus the choice of
which program to use is not obvious. Many groups, therefore,
combine results from multiple programs and manually in-
terpret their findings to achieve higher accuracy.'*°

The process of manual curation of an annotated genome can
be time- and labor-intensive, particularly in the case of a large or
novel phage genome, or a large batch of phage genomes, which
is increasingly common. To this end, we have designed Phage
Commander to accelerate running a phage genome through
multiple gene identification programs simultaneously. Rather
than trying to decide which program(s) to use, our philosophy is
to combine multiple programs within a single user interface and
integrate the results. We have thus included as many gene
identification programs as possible within a single interface. The
various programs have different strengths and weaknesses; thus,
combining their results aims to increase sensitivity and speci-
ficity, provided the output is integrated appropriately.

Materials and Methods

Phage Commander is freely available for download, along
with the source code and instructions, from GitHub (https://
github.com/sarah-harris/PhageCommander). Phage Com-
mander was coded in Python 3.6+ and runs on Windows, Mac
OS, and Linux. Linux users need to have Python installed on
their systems and can install and run Phage Commander
following the instructions on GitHub. For Windows and Mac,
a stand-alone executable is available on GitHub.

Phage Commander incorporates the following nine
programs for gene identification: Glimmer, GeneMark,
GeneMark.hmm, GeneMark S, GeneMark with Heuristics,

205

GeneMark S2, Prodigal, RAST, and MetaGene. The list of
gene identification programs included in Phage Commander
is given in Table 1. In addition to these, Phage Commander
also includes the program Aragorn (www.ansikte.se/AR-
AGORN) for identification of phage tRNAs.?’

The input to Phage Commander is a phage genome se-
quence in fasta format. By clicking ‘““New’’ in the File menu,
users select which programs and genome file to use. If using
GeneMark.hmm, users must select the bacterial host, as this
is required by GeneMark.hmm. If using RAST, users should
create an account on the RAST server (https://rast.nmpdr.org/
rast.cgi) and enter their RAST credentials when prompted by
Phage Commander.

The output of Phage Commander is a list of genes predicted
by each program in spreadsheet format. A sample screenshot
is shown in Figure 1. Each row represents a gene and each set
of four columns corresponds to one of the programs used.
For each gene identified by a program, the strand (indicated by
“4’” or =), gene start coordinate, gene stop coordinate, and
gene length are listed. Gene rows are shaded based on how
many programs identify that particular gene, with darker
shading corresponding to more programs. The leftmost col-
umn is the number of programs that identify a gene; however,
which programs identify a particular gene may vary. For ex-
ample, in Figure 1, gene 70 and gene 90 are both identified by
three programs, but not by the same three programs. The
“ALL” and “ONE” columns indicate that a gene is called
by all programs or by only one program, respectively. The
tRNA genes identified by Aragorn are given in the separate
“TRNA” tab.

Two export options exist: Excel format (.xIsx) and
GenBank format (.gb). GenBank formatted files can be
directly uploaded to the NCBI GenBank genome reposi-
tory. In our workflow, we export the genes predicted from
Phage Commander in . %b format and import them into the
DNA Master software,’> which we use to assign putative
functions. The fully annotated genomes can then be again
exported from DNA Master in .gb format for upload to
NCBI.

When exporting in GenBank format, users have the ability
to set the threshold for exporting genes, in terms of the
number of programs that identify genes. For example, users
can select to export genes identified by at least one program
(i.e., equivalent to logical ANY/OR), all the way up to genes
identified by all programs used (equivalent to logical ALL/
AND). Users have the option of exporting gene starts chosen
by (1) the majority of programs (in case of a tie, the program

TABLE 1. GENE IDENTIFICATION PROGRAMS INCLUDED IN PHAGE COMMANDER

Name (version) Algorithm

URL

Glimmer (3.02)

GeneMark (2.5)

GeneMark.hmm (3.25)

GeneMarkS (4.28)

GeneMark with Heuristics
(3.25)

GeneMarkS2

Interpolated Markov model
Markov chain/Bayesian

short genomes

with heuristics
Dynamic programming
Subsystems
RBS statistical model

Prodigal (2.6.3)
RAST (2.0)
MetaGene

Host-trained hidden Markov model
Self-trained hidden Markov model
Hidden Markov with heuristics for

Self-trained hidden Markov model

ccb.jhu.edu/software/glimmer/index.shtml
exon.gatech.edu/GeneMark/gm.cgi
exon.gatech.edu/GeneMark/gmhmmp.cgi
exon.gatech.edu/GeneMark/genemarks.cgi
exon.gatech.edu/GeneMark/heuristic_gmhmmp.cgi

exon.gatech.edu/GeneMark/genemarks2.cgi
github.com/hyattpd/Prodigal

rast.nmpdr.org
metagene.nig.ac.jp
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PHAGE COMMANDER

will choose the one with the longer open reading frame), (2) a
specific program (e.g., export the starts chosen by Glimmer), or
(3) the start that generates the longest open reading frame for
each gene. The gene start chosen by the majority of programs is
shown in white or black font, with gene starts chosen by a
minority of programs shown in alternate font colors.

Results

To benchmark Phage Commander, we searched for phage
genomes whose genes are known with a high degree of cer-
tainty through experiments. We identified eight phages ge-
nomes that meet this criterion, shown in Table 2.

The Escherichia coli phage Lambda was isolated in 1950
and is perhaps the most studied phage in existence.”® Phage
Mu is another E. coli phage that has been extensively studied
since it was isolated in the early 1960s, and its genome has
been carefully annotated.”” Phage Patience is a somewhat
atypical Mycobacterium smegmatis phage whose genome has
been extensively studied through RNA-Seq transcriptomics
and mass spectrometry.®® Phage Kampy is a cluster A4 M.
smegmatis phage that has also been studied through tran-
scriptomics and mass spectrometry.®' Phage Giles is a cluster
Q M. smegmatis phage that has been studied through mass
spectrometry and whose protein interactome has been map-
ped out.*> Phage PAK_P3 is a Pseudomonas aeruginosa
phage that has been studied through transcriptomics experi-
ments.> Phage YuA is a P. aeruginosa phage that has been
studied through mass spectrometry and other experiments.**
Phage API480 is a phage that infects the bacterium Paeni-
bacillus larvae, a pathogen of the honeybee Apis mellifera,
and has been the subject of transcriptomics experiments.
We consider the published annotations of these phage ge-
nomes in NCBI GenBank highly trustworthy and we used
them as references to benchmark the performance of Phage
Commander. A gene that is detected by transcriptomics or
mass spectrometry is likely to be real, so we did not remove
any genes from the reference annotations. However, even
transcriptomics might miss some genes that are rarely ex-
pressed. We thus inspected each genome carefully and added
one gene to the reference genome of Kampy and two genes to
YuA that were identified by multiple (at least seven) pro-
grams, had many statistically significant homologs, and filled
a coding gap (evidence provided in Supplementary
Table S1). For phage Giles, we used the annotation of the
closely related phage LilHazelnut (99.99% nucleotide iden-
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tity), whose annotation is more recent and appears more
complete.>® Lambda has two cases of two genes within the
same reading frame, differing only by their start (genes nu3
and D, and genes S and R); we thus counted the duplicate
genes as a single gene (i.e., we counted nu3 and D as one
gene, and S and R as one gene), because no program or
method has the ability to identify two overlapping genes
within the same reading frame.

Each genome was run through Phage Commander using all
nine gene identification programs. The threshold for export-
ing genes was varied from one to nine programs, and the
results were compared with the reference GenBank annota-
tions. Figures 2 and 3 show the performance of Phage
Commander compared to the reference GenBank annota-
tions. A false positive is a gene that is identified by one or
more programs but that is not present in the reference an-
notation. A false negative is a gene present in the reference
annotation but not detected by any of the programs used.

The results show that the sum of false positives and false
negatives is usually a minimum when exporting genes called
by at least two programs (Patience, Kampy, Giles, and YuA),
or genes called by at least three programs (Mu, PAK_P3, and
API480). The results for Lambda are somewhat anomalous
due to the high number of false negatives. Thus, either of the
““at least 2 programs’’ or ‘‘at least 3 programs’’ settings offer
the best trade-off between sensitivity and specificity, with the
““at least 2 programs’’ setting favoring sensitivity (fewer false
negatives), and the ‘‘at least 3 programs’ setting favoring
specificity (fewer false positives). Exporting genes called by
at least one program (i.e., all genes identified) will likely
produce a large number of false positives, although it will
generate the fewest false negatives. This setting should thus
(and only thus) be used if the results are subsequently man-
ually curated to remove false positives. Exporting genes only
called by four or more programs is in the opinion of the
authors too stringent and will result in an unacceptably high
number of false negatives (typically between 3 and 10 per
genome). These results also show variability between phages,
with Lambda having the largest number of false positives and
false negatives, and YuA the fewest, even when adjusted for
genome length.

Given that no gene identification program is 100% accu-
rate, many research groups opt to manually curate the an-
notations obtained from gene identification programs.'*'?
Phage Commander was developed to simplify and accelerate
the manual curation process. A major component of manual

TABLE 2. PHAGES USED IN TESTING PHAGE COMMANDER

Name Host Genome length (bp) No. of genes GenBank accession no.
Lambda Escherichia coli 48,502 71% NC_001416

Mu E. coli 36,717 55 NC_000929
Patience M. smegmatis 70,506 110 NC_023691
Kampy M. smegmatis 51,378 89° NC_024141

Giles Mycobacterium smegmatis 53,746 85¢ NC_0099933
PAK_P3 Pseudomonas aeruginosa 88,097 165 NC_022970

YuA P. aeruginosa 58,663 79° NC_010116
API480 Paenibacillus larvae 45,026 77 MK533143

“Two duplicate genes not counted.
“Includes genes added.
“Based on the annotation of LilHazelnut.
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FIG. 2. False positives, false negatives, and their sum, based on the number of programs used to export genes in Phage
Commander for phages Patience, Kampy, Giles, and API480. FN, false negative; FP, false positive.

curation is tabulating the number of programs that identify a
candidate gene when making a gene identification decision
(in addition to using additional information such as homo-
logs, ozperons, overlap, ribosome binding score, and syn-
teny).'* Before the development of Phage Commander,
phage genomes had to be run through multiple gene identi-
fication programs separately, and the output of each program
was manually collated into a single spreadsheet.'® Phage
Commander was designed to accelerate manual curation by
automating the process of running phage genomes through
the gene identification programs, and outputting the results
into a single spreadsheet automatically. By our estimate,
using Phage Commander accelerates our workflow by 25—
30% (given that compiling the results of multiple gene
identification programs is one of the four main components of
the manual curation process).

Of interest is the relative performance of each of the nine
programs used and manual curation, which integrates all the
programs. In a previous publication presenting a manual
curation method developed in the Tsourkas Lab, we
benchmarked the accuracy of the method on phages Lambda
and Patience.'” In Figures 4 and 5, we compare the per-
formance of the nine programs and the manual curation
method for the eight phages in this study. Given that the
manual curation method is somewhat subjective (although
we have designed it so as to minimize subjectivity to the
extent possible), these results may vary slightly depending
on the annotator.'> We are in the process of including
PhANOTATE in Phage Commander and have included it in
Figures 4 and 5, as this program is designed specifically for
phage genomes, and is the most directly comparable with
manual curation.”
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FIG. 3. False positives, false negatives, and their sum, based on the number of programs used to export genes in Phage

Commander for phages Lambda, Mu, PAK_P3, and YuA.

Manual curation produces the best results (fewest false
positives and false negatives) in all phages except Lambda
and Giles, and is tied with Prodigal in phage Mu. Also of note
is that manual curation produced the fewest false negatives in
all phages except Mu. Manual curation has zero false nega-
tives for phages Giles, API480, and YuA, and achieved
perfect results (zero false positives and false negatives) for
phages API480 and YuA.

Consistent with our earlier results, no program unam-
biguously outperformed the others. RAST marginally
appears to be the most sensitive (fewest false negatives),
whereas the GeneMark suite of programs (GeneMark,
GeneMark with heuristics, and GeneMark S2) are the least
sensitive on average (most false negatives). MetaGene
consistently generates the fewest false positives (never
more than one, and usually zero). Of the GeneMark suite,

GeneMark S and GeneMark.hmm appear to have the best
performance. GeneMark.hmm is host trained and cannot
be used when the host is not known (e.g., metagenomics)
or when the host is unusual. For example, GeneMark.hmm
was not used for phage Patience, as this phage is an
atypical M smegmatis phage that appears to be transi-
tioning from another host to M. smegmatis,®" and thus
GeneMark.hmm produced highly anomalous results for
this phage.

PhANOTATE consistently identified a large number
of genes not found in the reference genomes in GenBank,
or identified by other programs (i.e., false positives). The
number of false positives identified by PhANOTATE ran-
ged from 4 (Mu) to 26 (Lambda) and was in the double
digits for most phages. These results are consistent with
those of our earlier study, in which PnhANOTATE identified
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FIG. 4. Plots of false positives versus false negatives for Patience, Kampy, Giles, and API 480. Diagonal lines represent

equal numbers of false positives and false negatives.

>200 genes in an artificial randomly generated 40 kbp DNA
sequence.'” In terms of false negatives, PANOTATE
performed at a level similar to RAST.

Discussion

Phage Commander is an application designed to accelerate
the labor-intensive and time-consuming manual curation of
phage genomes. It incorporates nine gene identification pro-
grams (plus an additional program for identification of tRNA
genes) that are widely used in phage genomics within a single
interface and then summarizes the results within a single
spreadsheet to display the results in a visually appealing
manner. Users have the ability to select which programs to use
and which genes to export based on the number of programs
identifying a gene. Phage Commander has the ability to export
files in GenBank format (.gb) for direct deposition to NCBI
GenBank, or for further processing through DNA Master.

An important feature of Phage Commander is the ability
for users to set the threshold for exporting genes. Users can
export genes on a sliding scale, starting from exporting all
genes called by at least one program (logical ANY/OR) to
only exporting genes called by all nine programs (logical
ALL/AND). Phage Commander was tested on eight high-
quality annotated phage genomes, the majority of whose
genes are experimentally verified. Results show that the
optimal settings are to export genes called by at least two or
three programs. Exporting genes called by one program
resulted in few false negatives (typically O or 1), but a high
number of false positives (typically 5-10). Exporting genes
called by more than three programs produced an unac-
ceptably high number of false negatives (typically 3-10).
No matter which setting is used, the authors recommend
manually inspecting and curating the output from Phage
Commander, using a method such as in Salisbury and
Tsourkas.'?
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FIG. 5. Plots of false positives versus false negatives for Lambda, Mu, PAK_P3, and YuA. Diagonal lines represent equal

numbers of false positives and false negatives.

Of the nine gene identification programs used in Phage
Commander, results with the eight phage genomes used in this
study showed RAST to be the most sensitive (fewest false
negatives on average), and MetaGene the most specific (fewest
false positives on average). Manual curation,'? which relies on
integrating the output of all nine programs through Phage
Commander, produced the best results (fewest combined false
positives and false negatives on average) for six of the eight
phages tested, showing that combining the output from mul-
tiple programs, in combination with additional information,
reduces the number of false positives and false negatives.

Phage Commander is currently being used in an under-
graduate class on phage genome annotation taught by the
corresponding author as part of the Science Education
Alliance-Phage Hunters Advancmg Genomics and Evolu-
tionary Science program.®’ The setting used in the class is
to export all genes identified by at least one program, and

the results are manually curated by the students using the
method described in Salisbury and Tsourkas.'? Phage
Commander has demonstrably reduced the laboriousness
of the manual curation process, and improved results.

Future directions include adding more gene identification
programs (e.g., PAANOTATE and BASys), and homology
search results (BLAST, CD-Search, HMMer, etc.) so as to
include putative gene product function information. In ad-
dition, we plan to integrate the results not just using simple
logical rules (ANY, ALL), but by developing a machine
learning algorithm to do so.

Conclusion

We present Phage Commander, an application for rapid
identification of genes in phage genomes using multiple gene
identification programs. By combining different existing
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programs within a single interface, Phage Commander
achieves better gene detection than any single gene-
identification program, while also reducing the labor cost of
manual curation of genome annotations. Phage Commander
is freely available for download from GitHub and runs on
Windows, Mac, and Linux.
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