Chapter 43

Taxonomic Parsing of Bacteriophages Using
Core Genes and In Silico Proteome-Based CGUG
and Applications to Small Bacterial Genomes

Padmanabhan Mahadevan and Donald Seto

Abstract A combined genomics and in situ proteomics approach can be used to
determine and classify the relatedness of organisms. The common set of proteins
shared within a group of genomes is encoded by the “core” set of genes, which is
increasingly recognized as a metric for parsing viral and bacterial species. These can
be described by the concept of a “pan-genome”, which consists of this “core” set and
a “dispensable” set, i.e., genes found in one or more but not all organisms in the
grouping. “CoreGenesUniqueGenes” (CGUG) is a web-based tool that determines
this core set of proteins in a set of genomes as well as parses the dispensable set of
unique proteins in a pair of viral or small bacterial genomes. This proteome-based
methodology is validated using bacteriophages, aiding the reevaluation of current
classifications of bacteriophages. The utility of CGUG in the analysis of small
bacterial genomes and the annotation of hypothetical proteins is also presented.

Keywords Bacterial genomes - CGUG - Core genes - Genomics - Pan-genome -
Proteomics approach - Web-based tool

43.1 Introduction

The continuing and predicted explosion of whole genome data is staggering, with de
novo determinations of genomes from previously unsequenced genomes as well as
multiple determinations of related genomes, e.g., multiple Escherichia coli genomes.
If this can be pictured as a “tsunami” to place visually the enormity of the data flow
and to understand the immense amount of data that need to be mined (and given a
relatively sparse array of software tools to do so), then the parallel and earlier capture
of bacteriophage and small bacterial whole genome data may be described as a
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“seiche,” both in terms of the smaller sizes of the genomes they represent and the
apparent smaller “stage” upon which they play. Nonetheless, bacteriophages are
long-studied and remain valuable for their contributions to basic biology knowledge.

“CoreGenesUniqueGenes” (CGUGQG) is a user-friendly web-based tool that per-
forms “on-the-fly” protein—protein analyses in order to determine the “core” set of
proteins of a set of small genomes. It is a redevelopment of an existing tool,
CoreGenes [1], and is an enhancement based on suggestions from the wet-bench
bacteriophage research community. CGUG has been validated in two different
functions, as will be presented in this report. First is in the annotating and compar-
ing of small bacterial genomes, ca. 2 Mb and less. The second is in reexamining the
complex and long-standing relationships of bacteriophages. The latter is very
important, given the extensive genetic and biochemical studies in the past. Inte-
grating genomics and in silico proteomics with that data gives another dimension to
the value of genome determinations and databases.

The International Committee on the Taxonomy of Viruses (ICTV) is an organi-
zation of researchers in a particular field that considers the classification of viruses
in their field [2], for example, the bacteriophages. A current classification system
accepted by the ICTV is based on a hierarchical system that groups viruses by the
characteristics that they share. These characteristics reflect the technologies and
methodologies that were available at the time, and may be limited by the same.
Specifically, in the case of bacteriophages, in the past and currently, these metrics
include morphology, genome size, host range, proteins (immunochemistry), and the
physical characteristics of the genome, e.g., whether the genome is linear, circular,
or supercoiled [3]. In response to the newly available genome and the resulting
proteome data, researchers are now considering these data in the scheme of viral
relationships and classifications.

As an example of this, a proteome-based approach has been used recently to
reexamine and suggest a reclassification of bacteriophages by computationally
building a proteome tree based on BLASTP analyses [4]. The disadvantage of
this approach is that there was no readily accessible tool that performs this analysis
and generates the proteome tree for inspection and analysis. Ideally, a web-based
tool that performs the BLASTP analyses and produces easily interpretable output
would be very useful to wet-bench biologists. CoreGenes is a tool that was
developed earlier and is used currently to determine the “core” or common set of
proteins in a set of genomes. CGUG is an upgrade and a modification that incorpo-
rates suggestions from several members of the ICTV who were interested in using
the software for their research. Core sets of genes have been used to reconstruct
ancestral genomes [5], organismal phylogenies [6], and organism classifications
[7]. It can be and has been applied to the bacteriophage studies [7].

43.2 CoreGenesUniqueGenes Algorithm

CGUG is implemented in the Java programming language, using a combination of
servlets and HTML. The algorithm is based on the GeneOrder algorithm to determine
gene order and synteny [8]. The algorithm accepts between two and five genome
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accession numbers. These genomes are then retrieved from GenBank, and the protein
sequences are parsed and extracted from the GenBank files. One genome is desig-
nated as the reference genome, and the rest are the query genomes. If only two
genome accession numbers are entered, all against all protein similarity analyses are
performed for each protein of the query genome against the reference genome using
WUBLASTP from the WUBLAST package. The results from the protein similarity
analyses are parsed according to a previously specified threshold BLASTP score
(default = ““75”). If the scores from the protein alignments are equal to or greater
than the threshold score, the protein pairs are stored and a table of proteins common
to the two genomes (that is, “core” proteins) is created as the output.

In the case of more than two genomes, a consensus genome is created from the
results of the similarity analysis between the reference genome and the first query
genome. This consensus genome becomes the new reference genome. Protein
similarity analyses are performed with the second query genome against this new
reference genome using WUBLASTP. The algorithm proceeds in an iterative
manner, analyzing the subsequent query genomes against the newly created refer-
ence genomes. The final output is a set of “core” proteins between a set of up to five
small genomes in the form of a table. The unique proteins to a pair of genomes are
also presented in tabular format below the “core” protein table. CGUG is available
at http://binf.gmu.edu:8080/CoreGenes3.0 and can also be accessed at http://binf.
gmu.edu/geneorder.html.

At the request of wet-bench bacteriophage researchers, a homolog count function
has also been implemented. This is displayed as the sum of proteins in each column
of the table. In addition, in recognition that some genomes may be newly sequenced
and desired to be analyzed before submission into public databases, custom data
can also be entered for CGUG analysis using the “custom data” interface.

The groups analyzed to demonstrate the function of reconfirming and verifying
existing (ICTV) genera are the T7-like bacteriophages (Escherichia phage T7,
Yersinia phage @A1122, Yersinia Berlin, Escherichia phage T3, Yersinia phage
¢YeO3-12, Escherichia phage K1F, Vibrio phage VP4, and Pseudomonas phage
gh-1). Based solely on the GC content and length, it may be difficult to gain
meaningful information about the bacteriophages in order to classify them. But
an analysis of their proteomes using CGUG yields more informative results. All
CGUG analyses are performed at the default threshold setting of “75.”

43.3 Results and Discussion

43.3.1 Bacteriophage Genomes Application: Verification
of Existing Genus of the Podoviridae

Bacteriophages are notoriously difficult to classify because of their genome vari-
ations due to horizontal transfers [9]. Recently, several researchers, who are
members of the ICTV, have used CoreGenes to reanalyze and reclassify
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bacteriophages using proteome data [7]. Their previous experiences in applying
CoreGenes to earlier work gave insights as to what additional features were needed;
these have been incorporated into CGUG and integrated into the later portions
of their analyses of these genomes. The bacteriophage families examined to date
include the Podoviridae and the Myoviridae [10]. To illustrate the usefulness
of CGUG, the T7 genus reanalysis data from a recent collaborator [7] are
presented here to emphasize the utility of this approach in the reclassification of
the bacteriophages.

The T7-like phages constitute a genus of the Podoviridae family. Using a
homologous protein cutoff of 40%, CGUG analysis reveals that the members of
the T7-like phages all share greater than 40% homologous proteins with bacterio-
phage T7. This cutoff is used because it has been used previously to produce clear
relationships between bacteriophage genera of the Podoviridae [7]. This shared
protein analysis reconfirms and verifies the existing ICTV classification of these
phages as belonging to the T7-like phage genus.

43.3.2 CGUG Analysis and Reclassification of T7, P22,
and Lambda Bacteriophages

The tailed bacteriophages T7 and P22 are currently and traditionally classified as
belonging to the Podoviridae family due to a shared presence of short tails [3].
However, P22 and lambda are more related to each other than to T7, based on the
CGUG in silico proteomics analysis. Therefore, P22 should be moved to and
classified in the Siphoviridae to which lambda belongs. CGUG analysis reveals
that T7 and P22 share only two proteins. T7 and lambda also share only two
proteins. The percent identities of these shared proteins are very low, ranging
from 14 to 20%. In contrast, P22 and lambda share 19 proteins, several of which
show high percent identities (>80%).

Thus, these results show that P22 is more related to lambda than to T7, given the
genome and the proteome data. The whole genome percent identity between T7 and
P22 is 47.5%, while the identity between T7 and lambda is approximately 46%.
This nucleotide level does not provide meaningful information about the related-
ness of these genomes. Similarly, the percent GC content of these genomes
(between 48 and 50%) is also not informative. The CGUG analysis looks at the in
silico proteome, and the relatedness of the T7, P22, and lambda phages can be
assessed more meaningfully using this information.

43.3.3 Application to Niche Specific Bacterial Strains

The transcriptomes of two closely related strains of Burkholderia cenocepacia
were recently mapped by high-throughput sequencing [11]. B. cenocepacia strain
AU1054 is an opportunistic pathogen found in cystic fibrosis patients, while the
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B. cenocepacia strain HI2424 is a soil-dwelling organism. Despite the fact that
these two organisms live in very different environments, they share 99.8% nucleo-
tide identity in their conserved genes. Even in such highly related bacterial strains,
there are cases of hypothetical proteins in one strain that are not annotated with a
function that is related to annotated proteins in the other strain. One example is the
case of the 3-carboxy muconate cyclase-like protein found in AU1054, while the
counterpart protein is annotated as hypothetical in HI2424. These two proteins
share only 12.1% identity to each other. However, their lengths are not very
dissimilar, and analyses using PFAM (http://pfam.sanger.ac.uk) show that the
hypothetical protein appears to contain a “3-carboxy-cis,cis-muconate lactonizing
enzyme” domain. Therefore, it is possible that the hypothetical protein shares a
function similar to that of the annotated protein in AU1054.

In contrast, there is a case where the hypothetical protein is in AU1054, while the
counterpart annotated protein is in HI2424. This annotated protein is an amidohy-
drolase. The percent identity between these proteins is 19.7%, and their lengths are
similar as well at 319 amino acids for the amidohydrolase and 281 amino acids for
the hypothetical protein. Functional prediction of this hypothetical protein using the
SVMProt server [12] indicates that it belongs to the iron-binding protein family,
with a probability of correct classification of 78.4%. Indeed, several enzymes in the
amidohydrolase superfamily bind metal ions [13]. The catalytic activity of one
amidohydrolase, cytosine deaminase, is highest with iron [14]. Analysis using the
Phyre fold recognition server [15] indicates that the hypothetical protein apparently
belongs to the “N-terminal nucleophile aminohydrolases”. However, it must be
noted that the E values from Phyre and the percent precision are not significant.
Nevertheless, this taken together with the fact that CGUG puts these two proteins
together suggests that the hypothetical protein may indeed be an amidohydrolase.
Further wet-bench experiments are needed to confirm this prediction.

43.4 Conclusions

Whole genome and in silico proteome analysis tools are necessary to obtain
meaningful information about organisms when the nucleotide data are not espe-
cially informative. CGUG is a user-friendly tool that is especially suited to wet-
bench biologists with little interests in compiling code or deconstructing software in
order to analyze proteomes from small genomes such as those from viruses,
chloroplasts, and mitochondria, as well as small bacterial genomes. The utility of
CGUG is illustrated in the verification of current classifications of bacteriophages
and in the proposal of new classifications based on CGUG and other data. The
current ICTV classification of the T7-like phages is verified using the whole
proteome CGUG analysis.

Currently, the T7 and P22 phages are classified in the Podoviridae, while lambda
phage is classified in the Siphoviridae. The in silico proteome analysis by CGUG
shows that P22 is more related to lambda than to T7. That is, P22 and lambda share
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more proteins with each other than they both do with T7. This means that P22
should be classified in the Siphoviridae like lambda. In this case, proteome analysis
is more meaningful than the shared morphological similarity between T7 and P22.

The usefulness of CGUG in annotating hypothetical proteins is illustrated in the
case of the two closely related niche-specific Burkholderia bacteria. The assign-
ment of putative functions to these hypothetical proteins will provide a starting
point to help wet-bench scientists confirm these predictions in the lab.

The web-based nature of CGUG makes it accessible and useful to wet-bench-
based biologists. The “on-the-fly” nature of the tool avoids the limitations of
precomputed data and allows the retrieval of the genomes directly from GenBank.
The ability to enter custom data further enhances the tool immensely. These types
of software tools allow biologists to take full advantage of the expanding genome
sequence databases.
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