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A BSTRACT
The genomes of prokaryotes are dynamic and shuffling of gene order occurs frequently, along with horizontal transfer of genes from
external sources. Local conservation of gene order tends to reflect
functional constraints on the genome or on a biochemical subsystem. Comparison of the local gene neighborhoods surrounding a
gene of interest gives insight into evolutionary history and functional potential of the gene. The Genomic Ring Visualization Tool
(Gene-RiViT) is a high speed, intuitive visualization tool for investigating sequence environments of conserved genes among related
genomes. Gene-RiViT allows the user to interact with interconnected global and local visualizations of gene neighborhoods and
gene order, through a web-based interface that is easily accessible in any browser. The primary visualization is a wheel of nested
rotating circles, each of which represents a single genome. This visualization is similar to common circular genome alignment views,
except that the rings can be realigned with each other dynamically
based on user selections within the ring view or one of the coordinated views. By allowing the user to dynamically realign genomes
and focus on a locally conserved region of interest, and using orthology connections to highlight corresponding structures among
genomes, this view provides insight into gene context and preservation of neighbor relationships as genomes evolve. Visualizations
are linked into a coordinated multiple view interface to provide
multiple selection methods and entry points into the data. These
approaches make Gene-RiViT a flexible, unique tool for examining
gene neighborhoods that improves on existing methods.
Index Terms:
J.3 [Life and Medical Sciences]: Biology
and Genetics;D.1.7 [Software]: Programming Techniques—Visual
Programming; H.5.m [Information Interfaces and Presentation]:
Miscellaneous—Multi-scale visualization
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I NTRODUCTION

It has long been known that multiple independent genes can be coordinately expressed and behave as a single unit in prokaryotic organisms. These units, called operons, encode functionally linked
proteins, with a conserved gene order. It has been shown that gene
order within operons is often conserved in both closely related and
highly divergent organisms, and can therefore be used for making
inferences about genes and their functions [9, 13]. For example, if
the function of a single gene in a region of conserved gene order
for multiple organisms is known, it is possible to infer information
about neighboring genes and transfer functional annotation, even
when function is known for only a single organism in the comparison [3, 9]. Conversely, if a gene is found in one genome outside of
its previously observed functional context, this may be an indication
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that there is no longer selection pressure acting to keep components
of an operon in their functional order.
Several tools currently exist that allow their users to examine
prokaryotic genes in the context of gene neighborhoods [6, 7, 26,
1, 11]. These existing tools are limited in a number of ways. Most
lack the capacity for users to use their own data, and are confined
to pre-loaded data sets. This may be helpful for studying broad
concepts, but can be limiting when specific organisms are being examined and data for those organisms has not been pre-computed. It
is also limiting if the user wishes to analyze unpublished data. The
existing gene neighborhood analysis tools generally make use of visualizations based on linear alignment to a fixed reference genome.
The user queries the database using text-based or pulldown based
queries, and then a visualization of a local region is generated. It is
not possible to seamlessly move back and forth between the whole
genome context and the local neighborhood, or to initiate a query in
a comparative data set based on observed relationships in the summary visualization rather than by keyword access to a known region
of interest.
The Genomic Ring Visualization Tool (Gene-RiViT) is a webbased visual analytic tool that uses emerging web technologies to
provide a coordinated multiple view interface to a comparative genomic database. The current version of Gene-RiViT combines a familiar, global 2D dot plot view with an adaptive local neighborhood
view, demonstrating the potential of a visual analytic approach for
real time exploration of conserved gene neighborhoods and their
genomic context.
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G ENE O RDER

Comparison of gene order in closely related or even highly diverged
genomes can suggest the biochemical context of a gene in a system,
though conserved gene order does not necessarily provide complete
biochemical information [27]. When multiple prokaryotic genomes
are being compared in order to understand gene content differences
among strains that may lead to differences in pathogenicity, in host
preference, or in survival in the environment, the first line of inquiry is often simply to examine genomic similarities and differences [22]. For instance, if a component of an operon frequently
associated with pathogenicity, such as the Type IV secretion system used by many bacteria to transport proteins and toxins out of
the cell, is found as a differentiating feature between two bacterial strains with different levels of pathogenicity, this is potentially
of interest. The next question, after we identify those potentially
interesting a differences, is whether the complete Type IV secretion system is present or whether that gene is isolated out of its
functional context, perhaps due to a horizontal transfer event or a
reshuffling of the genome. The number of prokaryotic genome sequences available is growing rapidly, and comparative studies focusing on identifying core genome features common to a set of
genomes, or dispensable features that distinguish them, are common. Gene-RiViT builds on an existing genomic comparative analysis platform [5], adding the capability to dynamically examine the
genomic context of these gene discoveries, as well as the gene-level
effects of observed insertions, deletions, and inversions on a set of
genomes.

Typical sequence alignment visualizations assume that sequences are collinear, and don’t adequately display permutations
in gene order, especially when multiple genomes are being compared. At the genome level, however, gene order is commonly rearranged and analysis of these permutations cannot be disregarded
in a comparison procedure [24]. Analysis of gene order conservation using gapped local alignments of 25 prokaryote genomes has
shown that 5-25% of the genes in bacterial and archaeal genomes
belong to gene strings that are shared by at least two of the examined genomes, once closely related species were excluded [27].
Gene-RiViT addresses the pervasive permutation problem associated with analysis of gene order, by providing visualizations that
make rearrangements in gene neighborhoods obvious and comparable between multiple genomes.
3

O RTHOLOGY

In order to compare gene order and identify commonalities among
different genomes, it is first necessary to determine orthology relationships between genes [24]. Orthologs are defined to be homologous genes that diverged from an ancestral gene in the most recent
common ancestor of the species under comparison, while paralogs
are genes that are related by a gene duplication event in an ancestral
gene [10]. Co-orthology refers to paralogs produced by the duplications of orthologs subsequent to a given speciation event, a phenomenon which is commonly observed between distantly related
species [14]. Inparalogs are paralogs in a given lineage that evolved
by gene duplications occurring after a given speciation event [25].
Gene-RiViT uses OrthoMCL to cluster genes by orthology, coorthology, and inparalology. OrthoMCL identifies orthologous
groups from the results of all-against-all BLAST comparisons,
identifying reciprocal best hits [21]. This method of ortholog clustering is based on the principle that orthologous genes are the most
similar among all compared pairs of genes [21, 27]. OrthoMCL
has been shown to outperform other clustering methods in terms
of efficiency and accuracy [2], however the modular design of the
database that supports Gene-RiViT allows for straightforward substitution of other methods for identifying orthologs as new methods
evolve. The use of orthoMCL to prepare genomic data for analysis
in Gene-RiViT allows any set of genomes to be compared to one
another, regardless of whether or not they have been made publicly
available or incorporated into existing orthology databases such as
Clusters of Orthologous Groups of proteins(COG) [24].
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G ENE -R I V I T

Gene-RiViT uses three main modules to process data and provide it
to the user: an OLAP database, a custom-built web server, and the
client-side visualization. Each of these modules is designed to be
scalable and to allow for fast interaction with genome-scale data.
Gene-RiViT incorporates multiple coordinated views that use state
of the art web technologies to create a dynamic, visually appealing and intuitive interface that provides researchers with the ability
to contrast the relationships between genes. The publically available interface requires no setup and is capable of visualizing any
combination of prokaryotic genomes. Users can also set up GeneRiViT to run on local systems with relatively little setup. We currently provide support for importing any genome available in the
EMBL database, however, the GenoSets back-end which supports
the Gene-RiViT system also supports import and annotation of unpublished genome data.
4.1

real-time applications [15]. As the amount of genomic data processed can be quite substantial, it was important to address the issue
of network latency when designing Gene-RiViT. Node.js achieves
high performance when processing large amounts of data, by using the performance optimized javascript V8 engine along with a
non-blocking, asynchronous model for data processing and communication [12, 15]. This allows Gene-RiViT to efficiently handle
on-the-fly queries on genome-scale data sets and send results back
to users over the net at speeds sufficient to allow for seamless interaction.
Figure 1 shows the overall architecture of Gene-RiViT. Of particular interest is the central role of the web server in handling
data processing and communication. When a user interacts with
a gene of interest in the visualization, the web server will query
the database for information about that gene, homologous genes
in other organisms that are being examined, and their neighboring
genes. The results are then processed into a format that can be
recognized by the visualization and are returned over the network
as they are processed. The asynchronous processing of node.js allows data to be effectively streamed back to the user, rather than
returned as a single, large block. This allows users to interact with
large amounts of complex data in real-time.

Web Server

Gene-RiViT relies on custom-built middleware that functions as
a web server and data processing hub between the database and
the visualization. This module of Gene-RiViT was developed using Node.js, an efficient and scalable platform for data-intensive,

Figure 1: A central web server processes data between the database
and the client-side visualizations. New data is generated via
GenoSets, which retrieves and clusters data before adding it to the
database.

4.1.1 GenoSets
GenoSets is a comparative genomic analysis platform that supports annotation parsing, manages ortholog clustering via orthoMCL, assigns Gene Ontology (GO) terms to genes, and structures data in the database with consistent gene definitions for a set
of genomes [5]. GenoSets provides functionality for Gene-RiViT
that lets researchers specify any dataset in the EMBL-Bank public
repositories [18]. Through the Gene-RiViT interface, researchers
can select any combination of genomes from a list of completed microbial projects or EMBL accession id. User requests from the visualization layer are passed to the web server, which uses GenoSets
to download the specified genome data, cluster the data using orthoMCL, and load the processed data into the database. When the
process is complete, users are notified by e-mail that their data is

ready for viewing. The amount of time required for processing is
dependent on the size and number of genomes being loaded. A
trial process that was run to cluster and load data of six different E.
coli strains took approximately two hours to complete on a desktop
computer, however, this is not an innate restriction on the system.
Once data is loaded, users can switch between data sets through
the Gene-RiViT interface and access any previously loaded data.
The entire process of downloading, ortholog clustering, and loading
data into the database, however, is a completely invisible process,
which contributes to the ease of use of Gene-RiViT.

used are Flot [19] and D3 [4]. Flot is a javascript-based plotting
library that uses the jQuery framework and HTML5 canvas to produce graphical plots on the fly on the client side [16]. The Data
Driven Documents library, or D3, is a fast and efficient javascript
library for developing interactive web-based visualizations. Both of
these readily available technologies ensure compatibility on almost
any system with no setup or configuration for the user, in addition to
providing fast interfaces that allow users to view and interact with
genome-scale data.
4.3.1

Figure 2: Homologous genes in four strains of staphylococcus with
respect to a reference strain. The dot plot view provides a global representation of homologous gene positions of multiple organisms as
compared to any selected reference genome. The x axis represents
the position of the gene in a selected reference and the y axis shows
the position in selected query genomes.

4.2

Database

Gene-RiViT uses a multi-dimensional architecture to support Online Analytical Processing (OLAP): a model typically used in business intelligence software to support real-time, ad hoc querying of
data at different levels of granularity [8]. The database employs a
star schema, in which source data is partitioned into facts that represent different dimensions of information. This database design facilitates the fast querying capacity that is necessary for interactivity
with such a large amount of data. For example, information about a
gene’s location in the genome is stored separately from information
about the ortholog clusters that gene may belong to. Each table in
the database stores a different type of information about the gene
and all of these dimensions of information are relationally linked
through a central table [17]. By keeping the data separated and
stored at this level of detail, it is possible for queries to be made for
only the information that is necessary on tables that contain only
the necessary information. This reduces the overhead that would
otherwise slow down the querying process if the database were required to search for and parse out scattered chunks of information
from several genomes worth of data.
4.3

Visualization

Gene-RiViT incorporates multiple views that are implemented using javascript-based visualization libraries. The two main libraries

Plot View

Gene-RiViT provides researchers with multiple coordinated views
of prokaryotic genome data. A global view is provided as a dot plot,
in which positions of genes are plotted on a graph with respect to
their positions in a reference organism. The reference organism can
be selected from a list of any of the genomes that have been loaded
into the database. Any number and combination of genomes can be
selected for viewing with respect to the selected reference organism, and the reference genome can be changed dynamically. Each
organism is represented as a different color in the plot and standard
visualization features, such as panning and zooming, are incorporated. Figure 2 shows an example of four strains of Staphylococcus
plotted with respect to a fifth strain. The strong main diagonal in
this plot indicates that there is high gene-order similarity between
these organisms, which is not unexpected as they are very closely
related. However, the dot plot makes insertions, deletions and rearrangements easily visible as well as giving access to off diagonal
similarities that would simply show up as gaps in a standard linear
reference-based genome alignment.
Considering the large amount of data represented in the dot plot,
it is necessary to incorporate methods for locating areas that might
be of interest. A number of methods for accessing the data presented in the dot plot are implemented. Annotation data stored in
the database is provided to the user as a list of Gene Ontology terms.
The interface provides a method for selecting GO terms, such as cell
surface binding, from a menu, which results in all genes that are either annotated or homologous to genes with the selected function
being highlighted in the plot, while all genes without the specified
function will be colored grey to make the selected genes more obvious. This functionality can help researchers to identify genes in potentially interesting functional categories as starting points for more
detailed exploration, or to improve on the level of detail provided
in annotation information.
4.3.2

RiViT View

While the dot plot view provides an overall picture of the organization of genes for selected organisms on a global scale, the RiViT
view provides a local context in which to examine relative ordering
and reshuffling of genes. The RiViT view consists of a series of
nested, rotating semi-circles, each of which represents the ninety
genes around a central gene that is aligned with homologous genes
in other circles. A gap is incorporated at the nine o’clock position
of the view to show that there is a discontinuity between the genes
shown in the view and that the circles represent only a local view
of a larger volume of information. When the circles rotate clockwise, genes from previously viewed regions of the genome fade
into the circle from the gap, while genes entering the gapped region
fade out. The opposite is true when rotation is counter clockwise.
For cases where an alignment exists, but homologous genes are not
found for every organism selected, the genes on an alignment for
organisms with no matches are shaded grey to indicate that there is
no alignment for that organism. In the opposite case, where multiple possible alignments are found in a single organism, navigation
buttons are provided that allow users to rotate the circle for that
organism through the set of existing matches.
The number of rings displayed in the RiViT view is dependent

Figure 3: A conserved operon examined using Gene-RiViT. Left(a): The RiViT view provides local context information about gene neighborhoods.
Homologous genes are aligned in green. Genes shown in grey show that no homologs were found for an organism. Right(b): A zoomed view of
the dot plot view shows a conserved operon for two query species. Five homologous genes are highlighted around a central selected gene. All
other points are shaded grey to reduce visibility.

on the number of organisms selected for investigation. The previous example of four staphylococcus strains aligned to a fifth reference strain would result in five color-coded rings representing the
selected organisms. When a user interacts with genes in the dot plot
view, these rings rotate to align homologous genes for all organisms
at the three o’clock angle. A user specified number of neighboring
genes around the selected gene are also checked against neighboring genes in the query organisms for homology and color-coded
accordingly. The RiViT view, then, provides researchers with information about relative restructuring or conservation that has occurred at a local level between organisms under study without regard to long-range structural changes. This allows genes and gene
neighborhoods to be examined and compared in a local context that
can provide information about how specific genes might be functionally linked. Figure 3a shows an example of the RiViT view
aligning a set of genes from a conserved operon in staphylococcus.
Users are also able to select any gene in the RiViT view to make
that gene the new point of reference. In this way, gene neighborhoods can be smoothly explored by allowing users to switch between different organisms that have differing homology relationships, or move in steps along the genome to explore wider ranges
of neighborhood information. For example, organisms a, b, and c
may have an orthologous match that can be aligned by selecting any
of the genes in a specific ortholog cluster. Organisms c and d, may
have related genes in the same neighborhood that can be examined
by switching focus to organism c. This sort of exploratory analysis could be particularly useful in comparing genomes of species at

varying evolutionary distance.
4.3.3

Details View

In addition to the interactive views discussed above, a detailed list
of information about genes is provided. This list provides details
about each of the genes in the alignment, as well as a list of neighboring genes that can be selected to view details. By default, size,
starting and ending positions in the genome, and annotation information are displayed, though users can select additional annotation
information to view by selecting options from a menu. Selecting a
new gene for investigation will automatically update the list to show
information about genes and their neighbors in the new alignment.
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D ISCUSSION

Gene-RiViT is designed to be useful in a variety of research situations. In more recently divergent organisms, Gene-RiViT can be
used to examine the effects of gene rearrangement by comparing
multiple organisms. In more evolutionarily distant organisms, it
can also be used to identify and examine the details of conserved
sets of genes and for functional inference by association. A simple
example of the utility of Gene-RiViT was performed to illustrate
proof of concept.
Figure 3 shows Gene-RiViT in use. In this instance, four strains
of Staphylococcus are being examined: aureus Mu3, aureus COL,
carnosis TM300, and epidermitis ATCC 12228. In this case, strain
Mu3 was selected as the reference strain. A region was selected
based on a local alignment of genes, visible as a short diagonal,

Table 1: Gene neighborhood alignment annotation information

Distance
-2
-1
0
1
6

Mu3
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
phi PVL ORF 15 and 16 homologue

COL
prophage L54a, terminase, large subunit,putative
prophage L54a, Clp protease, putative
hypothetical protein
conserved hypothetical protein
prophage L54a, tail tape meausure protein, TP901family

that was observed in the global dot plot view shown in figure 2.
The area was zoomed in and a gene from the center of the aligned
region in strain aureus COL(red) was selected. Points in the plot
that were not homologous to one another in a range of one hundred
genes around the selected gene were shaded grey in the plot, showing homologous genes in the region between the reference genome,
strain Mu3, and strains TM300(blue) and COL(red). The RiViT
view rotated to align the gene selected in the plot with the homologous genes in other organisms. Detail information about the
aligned genes was then provided in the detail view. In the case of
strain ATCC 12228, no homologous genes were found and the visible genes from this species were shaded grey in the alignment to
show that there were no gene neighborhood matches. The alignment, highlighted in green, shows that two genes prior to the selected gene are also homologous to one another, as is the following
gene and another gene six gene positions away.
Table 1 shows annotation information for the aligned genes, with
the distance column indicating the distance in steps away a gene is
from the selected gene, and zero indicating the gene that was selected. In this case, the gene selected was annotated as a hypothetical protein in each of the organisms under comparison. Examination of the surrounding homologous genes, however, shows
very similar annotation information between the COL and TM300
strains. Based on the homology information showing known orthology in a conserved range in multiple genomes with a lack of
rearrangements, it is possible to infer with reasonable confidence
that the function of the hypothetical proteins at the center of the
alignment is related to prophage L54a, though this could be experimentally verified to obtain a higher level of confidence and precision. Because the information about the known genes shows that
these genes are phage related and have a conserved order spanning
multiple genes, most likely these genes exist as a result of a horizontal transfer event [23]. Investigating prophage L54a revealed
that the integration of prophage L54a results in a loss of lipase activity in Staphylococcus aureus PS54 due to insertion at the 3’ end
of the lipase structural gene [20]. A researcher using Gene-RiViT
could verify this result by navigating through the local context provided by the RiViT view to see if neighboring genes were in fact
involved in lipase activity.
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C ONCLUSION

AND

TM300
putative phage terminase, large subunit
putative Clp protease, phage associated
hypothetical protein
conserved hypothetical protein
truncated phiSLT orf2067-like protein

ATCC 12228
No match
No match
No match
No match
No match

F UTURE W ORK

We presented Gene-RiViT, a visual analytic tool for the on-the-fly
analysis of gene neighborhoods in bacterial genomes. Gene-RiViT
provides a coordinated set of visualizations for examining genomic
data at multiple levels of granularity, with particular focus on gene
order in local gene neighborhoods. Gene-RiViT uses state of the art
web technology to present data as a dynamic and adjustable alignment, rather than the more common presentation of a fixed alignment pegged to a reference genome. The ring visualization in GeneRiViT allows the user to pick any gene in any of the genomes in the
set as the query, upon which the entire genomic alignment rapidly
rearranges to bring orthologs in the other genomes into alignment
with the query. Highlights on the genome then show orthology relationships in the neighborhood surrounding the query gene, giving insight into the conservation of local genome context and the
preservation of functional operons. A second visualization of the
genomes being compared as a familiar 2D dot plot allows the user
to pinpoint regions of interest based on observed features in the 2D
alignment. Selections in the dot plot visualization can be used to
control and highlight the dynamic genome ring visualization, and
vice versa. Keyword searches and Gene Ontology based searches
are also available as entry points to the data. Gene-RiViT has a
wide variety of potential uses in comparative genomics studies and
will be freely available and easily accessible to the public.
The visualization tools in Gene-RiViT are designed to function
as part of a coordinated multiple view interface that includes multiple methods for target gene selection. For instance, we have
previously implemented a java Parallel Sets visualization, used in
conjunction with a visualization of Gene Ontology categories in a
treemap view, to rapidly identify common and differentiating genes
in multiple genome data sets and to further subdivide those gene
lists by functional category [5]. Gene-RiViT provides an intermediate level of detail between these high level abstractions of the
genome data set and the literal linear views to which biologists
are accustomed. Integration of Gene-RiViT with Parallel Sets and
Gene Ontology hierarchy views is planned, along with incorporation of other feature markup such operon predictions. Further information on the development of Gene-RiViT will be made available
through http://gibas-research.uncc.edu.
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