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Abstract
Groups around the world have collected pathogen and human gene sequence data and relevant clinical and 
laboratory parameters from large cohorts but, major issues confront researchers who wish to re-analyze or 
mine these data sources. Obtaining data via repository-specific request procedures by submission of  a 
specific hypothesis, as well as conversion of  heterogeneously collected data to a useful common format and 
encoding are often encumbrances to beginning and can limit the value of  a study.
To address this, we developed Viroverse, a database and analysis tool kit which together constitute a 
software infrastructure for the acquisition, retention and evaluation of  clinical, laboratory and genetic data 
derived from human hosts and their infecting pathogens. Viroverse currently includes >1800 subject 
records, the majority of  which have complete information including: medical history, demographic, 
laboratory tests, risk assessment and sexual behavioral data, host genetic markers, viral gene sequences and 
CTL recognition data. Within Viroverse, specialized interfaces capture data from sample acquisition from 
the bedside through to the lab bench in molecular biology and bioinformatics.The EpitopeDB component 
is an interface to collect and query subject data from ELISpot reactivity experiments. DIVER is an 
integrated tool to automate standard phylogenetic analyses of  gene sequences. By providing a consistent 
analytical framework and means for interchanging information on viral infections, Viroverse increases the 
efficiency of  manual exploration and extraction of  data from current data sets and enables new tools for 
discovery-based data mining approaches.

Background
Over the past decades, many groups around the world have been 
working to capture pathogen and human gene sequence data and 
relevant clinical and laboratory parameters from large subject 
cohorts. While useful for their original purpose in supporting 
research, major issues confront researchers who wish to efficiently 
and thoroughly mine data sources, especially as new information is 
derived from the same subjects.

Methods
Using the Seattle Primary Infection Project and Multicenter AIDS 
Cohort Study cohorts as prototypes of  robust data, we developed a 
database and a series of  tools for the acquisition, retention and 
evaluation of  clinical, laboratory and genetic data derived from 
human hosts and their infecting microbial pathogens. Focusing 
initially on HIV as a prototypical viral infectious disease, we chose a 
highly normalized relational database structure specific to the 
molecular biology and attendant data of  viral pathogens. The web 
environment of  Viroverse uses the Catalyst Model/View/Controller 
framework (http://catalyst.perl.org), served by an Apache mod_perl 
server and connected to a PostgreSQL database.

Data Processing and Input
Existing data were assembled in a variety of  formats from 
collaborators across diverse disciplines: SAS export, flat text files, 
Microsoft Access tables, Excel spreadsheets, and other 
application-specific formats. Many fields required standardization; 
for example, multiple values stored in a single field, or incomplete 
dates entered when an exact timeframe was not known. 

Viroverse provides a generalized web-based data loading interface 
(Figure 1) to reduce the complexity of  this process and ensure 
reliability and security. Direct collection occurs via web-based input 
through customized forms like those for the molecular biology 
experiments described below. Viroverse can also interface directly 
with existing structured databases, such as those holding clinical data.

A web-based sequence input interface (Figure 2) provides a 
streamlined method to input a large number of  sequences with the 
same attributes (i.e., multiple viral sequences from the same 
specimen) along with the clone designation, subject identifier, 
collection date, and type of  specimen collected. Upon submission, 
each new sequence is compared to those already in the database to 
prevent duplicate entries or contamination with lab strains or samples 
from other subjects1,2. Once verified, sequences are aligned pairwise 
to a reference to enable a standard notation for genomic location. 
Additional entry forms capture data from sample acquisition (Figure 
3), and viral genome amplification (Figure 4) through the sequencing 
reaction, and chromatogram interpretation (Figure 5, opposite).

Retrieval and Analysis
Viroverse currently includes >1800 subject records (example, Figure 6), the 
majority of  which have complete information including: medical history, 
demographic, laboratory tests (e.g., viral load, T cell counts, serology, risk 
assessment and sexual behavioral data, host genetic markers (e.g., HLA, AIDS 
related genes, SNP data), viral gene sequences, CTL recognition data. Access 
controls ensure that unpublished data are not disclosed involuntarily.

The search interface (Figure 7) allows researchers to retrieve any combination of  
variables from the database, filtered by any number of  criteria.  These data alone 
or in combination with other previously defined data sets or additional uploaded 
values are then available for a variety of  integrated analyses, the results of  which 
can then be stored in the database as new values.

Integrated Analytical Tools
ViroBLAST3 is an extension of  the ubiquitous BLAST tool for sequence 
similarity searches.  It extends the utility of  BLAST to query against multiple 
sequence databases and user sequence data sets, and provides a friendly output to 
easily parse and navigate BLAST results.

EpitopeDB (Figure 8) is a specialized interface to collect and query subject data 
from enzyme-linked immunospot (ELISpot) reactivity experiments. Users can 
perform searches on all included data, organized by all the peptides tested in a 
particular subject or time points in longitudinal samples. From the experimental 
data, they may view which peptides were recognized by the subject's immune cells, 
epitope definitions, changes in the recognition of  peptides mutated from epitope 
sequences, and mutations identified in the subject as the virus evolves to escape 
the CTL response. Users can also query experimental results using a single peptide 
or a pool or matrix including the peptide, or search for all subjects who have been 
tested for recognition of  the peptide. EpitopeDB also includes a graphing 
function to view data summaries, e.g., for the identification of  the HLA restricting 
allele for HIV-derived peptides.

DIVER (Figure 9) is an automated interface to standard phylogenetic analyses of  
gene sequences via a web-based or command-line interface. It saves an enormous 
amount of  analyst time and standardizes phylogenetic analyses and genetic 
distance calculations so that comparisons between analyses can be made without 
the compounding problems of  differing evolutionary models. It performs 
maximum likelihood phylogenetic estimation via PhyML4,5 and utilizes HyPhy6 to 
determine the Most-Recent-Common-Ancestor sequence and calculates 
divergence and diversity values based on tree or pairwise comparisons.

Conclusions
Viroverse is proving to be a useful tool to organize and analyze large amounts of  
data generated within a lab and through collaborations between multiple groups. 
As development and adoption by other sites proceeds, we hope to address many 
of  the data interoperability and accessibility problems highlighted in the 
background section. By providing a consistent analytical framework and means 
for interchanging information on viral infections, exploration and extraction of  
data from current data sets will be far more efficient, and new tools for 
discovery-based data mining approaches will be enabled. The former will facilitate 
hypothesis testing while the latter will allow rapid exploration of  statistically 
significant correlations that, in turn, will generate novel hypotheses and increase 
the pace at which scientific exploration can proceed.
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