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a b s t r a c t

Antigenic variation is a common mechanism employed by many pathogenic organisms to avoid recog-
nition of surface proteins by the host immune system. The malaria parasite, Plasmodium falciparum,
among many others, exploits this mechanism and manages to survive in an otherwise hostile envi-
ronment. Although similarities in the mechanisms used among different species to generate antigenic
variation are broadly recognized, there is a lack of studies using cross-species data. The varDB project
(http://www.vardb.org) was created to study antigenic variation at a range of different levels, both within
arDB
alaria

lasmodium

and among species. The project aims to serve as a resource to increase our understanding of antigenic vari-
ation by providing a framework for comparative studies. In this review we describe the varDB project, its
construction, and the overall organization of information with the intent of increasing the utility of varDB
to the research community. The current version of varDB supports 27 species involved in 19 different dis-
eases affecting humans as well as other species. These data include 42 gene families that are represented

by over 67,000 sequences. The varDB project is still in its infancy but is expected to continue to grow with
the addition of new organisms and gene families as well as input from the general research community.

© 2009 Elsevier B.V. All rights reserved.
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1. Introduction
Many pathogens need to adapt to an extremely hostile environ-
ment: their vertebrate host. Indeed, vertebrates have developed
an elaborate immune system that efficiently targets the non-self.
One component of this system, unique to jawed vertebrates, is
adaptive immunity, which is specific and long lasting (Cannon et
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l., 2004). In order to avoid being destroyed by this host defense
trategy, pathogens have evolved counter mechanisms to avoid it,
ncluding antigenic drift and variation. An important example can
e observed in the malaria parasite, which makes extensive use of
ntigenic variation. Plasmodium species have a complex life cycle,
hared between the mosquito vector and the vertebrate host, with
ifferent life stages experiencing distinct immune pressures (Rasti
t al., 2004). After infecting the host, sporozoites first migrate to the
iver where they undergo an initial proliferation phase in hepato-
ytes. Following extensive differentiation, merozoites are released
nto the host blood stream where they multiply asexually in red
lood cells in the erythrocytic stage of the life cycle. Some mero-
oites may differentiate into gametocytes, which can be ingested by
nother mosquito to continue the sexual stage of parasite develop-
ent. Within the vertebrate host, Plasmodium parasites are under

onstant immune pressure. The parasite evades detection by the
mmune system by hiding inside red blood cells. However, to avoid
estruction by the spleen, it risks immune exposure by export-

ng adhesive proteins to the red blood cell surface. Although the
unction of these proteins is poorly understood, they are involved
n parasite sequestration and rosetting, adaptations that prevent
he infected erythrocytes from reaching the spleen. Though less
ell understood, the gametocytes also experience immune pres-

ure while undergoing sexual reproduction in the mosquito vector.
All Plasmodium species surveyed at the genome-wide scale have

evealed the existence of multi-copy gene families with suspected
nvolvement in antigenic variation, most often located in the geneti-
ally unstable region near the telomeres (Carlton et al., 2002, 2008;
ardner et al., 2002; Barry et al., 2003; Pain et al., 2008). These
ene families have been most extensively studied in Plasmodium
alciparum, specifically the PfEMP1 virulence factor (Fig. 1). How-
ver, sequence analysis of antigenic variant proteins presents many
hallenges due to the large number of gene copies. Some studies
ave focused on designing novel tools for the analysis of an almost
nlimited number of variant sequences (Normark et al., 2007; Bull

t al., 2008), but novel specialized methods are still needed to fully
nderstand these data.

The study of antigenic variant sequences can be categorized into
hree broad groups, which sometimes overlap: (1) regulation of

ig. 1. Number of publications available for several gene families involved in anti-
enic variation in different Plasmodium species. There is a bias in the number of
tudies, mainly focused on the P. falciparum var gene family, followed by rif/stevor.
ignificantly fewer studies are available for antigenic variation gene families belong-
ng to different Plasmodium species.
114 (2010) 144–151 145

gene transcription (Cunningham et al., 2005; Ralph et al., 2005;
Fonager et al., 2007; Tham et al., 2007; Dzikowski and Deitsch,
2008), (2) protein diversity (Fischer et al., 2003; Oliveira et al., 2006;
Bull et al., 2008; Frank et al., 2008; Joannin et al., 2008) and (3)
functional/phenotypic analysis (Springer et al., 2004; Pettersson et
al., 2005; Baratin et al., 2007; Bertonati and Tramontano, 2007;
Normark et al., 2007; Andersen et al., 2008; Klein et al., 2008;
Vigan-Womas et al., 2008). Some attempts at cross-species analy-
ses have been made (Janssen et al., 2004; Korir and Galinski, 2006;
Bockhorst et al., 2007), but they are still uncommon. These studies
generate large amounts of sequence and phenotypic data, which are
deposited in repositories such as GenBank (Benson et al., 2009) and
specialized databases such as ClinMalDB (http://clinmaldb.usp.br)
or quite often only as supplemental data to their respective articles.
Therefore, these data are often difficult to access and/or compile,
which represents a significant hindrance to understanding the rela-
tionship between sequence and phenotype or clinical manifestation
of disease.

The varDB project aims to produce a comprehensive platform
focused on issues specific to the study of antigenic variation that are
common across gene families (Hayes et al., 2008). The project was
initiated by compiling existing sequence information pertaining to
specific gene families into a common database. The database is now
in the process of being further augmented by complementing this
information with associated phenotypic and clinical data linked
to these sequences. In addition, the varDB platform is intended
to serve as a workspace, comprising analytical tools and sequence
management facilities, with various options for downloading and
uploading individual datasets into private accounts for logged-in
users. In this review, we describe the current database framework,
our data mining method and the tools already available in varDB.
We then provide a vision for the continued evolution of the varDB
project focusing on the malaria parasite as an example.

2. The varDB project

The varDB project components can be divided into three general
categories: data acquisition, data representation, and analysis tools.

2.1. Data extraction from public databases

VarDB aims to serve as a repository for antigenic variant
sequences. Therefore, our aim is to detect and collect all avail-
able sequences, including those from genome projects (genome
sequences) as well as sequences obtained directly from patient
samples (isolate sequences). This task has proven to be challeng-
ing due to a number of distinct obstacles. GenBank is the central
repository where most sequences are initially submitted prior to
publication; therefore it is the most important primary source
for sequences. Additionally, sequences in GenBank format con-
tain extensive information about sequence features, links to other
databases, references to publications, etc., making it a very use-
ful source for extracting sequence annotation. However, eukaryotic
genome assemblies and gene predictions and annotations evolve
very quickly after initial publication and submission to GenBank.
In addition, they are often maintained by independent database
projects that do not frequently update the original GenBank sub-
missions. Consequently, our approach to address this problem is
to use specialized database projects (e.g. PlasmoDB, GiardiaDB,
EuPathDB) for sources of eukaryotic genomes when available and

then to use GenBank for other sequences.

A framework has been developed to automate tasks such as
downloading and preprocessing data, annotating sequences, and
integrating data from different sources. The sequence detection
pipeline is shown in Fig. 2 and the process can be outlined as

http://clinmaldb.usp.br/
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ig. 2. Data mining pipeline used to obtain the sequences that populate the varDB d
he text.

ollows: (1) in the first step, sequences from specific taxonomic
roups are downloaded from GenBank (from the Nucleotide Core
nd ESTdb repositories) and separated into genome and isolate
equences. (2) In parallel, genome sequences are downloaded from
xternal projects (e.g., PlasmoDB). Out of date or duplicate Gen-
ank data from step (1) are discarded so that only the most current
ata are used. To enable automated analysis, all sequences are pro-
essed to conform to a common format (FASTA format for sequence
ata, GFF3 format for annotations). (3) Gene families are detected

n genomic data using HMMER (Eddy, 1998) for protein sequences
nd GENEWISE (Birney et al., 2004) for nucleotide sequences, using
single profile domain to detect family membership. For this pur-
ose, protein domain profiles are extracted from the Pfam database
version 23). (4) PSI-BLAST (Altschul et al., 1997) is used to detect
ene families in the isolate sequences, enabling the detection of
equence fragments that are common in isolate studies and may
e missing the domains used for genomic sequence detection. In
he current version of varDB, PSI-BLAST models are derived from
elected genomes (e.g. P. falciparum 3D7 for the var gene family)
sing the best hit from the HMMER search as the sequence seed.
or both HMMER and PSI-BLAST searches, sequences are consid-
red as significant hits when the Evalue ≤0.01. (5) In parallel to this
imilarity search pipeline, sequences are downloaded from publi-
ations describing and analyzing antigenic variant sequences and

ombined with the sequences from step (4). Sequences found in
tep (5), but not in (4), are tagged as non-detected, so that they
ay be excluded from queries if desired. (6) All sequences are

canned for Pfam domains using HMMER and the domain archi-
ecture (i.e. the composition of different domains) is computed. (7)

able 1
umber of PfEMP1 and Rifin/Stevor sequences from P. falciparum in varDBa.

Nuc. Core Nuc. EST Strain 3D7

ar 9,500 17,537 60
if/stevor 519 24 223

otal 10,019 17,561 283

a Sequences were drawn from the GenBank Nucleotide Core and ESTdb repositories and
se. A description of the methods used for each numerical point (1–7) is provided in

Finally, sequences are integrated in the varDB database, and made
available from the varDB web site.

2.2. P. falciparum sequence content in varDB

At the time of writing, the varDB project supports 27 organ-
isms spanning 42 gene families, 26,361 protein sequences and
67,650 DNA sequences. This number increases periodically, as new
organisms and gene families are being included on a regular basis.
The malaria parasite P. falciparum is extensively covered, with
sequences from three different strains (3D7, Hb3 and Dd2), as well
as isolates from the GenBank Nucleotide Core and ESTdb reposito-
ries (Table 1). Two antigenic variable gene families are included:
var and rif/stevor. Overall, for P. falciparum, 28,501 sequences were
detected: 27,304 var and 1,197 rif/stevor sequences.

The main contribution comes from isolate sequences, and
genomic sequences constitute only a small fraction of the total. The
isolate data includes both non-processed and processed sequence
material, in that individual read sequences are present as well as
assembled contigs. An example of this is the collection of approx-
imately 16,000 DBL1-alpha reads from the Normark et al. (2007)
project. The presence of read sequences allows researchers to gener-
ate new assemblies with the parameters of their choosing. However,
sequences of this class are tagged automatically so they can be eas-

ily excluded from down-stream analyses. Additionally, Fig. 3 reveals
a significant number of GenBank entries that do not have any for-
mal publications attached to them. This suggests that either there is
occasionally a delay in the sequence-publication association system
in GenBank or that these sequences have been submitted but never

Strain DD2 Strain HB3 Total

47 74 27,304
177 156 1,197

224 230 28,501

from the genome sequencing projects for the 3D7, Dd2 and Hb3 strains.
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ublished, providing an important source of variability information
hat may not have been used in previous analysis.

.3. Web site implementation

One of the most severe drawbacks of working with a web-based
ool is the limitations of the user interface. With so many antigenic
ariant sequences already in varDB, and many expected to come, it
s challenging to have an overview of the existing data. In this situ-
tion, dynamic and interactive data representation becomes a key
sset in efficient information querying and sorting and improves
he overall user experience. The web site makes extensive use of
JAX and the Ext JS JavaScript library to provide an interactive and

esponsive user interface. For example, tables are visualized in a
aged, sortable grid, where columns can be resized, rearranged, or
idden. Through the use of asynchronous methods and compres-
ion, the initial page load time is reduced and data can be loaded in
he background as needed.

The varDB site (http://www.vardb.org) is constructed as a Java
eb application based on the Spring Framework, built on top of a

ostgreSQL relational database and running under JBoss and Apache
n a Linux server. Following best practices, varDB was designed
ccording to a modular three-tiered architecture. The data access
ayer is comprised of wrappers and adapters for external tools and
ses the Hibernate object-relational mapping tool to map database
ables to Java objects. The services layer analyzes, manages, and
ggregates data from different sources, employing BioJava, the
EGG API, NCBI E-Utils, BLAST, MAFFT, and other tools for sequence
nalysis and management. The presentation layer converts URLs
nto function calls, manages users and security, and prepares web-
riendly page views. Web content is generated using the FreeMarker
emplate engine, and some graphical content is generated using
oogle Maps and the Google Chart API. The web site is tested and
valuated using JUnit, Xenu, YSlow, and JSLint.

.4. Data organization

The varDB website is constructed in a way that facilitates
iewing and organizing sequences and related data. A number of
ifferent organizational structures are employed to arrange and

ategorize the sequence data. One way of grouping sequences is
y homology. Sequences are organized by gene family, and gene
amilies are grouped into ortholog groups. Because sequences are
etected in part by their Pfam domain structure, sequences are
lso organized by Pfam family, and these are further grouped into
ore (shows the top 10 publications with the most sequences out of 139) and (B)

their corresponding Pfam clans. In addition each gene family page
contains a figure showing the major representative domain archi-
tectures found in that family along with a list of Pfam domains
found in sequences belonging to that family. Each gene family is
grouped by the pathogen in which it occurs, and pathogens are
grouped hierarchically based upon the NCBI Taxonomy database
and divided into protists, fungi, bacteria, and viruses. Bacteria are
further divided by Gram staining and shape, and viruses are orga-
nized based on Baltimore classification. Sequences belonging to the
same genome project or chromosome are also grouped together.
Sequences can also be organized based on the date or region in
which they were collected or based on the publication in which
they were reported. All of these predefined categories assist in
quickly identifying common sequence sets for a particular appli-
cation.

2.5. The Search view

Although the default data categories described above make
it easier to retrieve common sequence sets, more fine-grained
searches may be needed to selectively include or exclude sequences
based on other criteria. The Search view was created to enable
users to quickly find the sequences they are interested in based on
sequence attributes and associations. During the sequence extrac-
tion process a number of fields are indexed and are searchable
in the database (Table 2). For example, sequences can be queried
and sorted based upon fields such as gene product, isolation
source, host, locus tag, UniProt ID, isolate, molecule type, sequence
length, etc. In viruses, additional fields such as strain, serotype, and
segment may be useful to compare sequences known to be anti-
genically distinct. This view also provides a powerful Boolean query
language allowing the user to combine different search fields in a
complex way.

To assist in the construction of specific queries, the input box
suggests potential keywords, and the Add Term button allows the
user to select from a list of the available fields and displays the
unique values for each field along with the number of sequences
that match each value. When the query is executed, a summary
table is presented showing the number of sequences belonging to
each gene family, pathogen, ortholog group, reference, etc. Individ-

ual values can be selected or deselected to filter the result set, and
sequences can also be filtered based on date range or annotation
quality, and pseudogenes and truncated sequences can be excluded.
Sequences can be selected by clicking the checkboxes in the first
column and downloaded or exported. For more fine-grained con-

http://www.vardb.org/
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Table 2
Summary of the fields available for searching and filtering of sequences in the Search view.

Fields Description

Pathogen/taxon/division Sequences belonging to a particular pathogen or that are found in the same taxonomic group
Genome/chromosome/scaffold Sequences that occur on the same chromosome/scaffold or in the same genome
Family/ortholog Sequences that belong to the same gene/protein family or belong to families in the same ortholog group
P ven Pf
S ces in
R he sam
P red to

t
S

2

e
c
f
b
c
p
a
s
r
E
w
g
m

fam domain/clan Sequences that have a gi
train/serogroup/serotype Virus or bacteria sequen
egion/country/subregion Sequences collected in t
ublication Sequences that are refer

rol of individual sequences, search results can be loaded into the
hopping cart for further analysis.

.6. The Shopping cart

The Shopping cart offers a flexible workspace to organize and
xplore sequence diversity (Fig. 4). Sequences can be added to the
art from a number of sources throughout the web site as well as
rom the BLAST and search pages. Additional sequences can also
e queried and added to the workspace from within the Shopping
art, and uninteresting sequences can be removed. The Quick cart
rovides a convenient popup interface to the Shopping cart from
nywhere on the site. In the full cart, the default table can be
plit into any number of subsets, and sequences can be added or

emoved from subsets as well as copied or moved between them.
ach subset is displayed in a separate tab with a query form from
hich sequences can be quickly filtered by family, genome, ortholog

roup, reference, etc. Selected sequences can be downloaded, and
ultiple alignments can be generated using MAFFT and displayed

Fig. 4. The Shopping cart is the most important tool in varDB that
am domain or that share domains belonging to the same Pfam clan
the same serotypic group
e geographic region, country, or part of a country
in the same publication

in a custom alignment viewer. Logged-in users can also upload
their own sequences into the database to create a private virtual
database for secure individual online analysis. Uploaded sequences
are marked as private and only the logged-in user can access them,
but in every other respect the uploaded sequences can be sorted,
searched, and organized in the same way as any other database
sequences. In the case of logged-in users, search history, results of
analyses, and uploaded data are stored in the database between
sessions. All user data uploaded to varDB is treated as the confi-
dential and exclusive property of the submitting user and can be
permanently removed by the user at any time. No user data is used
for any other purpose than private analysis and is not viewed by
varDB staff except by request or in the event of an error related to
the submitted data.
While all user-submitted data are private by default, we also
welcome and solicit community contributions to varDB in the form
of sequence and/or phenotypic data, annotations, corrections, com-
ments, and suggestions. A feedback form and comment fields are
provided for this purpose and additional community annotation

can be used to organize, tag and analyze a set of sequences.
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ools are under development. In order for the varDB project to
ontinue to expand, it is vital that input is provided by the gen-
ral research community. Towards that end, we highly encourage
he submission of additional sequence and/or phenotypic data for
nclusion in varDB as well as any and all suggestions on improve-

ent and modification.

.7. Sequence analysis tools

As more sequences are added to the database, it is increasingly
mportant to be able to search and organize sequences based on
equence similarity. In addition, several simple analysis tools may
e needed to link sequence features to phenotypic information.
owards this aim, a number of specific tools and applications have
een added to the varDB web site.

BLAST (Altschul et al., 1997) is a general purpose tool that can be
sed to search for sequences having local or global sequence sim-

larity to a query sequence, an approach used frequently to infer
equence homology. In the varDB project, a local BLAST database is
rovided to search the protein and nucleotide sequences by simi-

arity. Results are presented in a format similar to the Search view
nd can be imported into the Shopping cart for further processing.
sing the history function, search results can be easily combined,

or example, to find all sequences found in both the BLAST search
nd in one or more keyword searches.

While BLAST is useful for searches detecting sequence homologs,
ometimes it is instructive to search for a simple sequence motif
sing patterns in the form of regular expressions. VarDB pro-
ides several types of pattern searches: (1) exact matches of
sequence fragment or primer sequence, (2) “classic” Perl-like

egular expressions, (3) PROSITE-like patterns, and (4) a precon-
gured glycosaminoglycan (GAG) binding site search tool based on
ell known patterns involving alternation of basic and non-polar

esidues.
Multiple sequence alignment provides a useful method to dis-

over conserved domains, deletions, insertions, point mutations,
tc. in a set of related sequences. However, typical alignment tools
nderperform when applied to antigenically variant sequences,
ainly because these contain large stretches of hyper-variable

egions. An alignment tool based on the MAFFT (Katoh et al.,
005) program is provided that tries to improve the quality of the
lignment by isolating hyper-variable regions and aligning them
ndependently using different parameters. This alignment tool can
e accessed from either the main menu or from the Shopping cart.
lignments can be downloaded or viewed using Jalview (Clamp et
l., 2004) or a lightweight online alignment viewer.

.8. Tags

Many Web 2.0 web sites (e.g. Facebook, Flickr) allow users to
ssign tags to information such as emails, photographs, and links
o help organize them in a flexible, customized way. Tag clouds offer
simple but powerful visual summary of a data set by weighting

he font size of the tag by its frequency in the data set. This approach
lso provides a convenient way to link sequences with clinical
ata and disease states to facilitate more fine-grained association
tudies between sequence variation and disease/parasite features.
equence analysis can be used to characterize the variation among
equences, revealing, for example, sites of diversifying or purifying
election that can be used to predict the antigenic stability of poten-
ial vaccine targets. When this type of sequence variation can be

orrelated with disease outcomes, functionally important residues
an be determined and potential drug targets can be identified.

Researchers often use a database such as MySQL, Access or the
LOOKUP function in Excel to link clinical data with sequence data,
ut this process is rigid and error prone. VarDB provides a simpler
114 (2010) 144–151 149

way to accomplish this by using tagging. For example, Normark et
al. (2007) collected blood samples from Ugandan children suffering
from mild or severe forms of malaria and sequenced the DBL1-
alpha region of var transcripts in an attempt to pinpoint patterns
associated with clinical outcome. Their data set consists of PfEMP1
sequences, clinical data for each patient, and a list of dominant
transcripts found in each patient. Using varDB, they could upload
their sequences in FASTA format to create a private dataset in the
Shopping cart. To associate sequences with patient data, varDB uses
collections of related tags sharing a common data format, which
are referred to as bundles. The patient data can be uploaded as
a bundle by organizing it in a spreadsheet-friendly tab-delimited
format with one row for each patient and each column contain-
ing a different type of patient information, such as age, weight,
region, outcome, rosetting rate, etc. In this case, each patient repre-
sents a tag and the different types of patient information represent
attributes. When the patient data is uploaded, varDB attempts to
determine the data type of the attribute (numeric, text, true/false),
but the attribute data types can be changed at any time, and tags
and attributes can be added, changed, and removed on the fly using
the web interface. Finally, the sequences are tagged with the ID of
the patients from which they were collected, either one at a time
or using a simple bulk tagging approach.

With this relational structure in place, it is simple to perform
queries to retrieve all sequences found in a particular patient or all
patients in which a particular sequence was isolated. More complex
and informative queries can be performed to retrieve, for exam-
ple, all sequences found in patients with a high rosetting rate and
not found in patients with only mild malaria symptoms. A regu-
lar expression search can be used to find sequences with predicted
glycosaminoglycan binding sites, which are associated with roset-
ting, and a user-defined tag such as “GAG” can be applied to these
sequences. Then additional queries can be used to select sequences
with potential GAG sites to analyze the relationship between gly-
can binding site frequency and rosetting rate, perhaps to identify
potential drug or vaccine targets to disrupt rosetting or to target
motifs associated with severe malaria. The Normark data set and
several other published clinical data sets are included as reference
data in varDB, and others will be added as they become available. A
step-by-step tutorial based on the above example is under develop-
ment. By tagging and classifying sequences based on a combination
of standard and user-defined tags, we hope to provide a foundation
for cross-referencing and data mining within an increasingly large
and diverse pool of sequences and clinical data.

2.9. Documentation

The varDB web site contains a number of reference materials
related to antigenic variation. In addition to general information
on the pathogens, diseases, and gene families included in varDB,
the site also contains descriptions of antigenic variation, a glossary
of terms related to antigenic variation and a brief description of
the pipeline used to extract the sequences from other databases. In
addition, we provide tutorials explaining basic functionality of the
varDB project to assist users in getting started with the varDB web-
site. These tutorials include demonstrations on how to select, filter
and download a set of sequences with the Search view, and show
the basic functionality of the Quick cart and Shopping cart interfaces,
etc. Additional tutorials will be added as further functionalities are
developed.
3. Future directions

Although it is generally acknowledged that antigenic variation is
a mechanism common to many pathogens, it has traditionally been
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tudied without regard for convergent patterns among organisms.
arDB is an attempt to solve this gap by providing the foundation

or a common resource where different antigenically variant gene
amilies can be obtained and analyzed simultaneously. The project
as already drawn attention from the research community, as evi-
enced by the recent publication of a commentary based on the first
elease of varDB (Allred et al., 2009). This paper provided a valuable
ritique of the varDB project and gave several concrete steps that
an be taken to improve database utility. A key point was the need to
ork closely with the scientific community to develop a platform

f broad use to researchers studying a variety of different organ-
sms and diseases. The challenges are many, and collecting different
equences from diverse databases is only a first step. Based upon
his framework, the varDB project aims to evolve into a resource
here the majority of the currently time-consuming analysis can

e easily performed. It is expected that cross-species studies will
ncrease our understanding of the mechanisms by which these
athogens have evolved and shed light on the continuingly evolving
athways used to evade the host’s immune system. To achieve these
ims, it is vital that the varDB project receive input from the gen-
ral research community on the utility of the database. In particular,
nput is needed from experts in the individual organisms to provide
eedback on specific antigenic gene families. A long-term goal of the
roject is to involve the general research community in curating
he sequences in the database as a way of providing (1) extremely
ccurate sequence sets and (2) so-called expert alignments of sets
f antigenic sequences as this process is often non-trivial. Towards
his end, varDB includes a feedback system (in the Contact us link)
hereby users can submit comments and suggestions regarding

he project. Another long-term goal is to develop a user-forum on
ntigenic variation and varDB to address many of the issues that are
pecific to working with these types of proteins. Taken together, the
ools and resources included in varDB should be a useful asset to
he general research community in working with these exciting, yet
hallenging, sequences in a wide range of pathogens.
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