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Systems biology in malaria research
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A recent publication of genome and expression analyses
of the murine parasites Plasmodium chabaudi chabaudi
and Plasmodium berghei presents the state of the art in
Plasmodium systems biology. By integrating genomics,
transcriptomics and proteomics, the authors can classify
and annotate genes by their expression profiles and can
even detect evidence of posttranscriptional gene
silencing in the murine malaria species.

Integrating genomics and postgenomics of malaria
research

Hall et al. recently described ‘a comprehensive survey of
the Plasmodium life cycle by genomic, transcriptomic and
proteomic analyses’ [1]. The analysis of the draft genome
sequences of the two murine Plasmodium species Plas-
modium chabaudi chabaudi AS and Plasmodium berghei
ANKA was integrated with genome-wide transcriptomics
and proteomics analyses that covered almost all stages of
the P. berghei life cycle; RNA was prepared from seven
blood stages, and protein samples were harvested from
asexual blood stages, gametocytes, ookinetes, oocysts and
salivary gland sporozoites. The integration of sequence,
DNA microarray and proteomics [multidimensional pro-
tein identification technology (MudPIT)] data revealed a
battery of interesting information.

Expression profiles classify proteins

Orthology assignments by reciprocal analysis with the
basic local alignment search tool (BLAST) and gene
synteny detected a universal rodent malaria gene set of
~4400 genes and indicated that 15-20% of the genes
might be specific to Plasmodium, although this estimate
will change with each genome sequence that is sequenced.
Annotation of such organism-specific genes is extremely
difficult because it normally involves heterologous
expression of the gene product and subsequent biochemi-
cal characterization of the protein. Because proteins in the
same pathway must be present at the same time,
expression profiles can be used to deduce the cellular
role of proteins. Proteins that are present in all or most
stages of the life cycle can be labeled as ‘housekeeping’
proteins; Hall et al. [1] put 136 gene products in this
category. By contrast, MudPIT identified 948 proteins that
were present in only one of the examined developmental
stages; these have, therefore, been termed ‘stage-specific’
proteins. Furthermore, so-called ‘strategy-specific’ genes
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are expressed differentially in either asexual replicative
stages (472 proteins) or invasive stages (234 proteins).
‘Host-specific’ genes are present in either the mosquito
(229 proteins) or the mammalian host (417 proteins). As
an example, the authors show that the expression of genes
involved in the tricarboxylic acid cycle (TCA) (Figure 1)
and other mitochondrial functions starts in gametocytes
and increases throughout the vector stages. This is in
agreement with the long-known fact that a complete TCA
cycle is absent from asexual blood stages [2]. Overall, this
relatively crude classification can be refined further by
using more-quantitative data such as DNA microarrays
(Box 1). However, because of mechanisms such as
posttranscriptional gene silencing — which has been
observed in Plasmodium [3,4] — mRNA levels do not
necessarily correlate with protein levels.

Posttranscriptional gene silencing

The real power of the systems biology approach lies in the
integration of data from different experimental sources
and the subsequent discovery of novel information
contained within the datasets. By comparing the gameto-
cyte DNA array results with the gametocyte and ookinete
proteomics data, Hall et al. identified nine cases in which
message was abundant in gametocytes but protein was
produced only in ookinetes [1]. These results indicate that
translational repression, first described by Paton et al. [3]
and analogous to findings from genome-wide studies in
Plasmodium falciparum [4], is silencing the messages in
gametocytes of murine malaria species. In 2/3 of the
detected mRNA in this phenotype, Hall et al. detected a
47-nucleotide-sequence motifin the 3’-UTR. A subsequent
genome-wide motif scan revealed a total of 29 candidates
for translational repression. The transcription of most of
these candidates is upregulated throughout the gameto-
cyte stage, whereas MudPIT did not identify any protein.
It will be interesting to investigate further these
candidates and their 22 P. falciparum homologs to
determine whether posttranscriptional gene silencing is
a common regulatory mechanism in the genus
Plasmodium.

The pir gene family

The Plasmodium interspersed repeats (pir) gene family
proposed by Hall et al. [1] shares an evolutionary
relationship and incorporates the vir, yir, cir and bir
gene families (for vivax, yoelii, chabaudi and berghei
interspersed repeats, respectively). pir genes are unre-
lated to the P. falciparum var genes. However, like the var
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Figure 1. Metabolic pathway reconstruction by expression analysis. (a) Table showing representation of protein expression from the glycolytic and TCA pathways, color
coded by protein sequence coverage identified through proteomics experiments (see key). The sequence coverage values in the table serve as a crude measurement of
protein abundance. Values are from Ref. [1]. During asexual blood stages, the glycolytic pathway is active, resulting in the production of lactate, whereas there is no evidence
of a complete TCA cycle during these stages. (b) Pathway glyph representation of the activity of metabolic pathways, as determined by their proteomics expression profiles.

Red indicates active pathways and gray indicates inactive pathways.

gene family, pir is expanded into multiple copies, the
number of which varies between species. The assessment
of the ratio of synonymous to non-synonymous substi-
tutions indicates diversifying selection of pir, outlining its
function as a ‘smoke screen’ for the adaptive immune
system in the mammalian host. However, the authors
detected that ~1/10 of the bir proteins in P. berghei is
present exclusively in mosquito stages, which indicates
roles that are alternative to evasion of the mammalian
immune system. As invertebrates, mosquitoes lack an
adaptive immune system and rely completely on innate
immunity. Therefore, the insect defense against microbial
pathogens is limited to phagocytosis, antimicrobial pep-
tides, melanization or encapsulation (for review, see
Ref. [5]). The exclusive expression of some var genes in
P. falciparum salivary gland sporozoites [6] and of bir
genes in P berghei mosquito stages [1] raises the
question of whether these variant gene families also
function to avoid elimination by the innate mosquito
defenses.

Negatively selected genes in subtelomeric regions
Besides the pir family, multiple genes that are involved in
immune evasion have been identified. Candidate trans-
membrane proteins have been selected by intersecting
sets of genes that have a signal peptide and mammalian-
host-specific expression with genes that show signs of
diversifying pressure acting on them.
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Overall, possible immune-evasive proteins and
species-specific genes are positioned in the subtelomeric
regions of chromosomes, whereas conserved genes are
located preferentially in the central portions. This is
congruent with findings in other Plasmodium species [7-9].

The roadmap to the transparent parasite

Hall et al. [1] demonstrate the feasibility and maturity of
genomics and postgenomics methods for malaria research.
The published draft genome sequences of P. chabaudi
chabaudi AS and P. berghei ANKA line up with the
previously published sequences of the murine malaria
parasite Plasmodium yoelii yoelii [9] and the human
malaria parasite P. falciparum 3D7 [10]. This genome
coverage renders Plasmodium the eukaryotic genus with
the most species sequenced to date. With many more
species and isolates in the sequencing pipeline, this status
will be emphasized even more in the future and will make
the genus extremely interesting for, among other things,
comparative genomics, studies of genome evolution and
analysis of host—pathogen interactions.

The published postgenomics data become more than
the sum of their parts only when direct comparisons of
them are possible: in gametocytes, where datasets exist for
both experiments, using DNA arrays and MudPIT. This
outlines the infrastructural necessities for the future of
high-throughput malaria research: multi-laboratory
cooperations must begin at the point of planning the
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Box 1. A selection of Plasmodium data-mining tools

e The Plasmodium Genome Resource (http://PlasmoDB.org) con-
tains sequence data from multiple murine and human malaria
species integrated with microarray and proteomics expression
data. The site enables the construction of complex queries to
identify candidate genes of interest.

e The Sanger Institute pathogen genome database GeneDB (http://
www.genedb.org) is based on the same engine as PlasmoDB. It
also incorporates other pathogen genome sequences.

e The NCBI malaria database (http://www.ncbi.nlm.nih.gov/pro-
jects/Malaria/) integrates genomic information about Plasmo-
dium falciparum and Plasmodium yoelii with linkage maps,
markers, epidemiological data, and literature and GenBank
searches.

e The Genomics Institute of the Novartis Research Foundation
(http://chemlims.com:8080/0P120/MServilet.ChemInfo) provides
a database of P. falciparum gene function prediction that uses
ontology-based pattern identification based on Affymetrix
expression data.

e The DeRisi Laboratory Malaria Transcriptome Database (http:/
malaria.ucsf.edu) is a malaria transcriptome database based on
high-resolution time-point sampling of blood stages and glass-
slide DNA array analyses.

e The official Plasmodium vivax genome-sequencing project at the
Institute for Genomic Research [TIGR (http://www.tigr.org/tdb/
e2k1/pval/)] currently offers only licensed sequence download
and BLAST searches. Contains links to the other TIGR Plasmo-
dium-sequencing sites and to TIGR gene indices that provide
information about, for example, cDNA abundance and predicted
alternative splice sites.

e Full-malaria (http://fullmal.ims.u-tokyo.ac.jp) is a database con-
taining full-length Plasmodium cDNAs.

e Malariabase (http://malariabase.org) is a Plasmodium genome
database that also presents Anopheles data. ‘Binary signatures’
(accessible at http://matrices.malariabase.org) indicate the abun-
dance of annotation features for Plasmodium genes.

e PlasmoCyc (http:/plasmocyc.stanford.edu) is a malaria meta-
bolic pathway database and genome browser.

e Malaria Parasite (http:/sites.huji.ac.il/malaria) is a manually
curated website with pathway maps and literature references.

e The database of the Structural Genomics of Pathogenic Protozoa
(http://www.sgpp.org) project contains protein crystal structures
of malaria and other pathogenic protozoa.

experiments. Laboratories with expertise in growing and
isolating synchronized Plasmodium blood stages in vitro,
capable of laser dissecting enough liver schizonts from
infected mice, passing the parasites through mosquito
vectors or isolating salivary gland sporozoites and
ookinetes will be able to provide enough material to
overcome the sensitivity issues of MudPIT or enable
multiple repetitions of array experiments to increase
statistical support. Protein and RNA samples must be
isolated from the same culture at the same time points to
ensure that the results are truly comparable with each
other to elucidate to what extent posttranscriptional gene
silencing and, possibly, other regulatory mechanisms
function within Plasmodium. It is hoped that, in future
experiments, the liver stages of malaria parasites will be
included to make full use of the murine model. Then,
researchers could finally obtain information about the
elusive early stages of the infection and go ‘full circle’ by
using a genome-wide account of mRNA and protein
quantities throughout the complete life cycle of malaria
parasites.
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Quo vadis, Plasmodium research?

New technologies for cell biology manipulation and
postgenomics analysis define members of the genus
Plasmodium as model organisms for intracellular eukary-
otic pathogens. The fully sequenced or highly sampled
genomes enable, for example, genome-wide analyses of the
levels of transcripts and proteins, identification of single
nucleotide polymorphisms and genotyping of uncultured
isolates. Classical methods of expression analysis such as
expressed sequence tag (EST) and serial analysis of gene
expression (SAGE) are quickly becoming superseded as
slide scanners and Affymetrix (http://www.affymetrix.
com/index.affx) chip readers become standard laboratory
equipment. The expertise and machinery for modern
mass-spectrometric methods such as multidimensional
chromatographic separation of peptides, coupled with
mass-spectrometric detection and identification, are — or
will be — concentrated in central facilities at universities
or companies, enabling submission of samples as known
from current sequencing services. However, the advent of
high-throughput methods does not mean the demise of
traditional experimentation but, instead, will enable
investigators to sift through giant datasets in seconds
using computers and databases, thereby reducing the
dataset from thousands of candidate genes in a Plasmo-
dium genome to mere tens. These, in turn, can be
investigated more thoroughly by classical biochemical
and cell biology methods using gene-by-gene approaches.
Box 1 lists some of the available resources for online data
mining.
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