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Pernicious plans revealed: Plasmodium falciparum genome

wide expression analysis
Manuel Llinas™ and Joseph L DeRisi

The asexual intraerythrocytic developmental cycle (IDC) of
Plasmodium falciparum is responsible for the majority of the
clinical manifestations of malaria in humans. Although malaria
has been studied for over a century, the elucidation of the
full genome sequence of P. falciparum has now allowed

for in-depth studies of gene expression throughout the entire
intraerythrocytic stage. As the mainstays of anti-malarial
chemotherapy become increasingly ineffective, we need a
deeper understanding of fundamental plasmodial bioregulatory
mechanisms to successfully subvert them. Recent gene
expression studies have begun to examine different aspects of
the IDC and are providing key insights into the basic mechanisms
of Plasmodium gene regulation and are helping to define

gene functions. However, to date, no transcription factor has
been fully characterized from Plasmodium and the definitive
identification of cis-acting regulatory elements along with their
corresponding trans-acting partners is still lacking. The
characterization of the transcriptome of P. falciparum is the first
major step towards the understanding of the genome wide
regulation of gene expression in this parasite. IDC expression
data for almost every gene in the P. falciparum genome can now
be publicly queried at http://plasmodb.org and http://malaria.
ucsf.edu. The results of these studies suggest promising leads
for identifying novel targets for anti-malarial therapeutics

and vaccines in addition to providing a solid foundation for
the ongoing elucidation of plasmodial gene expression.
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Introduction
Malaria is one of the most prevalent diseases worldwide
affecting upwards of 400 million persons, and causing

over 2.5 million deaths annually [1]. Of the four known
human Plasmodium species, P. falciparum is the most
lethal. Despite numerous large-scale attempts at malaria
control, both at the parasite and vector level, P. falciparum
continues to present a major health burden worldwide
mainly owing to widespread drug resistance. This fact has
renewed the urgency for the identification of new drug
targets for chemotherapy and/or vaccine development.

The lifecycle of Plasmodium consists of three major
stages, the mosquito stage, the liver stage, and the in-
traerythrocytic stage. The intraerythrocytic developmen-
tal cycle (IDC) or red blood cell stage is remarkably short,
varying from 48 h (P. ovale, P. vivax, and P. falciparum)
to 72 h (P. malariae) in length between the four human
species. During this cycle, Plasmodia undergo an identical
series of morphological changes [2] to complete iterative
cycles of parasite replication, escape from red blood cells,
and re-infection within the host (Figure 1).

These morphological transformations imply that a high
degree of regulation must exist to check and ensure that
proteins necessary throughout the IDC are present at the
appropriate times for precise developmental progression.
However, little is known about the mechanisms for gene
regulation in Plasmodia. The most comprehensive data
regarding gene regulation in P. falciparum is for the var
genes, which are located mostly in the sub-telomeric
regions of chromosomes and has led to models of gene
silencing with regard to antigenicity and immune evasion
[3]. While there are several reports of ¢is acting regulatory
elements [4-7], the proteins that interact with these
regions remain unidentified. Moreover, cis-acting ele-
ment specificity, genomic distribution, and contribution
to the IDC remains unclear. Furthermore, while stage-
specific transcripts have been widely identified, an indu-
cible promoter has yet to be described.

As the sequences of new parasite genomes become avail-
able, there is an increasing demand for whole genome
approaches to better characterize these organisms. In this
review, we focus on the various methodologies that have
been applied toward characterizing gene regulation in the
developmental lifecycle of Plasmodium falciparum and
how these approaches have evolved with the availability
of the completed genome.

Pre-genome transcriptome analysis

In 1996, the P. falciparum genome sequencing project was
launched [8] between three institutions: The Institute for
Genomic Research (TIGR), Stanford University, and the
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The Plasmodium intraerythrocytic developmental cycle (IDC).

Sanger Center. As sequence information was gathering,
several genomic efforts were pursued to investigate tran-
scriptional differences between the various stages of
development. The first large scale P. falciparum study
was accomplished using a DNA microarray constructed
using a mung bean nuclease-generated genomic library
containing 3648 random sequences [9]. By this method,
stage-specific transcripts were identified by analyzing
mRNA expression differences between the asexual tro-
phozoite stage and the sexual gametocyte stage. This
study was quickly followed by the application of serial
analysis of gene expression (SAGE) measuring 4866
genes in an asynchronous population of parasites during
the intraerythrocytic stage of development [10,11] and
demonstrated that many of the genes in P. falciparum
were likely to be expressed during this stage. Using a 944
element expressed sequence tag (EST)-based DNA
microarray, Ben Mamoun e a/. [12] captured the first
glimpse of the temporal changes in gene expression
throughout the asexual developmental process. While
these studies provided the first hints of transcriptional
differences between the major stages of P. falciparum
development, they were limited in scope as they used
relatively small ¢cDNA libraries, subsets of ESTs, or
asynchronous parasite populations.

As individual chromosome sequences became available
[13,14], new approaches were undertaken to provide
more complete analyses of gene expression. One such
study used a short oligonucleotide Affymetrix array based

only on the full coding sequence of Chromosome 2 [15].
In this case, three IDC stages were compared: two days
post-synchronization (ring), 20-24 h thereafter (tropho-
zoite), and again 16 h later (schizont). The results demon-
strated that one-third of the expressed transcripts
detected from Chromosome 2 were differentially tran-
scribed across the three time points measured. In another
study, Bozdech ¢ a/l. [16°] assembled all of the available
incomplete, un-annotated sequence, carried out gene
predictions using TIGR’s GlimmerM tool [17] and
verified that 70-mer long oligonucleotide based DNA
microarrays could accurately determine transcriptional
differences throughout the genome between the tropho-
zoite and schizont stages. This study identified over 800
genes that were differentially transcribed between these
two morphological IDC stages. The detected changes in
gene expression identified in these recent studies high-
light the importance of synchronized parasites to the
study of gene expression in P. falciparum.

Whole genome approaches

In 2002, the complete sequence for the 3D7 strain of
P. falciparum was published [18°°]. The genome is
22.8 Mb in size and contains approximately 5400 open
reading frames (ORFs) distributed across 14 chromo-
somes. In addition, the genome contains a 6 kb linear
mitochondrial genome encoding three proteins plus
rRNAs as well as a 35 kb circular plastid genome with
over 60 ORFs [19]. Some remarkable features of the
genome are the high A/T content, approximately 80%
in coding and 90% in non-coding regions, and the high
proportion (greater than 60%) of predicted ORFs with no
homology in other organisms. With the completion of the
genome, genome-wide approaches could now be applied
to the study of this parasite.

T'wo whole-genome microarray platforms have emerged
with full-genome coverage, providing the first glimpse of
the full transcriptome of P. falciparum [20°°,21°°]. These
studies both demonstrated that most of the 5400 pre-
dicted ORFs are utilized during the IDC implying a high
degree of overlap in the metabolic requirements of the
intraerythrocytic, mosquito, and liver stages of develop-
ment. The work by Le Roch ¢7 /. [21°°] includes a broad
analysis of the P. falciparum transcriptome, examining six
representative timepoints from the 48 h IDC, one sample
each from the red blood cell invading merozoite stage,
stage IV and V gametocytes, and sporozoites from mos-
quito salivary glands. The data samples from stages out-
side the IDC suggest that approximately 200 genes may
be specifically transcribed in gametocytes, while only 41
transcripts are likely to be sporozoite-specific. Twenty
percent of all predicted transcripts were characterized as
IDC-specific. Overall, less than half of the genes were
classified as cell-cycle regulated, and approximately half
of the data was further grouped into 15 general functional
clusters.
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The study by Bozdech and Llinds ¢z a/. [20°°] specifically
details the IDC at one-hour time intervals and provides a
level of resolution that highlights the periodic nature of
most P. falciparum transcripts (Figure 2). The observed
cascade of gene expression during the 48 hour IDC is
suggestive of a ‘just in time’ mode of control whereby
genes are only activated as their biological function
becomes necessary to the parasite with respect to a fixed
order. The data also demonstrate that most genes are
induced maximally at a time when they are essential
to the parasite, after which the genes are downregulated.
Over 80% of the genes are regulated in this manner
throughout the IDC, suggesting that P. falciparum con-

Figure 2
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The transcriptome of P. falciparum demonstrates a cascade of
gene expression throughout the IDC. Each row represents the
expression profile for an individual gene [20°°].

tains very few housekeeping genes that are constitutively
expressed throughout the IDC.

A major outcome of the P. falciparum transcriptome is the
potential for further categorization of the 60% of the
genome encoding genes of unknown functionality. This
will undoubtedly aid in the future identification of novel
targets for anti-malarial therapies and vaccine strategies.
The strong predictive power of the data could provide an
initial categorization of genes throughout the IDC as
early, mid or late stages. The assignment of genes to
stages based on their phase (timing) of expression as well
as pattern of gene expression will begin to suggest the
processes that these genes are involved in. Recently, the
subcellular localization for various proteins involved in
heme biosynthesis has been identified and, unlike in
any other organism, this process appears to occur
both in the plastid and the mitochondrion [22]. Coinci-
dentally, the gene expression patterns of genes specific
to a given organelle also display similar expression pat-
terns. For example, 8-aminolevulinic acid dehydratase
(PF14_0381) and uroporphyrinogen decarboxylase
(MALG6P1.76), which are targeted to the plastid, are
maximally expressed at 23 hours post invasion, whereas
d-aminolevulinic acid synthetase (PFL.2210w), copropor-
phyrinogen oxidase (PF11_0436), and protoporphyrino-
gen oxidase (PF10_0275), all mitochondrial enzymes, are
expressed much earlier with peak expression at 14 hours
[20°°]. T'his observation supports previous data suggest-
ing that proper timing of gene expression is essential
for accurate subcellular localization of proteins in
P. falciparum [23].

A preliminary analysis of major metabolic functions
including transcription, translation, glycolysis, ribonu-
cleotide synthesis, deoxyribonucleotide synthesis and
the TCA cycle, identified a striking correlation in gene
expression for genes of similar functions [20°°]. Further-
more, the induction of gene expression for these different
functions is highly correlated with specific windows of
time within the IDC. For example, upon invasion of the
red blood cell, among the first genes to be induced are
those that comprise the transcriptional machinery itself,
including the recognizable subunits of RNAP II, TFIIB,
TFIID, and TFIIH. This wave of induction is closely
followed by genes involved in cytoplasmic translation.
An interesting observation is that the induction of tran-
scripts for genes involved in ribonucleotide synthesis
and deoxyribonucleotide synthesis is offset by approxi-
mately 10 hours. In this manner, perhaps the parasite
more efficiently utilizes the limited pools of nucleotide
precursors only as absolutely required by focusing initially
on mRNA production prior to DNA replication. Like-
wise, at the later stages of the IDC, during the mid to
late schizont stage, a similar pattern of gene induction
is measured for gene products known to be necessary
to merozoite invasion. These merozoite-specific genes
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are comprised of approximately 40% surface antigens,
30% kinases and phosphatases, and 10% proteases plus
others. It is remarkable that all of the genes previously
known to have an assigned role in merozoite invasion are
also co-regulated at the transcriptional level, typified by
the well-characterized merozoite surface protein (MSP),
rhoptry, and erythrocyte binding antigen family of genes
(for complete list see [20°°]). Of course, there are numer-
ous ‘hypothetical proteins’ of unknown function that
follow similar patterns of induction and which deserve
further exploration as candidates involved in merozoite
invasion.

An interesting implication of the transcriptional cascade is
that, in reality, distinct developmental stages, thought to
be marked by transcriptional bursts throughout the IDC
may not really exist. Rather, this transcriptional cascade
likely reflects a continuum of development. Thus, the
morphological ring, trophozoite, and schizont stages,
while useful for microscopy, may not have a real tran-
scriptional basis as distinct developmental states.

All analysis of gene regulation in Plasmodium is subject
to a background of ongoing change as the natural course
of the IDC unfolds. The data from the one-hour time
resolution of the IDC transcriptome emphasizes that
results from studies examining transcriptional changes
using asynchronous cultures may be difficult to interpret.
One must always ask the critical question concerning
differential regulation in Plasmodium: is this a natural
consequence of the IDC or is this actually altered tran-
scription? This is particularly important given the large
magnitude of transcriptional changes that may occur over
a few-hour interval as part of the ongoing IDC. Labora-
tories interested in determining expression changes in
mutant backgrounds, different strains, and environmental
response studies should be urged to conduct timecourse
experiments with synchronized parasites for such ana-
lyses. When addressing issues of transcript expression
changes, it is not enough to examine stages roughly,
based solely on the various morphological changes
observed by staining cells, but rather, it is critical to
examine the on-going developmental cycle at the highest
possible resolution available. Using the high-resolution
48 h timecourse, one can anchor new data within the
IDC to determine a relative timepoint equivalent and
infer placement of a given experiment within the global
IDC.

The Plasmodium community is fortunate to have excel-
lent resources available for the annotation and distribu-
tion of all sequence, genomic and transcriptome data
available at http://plasmodb.org [24,25°]. This site pro-
vides detailed information on all Plasmodium genomes as
they are being sequenced and provides the necessary
tools to query datasets in multiple ways. In addition, a
linked site, http://malaria.ucsf.edu allows users to specif-

ically query the Bozdech and Llinds es a/. [20*°] tran-
scriptome dataset.

Transcriptional regulation in P. falciparum
The main questions that arise from these transcriptome
studies are related to how P. falciparum manages to control
gene expression. How is the temporal transcriptional
cascade of the IDC driven? What mechanism imposes
the strict 48 h timing and how does this organism function
with apparently very few transcription factors?

There are many scenarios for how transcriptional regula-
tion may be occurring in Plasmodium, and it is likely to be
a multi-faceted process. One possibility, which has been
seen in other parasites such as Leishmania spp. [26], could
be that the parasite uses poly-cistronic messages to time
the expression of relevant genes. However, there is scant
evidence for this as only 14 groups with three or more
co-expressed genes could be found anywhere along the
P. falciparum linear chromosomes [20°°]. In contrast to
nuclear encoded genes, it seems that transcription from
the 35 kb P. falciparum plastid genome occurs via separate
transcriptional machinery that does produce poly-cistro-
nic messages [19,20°°]. An alternative possibility is that
anti-sense messages might contribute significantly to the
control of gene expression. While evidence for anti-sense
has been reported, it has not been analyzed at the whole-
genome level [11,27,28]. Lastly, it may very well be that
there is no activated or repressed transcription or that
transcriptional regulation may occur via an as of yet
unidentified set of factors. A bioinformatic analysis of
the putative P. falciparum orthologs to the yeast transcrip-
tional complex and associated factors reveals a marked
absence of RNA polymerase II mediator components
(N Wilson and J DeRisi, personal communication).

It has been demonstrated [29-31] that environmental
perturbation studies which elicit transcriptional responses
can be used to identify not only functional relationships
for sets of genes with similar transcription profiles, but
also detailed information about regulation per se, includ-
ing the identification of promoter elements. Recent stu-
dies have been undertaken to investigate environmental
perturbations and their effect on transcription in P.
Sfalciparum. 'Temperature shift studies, which have great
significance owing to febrile episodes experienced by
affected individuals, suggest that the rate of transcription
of A- and S-type rRNAs varies as a function of tempera-
ture [32]. Likewise, experiments addressing transcrip-
tional changes caused by alterations in glucose levels
have identified stage-specific changes in rRNA levels
and over 550 other genes [33]. Using asynchronous cul-
tures, changes in gene expression caused by chloroquine
exposure have also recently been reported using serial
analysis of gene expression (SAGE) [34]. Such experi-
ments have great potential, as these approaches are likely
to identify transcriptionally related groups of genes and
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aid in promoter identification. To begin characterizing
inter-strain transcriptional differences, we are currently
studying the full IDC transcriptomes of the three strains
3D7, HB3, and Dd2 to identify potential differences
in gene expression between strains of P. falciparum that
are of different geographical origin and drug-resistance
backgrounds. Overall, the transcriptional cascade is
extremely well preserved and differences may lead to
the identification of inter-strain variability (M Llinas,
unpublished).

Conclusions

As more Plasmodium genomes are sequenced, it will
become increasingly important to identify differences
between species that may aid in elucidating essential
genes by comparative genomics. Just as in yeast, with
the 5+ divergent fungal species that have been
sequenced, hopefully comparisons can be made to elu-
cidate regulatory sequences [35,36]. At present P. yoelii
has been sequenced to five-fold coverage [37] and other
genomes are on the way including P. berghei, P. chabaudi,
P. knowlesi, P. reichenow: and P. vivax. In addition, with the
IDC transcriptome now available, further annotation of
the genome can be accomplished by incorporating tran-
scriptional data to confirm and/or correct predicted ORF's
and intergenic regions. For example, there are various
‘missing genes’ such as the well-characterized histidine-
rich protein 2 (HRP2) [38] that do not appear in the
current release of the P. falciparum genome. Also, expres-
sion profiles for ‘unannotated’ features of the genome will
assist in identifying correct gene models. Interestingly,
for some ORFs with multiple exons, not all exons are
detected in the microarray analyses. Of course, this could
be due to sequence differences (deletions or insertions)
between strains, but may also warrant further inspection
of the current genome.

It is now time to begin testing the transcriptional control
mechanisms in P. falciparum. First, using a combination of
bioinformatic approaches and genome sequence analysis
for putative transcription factors, it will be necessary to
better define the promoters. Second, with the information
from the IDC studies, it should now be possible to design
stage-specific promoters for any timepoint during the
IDC. With knock-in and knockout approaches becoming
more feasible, candidate promoter constructs can be
generated and tested 7z vivo [39,40]. Finally, applying
biochemical approaches to purify factors associated with
the genome by chromatin immunoprecipitation should
identify key binding sites throughout the genome. As the
understanding of transcriptional regulation improves, we
should begin to address the related and important issues
of post-transcriptional regulation, mRNA decay rates,
splicing, and translation rates. These have all been suc-
cessfully executed in model organisms. We need to take
cues from the work done on model organisms and extend
these tools to the study of P. falciparum biology.
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