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Introduction

Malaria parasites have more than 10 stageslbfiar differentiation and invade at least four
types of cells in two different hosts with a cores@ble variation in temperature between them.
All of this complex biology depends on the effidi@ontrol of gene expression, about which our
knowledge still has many shortcomings. Althougls thérasite has some general mechanisms in
common with yeast and higher eukaryotes, many éspdédts genetic regulation seem to be
specific to this genus: (i) during the asexual dietages, the parasites seem to turn on a rigid,
viral-like program of early, middle, and late gemapressed as a cascade of continuous events;
(i) it seems likely that malaria parasites havequaed unique and yet-to-be-described
transcription factors; (iii) antisense transcriptioas been described in about 10% of the coding
genome, clearly indicating as-yet-undefined, poatdcriptional control mechanisms; and (iv)
control gene expression of the var subtelomeridigene family involves a gene-specific cross-
talk between intron and exon, as well as epigemagchanisms to control allelic exclusion.
Here, we review our present knowledge on contrajerie expression in malaria parasites and
illustrate the importance of bioinformatics in adeag our knowledge in this area, with
illustrative examples on promoters, transcriptiaatérs, and the transcriptome analysis of the
intraerythrocytic developmental cycle.

General Aspects

Malaria is the most important parasitic dsge@n the world. Each year, 300 to 500 million
people are infected, and more than 1 million peomlestly children under 5 years of age, die.
More than 40% of the world's population live in lnigsk areas including sub-Saharan Africa,
South and South-East Asia, Indonesia, and SoutlCanttal America (Figure 1) (1).

§This article was reproduced, with permission, frBrainformatics in Tropical Disease Research: Adical and Case-Study
Approach Internet, edited by Gruber A, Durham AMyyrh C, et al., Bethesda (MD): National Center Biotechnology
Information (US); 2008. This is an open-accesglertlistributed under the terms of the Creative @ams Attribution License,
which permits unrestricted use, distribution, apdoduction in any medium, provided the original i properly cited.
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I Distribution of Malaria

D]

Figure  Geographical distribution of human malaria worldwide. Obtained from CDC
http://www.cdc.gov/malaria/distribution_epi/distribution.htm.

The causative agent is a parasite of theyphyApicomplexa, genuBlasmodium. Although
there are more than 100 species of this genus,Rrfbiciparum, P. malariae, P. ovale, andP.
vivax infect humans. More than 99% of infections aresedlbyP. falciparum andP. vivax.

The geographic distribution of these two malariacsgs is very different?. falciparum is the
species most prevalent in sub-Saharan Africa, whegehighest number of deaths occlis.
vivax is widely distributed and is the most frequentiurid species in the majority of regions,
except Africa. A genetic characteristic of the Neegopulation is one of the reasons tRativax

is less prevalent in Africa. A mutation in the gesrecoding the “Duffy” antigen confers the
Duffy-negative phenotype to this populatid?. vivax depends on this receptor to invade the
erythrocyte and is incapable of infecting Duffy-agge red blood cells (2, 3. falciparum,
however, has alternative mechanisms for invasimependent of binding to the “Duffy” protein

(4).
LifeCycle

The life cycles of the different malaria sigscare very complex (Figure 2). An infected
female Anopheles mosquito bites the vertebrate host, injecting giggaforms, known as
sporozoites, into the dermis. Intense movemenhédermis allows some of the parasites to
encounter blood and lymphatic vessels, therebyimguws decrease in movement. The parasites
that enter the lymphatic system invade the cldyesph node and transform into a stage similar
to the hepatic stage. However, they are unlikelgaimplete the process of division or reach cell
maturity.
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This extraerythrocytic stage was describecemdy by Aminoet al. (2006) (5), but its
importance in establishing infection and the hostshune response is still unknown. Parasites
that enter the blood vessels are carried in thedbknd reach the hepatocytes, invading these
cells. Here, they are modified to a more roundedhfovhich initiates the process of asexual
reproduction, forming the hepatic schizont, whichwrcontains thousands of merozoites that are
liberated into the host circulation. Ih vivax, after the sporozoites have invaded the hepatscyte
they can differentiate into a dormant stage cadléypnozoite. These can lie dormant for months
and re-initiate replication when the original disedas already been cured, leading to another
infection, known as relapse. In this way, patieoised of the disease can develop a new
infection. Independent of this particular life stagf P. vivax, once merozoites are released into
the bloodstream, they quickly invade red blood s;eithitiating the asexual intraerythrocytic
cycle, which causes the disease pathology.

The parasite forms a parasitophorous vacwdiere it develops into the first stage, known as
the ring stage. This feeds on the contents oféldebtood cell and transforms into a trophozoite.
This stage begins the process of cell division kmag schizogony and transforms into the
schizont. This contains the new merozoites thaturepthe red blood cell and are released into
the bloodstream to infect new cells, continuingdisease cycle. Some parasites do not begin the
process of cell division and instead, differentieti® the sexual form of the parasite, the male
and female gametocytes that will be ingested byoaquito during its blood meal. Once in the
digestive tract of the insect, the red blood cells digested, releasing the male and female
gametes. The male gametes (microgametes) undam®ribunds of mitosis, giving rise to eight
cells, a phenomenon know as exflagellation, andraresformed into individual male gametes.
Fertilization of the gametes occurs forming a zggthe only diploid stage of the parasite. This
differentiates into the ookinete , an amoeboid fadore to cross the peritrophic membrane, and
lodges in the internal wall of the digestive traetween the epithelium and the basal lamina. It
forms a protective envelope and transforms intaaoyst. This undergoes the first reducing
meiosis, followed by many stages of mitosis, reteabaploid sporozoites into the haemolymph
of the insect. Sporozoites migrate, and some ohthetively penetrate the salivary gland of the
mosquito until a new blood meal is done, and anmattgdvidual may then be infected.

Figure 2: Life cycle. a. The life cycle in the \alstate host, demonstrating the modifications pregds/ Aminoet
al. (2006) (5). Extracted from Jonetsal. (2006) (104). b. Life cycle in the mosquito.
(http://www.sanger.ac.uk/PostGenomics/plasmodiuesgntations/plasmodium_lifecycle.shtml)
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Plasmodium falciparum and Plasmodium vivax

P. falciparum and P. vivax are the most important human malaria species. pétieology
caused by infection by each of these parasite®rg distinct. AlthoughP. vivax infects only
reticulocytes,P. falciparum infects young and mature erythrocytes indiscrit@hya producing
much higher parasitemiaB. falciparum has a cytoadhering phenotype where mature forms of
the parasite adhere to the endothelium, escapiegrasice by the spleen. Because of this
phenotype, mostly ring stages are observed on exdion of peripheral bloodP. vivax does not
have a similar phenotype, and it is unknown hovareece by the spleen is avoided. Recently, it
has been speculated thatvivax parasites cytoadhere to the barrier cells of phees, escaping
spleen macrophage clearance and installing theesaéhto a reticulocyte-rich area (6). These
characteristics mean thBt falciparum malaria is much more lethal th& vivax, which rarely
kills its host but is also a chronic and debilitgtdisease.

The types of study that can be carried outgitliese two parasites have different limitations.
P. falciparum can be continuously cultured easityvitro, allowing application of methods such
as:in vitro drug testing; inhibition of invasion using specifintibody serum; and transfection
and genetic manipulation. All of these methods saeerely limited inP. vivax because of the
absence of a simple, reproducible methodhaitro continuous culture. In fact, this limitation is
reflected in the large amount of data that havenlgshered from the genome, transcriptome,
and proteome d?. falciparum as compared witR. vivax.

Genome

In the last two decades, considerable adwaitéhe techniques of DNA sequencing and
partial or complete sequences of hundreds of gesonf@ve been published
(http://www.ncbi.nih.gov/entrez/query.fcgi?db=gereprj). Although the genome probably
contains most of the information necessary ford&xeelopment of an organism, the function and
regulation of expression of predicted genes areimatediately apparent after publication of
DNA sequence data. This information requires mudrentime and resources than the initial
genome projects and also depends on advances irggmusme technology, such as
bioinformatics and reverse genetics, that perngtfirmation and functional testing of models
for biological problems.

The study of malaria has benefited from ttheaace of genome projectBlasmodium spp.
being one of the parasites with the greatest nurabspecies and strains whose genomes have
been or are being sequenced. The genom®s fafciparum andP. yoelli (a species that infects
rodents) have been sequenced, and their firstsdvadte published 4 years ago (7, 8). Partial
sequences of the. chabaudi and P. berghe genomes, and comparison with the other two
genomes of the genus, were published recentlyT{8).genome oP. vivax is in the final stages
of annotation and should be published in the Sp@agmer of 2007
(http://www.tigr.org/tdb/e2k1/pval/As well as these, total or partial sequencirgqats of the
genomes oP. knowlesi, P. gallinaceum, andP. reichenowi are under way. The sequencing data
and annotation of these genomes, as well as infamabout gene expression and protein
interactions, are available in databases such aB&w&, GeneDB, and PlasmoDB, the last being
the official database of tHélasmodium spp genomes.
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TheP. falciparum genome project was undertaken as a consortiutmeodeéquencing centers
The Institute for Genomic Research (TIGR), the ®ar@enter, and Stanford University. The
strategy used involved separating the 14 chromosdieulsed field electrophoresis and then
sequencing each one using the “shotgun” methods €htails cloning smaller parts of the
chromosomes into plasmid vectors and then sequgrtiese clones using vector-specific
oligonucleotides. In some cases, larger clonesstoacted by using yeast artificial chromosomes
(YACs), were also used to help with mapping. Chrsames 1, 3, 4, 5-9, and 13 were sequenced
by the Sanger Center; chromosomes 2, 10, 11, ahy T4GR; and chromosome 12 by Stanford
University.

The haploid genome &f. falciparum has more than 23 million base pairs (Mb) and al tot
AT content of 80.62%. The AT content in the codinegions is 76.23%, increasing to almost
90% in introns and intergenic regions. At the Bata update, 5,440 genes had been annotated,
5,374 of which encode proteins. Of these, more th@% contain introns, and 63% were
annotated as hypothetical proteins without known  ncfion
(http://www.sanger.ac.uk/Projects/P_falciparum/geamverview.shtml). Of the RNA genes, 45
transfer RNA (tRNA) and 20 ribosomal (rRNA) genesrevidentified (7).

The genome d®. vivax has yet to be published, but preliminary datadati an AT content
of about 55% and a total size of about 30 Mbp. 3illatelomeric regions—where many of the
genes are involved in virulence and/or antigenicati@n, such as ther gene family (1) are
found—have a higher AT content of about 80%. In ¢tkatral chromosome regions, synteny
with theP. falciparum genome is high, as is the similarity between #eeg of the two species.

Analysis of the genomes of the two rodentcegseof malariaP. berghel andP. chabaudi,
together with the data published previously Roryoelli and P. falciparum, demonstrates that
about 80% of the rodent malaria genes have ortlsatol. falciparum, possibly forming a group
of universal plasmodial genes (9). Most of theseegeare localized in the central regions of the
chromosomes, with the subtelomeric regions beingmmaore diverse.

The data reviewed above show that the genssgeences of the most important malaria
parasites are readily available for mining and cansons. Of general interest, comparisons
between syntenic chromosome regions of some spetiRissmodium can be performed using
tools available at the new PlasmoDB site, and s¢y@pgrams such as Artemis allow genome
visualizations and annotations.

Transcriptome

Some years before the falciparum genome was published, the first large-scale studie
the transcriptome were begun using “microarrayhtexdogy. In spite of working with limited
data from the pre-genomic era, these studies wagpabte of identifying many differences in
abundance of transcription between trophozoitesgamietocytes (11) and between the asexual
intraerythrocytic stages (12).

As the sequencing data available ferasmodium spp. increased, new studies on
transcriptomes appeared in much greater scaletrdhscriptome, analyzed by microarray for 48
hours during the intraerythrocytic life cycle Bf falciparum, with resolution of 1 hour, revealed
that the parasite has ridged regulation, which seenique in eukaryotes (13). Indeed, most of
the genes are transcribed during this phase dfféheycle, and about three-quarters of these are
expressed only once (see below). Another study 4hd)yzed the transcriptome of six stages of
the intraerythrocytic cycle, as well as merozoiteporozoites, and gametocytes, using
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microarray. By using methods with less temporablgsn but analyzing transcripts from a
greater variety of stages, this study found thss lhan one-half the parasites' genes (49%) are
regulated at the transcription level.

Analysis of transcripts from less abundantapae stages, such as sporozoites and hepatic
forms, has also been undertaken. Subtractive cDiNarles, obtained from sporozoite and
merozoite RNA, were used to identify 25 sporozsjpecific transcripts possibly involved in
invasion (15). Preliminary data from transcriptonsé$iepatic stages of the parasite indicate an
absence of specific transcripts and a change fhamexpression profile of sporozoites to that of
blood-stage forms (16-18). The use of differenthudblogy to isolate the parasites in these
three studies leads to results that are diffioultdmpare. This may reflect on the presence of
different profiles, depending on the time of infentof the hepatocyte and consequent maturity
of the parasites.

An increase in the sensitivity of the micragr technique has permitted analysis of the
transcriptome of parasites isolated from patielmghese studies, it was demonstrated that the
pattern expression of most genes is equivalenatasites maintained in culture. However, some
genes behave differently, perhaps reflecting difiees in the biology of the parasites in
different conditions. Among these are the genes$ &mrode surface antigens and proteins
involved in sexual differentiation that are overeegsedn vivo (19, 20). It is possible that these
differences in expression represent a greater farethe parasite to escape the host immune
response and thah vivo conditions favor greater production of gametocytes infecting
mosquitoes.

The advent of microarray technology thus $aaecomputational challenge to analyze this
large amount of data because, for instance, thglesexperiment on the transcriptome of the
intraerythrocytic developmental cycle (IDC) at ldhaesolution generated close to 350,000
data. Indeed, many computational, statistical, dmdinformatics algorithms have been
developed to analyze microarray data (21).

Proteome

An increase in the sensitivity of mass sqeunetry techniques and improving methods for
cultivation and purification of parasites have wa#al considerable advances in studies of the
Plasmodium spp. proteome. Data from the falciparum proteome (22) andP. berghe (9)
confirm most of the microarray data from Bozdetlal. (2003) (13). More than one-half of the
proteins in the parasite are expressed in onlystage, and for the genes of known function,
there is a high correlation between the genes sgpteand metabolic and cellular activities of
the parasite at that stage. Some stage-specifiesgéelong to multigene families whose
members are expressed at different stages intagtrally specific manner, such as involvement
in invasion, indicating that the parasite might adenited repertoire of strategies to survive.

Genes that were thought to be specific toinitr@erythrocytic cycle, such as the genas
rifin, stevor, and the super familgir, which include their genes oP. vivax, are transcribed and
often translated in parasite stages in the mosqQit@2). It is possible that some members of
these families have an important function for sualiof these stages, or that the control of
expression is simply more relaxed.

The proteome of less abundant stages, sutte ammetocytes and sporozoites, has also been
determined, demonstrating many differences betwerrepertoire of proteins in these stages
and the asexual blood forms (23, 24). Purificatmihmale and female gametocytes was
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performed by fluorescence activated cell sorting@B) of parasites that express tfp gene
controlled by active promoters in each of the saffb). The data produced in this study
demonstrate a very distinct repertoire in the gaocges compared with the other parasite stages.
The male gametocytes have the most specializeceq@r@, perhaps reflecting the intense
differentiation process that occurs during exflégein.

Organelles specific to this phylum, such lagptries, are essential for invasion. Rhoptries
have been purified, and the proteins have beertiidehby mass spectrometry. A study by
Bradleyet al. (2005) (26) identified some of the proteins préserthe rhoptries off. gondii.
They have orthologous genesHnfalciparum, indicating the possibility of common mechanisms
of invasion. A similar study was done Bnfalciparum (27).

The data reviewed above indicate that malpaeasites are able to express mostly non-
redundant protein repertoires at each particugestreinforcing the idea of a tight control of
gene expression. On the other hand, data fronrainedriptome of the IDC at 1-hour resolution
indicates a simple program for controlling gene regpion during the intraerythroctic
developmental cycle where more than 75% of the gesfethe parasites are transcribed.
Understanding how the parasite controls gene egjoresit each differentiation stage is essential
to the development of alternative strategies andhtnshed light into unique mechanisms
acquired during the evolution of malaria parasites.

Control of Gene Expression

Malaria parasites have more than 10 stageselhdlar differentiation, precisely regulate
differentiation and replication, and invade at tdasr types of cells in two different hosts with a
considerable variation in temperature between thidhof this complex biology depends on an
efficient control of gene expression—and what wevkrof gene expression control still has
many shortcomings. Although this parasite has sgemeral mechanisms in common with yeast
and higher eukaryotes, many aspects of their geregjulation seem to be specific to this genus.

Chromatin

In nucleated organisms, DNA is compartmentalizedhi nucleus, and this provides the first
barrier to gene activation. Transcription factams groduced in the cytoplasm and must enter the
nucleus to exercise their functions. Inside the leus; the DNA is packed and
compartmentalized into chromatin that has regionh wdifferent levels of packaging.
Heterochromatin is highly compact, and thus itif6alilt to transcribe genes in these regions. In
contrast, euchromatin is more relaxed, and gereemare easily transcribed. There is movement
in the compaction of chromatin, allowing genes iregion of heterochromatin to be changed to
a region of euchromatin and activated. One of its $teps in activation of transcription is the
unpackaging of the DNA, allowing access of the @ needed to initiate transcription. This
process frequently involves the acetylation of drniss in the promoter region, making them
negatively charged and decreasing their affinitytiie DNA..

In Plasmodium, the chromatin DNA is structured in the form of clmosomes of
approximately 155 bp (28, 29). The genes that dodeeach of the structural histones (H2A,
H2B, H3, and H4) and also for four histone variaauts present in the genome (30). The gene
that codes for histone H1 has never been foundyroéthe Apicomplexa organisms, indicating
that they may have a different mechanism from otbakaryotes for organizing their
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nucleosomes (31). It has also been observed tiatpthtein is very divergent among other
protozoans and higher eukaryotes, with the absehttee amino-terminal and globular domains
in the more primitive organisms (32). It is possilthat the Apicomplexa H1 histone has a very
distinct structure, making it difficult to be pretkd. Proteins responsible for nuclesome
assembly have also been identified (33).

It has been observed that many parasite persiare regulated in a similar manner in the
chromosomal and episomal context. This might indi¢hat the organization of chromatin does
not have a great influence on gene regulation. KWeweHorrocks et al. (2002) (34)
demonstrated that episomal plasmids are organizetia form of nucleosomes and that the
structure and maintainance of the pattern of gegelation of the promoters depend on the
parasites passing through the S-phase of mitosise lvidence, such as the presence of proteins
involved in the acetylation of histones (such asADA2-GCN5 complex, which is conserved in
eukaryotes), suggests an important role for thelatign of the DNA structure in the parasite
(35). The deacetylation of histones represses drgai®n. Orthologs to histone deacytelases
such as HDAC (36) and Sir2 (37), responsible fpression of gene expression in yeast, have
been identified irP. falciparum. Sir2 appears to be involved in the formation etelhochromatin
and silencing of some types\ar genes (38, 39).

Promoters

The promoters d?lasmodium spp. have a bi-partite structure with a core priemtollowed
by regulatory elements (40, 41). Transcription mnocystronic (42), and the genes that encode
proteins are transcribed by RNA polymerase Il (4Bata from the transcription analyses
demonstrate the great importance of transcriptiaoaltrol. Many promoters characterized by
transient transfection experiments express thert@pgene with the same temporal pattern as
the endogenous genes. Some, such as the dihydeofethuctasedpfr) and the elongation factor
alpha onedf1-a) promoters, are active during all of the intrabrgtytic cycle. Others are active
during specific stages, such as merozoite surfaoteip 2 (Msp2), apical membrane antigen 1
(amal), Pfsl6 and Pfs25 that are active during early schizogony, in matachizonts, in
gametocytes, and in gametes, respectively (44-46).

Plasmodium spp. promoters have distinct characteristics, meghe transcription machinery
of the parasite does not recognize the promoterstiadr eukaryotes. Yet, the mechanism of
transcriptional regulation appears to be consewgtin the genus because promoters from
different species are functional in heterologousndfection experiments (41, 47-49).
Unexpectedly, however, a recent report on the fanat analysis ofP. vivax promoters
demonstrated that unlike all othBfasmodium spp., promoters of. vivax are poorly or not
recognized by th®. falciparum transcription machinery (50). These results sugtesexistence
of P. vivax-specific transcription regulatory elements.

Binding sites for various eukaryotic tranption factors are found in the sequence of
different Plasmodium spp. promoters. Functional analyses detecting ONétein interactions,
either by transient transfection experiments weparter genes or by electrophoretic mobility
shift assays (EMSAs), were unable to prove whethese sites were recognized by parasite
proteins. On the contrary, it was observed thatitgortant sequences involved in promoter
activation do not demonstrate similarities with tietifs involved in the regulation of other
organisms (46, 51-57). A few functional motifs swarwith other eukaryotes have been
characterized, such as the “TATA box” (58) respblesfor recruitment of the core transcription
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complex and the long adenine- and thymidine-ricusaces (poly (dT) poly (dA)) (59) that

change the conformation of chromatin, making it eaccessible to transcription factors.

The data reviewed above clearly demonstrate theesdanowledge on promoters gathered in
malaria through functional analysis, mainly becaok¢he large technical difficulties of such

analyses. Bioinformatics approaches are now a@eigrdiscovery of this key aspect of control
of gene expression in malaria parasites (see "Pastscriptional Control”, below).

Basal Transcription Complex

Initiation of transcription is much more colepin eukaryotes than in bacteria. Instead of a
single type of RNA polymerase, able to recognizenmters via the sigma subunit, three
different classes of polymerase transcribe diffetgmes of genes. RNA polymerase | transcribes
ribosomal RNA genes, type Il transcribes genes d@ingoproteins, and type Il transcribes
transfer RNAs and other small RNAs. These enzyrmeasa complex of 8-14 subunits of up to
500 kilodaltons (kD). Recognition of promoter raggois not carried out directly by RNA
polymerase but depends on the help of specificeprst known as transcription factors. These
recognize specific sites and bind to DNA and, tbgetvith the RNA polymerase, form the core
complex for transcription.

P. falciparum and other species from the genus contain nuclemeg that code for
polypeptide chains of the three types of polymerddee largest of these polypeptides has
variable regions longer than those found in othiaeyotes (60) and contains a repeat motif rich
in serine (61). The carboxyl-terminal domain (CTa&f) polymerase Il has a very divergent
amino-acid sequence compared with other eukaryBli@sever, a structure similar to the hepta-
peptide repeat, SPTSPSY, is present, indicatingt tthee conserved mechanism of
phosphorylation of this region is used for initiettiof transcription (62, 63). The mitochondrial
RNA polymerase has similarities with the RNA polyase of the bacteriophage T3/T7 (64) and
is encoded by nuclear genes in many organisms. pHnasite also contains another RNA
polymerase with bacterial characteristics, thathef Apicoplast . The gene encoding one of its
polypeptide chains is found in the genome of thgaoelle (65).

For each of the RNA polymerases to be ablérdascribe a gene, it is necessary that
transcription factors bind to the promoter regidntlte DNA. Of the three types of RNA
polymerase, pol Il needs the greatest number afstrgption factors. In the region of the
promoter closest to the site of initiation of tramgtion, the core promoter elements are found,
such as the “TATA box”, the “CAAT box”, transcripti initiators (INR), and some others. The
trans elements of the core transcription complex bindhis region of the promoter. These
elements are composed principally of TFIID, TFITAFIIB, TFIIF, RNA polymerase, TFIIE,
TFIIH, and TFIIJ. Of note, malaria parasites seentdntain much lower transcription factors
than crown eukaryotes, including factors associatiélal the basal transcription complex, which
has been mostly conserved throughout evolutionl{etmv).

Capping
After initiation of transcription, when theaently transcribed RNA reaches a size of about
20-30 nucleotides, it undergoes its first modifizat known as “capping”. This process occurs

using three basic reactions consisting of: 1) hiygis of the triphosphate at the 5' extremity by a
RNA 5' triphosphatase, leaving a diphosphate; #)tad of a guanidine monophosphate group
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(GMP) in a 5'-to-3' direction to this extremity ltlge action of a guanyltransferase; and 3)
methylation of the last guanine at position N7 byethyltransferase.

The mechanism of “capping” is different iniraals and yeast. Animals have the
triphosphatase and the guanyltransferase encodadshmgle gene, giving rise to a bifunctional
protein, whereas in yeast, three different prot@nsoded by individual genes are used. The
“capping” is related to protection and stability thie RNA, transport to the cytoplasm, and
translation. InPlasmodium spp. and other protozoa such Tagpanosoma brucel and Giardia
lamblia, the “capping” mechanism is similar to that of seavith the first two enzymes being
encoded by different genes (66, 67). However, thethgitransferase has not yet been
characterized and may have distinct characteribtics the groups already studied.

Splicing

At the end of transcription, and in some saseefore this, the messenger RNA (mMRNA)
should have its introns removed by “splicing”, leay an open reading frame (ORF) for
translation. In many eukaryotes, this is an impurt@gulation point. During the splicing of
some genes, part of the exons can be removed hdtintrons, modifying the reading frame and
allowing translation of different isoforms of theopein. This is a regulated process, and the
transcripts can be processed in a stage- or tgse@fic form, depending on the needs of the
cell.

In P. falciparum, this mechanism of regulation appears to be ptesarappet al. (1991)
(68) demonstrated that a mRNA from a gene withrdmawn function is processed into at least
three different transcripts. Species of this gempysear to have certain conserved loci in relation
to gene organization and structure, including thenlmer and position of introns and splicing
alternatives. This indicates the presence of comoooitrol mechanisms (69, 70). In some cases,
the alternative splicing may not alter the readiragne. This occurs in the B7 gene, where
transcript processing in the asexual and sexualdbftages gives rise to 5' untranslated regions
(5'UTR) of different sizes (71). It is possible tlais influences the efficiency of translation or
the mRNA stability. Although these few examples dastrate that alternative splicing occurs in
Plasmodium, the extent of such phenomenon in controlling gerpression in the different
developmental stages remains to be determined.

Termination

The end of transcription in eukaryotes degemuthe interaction of various proteins with the
recently synthesized mRNA and polymerase Il anaciompanied by a second modification in
the mRNA, polyadenylation. In the 3' untranslatedions (3'UTR) of the genes, conserved
sequences are used as binding sites for a protamplex that cleaves the RNA, 10-30
nucleotides from this site, and adds a ribonudtieotail of adenines (poly A). It is not yet known
how the polymerase, which continues to transciiileegene, stops transcription and is released
from the DNA. Recently, a model was proposed whbesyeast protein Ratl and its cofactor
Rail bind directly to the 5' extremity of the RNWat continues being transcribed after cleavage
of the mRNA and is degraded by the activity of '5&8onuclease until it meets with the RNA
polymerase, which, by an unknown method, reledse®NA (72).

As in many eukaryotes, the end of trans@ipth Plasmodium spp. occurs at multiple sites,
and the poly A tail is added by cleavage and payatition (73. The elements responsible for
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this process are not well characterized. Canositas of polyadenylation of the type ATTAAA
and AATAAA are found in multiple copies in the 3'BTof various genes, but it is unknown
whether these are recognized by the transcriptiachimery of the parasite in the same manner
as other eukaryotes. In some cases, it is prolthbtehe AATAA pentamer is recognized as the
site of polyadenylation, which can occur 1-30 natiies downstream of this site (74).

For theP. gallinaceum gene that encodes for the gametocyte antigen Pds28as
demonstrated that the poly A tail is added arou@dnRcleotides after the fifth canonic
polyadenylation site (AATAAA/ATTAAA) and that, befe this, there is an important U-rich
element (75). This 3'UTR was used in transientsfiestion experiments in human cells, being
recognized by our own transcription machinery, inwa different manner than that occurring in
the parasite in relation to the polyadenylatioe sihd the importardis elements for this process
(76). Transient transfection experiments demoresraihat the presence of a 3'UTR from the
parasite genus is necessary for expression of eéperter genes. Distinct mechanisms for
regulation of the termination of transcription aptbcessing of mRNA must be involved,
because the parasite does not recognize 3'UTRsdtloen eukaryotes (77, 78).

Transcription Factors

In comparison to other organisnmasmodium spp. appears to have a distinct and perhaps
more limited repertoire of proteins involved in geregulation. Thus, a recent study, undertaken
by Coulsonet al. (2004) (79), identified fewer transcription fagothan those of crown
eukaryotes using different algorithms and bioinfatics (see below). The initial annotation of
the genome did not identify certain components hef tore transcription complex, such as
TFIIA, the beta subunits of TFIIE and TFIIF, anchet factors associated with TFIID and
TFIIH. On the basis of these data and analysis@Tt gondii genome, it was initially proposed
that the core transcription complex in Apicomplest@anisms is simpler than that of other
eukaryote groups (31). Improvements in bioinforma&chniques have since then led to the
identification of more factors (80) and proteinghwcomplex DNA-binding domains. These data
indicate thatP. falciparum, and perhaps other Apicomplexa, have more geneslvied in
regulation of transcription than was previously diceed (81). The difficulty in annotating
transcription factors iPlasmodium spp. is probably attributable to divergence ingbguence of
its domains compared with known groups.

Of the proteins that form the core transaiptcomplex, only the “TATA binding protein”
(TBP) has been functionally characterized and Imagnaino acid sequence very divergent from
the TBP of other organisms. However, the structsirgmilar and is capable of binding to the
conserved sequences TATAA and TGTAA (58, 82). Amottnans element that has been
characterized is a protein relating to the Myb degt This is regulated transcriptionally during
the intraerythrocytic cycle and can bind consersisélements present in different promoters of
the parasite (83).

The low number of transcription factors prése the parasite is contrasted by the high
numbers ofcis elements present in each promoter (84). In yeaistekample, most of the
promoters are regulated by one or teve elements. Considering that the combination ofahes
two factors €is andtrans) determines the diversity of regulation in thd,dels possible that this
is maintained in the parasite using a few transorpfactors that bind in combination to various
cis elements in the promoters.
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Post-Transcriptional Control

The 3'UTR has a role in the regulation of@gempression in many eukaryotes. In animals,
they determine the temporal expression of numemerses, particularly during embryonic
development. Their secondary structure and intemactvith other proteins influence the
processing, transport, stability, and efficiencyt@nslation of the transcript. IRlasmodium
spp., a great deal of evidence indicates the est®f important post-transcriptional control,
particularly during the passage from the vertebinats cycle to its development in the mosquito.

The first evidence of post-transcriptionahttol came from studies of tHe berghei gene
Pbs21, which encodes a protein localized in the membrdrfemale gametocytes, zygotes, and
oocytes. As well as being detected in these paraséges, transcripts of this gene are also
present in female gametocytes, where they areraoslated, demonstrating post-transcriptional
control (85). Orthologs of this gene have been ¢ourP. falciparum and other parasites of this
genus. Other genes that undergo post-transcriptcamarol are those that encode dihydrofolate
reductase and thymidylate synthetadiefr(ts). In animals, these two enzymes are encoded by
independent genes, contrary to the mechanism tozrans. Each of these proteins can bind its
corresponding mRNA and inhibit its translation. tire presence of substrates or competitive
inhibitors, these proteins lose the capacity todbio RNA, and translation increases. Bn
falciparum, the mRNA binding site is not located close to #lcéive site of the enzyme, which
therefore has the same affinity for the mRNA inaitsive and inactive forms. This characteristic
of post-transcriptional control impedes the progucbf more proteins in a situation of greater
necessity, for example in the presence of inhibjtamposing a much lower tolerance of
antifolate drugs than in human cells (86).

Protein families involved in RNA binding afreghly represented in th®. falciparum
genome (79). Among these are the Puf proteinshimak the nano-responsive elements (NRE),
present in the 3'UTR of genes of various eukaryatesinhibit RNA translation. Two genes that
encode members of this gene family have been foanithe P. falciparum genome and as
orthologs in other species of the genus. They aerexpressed in gametocytes (87), and
functional analysis demonstrates that both protamescapable of binding ©rosophila mRNA
that contains the NRE sequence in its 3'UTR, irtdigaits possible role in post-transcriptional
control of genes involved in the development ofusgstages of the parasite (88).

When the transcriptome and the proteom®.dferghei were compared, new gametocyte-
transcribed genes that have their translation itddbwere found (9). Analysis of the 3'UTR of
these genes revealed a conserved motif of 47 niddsothat contain repetitions of the NRE
sequence. These data reinforce the importancestftamscriptional control in gametocytes and
assign the role of recognizing specific elementshim 3'UTR of genes that should have their
translation inhibited to the Puf proteins.

Direct evidence of the importance of translatiac@itrol on gene expression in malaria has been
recently and elegantly demonstrated in gametoapt&s berghei (89). Using reverse genetics,
the gene encoding the DOZI helicasd’tdsmodium berghel was knocked-out, and its disruption
inhibited the formation of the ribonucleoproteimgaexes, diverting at least 370 transcripts for
degradation.

Another mechanism of post-transcriptionaltomnis “antisense” RNA, which involves the
cis or trans synthesis of an RNA complementary to the mRNAahe genes. This RNA binds
to the corresponding mRNA silencing its translatitsplicing”, or diminishing its stability.
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Antisense RNA has been found in all the large gsafporganisms and has been most studied in
bacteria (90).

Some evidence points to the existence ofraisense silencing mechanismRPhasmodium
spp. Analysis of the transcriptome of intraerytiytarstages of the parasite by “serial analysis of
gene expression” (SAGE) revealed that more than @0%e genes have antisense transcripts
(91, 92). Later, it was determined that they aa@dcribed by an RNA polymerase sensitive-to
amanitina, a characteristic typical of RNA polynssdl (93). The antisense RNA mechanism is
functional in transfection experiments for silergcof specific genes, such @a9 (94).

Non-Coding RNAs

The pattern of gene expression used byPthsmodium genus differs in many aspects to
most eukaryotes. Genes that are normally transtigbestitutively, such as histones, actin, and
calmodulin, are transcribed in a stage-specific manProbably the most surprising difference in
regulation of a group of genes in the parasite,pamed with other eukaryotes, is the ribosomal
RNA (rRNA) genes. Instead of the standard confiianaof three subunits (18S, 5S, and 28S)
repeated dozens or hundreds of times in sequehdesi around 20 genes, distributed on
different chromosomes, often with some of the sitsumissing. In addition, two or three
structurally distinct forms of rRNA are presentdaheir expression is regulated. Type A rRNA
is transcribed in the blood stages of the paraaitd,type S is predominantly transcribed in the
mosquito stages of the parasite (95, 96). The ekauttion of this type of mechanism is
unknown, but knockout of one of the S-type gene®.iterghe inhibits development in the
mosquito in a dose-dependent manner (97). The A-$gguence is more similar to that of other
eukaryotes, whereas type S is more divergent, ajygeaimilar to the bacterial ribosome in
some regions (98). This type of mechanism of exgiwesof ribosomes is unique, because
organisms such as plants and bacteria regulatéypiee of ribosomes by altering the protein
component.

Another group of non-coding RNA also has eyfiar structure irPlasmodium. Unlike most
major eukaryotic organisms that have redundancyheé most commonly used codorig,
falciparum has a tRNA for almost all codons as single copy Transfection experiments with
genes containing a much lower AT content than theagptes demonstrate that these are
translated without apparent necessity for optinmradf the codons. These data may indicate
that the parasite is capable of translating GC- Ameich codons with the same efficiency,
unlike most organisms studied.

As has happened with practically all the geaptranscriptome, and proteome projects, the
data generated by the studiesHkasmodium spp. have generated many more questions than
answers as well as new lines of research. Amorggttibe use of computational tools to advance
our scarce knowledge on control of gene expressiarbrand new field that promises to rapidly
advance our scarce knowledge in this area. A fdustiative examples on promoters,
transcription factors, and transcriptomes will desteate its importance.

Bioinfor matics and Gene Expression in Plasmodium
Promoter Elements

Although functional/structural analyses ofesv promoter regions frorPlasmodium have
revealed that they posses the common bipartitetstel of promoters from other eukaryotes,
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analysis of intergenic regions has failed to idgrdanonical sequences such as CCATT and SP1
boxes. The laboratory of Dyann Wirth, as reportgdviiitello and coworkers (57), was the first
to use a bioinformatics approach to gain insighd predicted regulatory elements in intergenic
regions ofP. falciparum. To do so, they analyzed the upstream intergesgons of the heat
shock protein genes as a model using the TRANSFS( database on the Biobase homepage,
which contains data on transcription factors, thbinding sites, and regulated genes.
TRANSFAC uses Match, a web-based tool to searchrémscription factors by weight matrix
search, and Patch, another web-based tool thatifidentranscription factors by pattern
matching. TRANSFAC thus allows making predictiorigpoorly characterized gene promoters.
Interestingly, except for TATA boxes, whose preidictis questionable in malaria because of the
high AT content of intergenic regions (close to 90%on-other, common elements present in
crown eukaryotes were identified in theBmsmodium upstream regions, suggesting species-
specific regulatory elements. To further look facls elements, all intergenic regions of Hsp
genes were analyzed using AlignAce to find commgmeated elements to which a particular
value was given (100, 101). Strikingly, a high-g06-rich palindromic element was found in
the intergenic regions of thesp genes (Figure 3a). To determine whether such elemas
conserved in othdPlasmodium species, the coding and upstream intergenic regbdthehsp86
gene ofP. yodlli, P. berghel, andP. vivax were retrieved using TBLASTN and BLASTN, with
the P. falciparum hsp86 amino acid sequence used as a query. The gersamience of the
hsp86 locus of these fotlasmodium species were aligned, and significantly, the s&@vech
element was observed in the upstream regions igetlspecies, strongly suggesting that it
represented an important regulatory element ligg gene expression maintained through
evolution (Figure 3b).
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Figure 3: A functional G-rich palindromic elemerst ¢onserved among the intergenic regiondapf genes in
Plasmodium. a. G-rich element. b. G-rich palindromic elementifferent malaria species. c. A reporter plasmid
containing the intergenic region of tisp gene ofP. falciparum and driving the expression of the luciferase
reporter gene is functional. Data and figures olg@iwith permission from Dyanne Wirth.
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To prove these computational findings, recimatt plasmids containing the luciferase
reporter gene under the control of thdalciparum hsp86 upstream intergenic region, as well as
mutated versions lacking the G-rich element, prowesl one is required for gene expression of
the hsp86 gene (Figure 3c). Similar approaches are nowgoesed to analyze other promoter
regions inP. falciparum, such asvar gene promoters. Most relevant, because of the Aigh
content of intergenic regions as well as a putatble of long stretches of polypyrimidines (i.e.,
low complexity regions) in basal transcription (58 development of new algorithms to solve
this intrinsic problem of promoter predictions inalaria parasites represents an interesting
computational challenge.

Transcription Factors

Controlled gene expression in higher eukayas achieved mainly through a plethora of
Transcription Associated Proteins (TAP), which arainly taxon specific. Strikingly, the first
annotated complete genome draft fr&mfalciparum failed to predict several TAPs commonly
described in other eukaryotes (7). This suggestemt either malaria parasites contain
significantly lower TAPs than other eukaryotes,tlwat because of the high AT content of the
genome, their prediction required a more sophigtt@omputational analysis. To address this
issue, Coulson and coworkers (2004) (79) devisea different computational approaches to
globally search foP. falciparum TAPs. In the first approach, they searched the NRPAC and
SWISS-PROT databases for sequences retrieved fi@nstription” in their keyword or gene
description fields. Next, sequences were linkethtr corresponding Protein Families (Pfam)
database annotations; in this way, they obtaine@rbfile-Hidden Markov Models (HMMs) of
protein domains involved in transcription. HMMERrs®n 2.2 was then used to searchRor
falciparum sequences using the 51 HMMs. In addition, sevdrerotatabases from crown
eukaryotic organisms, which includ&dhizosaccharomyces pombe, Saccharomyces cerevisiae,
Arabidopsis thaliana, Caenorhabditis elegans, Anopheles gambiae, Drosophila melanogaster,
andHomo sapiens, were similarly searched with these HMMs. Interggiy, only 17 models had
matches withP. falciparum sequences corresponding to 69 unique protein=ritrast, a similar
analysis revealed 40 models matchirgbidopsis thaliana sequences.

In the second approach, they queriedPh@lciparum genome as well as the genome of the
same crown eukaryotes genomes against 17,054 T@lBstering of TAPs and homologs by
similarity revealed 84 clusters containing at leastP. falciparum gene and one TAP pertaining
to 95 genes, of which only 8 were also identifigdtite HMMs. Together, these approaches thus
revealed a total of 156 malarial TAPs, overall esenting 3% of the genome. This is in striking
contrast to the other higher eukaryotes similanglgzed, which revealed an average of 10% of
their genomes corresponding to TAPs. The complsteof TAPs as well as information on
PlasmoDB ID, gene description, and expression frdnt developmental stages of malaria
parasites are available from the Supplementary Médte
(http://www.ebi.ac.uk/research/cgg/projects/traipgmn/plasmodium).

Lack of predictions of the TFIID complex, essanfor the formation of the transcription
preinitiation complex at promoter regions of Pol génes, encouraged a search for new
computational methods to look for such factors. Igsia of P. falciparum protein domains
revealed that regions of low complexity were rarfelynd within globular hydrophobic domains
(80). Thus, a new computational, two-dimensionabpam called Hydrophobic Cluster Analysis
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(HCA), which is not sensitive to gaps, was generated used to search for globular domains of
P. falciparum having similarity to domains conserved in prote&guences representing different
subunits of the basal transcription factors anécofs of humans and yeast (80). Importantly,
33 putative transcription factors, of which only b@d been predicted using HMMs, were
identified using HCA (Table 1). Thus, the combioatiof profile-based searches along with
HCA promises to be a general method to identify $APa genome scale for malaria parasites.

Table 1: General transcription factors predicteBlasmodium falciparum.
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PF11630* + - G -
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The general transcription factors which were id@tdiin this report are underlined and shown indbdl and +
indicate similarities which were identified in thisport after assessing PSI-BLAST marginal sintikesi at the
sequence 2D level or after extending the comparigahe 2D level outside the limits primarily dedth by PSI-
BLAST, respectively. The Swiss-Prot accession nusilage given for the human and yeast sequencesn \Whe
Swiss-Prot identifier is not available, the GenBadntifier (gi) is indicated in italics insteadhd references of the
human TAF3 and TAF8 sequences can be found in 80180, respectively. $ : see text for commentsase
putative homologues of Cdk7/KIN28 and cyclin H/CCLTlhe presence of nuclear localization sequencés (N
102), nuclear export sequences (NES 103), andxjiression of these predicted general transcridtetors using
microarray and proteomics on different parasitgeta9—-11, 89) are indicated. G: gametocyte, Phioaoite, LT:
late trophozoite, Sc: schizonte, R: ring, (-): athsét+): present, (?): cannot be found. Table auyghd reproduced
with permission from Isabelle Callebaut (80).

Several other important aspects on controgerfie expression of malaria parasites were
revealed by these analyses. First, unlike crowrameugites, malaria parasites do not contain large
paralogous families of TAPS; in fact, this lackgene duplications is not limited to TAPs but to
other internal genes, in contrast to subtelomeeiceg, where malaria have clustered multigene
families involved in immune escape. Second, malpasasites contain homologs of all 12
subunits of RNA polymerase II, TBP protein, and [BFlindicating that the basal transcription
machinery is similar to that of crown eukaryotegt,Ynost components of the TFIID complex,
as well as other factors essential for formingithiation complex of RNA Pol Il genes, were
not predicted (see below). Third, TAPs involvedRNA stability and translation, such as the
CCCH-type Zn finger, were overrepresented in theogee ofP. falciparum, reinforcing the idea
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of an important post-transcriptional control of geexpression. Last, TAPs involved in
acetylation/deacetylation were identified, indingtithat epigenetic mechanisms can also be
involved in control of gene expression in malarRecent elegant evidence has indeed
demonstrated epigenetic controlvaf gene expression (38, 39).

In summary, using regular similarity analysis [MMs (79), and profile-based searches/HCA
(80), there are still about 40% of general traqdimn factors found in crown eukaryotes that are
not predicted in the genome Bf falciparum. Thus, either these factors have evolved to atpoin
that none of these computational methods is ableréalict them, or basal transcription is
different in malaria parasites. If so, these défezes can be rationally exploited for alternative
control strategies against malaria.

Transcriptome Analysis of the Intraerythrocytic Developmental Cycle

Pathology in malaria is mostly associatedhwiite intraerythrocytic developmental cycle
(IDC), where sequestration of infected red bloolilsda the deep capillaries of internal organs,
as well as synchronous rupture of infected red dloglls and release of merozoites, can induce
obstruction of blood flow, edema, cerebral maladagd anemia, among others. Interestingly,
during these stages, malaria parasites have accgelrelopmental program in which, upon
entrance of merozoites inside red blood cells, gakasites differentiate into a stage known as
"ring", which is surrounded by a parasitophorousucde. After a period of 12-18 hours, the
parasites enter into a highly metabolic growth stagown as a trophozoite, which lasts for
about 16 h, after which DNA synthesis starts inages known as the schizont. After nuclear
divisions inside a syncithium, cytoplasmic membgsaaee synthesized, red blood cells burst, and
free individual merozoites are liberated into tirewdation to invade new red blood cells (Figure
2). In a seminal work carried out at the laboratofyjoe DeRisi at the University of California,
San Francisco, the entire transcriptome analysithefasexual blood stages at 1-hour scale
resolution was undertaken (13). To do so, this grbad previously developed a web-based
program called ArrayOligoSelector that allowed theto construct a 70-base-long
oligonucleotide microarray representing the erféiréalciparum genome as it had been released
since 2000 and annotated as 2002 (7). This progekes into account different parameters
including uniqueness, user-defined elements tovmédad, self-binding, complexity, and GC
content and is freely available for downloadingtotal of 7,462 oligonucleotides representing
5,409 annotated open reading frames were printedtims first-generation microarray. Next,
they grew parasites into a 5-liter culture bioregcand after a double round of synchronization
by sorbitol, they removed two 5-ml aliquots at e&chir for 48 hours. One of the aliquots was
pooled with all others, making a reference pooéladl with Cy-3, and the other was labeled with
Cy-5 and used to analyze the expression profikaah particular hour of the IDC. Thus, at 1-
hour scale resolution, they were able to deterrtiiose genes that were expressed higher than
the reference pool for the entire IDC. Unexpectedhalysis of the results revealed that close to
85% of the genes were expressed during the IDCtraatcbf those close to 75% were expressed
only once in a periodic manner, having a singleimar and a single minimum of 1-1.5 hours.
In sharp contrast, a similar analysis of the exgogsprofiles of the yeast cell cycle revealed that
only 3% of the genes were expressed periodical2)1The periodic expression allowed them
to use Fourier Analysis to order expression prsfoé the IDC into a phaseogram according to
their time and phase of expression (Figure 4). Reslemonstrated that malaria parasites have a
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cascade of expression lacking clear boundariesigwaut the IDC, and that genes expressed at
each particular phase could be grouped into gertbssunilar biological functions.
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Figure 4: Overview of th®. falciparum IDC transcriptome (13). (A) A phaseogram of theClBanscriptome was
created by ordering the transcriptional profiles 85712 genes by phase of expression along theisy-dke
characteristic stages of intraerythrocytic parasitegphology are shown on the left, aligned with tleeresponding
phase of peak gene expression. (B—M) The tempodaring of biochemical processes and functiondh@s on
the right. Esach graph corresponds to the averggession profile for the genes in each set, aacethan peak-to-
through amplitude is shown in parentheses. Figndedegend reproduced with permission from Joe DeRis

A striking example of this similar phase/danifunction was with genes expressed during
the late schizogony and involved in merozoite imwasThus, during the merozoite stages, the
parasites have to expose a series of proteinemtdtwrface that will allow them to specifically
interact and enter new red blood cells, and thedace antigens have become prime candidates
for the development of vaccines. Strikingly, sel/enarozoite surface proteins—AMAL, EBA,
and RESA, all of which have experimental evidengepsrting their roles as potential vaccine
candidates—were expressed at the same phase, alitimgnany other coding genes, the
functions of which are unknown and which expand lise of putative vaccine candidates.
Similar results and lists were generated for theephaseogram. Because close to 60% of the
P. falciparum genome represents hypothetical proteins of unknfumation, this analysis and
lists of genes have potentially and significanttivanced malaria research by assigning function
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of hypothetical proteins by phase of expressiomnduthe IDC; yet, formal proof-of-principle of
any one particular hypothetical protein expresdea particular phase and from which we can
assign a similar function as the ones annotatstllisacking. This seminal paper thus illustrates
the power of mathematical-computational analysiadweance our biological knowledge of the
asexual blood stages of malaria parasites. Moredkiese data indicate that there is a tight,
simple, virus-like control of gene expression dgrithe IDC in spite of its complex cycle
involving three differentiation stages. It is impaont to recall, however, that to obtain such data
and interpretation, the authors used only 2,714 O&tFhe 5,440 predicted genes. Thus, close to
50% of the entire coding genome Bf falciparum was represented or was not periodically
expressed (i.e., not amenable to Fourier analgsishis particular array.

An alternative systems biology approach teats probabilistic genetics networks (PGNs)
based on the entire transcriptome of the IDC frbesé same data was reported by Barrera and
co-workers (108 Irrespective of periodically or non-periodicakyxpressed genes, they built a
Markov model, which was able to create PGNs baseti®interactions on individual or double-
genes throughout the IDC. Validation of the modakwhown by creating a PGN of glycolysis
and by demonstrating that genes in this PGN wernkdically sound, and that key enzymes,
such as isomerase and which had oligonucleotigagsenting them and not giving a periodic
signal, were included into this PGN. Similar to #raurier analysis, formal proof of these PGNs
still awaits further experimentation. Regardle$ss different analysis of the same set of data
clearly exemplifies the importance of computatiobadlogy, statistics, and mathematics in
advancing biologically meaningful results from datatranscriptomes.

Concluding Remarks

As reviewed in this chapter, control of gemgression of malaria parasites seems unique
among crown eukaryotes. Although significant adesnion our knowledge of this fundamental
aspect of the biology of malaria parasites haven lmhieved through functional assays, they
remain technically difficult. Bioinformatics and mputational approaches are rapidly advancing
our knowledge in this area. Indeed, as data on rgesp transcriptomes, and proteomes of
severalPlasmodium species are expanding, new challenges will inclerdssing borders of all
these “omes” to integrate a view of the parasigea @ynamic system. An integrative approach
involving biology, mathematics, statistics, and eomational biology to develop rational
approaches for alternative control strategies vdlheeded.
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