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Distinct physiological states of Plasmodium
falciparum in malaria-infected patients

J. P. Daily"?, D. Scanfeld®, N. Pochet*>, K. Le Roch®, D. Plouffe’, M. Kamal®*, O. Sarr®, S. Mboup®, O. Ndir®, D. Wypij?,
K. Levasseur, E. Thomas*, P. Tamayo*, C. Dong', Y. Zhou’, E. S. Lander®'®!!, D. Ndiaye®, D. Wirth',

E. A. Winzeler”'?, J. P. Mesirov** & A. Regev®!*

Infection with the malaria parasite Plasmodium falciparum leads
to widely different clinical conditions in children, ranging from
mild flu-like symptoms to coma and death'. Despite the immense
medical implications, the genetic and molecular basis of this
diversity remains largely unknown’. Studies of in vitro gene
expression have found few transcriptional differences between
different parasite strains’. Here we present a large study of in vivo
expression profiles of parasites derived directly from blood sam-
ples from infected patients. The in vivo expression profiles define
three distinct transcriptional states. The biological basis of these
states can be interpreted by comparison with an extensive com-
pendium of expression data in the yeast Saccharomyces cerevisiae.
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Variable Cluster 1 (n = 8) Cluster 2 (n = 17) Cluster 3 (n = 18)
Age (years) 5 (2-15) 6 (3-6) 7 (4-15)
Parasitaemia (%) 2(1-8) 4 (2-6) 3 (2-9)
Glucose (mg dI") 108 (94-113) 99 (88-121) 101 (54-13)
Haematocrit 39 (30-45) 33 (29-36) 30 (27-35)
Days ill 3(3-3) 3(2-3.8) 4 (3-6)"
Temperature (°C) 38 (37-40) 38 (37-39) 39 (38-40)*
IL-6 (pg mI~") 53 (11-108) 29 (19-180) 190 (53-1,051)
IL-10 (pg mI~") 561 (157-1,853) 216 (113-2,354) 4270 (1,349-8,088)"
TNF-a (pg ml™) 69 (35-119) 52 (25-82) 67 (51-95)
TGF-o. (pg mI~) 29 (19-60) 33 (22-43) 87 (50-383)"
Tissue factor (pg ml-") 169 (147-231) 181 (151-200) 345 (248-539)*
VCAM-1 (ug mi") 6 (3-8) 5(3-7) 10 (6-18)*
Lymphotactin (pg ml-') 197 (189-204) 200 (181-236) 265 (219-336)*

The three states in vivo closely resemble, first, active growth based
on glycolytic metabolism, second, a starvation response accom-
panied by metabolism of alternative carbon sources, and third,
an environmental stress response. The glycolytic state is highly
similar to the known profile of the ring stage in vitro, but the other
states have not been observed in vitro. The results reveal a
previously unknown physiological diversity in the in vivo biology
of the malaria parasite, in particular evidence for a functional
mitochondrion in the asexual-stage parasite, and indicate in vivo
and in vitro studies to determine how this variation may affect
disease manifestations and treatment.

To study the molecular basis of disease variation in malaria after
infection with P. falciparum, we analysed the expression profiles of
parasites derived directly from venous blood samples** of 43 patients
residing in Senegal, with a diverse age range (8.3 =6.9 years
(mean *s.d.)), and illness severity (parasitaemia 5.5% = 6.2%,
haematocrit 32.3 = 6.8 (means * s.d.)). Although previous studies
found little variation between expression profiles of different P. fal-
ciparum strains in vitro’, we proposed that variation in the human

Figure 1| P. falciparum expression profiles in vivo. a, NMF clustering of
expression profiles. The expression values for 3,937 P. falciparum genes
(rows) across 43 samples (columns) are shown. Genes with very low
expression were thresholded to a minimum value and filtered to exclude
those that showed little variation across samples (Methods). Samples were
first clustered by NMF and the genes were then sorted by their
discrimination between cluster 1 versus all other samples. Each gene’s
expression is normalized by mean centring and scaling (colour bar). The
clustering identified three transcriptional states, two of which (clusters 1 and
2) are diametrically opposed and may represent a transcriptional shift. The
number of clusters was determined objectively by the method, which does
not force a structure on the data. The NMF clustering was repeated with
samples derived from 2005 only (n = 31), and the cluster groups were
unchanged (Supplementary Fig. 7). b, Clinical correlates of patients in each
cluster. Shown are the median values and interquartile ranges of host
demographic and selected laboratory values including cytokine
measurements in the patients in each cluster. Statistically significant values
(Mann—Whitney test with cluster 2 data as the reference group, P < 0.05) are
designated by an asterisk. Cluster 3 is associated with significantly elevated
inflammation markers, including duration of illness and body temperature
and elevated levels of IL-6, IL-10, transforming growth factor (TGF)-a,
tissue factor, vascular cell adhesion molecule (VCAM)-1 and lymphotactin.
TNF, tumour necrosis factor.
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host environment might affect P. falciparum biology and be reflected
in its transcriptional profile.

We clustered the samples’ expression profiles, using a non-
negative matrix factorization (NMF) algorithm® (Fig. 1a, Supple-
mentary Fig. 1 and Methods) and discovered that expression profiles
cluster into three distinct groups. The profiles of samples in cluster 2
were similar to early ring-stage profiles of the 3D7 strain grown
in vitro’™ (for example, Spearman rank correlation 0.54 on average
compared with ref. 7; Supplementary Fig. 2 and Supplementary
Note 1). Ring stages predominate in the peripheral blood, and these
were the only stages we observed in blood smears from the 43 samples
(Supplementary Fig. 3). In contrast, expression profiles of samples in
clusters 1 and 3 were not similar to those of early rings (0.12 and 0.26)
or late stages (0.06 and 0.01) of the asexual parasite life cycle in vitro,
and were only weakly similar to profiles of other developmental states
such as gametocytes® (0.31 and 0.23) or sporozoites (0.35 and 0.33;
Supplementary Fig. 2 and Supplementary Note 1). They therefore
represent novel transcriptional states. Profiles in clusters 1 and 2 are
internally homogeneous and diametrically opposed, possibly reflect-
ing a global transcriptional shift. Cluster 3 represents a third, distinct,
pattern, although with more heterogeneity. Computational analysis
indicates that profiles in cluster 3 are not a mixture of populations in
cluster 1 and cluster 2 states (Supplementary Note 2).

The distinction between clusters 1 and 2 is not a reflection of
patients’ measured parameters, of parasite genotypes or of different
life cycle stages. There were no statistically significant differences
between the clusters with respect to patients’ parameters, parasitolo-
gical characterization (Fig. 1b), demographics or laboratory profiles.
Parasite genotypes that identify distinct clones and number of clones
in a single patient (MSP1/2) and chloroquine resistance (PFCRT
K76T) showed no association with the clusters (data not shown).
Furthermore, clusters 1 and 2 did not correlate with dates of sample
collection, RNA isolation or oligonucleotide array hybridization.
Examination of blood smears of each sample confirmed that only
early ring stages were present (Supplementary Fig. 3) and the same
clustering was observed with a set of 1,190 genes that do not vary
during the parasite’s asexual life cycle’ (Supplementary Fig. 4).

Figure 2 | Physiological characterization of Plasmodium profiles by cross-
species projection. Shown is a radial plot mapping of 1,439 array
experiments from S. cerevisiae (circles) projected onto the expression space
defined by the three P. falciparum NMF clusters (purple, green and brown
squares corresponding to P. falciparum samples from each of clusters 1, 2
and 3, respectively). Yeast experiments associated with each cluster (Brier
score = 0.4) are highlighted with the corresponding colour (Methods).
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To identify the physiological basis of the distinct transcriptional
states, we compared the P. falciparum expression patterns with a
compendium of 1,439 published expression profiles from the yeast
S. cerevisine (Methods and Supplementary Table 1). We mapped
1,247 S. cerevisiae genes to their P. falciparum orthologues
(Methods) and then scored each S. cerevisiae profile for its similarity
to the three expression clusters (Methods). For each cluster in
P. falciparum, we identified a set of similar S. cerevisiae profiles and
examined their biological annotations. We also used Gene Set
Enrichment Analysis (GSEA)'" to test for the induction or repression
of known pathways or functions (755 sets from P. falciparums; 328 sets
from S. cerevisiae).

Each of the P. falciparum clusters was associated with a distinct set
of S. cerevisiae responses (Fig. 2). Cluster 2 matched S. cerevisiae
profiles associated with normal fermentative (glycolytic) growth
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Figure 3 | Gene-set enrichment analysis of P. falciparum clusters. All the
gene sets (rows) that differed significantly between cluster 1 and cluster 2 are
shown, labelled by general categories. For each gene set, the mean expression
of the ‘leading-edge’ genes (which supported the differential expression
signature) in each experiment from the two clusters is shown (columns). The
experiments are ordered as in Fig. 1. General biological categories describing
the gene sets appear on the right; only gene sets with clear biological
descriptions are included. Coloured bars indicate the number of genes in
each gene set and in the leading edge.
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(168/287 experiments, P=2.3 X 10~ *%), cluster 1 matched profiles
associated with starvation responses of S. cerevisiaze (44/113,
P=1.5X10"7) as well as mutations in the general transcription
machinery (23/53 experiments, P=2.8X 10 °). Cluster 3 was
strongly associated with experiments on environmental stress in
S. cerevisiae (278/438, P= 4.6 X 10~ *?).

This interpretation was also strongly supported by the induction of
specific pathways and genes (Figs 3-5, Supplementary Table 2 and
Supplementary Table 3). Cluster 2 showed induction of gene sets
associated with glycolysis, amino-acid and nitrogen metabolism,
and general growth processes such as nuclear transcription and
cytoplasmic translation. By contrast, cluster 1 showed induction of
gene sets associated with oxidative phosphorylation, respiration,
mitochondrial biogenesis, the apicoplast, fatty-acid metabolism
and genes involved in the uptake and metabolism of glycerol''™*
(Figs 3-5, Supplementary Table 2 and Supplementary Fig. 5).
Thus, parasites in cluster 1 may rely on alternative pathways of energy
production through the use of substrates such as glycerol, lactic acid,
other carbon sources or lipids present in the patient’s blood. In
addition, cluster 1 shows induction of genes related to invasion; this
observation may be of clinical significance.

Cluster 1 shows induction of cell-cycle related modules of both
DNA replication and mitotic functions (Fig. 3), although the para-
sites in these samples were in the early ring stage (Supplementary Fig.
3). This induction explains some of the weak similarity of cluster 1 to
some profiles from later stages of the asexual life cycle”® and from the
sexual life cycle’ (Supplementary Fig. 2 and Supplementary Note 1).
However, cluster 1 does not directly correspond to these develop-
mental stages. This can be readily seen by examining key processes
that are coherently induced in cluster 1. Although particular subsets
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of genes within these processes are induced at various points in the
asexual cycle, there is no stage in the cycle that shows coherent
induction of the genes within each process or of the overall collection
of processes (Supplementary Note 1, Supplementary Fig. 6 and
Supplementary Table 8).

What is the biological basis for the difference between clusters 1
and 2? Parasites of the reference strain are typically grown in vitro
under glucose-rich and microaerophilic conditions, and they depend
on anaerobic glycolysis for energy'*. It has been widely assumed that
exclusive reliance on anaerobic glycolysis represents the physiology
of the asexual parasite in vivo. Cluster 2 is consistent with such
glycolytic growth in vivo.

In contrast, cluster 1 indicates that a starvation response can lead
to a metabolic shift in the asexual stage of P. falciparum and that
respiration and metabolism of alternative carbon sources may be
important in parasite physiology in vivo. This suggests that the meta-
bolism of P. falciparum is consistent with that of the P. yoelii and
P. berghei model systems'®, which show active respiratory chains.
Thus, parasites in vivo may exist in different states, as a result of
varied oxygen or substrate levels. Although overall oxygen and sub-
strate levels are tightly regulated in the human host, parasites are
sequestered for half of their life cycle in the microvasculature, and
oxygenation and substrate levels in this microenvironment can
vary'®"”. Furthermore, humans exhibit specific transcriptional
changes when infected with Plasmodium'®; our data indicate that
the host environment may in turn affect parasite transcription.

Cluster 3 was strongly associated with S. cerevisiae profiles mea-
sured under environmental stress (for example heat shock, oxidative
stress or osmotic stress) and also showed a clear correlation with the
patients’ clinical phenotypes. In particular (Fig. 1b), the patients have
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Figure 4 | Induction of respiratory metabolism and repression of glycolysis
in cluster 1 versus cluster 2. Metabolic pathways derived from PlasmoCyc
for glycolysis (glycolysis I), tricarboxylic acid cycle, aerobic respiration
(electron donors reaction list) and glycerol degradation (glycerol
degradation I) are shown'’. The mean expression level for genes encoding

the enzymes catalysing each reaction was calculated for cluster 1 and cluster
2. A ratio of expression for these values is indicated by colour bars. Red
(blue) bars represent genes with at least twofold higher (lower) expression in
cluster 1 versus cluster 2. Grey represents no change.

©2007 Nature Publishing Group



LETTERS

a higher temperature, greater inflammation and elevated levels of the
cytokines interleukin (IL)-6 and IL-10, which have been associated
with more severe outcomes'. It has previously been demonstrated
that parasite biology can change in response to environmental cues®.
Additional samples from patients with severe disease will be needed
to understand the clinical significance of this cluster.

Epigenetic mechanisms may have a role in the establishment of these
transcriptional shifts. First, cluster 1 profiles resemble those observed
in S. cerevisiae single-gene knockouts in general transcription factors
(for example subunits of the Mediator, TFIID and SAGA complexes).
These may be critical for the establishment of distinct transcriptional
programmes. Second, the transcript encoding the CCAAT-binding
protein is significantly induced in cluster 1. This protein is orthologous
to the key regulator of oxidative phosphorylation genes from yeast
to humans®"**. This factor may have a similar role in P. falciparum.
More broadly, we found marked differences between clusters 1 and 2 in
the expression of multiple genes encoding histones and chromatin
modifiers (Supplementary Table 4), which may be critical for the
establishment of stable and distinct transcriptional programmes in
P. falciparum. Reproducing this transcriptional shift in vitro is critical
for discovering its physiological and mechanistic basis.

Our observations about the apparent starvation response in sam-
ples in cluster 1 raise possible connections with gametogenesis. First,

NATURE

starvation responses typically cause yeast and other eukaryotic
microbes to finish asexual growth and undergo meiosis. Second,
respiratory and mitochondrial functions are known to be induced
in gametocytes that have multiple mitochondria and higher oxygen
consumption®. Third, the expression profiles in cluster 1 are more
similar to late stages of in vitro gametogenesis’ than those in the other
clusters, although the similarity is weak. Fourth, the expression of
known gametogenesis genes’ is higher in cluster 1 samples than in
cluster 2 (data not shown). Malaria parasites in the ring state choose
between sexual and asexual fates long before morphological differ-
ences are apparent. Because gametocytes are isolated by the indis-
criminate killing of immature sexual and asexual parasites, we know
little about the metabolism or transcriptional programmes of these
early sexual stages. It will be interesting to investigate whether the
starvation response in cluster 1 may lead to a shift in vivo to a sexual
form that allows the parasite to escape its starved host by transmitting
through the mosquito vector into a new host. This hypothesis could
be tested through studies of starvation in vitro and of parasite stages
in vivo.

Pathogenesis studies in other systems have shown that organisms
have distinct biology in vivo in comparison with in vitro models, and
that some of these differences relate to virulence*. Little is known
about the biology of Plasmodium residing in the human circulation.
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Figure 5 | Expression of glycolysis,
tricarboxylic acid cycle and fatty
acid metabolism genes in clusters 1
and 2. Relative expression of genes
participating in major metabolic
pathways. Hierarchical clustering of
the expression values of the genes
participating in glycolysis, the
tricarboxylic acid cycle and fatty-
acid metabolism® in samples in
cluster 1, cluster 2 and 3D7 early (E)
and late (L) ring stages’. Names of
glycolysis genes important for
glycerol metabolism, including
those encoding a glycerol
transporter (PF11_0338) and
aerobic glycerol catabolism
enzymes (PF11_0660w, PF11_0157
and PF13_0269) are shown in red.
The mean expression values for
each gene in each cluster are
reported in Supplementary Table 7.
The relatively high expression level
of genes involved in glycerol
degradation and fatty-acid
metabolism in cluster 1 compared
with their expression in cluster 2
may suggest the use of alternative
carbon sources for energy
production.
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Our results show that the Plasmodium parasite exists in the human
host in at least three distinct physiological states, apparently related
to glycolytic growth, a starvation response and a general (non-
nutritional) stress response. The relationships between these states
and the course of clinical disease remain to be elucidated. Never-
theless, it is notable that cluster 1 shows strong induction of genes
encoding proteins involved in invasion pathways, and cluster 3 is
significantly associated with host inflammation. These novel states
may result in enhanced virulence and the generation of metabolites
such as reactive oxygen species, or in the consumption of substrates
that could affect the host and contribute to disease severity'’. Finally,
if the distinct profiles represent persistent physiological differences,
they may identify novel drug targets for malaria or may indicate
possible alternative therapies.

METHODS SUMMARY

Patient population and sample handling. Venous blood samples from P. falci-
parum-infected patients in Senegal were directly added to Tri-Reagent BD
(Molecular Research Center). This cohort consisted of patients who presented
to the district hospital in Velingara, Senegal, with fever and symptoms suggestive
of malaria. Enrolment criteria consisted of a P. falciparum infection of at least 1%
of red blood cells. RNA was isolated, and steady-state parasite messenger RNA
levels in 43 samples were determined with a custom-made Affymetrix chip based
on the 3D7 genome as reported previously”.

Transcriptional analysis. The patient-derived transcriptional profiles were nor-
malized with each other and with previously published in vitro data sets’™ to
allow direct comparisons. Samples were clustered by using NMF°, which finds a
small number of gene combinations (metagenes) that best capture the behaviour
of an expression data set. The number of clusters was determined using con-
sensus clustering and maximizing the cophenetic correlation coefficient. Gene
sets that are differentially expressed between clusters were identified by GSEA',
on the basis of a weighted Kolmogorov—Smirnov-like statistic. To project yeast
expression data onto our parasite data set we first identified 1,247 S. cerevisiae
genes that have P. falciparum orthologues. We then used metagene projection®
combined with a Support Vector Machine predictor to project 1,439 previously
published™ S. cerevisiae expression profiles into the three metagene factor NMF
representations described above (Supplementary Table 1) with a confidence level
determined by a Brier score”. Experiments scoring highly in a given factor were
associated with the P. falciparum cluster represented by that factor. We then used
a hypergeometric enrichment test to identify biological conditions enriched in
the profiles associated with each cluster. The complete data, gene sets, and
associated analyses are available from http://carrier.gnf.org/publications/
PatientProfiling and http://www.broad.mit.edu/compbio/pub/malaria

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

Patient population and study site. A field site was established in Velingara, a
hyperendemic village in eastern Senegal, with peak transmission from October to
December and an entomological inoculation rate of over 100 (ref. 27). Samples
were collected during two transmission seasons, October to November in 2004
and 2005. Patients who required hospitalization or who appeared severely ill
were enrolled in 2004. This cohort included two patients with asymptomatic
hypoglycaemia, one patient with respiratory acidosis and one patient with coma.
To obtain a larger sample size, all patients fulfilling enrolment criteria were
enrolled in 2005, including those with minimal symptoms. Patients who pre-
sented to the hospital in Velingara were triaged by the local nurse to undergo
malaria smear if they had symptoms suggestive of malaria. Enrolment criteria
consisted of a P. falciparum infection without a second species noted on thin
smear of 1% parasitaemia or greater. Of 1,187 patients screened for P. falciparum
infection, 412 had a positive blood smear for P. falciparum and 95 fulfilled the
enrolment criteria; and all consented to the study. After informed consent had
been obtained, patients underwent venipuncture and one or two blood tubes
(10-20ml) coated with K;EDTA was collected. Tri-reagent BD (Molecular
Research Center) was added within 5-10 min after blood collection. All samples
were processed by a single person. The mixture was maintained at 4 °C until each
evening, when it was placed in liquid nitrogen. Haematocrit was measured by
microhaematocrit centrifugation. The remaining sample was centrifuged and
divided into aliquots for serum studies, parasite cryopreservation, short-term
culture, and application to filter paper for later DNA extraction. Cytokines,
soluble endothelial-cell ligands and markers of inflammation were analysed from
patient serum with a multiplex sandwich ELISA (Searchlight). Serum glucose
levels were determined in Boston (on an Olympus AU 2700 analyser) from the
transported frozen serum aliquots. Protocols were approved by the Harvard
School of Public Health Human Subjects Committee and Senegal Ministry of
Health Research Ethics Committee.

Detection of mRNA transcripts. The samples were shipped to Boston in liquid
nitrogen, thawed at room temperature and total RNA was isolated in accordance
with the manufacturer’s protocol (Tri reagent BD). Twelve samples from 2004
and 31 samples from 2005 that demonstrated sharp ribosomal bands on a
denaturing agarose gel stained with ethidium bromide were selected for
hybridization. Steady-state parasite mRNA levels were determined with a
custom-made Affymetrix chip based on the 3D7 genome as reported previously’.
Hybridizations were performed on three separate dates.

Data filtering and normalization. Each transcript was assigned a relative
expression unit (EU) using MOID, used as reported previously™. A filtered gene
list containing 3,937 genes was generated by thresholding gene expression levels
to aminimum of 50 EU and removing any genes that varied less than threefold or
100 EU across the data set. To minimize potential effects of different dates of
collection and hybridizations, the data was rank ordered by expression level and
each gene was given an ordinal value. The published 3D7 reference strain data
were processed in the same manner to allow comparisons””.

NMEF clustering. The 43 P. falciparum-derived expression profiles were clustered
by using NMF as described previously® using the GenePattern software®. We
chose a three-cluster solution, yielding the three distinct groups of samples,
based on cluster-membership stability using consensus clustering (Supplemen-
tary Fig. 1). To determine whether the clustering is robust to the date of sample
collection, we repeated NMF clustering using only the 31 samples collected in
2005 (Supplementary Fig. 7); these yielded the same results. The matrices derived
from the NMF factorization give a description of the data in terms of three
metagenes (three positive linear combinations of all the genes). Using the pre-
viously described metagene projection methodology®, we created an NMF pro-
jection of the data into three metagene factors, each corresponding to a compact
representation of the associated cluster. To improve this projection, we equalized
the number of samples to eight in each cluster. Cluster 1 had only eight samples.
Because of the high degree of heterogeneity in cluster 3, we chose the eight
samples in the other clusters to represent the widest range of behaviour. We
then recomputed the NMF projection and used this final map to project the
S. cerevisiae profiles into the same three-metagene representation.
Identification of S. cerevisiae-P. falciparum orthologues. We used the Kyoto
Encyclopedia of Genes and Genomes™ SSDB database (KEGG) to find reciprocal
best pairs of P. falciparum-S. cerevisiae genes with Smith—-Waterman similarity
scores of 100 or more. In all, 24% of the P. falciparum genome and 21% of the
S. cerevisiae genome were included in the matched pairs.

Gene sets. P. falciparum gene annotations and pathways were obtained from
KEGG, PlasmoDB, Hagai Ginsburg’s Malaria Metabolic Pathways®' and Gene
Ontology (GO)***>*. Yeast gene modules were constructed by following the
procedure of ref. 34 using a yeast expression compendium described below
and a total of 3,395 gene classes, including 1,794 from the GO hierarchy, 87
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from KEGG, 107 from the BioCyc database®, 1,022 from the MIPS database of
manually curated protein complexes”, 310 from a data set describing the genes
whose promoters are bound by various transcription factors, 70 from a data set
describing the genes that harbour a given cis-regulatory element in their pro-
moter®, and 5 from a data set describing the genes whose RNA is bound by the
RNA-binding proteins from the PUF family™. The yeast modules were mapped
onto P. falciparum genes on the basis of the orthology relations described above.
GSEA. GSEA was performed as described previously'’. In brief, the procedure
assesses whether an a priori defined set of genes shows statistically significant,
concordant differences between two biological states. Given a data set and two
classes, genes are ranked on the basis of the correlation between their expression
and the distinction between the two classes. GSEA uses a weighted Kolmogorov—
Smirnov-like statistic to calculate an enrichment score that reflects the degree to
which a gene set is overrepresented at the extremes of the entire ranked list.
Within a gene set there is a leading-edge subset, which is defined as the genes
that appear before the point in which the running sum enrichment score reaches
its maximum deviation from zero. Because of the small number of samples in our
study we estimated significance on the basis of a gene label (rather than class
label) permutation. In our analyses we considered gene sets with a nominal
Pvalue below 0.01 and a false discovery rate (FDR) below 0.01 to be significant.
The FDR for the invasion gene set is 0.07. We tested a total of 755 gene sets
defined in P. falciparum and 328 sets originally defined in S. cerevisiae.

S. cerevisiae expression compendium. A compendium of 1,439 previously pub-
lished S. cerevisiae expression profiles was compiled from the literature as
described previously* (Supplementary Table 1). Each experiment was manually
annotated according to the experimental conditions, based on 20 categories
(Supplementary Table 5); in addition each experiment was automatically anno-
tated on the basis of the coherent induction or repression of each S. cerevisiae
gene set (above) by following the procedure of ref. 34 (Supplementary Table 6).
Projection of S. cerevisiae experiments. Each S. cerevisiae expression profile was
mapped into the P. falciparum gene space on the basis of the orthology assign-
ments. Next, a Support Vector Machine predictor was used to project the
S. cerevisiae expression profiles into the three-metagene-factor NMF representa-
tion described above. Experiments scoring highly in a given factor could be
related to the P. falciparum cluster represented by that factor. Using a modified
Brier skill score®, we measured a confidence level for each of these predictions.
For each factor (cluster) we defined an associated set of the S. cerevisiae experi-
ments that scored 0.4 or more for that factor. Next, we tested which array anno-
tations were significantly enriched in each set of S. cerevisiae arrays by using the
hypergeometric distribution to calculate a P value. The reported results were
robust to the particular NMF model that we employed and to the threshold of
Brier score used (ranging from 0.25 to 0.75).

Molecular analysis. The number of clones was determined by assessing MSP-1
and MSP-2 allelic variants as described previously®. Determination of the
chloroquine-resistance-associated pfcrt K76T mutation was performed with
PCR and restriction-fragment-length polymorphism using 3D7 chloroquine-
sensitive and W2 chloroquine-resistant genomic DNA as controls*'. To deter-
mine whether there were statistical differences in host features between clusters,
the Mann—Whitney test was performed with Stata (version 9.0).
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