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Chapter 1
General introduction

Transcription factors and gene regulatory elements

Christa G. Toenhake

in the human malaria parasite Plasmodium falciparum
Christa G. Toenhake

Malaria
Malaria: a complex, global health problem
Malaria is a life-threatening disease that is endemic in regions of tropical and subtropical
countries (Fig. 1.1)1. While worldwide, malaria incidence rates have dropped in the last
decade; in 2017 there were still an estimated 219 million malaria cases and 435.000
deaths. Additionally, and alarmingly, in the last few years little extra progress has been
made in malaria elimination and some regions even show a reverse trend1. The disease
is caused by infection with unicellular, eukaryotic parasites of the Plasmodium genus
that are transmitted by female Anopheles mosquitoes. Infection can have a wide range
of manifestations, from asymptomatic to relatively mild and unspecific to severe disease
with complications including hypoglycemia, anemia, seizures, failure of lung, kidney or
liver organs, and even coma or death2. Disease severity is, among others, determined by
the specific Plasmodium species, age, co-infections and -morbidities, infection history
and treatment availability. Children under the age of 5, pregnant women, human
immunodeficiency virus patients and non-immune travelers are, for example, especially
at risk for developing severe malaria1. On the other hand, repeated and uninterrupted
exposure over a longer period of time can result in the acquisition of clinical immunity
against malaria in people living in endemic regions3. In addition, certain genetic traits can
confer protection against severe malaria or infection with particular Plasmodium species.
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Figure 1.1 - Malaria death rates, 2017
Age-standardized malaria death rates, measured as the number of deaths per 100,000 individuals. Map obtained
from [https://ourworldindata.org/malaria].
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Examples are heterozygous sickle-cell hemoglobin variants and Duffy-antigen negativity
(reviewed in4). Importantly, malaria is a treatable and, in theory, preventable disease but
despite this, the estimated health and socioeconomic burden due to malaria remain high.
In particular in sub-Saharan Africa and India, where almost 80% of the malaria cases and
deaths occurred in 20171.
As a vector-borne disease, malaria transmission and control are complex and linked
to environmental factors as well as political stability, public health infrastructure and
socioeconomic development5. However, current malaria control efforts mainly focus on
rapid diagnosis and treatment, chemoprophylaxis and vector control measures1,2 while
broader, environmental and/or socioeconomic interventions receive much less attention5,6.
A malaria vaccine is not yet available but recognized as one of the key components
to interrupt malaria transmission7,8. Considerable progress has been made in the
development of a vaccine against P. falciparum malaria while much less effort has been
invested in a vaccine protecting against the other human-infective Plasmodium species8,9.
Several candidate P. falciparum vaccines are currently in the pipeline of which the hybrid
malaria-hepatitis B RTS,S/ASO1 vaccine is the most advanced in development and is
currently being distributed among children up to 2 years of age in parts of Malawi10.
However, also this vaccine only confers partial protection against P. falciparum against
clinical malaria in children11. In addition, the spread and increasing incidence of resistance
to frontline antimalarial drugs12,13 as well as insecticide resistance in malaria vectors14,
threatens malaria elimination. Combined with the slowed down reduction in malaria
incidence rates1, better insights in the parasite biology as well as the complex interaction
of the parasite, vector and host with the environment, are needed to develop new, effective
malaria intervention strategies.
The malaria-causing Plasmodium parasites
Development of new malaria intervention strategies for a part relies on a better
understanding of the parasite’s biology. Why are these parasites so hard to eradicate?
Part of the answer lies in the parasites’ biology. The genus Plasmodium is actually highly
successful; there are over two hundred Plasmodium species and they can infect a wide range
of animals including mammals, birds and reptiles15. Currently, six of them are known to
infect humans on a regular basis: P. falciparum, P. vivax, P. malariae, P. ovale curtisi, P. ovale
wallikeri and P. knowlesi2. The latter naturally infect macaques and human infections are
thus so far only known as zoonosis16 (diseases transmitted from animals to humans). A
few other cases of zoonosis are known as well17,18 and may be more prevalent as they can
cause asymptomatic infection or can be misdiagnosed due to morphological similarities
to human-infecting Plasmodium species19. The six Plasmodium species mentioned above
differ in their geographical distribution, prevalence and the degree to which they cause
severe malaria1. P. falciparum is the predominant malaria-causing parasite detected in
most regions except the Americas where P. vivax malaria is predominant1. The majority of
13
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Figure 1.2 - Life cycle of human-infecting Plasmodium parasites
Life cycle of Plasmodium parasites in their human (intermediate) and Anopheles mosquito (definitive) hosts.
Only P. vivax and P. ovale can form dormant hypnozoite liver-stages and are therefore called ‘relapsing malarias’.
Commitment to gametocytogenesis can (at least in P. falciparum) occur within the same cycle as when ap2-g is
first expressed or in their progeny, the latter creates ‘committed schizonts and ring stages’. The illustration of final
male and female gametocytes reflects the morphology of P. falciparum gametocytes. Gametocytes of the other
human-infecting species retain a round shape (see for example29). Figure adapted from366.

severe malaria cases is also due to (co-)infections with P. falciparum1. This is at least in part
due to its ability to adhere to the endothelial cell wall and sequester in small capillaries20.
The risk for developing severe disease in P. knowlesi is estimated to be as high as in P.
falciparum infection but because of its limited distribution in a few foci in South-East
Asia, its contribution to global sever malaria cases is much lower21. P. vivax infections are
the second most prevalent1 and despite their generally relative low parasite loads, they can
14

cause severe disease and, importantly, disease relapse due to the formation of dormant
liver stages22,23. P. malariae and P. ovale species are widespread in Africa and Asia but have
received much less attention in diagnostics as well as research areas. They are considered
to cause mild disease but have the ability to provoke severe disease as well24,25. P. ovale
can cause disease relapse24 while P. malariae infections can cause long-lasting, low level
infections. For this latter species reports of reduced sensitivity to various antimalarials are
known25.
The life cycle of Plasmodium falciparum
For Plasmodium parasites to complete their life cycle and propagate, they need two hosts
and develop in sequential niches in each host. The complexity of this life cycle is nicely
illustrated by the fact that it took more than 100 years after Alphonse Laveran began to
‘follow the pigment’ in the blood of malaria patients, before the presence of dormant,
P. vivax liver-stages was (convincingly) demonstrated thereby finalizing the humaninfecting Plasmodium life cycle (reviewed in26). And even today, new discoveries emerge
like the preferential development of gametocytes in the bone marrow27 and the partial
development of exo-erythrocitic immature schizonts in lymph nodes of rodent-infecting
P. berghei28.
Fig. 1.2 outlines the general life cycle human-infecting Plasmodium species, which are,
so far known, transmitted by female Anopheles mosquitoes30. These mosquitoes take
a blood meal in order to obtain nutrients for their egg production. When they probe
the skin in search for blood vessels, they inject saliva and with it small numbers of
motile, extracellular sporozoites. These sporozoites move in a seemingly random fashion
through the skin, in search for blood capillaries. Less than half of them arrive at their
destination and are carried to the liver. The others remain trapped in the skin, enter a
draining lymph node and/or are engulfed by immune cells28,31. At the liver sinusoids, they
exit the circulation and traverse several hepatocytes before homing in a parasitophorous
vacuole in their final hepatocyte. Within the vacuole, the sporozoite rounds up and
starts replicating by schizogony (repetitive, asynchronous rounds of closed mitosis
found in Apicoplexans32) forming thousands of parasites ready to infect red blood cells.
During its time in the hepatocyte, the parasite also actively manipulates the host cell
to prevent apoptosis33. Some parasite species, including P. vivax, P. ovale species (and
closely related, primate-infecting P. cynomolgi), can form hypnozoite stages that remain
dormant for extended periods of time. These can cause disease relapse years after the
initial infection. Exit from the hepatocyte is initiated with lysis of the parasitophorous
vacuole and release of the newly formed parasites in the host cell cytoplasm. From there,
merozoites are shed in groups of hundreds from the hepatocyte in vesicles made from
hepatocyte membrane, merosomes, which are also actively modified by the parasite to
prevent immune recognition34. Merosomes rupture in the small capillaries of the lung,
releasing their passengers. Merozoite invasion of red blood cells marks the start of the
15
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symptomatic, intra-erythrocytic development cycle (IDC). The IDC is characterized by
rapid and iterative rounds of erythrocyte invasion, growth, schizogonic replication and
host cell rupture during which the parasite progresses from ring to trophozoite, schizont
and eventually released merozoites. During this period, the parasite uses hemoglobin as
nutrient source and crystallizes the toxic heme product in hemozoin35, which forms the
pigment observed by Laveran. Parasite loads can increase to high numbers in this stage
and their synchronic rupture causes the characteristic periodic fevers. With continuous
invasion and rupture of host erythrocytes the risk for anemia is high. In addition, by
expressing parasite proteins on the red blood cell surface, parasites induce the adherence
of infected RBCs to the endothelial cell wall of small capillaries, causing obstruction and
local inflammatory responses20. Continuous IDC is in essence a dead-end in the malaria
life cycle, as these stages cannot be transmitted to the mosquito vector. For transmission
to occur, these asexual parasites must make the switch to gametocytogenesis (the creation
of gametocytes)36. Parasites have an endogenous conversion rate that can be modulated
by external factors like (the absence of ) lysophosphatidylcholine37. Gametocytogenesis
takes 9 to 12 days in P. falciparum and occurs for the larger part in the bone marrow and
mature male and female gametocytes can be found in the circulation27,38-40. The latter are
quiescent and can remain in the blood for a month or more, waiting to be taken up by
another Anopheles mosquito41. Despite their lowered metabolism, they can rapidly respond
to the drop in temperature and presence of xanthurenic acid once they arrive in the
mosquito midgut36. Gametocyte activation involves degradation of the parasitophorous
vacuole membrane and rupture of the erythrocyte membrane. Male gametocytes undergo
three quick rounds of mitosis, axoneme assembly and cytokinesis, thus forming eight
flagellated microgametes. In the process of detaching from the residual parental cell, they
adhere to surrounding erythrocytes forming the characteristic exflagellation centers that
are easily discernible by light microscopy. Female gametocytes round up upon activation
and subsequently escape from their host cell42. Fertilization of the female by the male
gamete is followed by nuclear fusion, forming a diploid zygote that rapidly performs
meiosis, and transforms into a motile, tetraploid ookinete36,43. The ookinete traverses the
midgut wall to settle at the basal side of the midgut epithelium. There, it develops in
an extracellular oocyst and starts sporozogony, the production of sporozoites through
schizogony44. Thousands of haploid, asexual sporozoites are released in the hemolymph
after approximately 17 days, from where they migrate to the mosquito’s salivary gland,
travel through and in between the endothelium to enter the salivary ducts45. There they
wait for their host to take another blood meal, hopefully in a human that is receptive to
Plasmodium infection.
Thus, Plasmodium parasite development requires several, consecutive environments in two
different hosts. Stages with enormous replication potential are alternated with low parasite
survival rates when they shift hosts, so-called bottlenecks (e.g. gametocytes arriving in
the mosquito midgut and their journey though the midgut epithelium or sporozoites
16

arriving and establishing a successful infection in a hepatocyte). It has invented strategies
to hide itself from the immune system and circumvent phagocytosis (not-immunogenic
vesicles34, prevent apoptosis33, active traversal through liver-resident macrophages46-48) as
well as mechanism to recognize and invade different types of host cells. On the other
hand, despite its complexity, there are considerable similarities between various life cycle
stages. Reproduction occurs mainly through schizogony32 and locomotion of motile and/
or invasive stages is mediated by substrate-dependent, actomyosin-mediated gliding
motility49. How Plasmodium parasites manage this complex development, has been a
research topic since their discovery. How do they balance investments in reproduction
versus sexual differentiation? How do they ensure that, in each stage, the proper and right
amount of progeny is produced? How do they control cellular development, growth and
differentiation? With the identification of deoxyribonucleic acid (DNA) as the carrier
of an organism’s hereditary information50-53, the fundamental study of an organism’s
development transformed into questions regarding its genome. What does the genome
encodes for and how is it used? E.g. what genes are encoded in the genome and when are
these genes transcribed? Which processes regulate the proper timing and duration of gene
expression? And how do they incorporate extracellular and intracellular signals?

A look at the underlying genome and its regulatory
factors
Flow of information in eukaryotic organisms
The genomic DNA of eukaryotic organisms resides in the nucleus. Approximately
147bp of DNA can be wrapped around histone octamers (consisting of two copies of
histones H3 and H4 and two copies of histone H2A and H2B), forming nucleosomes,
which are further packed into a chromatin fiber stabilized by the linker histone H1
and additional chromatin-associated proteins. This compaction not only condenses the
DNA such that it fits in the nucleus, but also regulates the degree to which nuclear
macromolecules other than histones have access to the DNA54. The nucleosome structure
is not uniform throughout the chromatin fiber. On the contrary, canonical histones can
be replaced by histone variants with different biochemical properties55 and histones can
carry post-translational modifications (PTMs) in their core and N-terminal tail which
may recruit (or repel) chromatin- or DNA-associated factors, affect nucleosome stability
and/or influence the accessibility of the DNA that is wrapped around it56. In addition,
nucleosomes display spontaneous DNA unwrapping and rewrapping, and histone content
can deviate from the octamer model described above57. In addition, the DNA itself can
be modified (e.g. methylation or hydroxymethylation at GC dinucleotides) and this may
reinforce or mediate the chromatin-mediated silencing of the underlying DNA58.
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Genes are the basic functional units within the DNA. They code for the actual effector
molecules of a cell: the proteins and RNA molecules the cell requires at a certain point in
its development and/or in a certain environment. Genes can be referred to as coding or
noncoding, meaning they code for proteins or RNA molecules with a catalytic, regulatory
or adaptor function (also referred to as noncoding RNA, ncRNA). During transcription,
multiple-subunit DNA dependent RNA polymerases (RNA pol) create a RNA copy of
the gene. The three eukaryotic RNA polymerases (I, II and III) each transcribe distinct
classes of genes. RNA pol I transcribes mainly genes that code for ribosomal RNA; RNA
pol II transcribes genes that code for proteins, pre-mRNAs, as well as a large fraction of
the long ncRNAs (>200 nt) and small nuclear RNAs; and RNA pol III transcribes several
types of small ncRNAs including transfer RNAs59,60. Many RNA molecules are further
processed into mature molecules during and after their synthesis. For protein-coding premRNAs this maturation process involves 5’end capping (addition of a guanine nucleotide
that is methylated right after addition, m7G), splicing (removal of noncoding introns) and
polyadenylation (addition of a stretch of adenine nucleotides to the 3’ terminus, generating
a poly(A) tail) and generates the mature messenger RNA (mRNA)61. Noncoding RNAs
also undergo a variety of modifications including capping, polyadenylation but also
circulation, endonucleolytic cleavage and other, non-canonical modifications62. Mature
mRNAs are used as template for protein synthesis during translation by the ribosome
in the cytosol. Proteins can perform a wide variety of functions. They are involved in
cell-to-cell communication and signaling (e.g. hormones, receptors, junction proteins);
mediate chemical reactions within cells as catalysts (‘enzymes’); have a (motor) function
in motility; function as scaffolds to aggregate interacting proteins into complexes (e.g.
transcription factor) and can have a structural role or mediate storage of other molecules.
The regions between genes, intergenic regions harbor cis-acting, regulatory DNA
elements that function as platform for proteins involved in the regulation of the chromatin
structure and/or transcription by RNA pol II including promoters, enhancers, silencers
and insulators. These regulatory DNA elements are not restricted to intergenic regions
but can also overlap with genes. The core promoter is located near or around the site
from where transcription starts (the transcription start site, TSS) and forms the docking
site for the general transcription factors (GTFs) that, together with RNA pol II, form
the transcription pre-initiation complex (PIC)60. Sequence-specific transcription factors
(TFs) recognize DNA regions in the proximal promoter, enhancer or silencer regions in
a sequence- and structural-dependent manner63,64. These TFs can directly or indirectly
(e.g. through recruitment of chromatin-modifying proteins) influence the recruitment
and activity of the GTFs and RNA pol II and thereby influence transcription initiation,
promoter escape and/or transcription elongation in a positive or negative manner as
activator or repressor. Despite being located at large genomic distances from their partner
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core promoter, through chromosomal looping proteins bound at enhancers can still
influence transcription. Lastly, proteins bound at insulators limit the regional transcription
enhancing effects of enhancers and prevent the spread of densely packed, transcriptional
repressive chromatin65.
Multicellular organisms like humans contain billions of cells that each performs a
different function and follows their own differentiation path towards a particular,
specialized cellular function. In unicellular organisms including the malaria parasite,
on the other hand, replication and differentiation are alternative, consecutive stages.
In principle, every cell contains the same genome and cell-specific morphologies and
biochemical properties (phenotypes) are established by transcription of only a subset of
genes while other genes are silenced. Accordingly, special processes are in place to regulate
which genes are transcribed. Processes that regulate gene expression in eukaryotes can be
roughly categorized into epigenetic mechanisms (processes acting on/by the chromatin
fiber), transcriptional mechanisms (the actions of TFs binding to regulatory DNA
elements), and post-transcriptional regulation of the RNA molecule (acting on the newly
synthesized RNA molecule). Originally the word “epigenetics” referred to chromatin
elements that mediate the inheritance of phenotypic characteristics in the absence of
alterations in the DNA sequence66 but nowadays, it is more broadly applied to include
chromatin-based processes that can effect gene expression directly and indirectly including
DNA methylation, histone modification, the incorporation of histone variants, strongly
positioned nucleosomes and long range chromosomal interactions66.
Transcriptional control refers to the activity of TFs as described above which can directly or
in cooperation with epigenetic factors, influence transcription nearby or at large genomic
distances. Thirdly, post-transcriptional regulation includes a multitude of mechanisms
that regulate splicing (resulting in alternative spliced transcripts), mRNA localization,
mRNA life-span/viability and the efficiency, timing and location of translation. This type
of regulation can occur at a global scale by, for example, phosphorylation of the eukaryotic
initiation factor alpha (eIFα), which inhibits protein synthesis. It can also occurs through
the combined effect of the RNA sequence, which can adopt a particular structure, contain
modified bases and/or harbor regulatory elements in its 5’ and or 3’ untranslated region
(UTR) that are recognized by interacting RNA or protein partners67,68. Lastly, even
though we make a functional distinction between epigenetic, transcriptional and posttranscriptional processes, they can occur co-transcriptionally and/or near the transcribed
locus meaning that they can influence each other. Additionally, processes involved in the
localization, stability, modifications and the activity of proteins also determine the final
phenotype (post-translational regulation for processes acting on proteins).
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The route from the DNA-containing chromatin to active protein is long, giving
eukaryotic organisms a multitude of possibilities to regulate their gene expression. Some
processes are conserved in many organisms while others are unique to certain species.
RNA polymerases, for example, are relatively conserved while transcription factor
families, characterized by the presence of a common DNA-binding domain structure,
show lineage-specific expansion. When the P. falciparum was sequenced it revealed a high
content of A and T bases as well as a high proportion (60%) of predicted proteins with
no homology to proteins from other organisms including sequence specific TFs69. These
observations placed additional question marks as to how gene expression is regulated
in this parasite. In the next paragraphs, I will give a brief overview of the P. falciparum
genome and some general aspects about gene expression in these parasites. Subsequently
I will discuss the regulation of gene expression by epigenetic, transcriptional and posttranscriptional mechanisms in this parasite. The second is only touched upon briefly and
discussed more thorough in chapter 2 of this thesis.
The P. falciparum genome and associated transcriptome
The 23 Mbp P. falciparum genome is distributed over 14 chromosomes that are present
as a haploid copy (per nucleus) during most of their life cycle43,69. Intergenic regions
comprise about 50% of the DNA and have a median length of 1.2kb but can be as large
as 20kb. Although their small size makes it likely that regulatory elements overlap (e.g.
bidirectional promoter), this has only been observed for a minority of genes70. The P.
falciparum genome is, so far known, also amongst the genomes with the highest content
of A and T bases69. The genome-wide content of A+T bases is approximately 81% and
in intergenic regions even 86%. Coding sequences and subtelomeric repetitive regions
have the lowest A+T-content: 77% and 68%, respectively (P. falciparum 3D7 genome,
PlasmoDB release 26). Whether there is a selective pressure for this nucleotide bias71 or
whether the bias is, for example, a requirement or consequence of its way of replication
72,73
, is not known. It is, however, likely that proteins that interact with the DNA (e.g.
histones) have co-evolved with it.
The P. falciparum genome encodes for ±5500 protein-coding genes that are transcribed
by RNA polymerase II from a promoter region generally located upstream of the 5’
UTR. The majority of transcripts are monocistronic and multiple open reading frames
(bi- or polycistronic) are expected to occur only in a few cases74. In addition, transcripts
have up- and downstream UTRs that can harbor regulatory elements (e.g. ref 75,76). In
general, transcriptome profiling studies have been limited to easy accessible IDC and
gametocyte stages and report the detection of 80-90% of all protein-coding genes (e.g. ref
77-83
and more). Transcript abundances get up- and downregulated during development
and this, for example, creates the waves of gene expression observed in the IDC78 and
divergent transcriptomes of male and female gametocytes82. Besides protein-coding
genes, most standard classes of non-coding RNAs (including rRNA, tRNA, snRNAs
20

and snoRNAs)76 as well as long non-coding RNAs79,81,84-88 and some novel, potential
regulatory ncRNAs84,89 are transcribed. A unique feature of Plasmodium parasites is that
they encode several distinct sets of 18S-5.8S-28S rRNA that are distributed throughout
the genome, instead of tandem repeat arrays of ribosomal RNA genes69. These sets differ
at the sequence level and at least two types are expressed in a stage-specific manner:
A-type being dominant in IDC stages and the S-type in stages in the mosquito vector90.
Additional rRNA sequence variants are present but their (stage-specific) expression
patterns are not known69. Also, any functional consequences of the incorporation of these
variants in the ribosome remain uncharacterized. Another feature that discriminates
Plasmodium parasites from their hosts is their lack of a canonical RNA interference
pathway91 (as do Saccharomyces cerevisiae, Leishmania major and Trypanosoma cruzi92)
although they may hijack host Ago2-miRNA complexes93 they lack endogenous miRNA
and siRNA transcription. Long non-coding RNA molecules are transcribed in sense,
in antisense and also from intergenic regions of the genome79,81,84-88. Only a few have
been functionally characterized to some extent. These include the sense and antisense
ncRNAs that are expressed from the var intron, are incorporated in the chromatin and
may mediate var gene silencing and epigenetic memory of the mutual exclusive expression
within this family87,94-96. Non-coding RNAs are transcribed from telomere associated
repetitive elements (lncRNA-TAREs) as well and may mediate local heterochromatin
formation and thus var gene silencing86,97. Similarly, short ncRNAs are transcribed from
and associated with the centromere98. Lastly, a long non-coding, antisense RNA, that
partially overlaps with the coding sequence of gametocyte development protein 1 (gdv1),
regulates its sense coding partner at the protein level84,99.
The P. falciparum epigenome and its function in gene-expression control
Components of the Plasmodium epigenome include the histones and their PTMs, histone
variants, nucleosome positioning, higher order chromosomal looping, and potentially noncoding RNAs (the latter have received little attention) that either directly or indirectly
influence the transcriptional process nearby or over long chromosomal distances. In
many cases the causal role of these elements in P. falciparum gene expression is not (yet)
elucidated and more frequently limited to associative observations. In other words, most
attention has been given to the spatial (and temporal) distribution of histone variants and
histone PTMs, in contrast to their downstream functionality (e.g. effects on chromatin
folding, long-range chromatin interactions, transcription, or co-transcriptional mRNA
maturation). In a few cases, the contribution of epigenetic components in the control
of gene expression is clearly established and this is in most cases attributed to HP1mediated gene silencing, which I will discuss later on in this section.
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The P. falciparum genome encodes four canonical histones as well as four histone variants
(H2A.Z, H2B.Z, H3.3 and CenH3) but lacks a coding sequence for the linker histone
H1100. In addition, it encodes a full complement of chromatin-remodeling, modifying
(“writers” and “erasers”) and “reading” enzymes that mediate nucleosome remodeling,
the addition or removal of histone PTMs and/or bind to specific histone PTMs and
function as a scaffold for other proteins101. Over a hundred histone PTMs have been
detected by mass spectrometry in P. falciparum IDC stages and gametocytes with a
predominance of transcription permissive H3 and H4 marks over silencing ones102-104. This
is in line with the observation that the majority of its chromatin is in the transcription
permissive, euchromatic state and heterochromatin is limited to subtelomeric regions
and some intrachromosomal islands105-108. These heterochromatic regions are marked
by tri-methylation of the ninth lysine on histone H3 (H3K9me3) and consequent
heterochromatin protein 1 (HP1) binding and co-cluster at the nuclear periphery109,110.
Stable positioned nucleosomes mark transcriptional landmark sites of euchromatic genes
(e.g. TSS, ATG start codon, splice donor and acceptor sites, STOP codon, TSS) and
their positioning is largely independent of transcription except for the TSS111. Local,
dynamic nucleosome occupancy – and thus DNA accessibility – is mainly found in
euchromatic, intergenic regions and can reflect TSS usage and TF binding111. In chapter
4 of this thesis I have further investigated the relationship between DNA accessibility,
TF binding and gene expression by assessing genome-wide DNA accessibility using the
ATAC-seq strategy (assay for transposase-accessible chromatin followed by sequencing).
Lastly, the chromatin at the chromosome ends, the telomeres, forms a distinct structure.
The on average 1.2kb telomeres are composed of tandem GGGTT(T/C)A repeats. The
proximal region is occupied by 3-4 nucleosomes and the distal, nucleosome-free region
is occupied by a multi-protein telosome complex that mediates the telomere’s specialized
function: tethering to the nuclear periphery, protecting the DNA ends from degeneration
and prevent the fusion with other chromosomes109,112. At least the histone deacetylase
PfSIR2A113, the origin of recognition complex 1 protein PfORC1114 and the P. falciparum
telomerase reverse-transcriptase (PfTERT) are known to interact with the telomere 114,115
but the remainder of the Plasmodium telosome is poorly characterized.
The P. falciparum histone variants index the genome into functionally distinct domains,
often associated with regional AT-content. PfCenH3-containing nucleosomes for
example, mark the centromere, which are also the AT-richest elements in the genome with
±97% AT bases116. The other histone H3 variant, H3.3, is enriched in GC-richer regions
and, concordantly, in coding and subtelomeric repetitive sequences117. Interestingly, this
histone variant also marks the promoter region of the expressed var gene (one of the
60-member var gene family that is expressed in a mutually exclusive manner and codes for
the P. falciparum erythrocyte membrane protein 1, which mediates immune evasion and
adherence to the endothelial vasculature118) in its active as well as its poised state suggesting
that H3.3 might mediate bona fide epigenetic memory in this context117. Double-variant
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H2A.Z/H2B.Z nucleosomes mark euchromatic intergenic regions119,120 and the promoter
of the expressed var gene in its active state119. However, the downstream effects of this
indexing remain largely unknown. Potentially, the distinct amino acid sequence of the
variants compared to their canonical counterparts, is more adapt to wrap the AT-richer
sequences, affects nucleosome stability and thereby DNA accessibility and/or directs the
localized recruitment of chromatin-modifying proteins. The H2A.Z/H2B.Z doublevariant nucleosomes may, for example, guide specific methyltransferases or acetylases
to (tri-)methylate histone 3 on the fourth lysine (H3K4me1, H3K4me3) or acetylate
histone 3 on ninth lysine (H3K9ac) PTMs only in intergenic regions (discussed next).
Alternatively, the restricted localization of sthese histone PTMs may guide chromatin
remodelers to exchange canonical H2A/H2B for H2A.Z/H2B.Z in these regions.
ChIP-on-ChIP and ChIP-seq studies in P. falciparum have also mapped various histone
PTM marks, many of them locate to euchromatic regions (H3K14ac, H3K56ac,
H3K79me3, H4K5ac, H4K8ac, H4K12ac, 4K16ac, H4K20me, H4R3me2), and showed
that the functional association for some of these marks may be conserved with that
observed in higher eukaryotes121 while others are not yet mapped or likely perform a
different, specialized function105,122-137. The intergenic euchromatic regions of P. falciparum
contain H3K9ac and H3K4me3, of which only the former correlates to a moderate degree
with downstream gene expression while the latter corresponds to IDC developmental
progression124,138,139. Whether H3K9ac performs a causal role in transcription initiation or
further downstream, is not clear. It is known that Plasmodium homologue of the conserved
acetyltransferase, GCN5, can place this mark. In addition, bromodomain protein 1
(PfBDP1) can recognize it in vitro and this protein contributes to the expression of
invasion-related genes140. However, whether this depends on PfBDP1’s interaction with
H3K9ac in vivo, is unclear. Alternatively, PfBDP1 may also bind the acetylated version
of the transcription factor PfAP2-I (“I” for invasion) that is essential for the expression
these genes as well, and not interact with H3K9ac at all141. The H3K36me3 mark, which
is most frequently associated with actively transcribed euchromatic regions in S. cerevisae
as well as humans142, is enriched in heterochromatic subtelomeres and intrachromosomal
islands in P. falciparum143. PfSET2 places this mark, which is a methyltransferase that
recognizes not the Ser2-phosphorylated144 but the unphosphorylated C-terminal domain
of RNA pol II134, potentially when transcribing non-coding RNAs145. and may mark
genes as member of the 6o-member var gene family132,145. The function of the other marks
is much less well understood. The enhancer mark H3K4me1, for example, is relatively
enriched over H3K4me3 in enhancer-like regions from which bi-directional non-coding
RNAs are produced but the role of these elements in the expression of protein-coding
genes remains undetermined127. The other “enhancer mark”, H3K27ac, has ben detected
at the promoter of the active var gene and may therefore mediate epigenetic memory136.
Polycomb group (PcG) associated gene silencing is likely absent from P. falciparum and of
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its associated marks, H3K27me3 and H2AK119ub, only H3K27me3 has been identified
in one proteomic study104. The “heterochromatic” mark H4K20me3 is found throughout
heterochromatic and euchromatic regions of P. falciparum108,126 and DNA methylation has
only been detected at a limited number of loci146.
Lastly, H3K9me3 has been associated with heterochromatin formation and
heterochromatin-mediated gene silencing is actually the best-characterized example of
gene expression regulated by the P. falciparum chromatin structure. Heterochromatin
controls the expression of clonally variant genes (var, and others), alternative erythrocyte
invasion pathways, erythrocyte permeability (alternative silencing of clag3.1 and clag3.2
genes) and sexual conversion through (ap2-g) (reviewed in e.g. ref 145,147). Heterochromatin
at these loci is established and maintained by the combination of H3K9me3 and HP1.
The spread of heterochromatin may be mediated by the potential interaction between the
histone methyltransferase PfSET3 and HP1128. HP1 is essential for maintaining mutual
exclusive expression of var genes and the silencing of the ap2-g locus106. The histone
deacetylase PfHDA2 is also required for the maintenance of H3K9me3 at these loci148
indicating that the chromatin structure is essential for the controlled expression of these
genes. Stabilization of the gametocyte development protein 1 (GDV1) in asexual parasites
mediates the selective removal of HP1 from the ap2-g locus, by a hitherto unknown
mechanism99. When AP2-G levels are sufficiently high, gametocyte differentiation is
started immediately, within the same cycle, or in the parasite’s progeny149,150.
Perhaps what this brief summary best illustrates is that we are just on the edge of
understanding the upstream processes and downstream functionality of the P. falciparum
epigenome. The heterochromatic domain is best characterized and may carry elements
of hereditary information. The many marks found within the constitutive euchromatin
domain are unlikely carry heritable information but instead (more probably) mediate
the cascade of gene expression that allows the parasite to complete every round of
schizogonic replication and reinvasion145. Within this relative open chromatin structure,
these epigenetic marks are likely to cooperate with DNA-binding factors that recognize
the DNA in a more sequence-specific and context-specific function to direct and control
the activity of the transcription apparatus.
Transcriptional regulation of P. falciparum gene expression
Transcriptional control of P. falciparum gene expression is more thoroughly discussed
in chapter 2 of this thesis. A short historical note might be in place here to illustrate
the playing field that drove us to start the projects discussed in chapters 3-5. When
the Plasmodium falciparum genome was sequenced, it revealed a dearth of potential
DNA binding domains compared to Saccharomyces cerevisiae (few or no proteins with
homeodomain, basic helix-loop-helix, basic leucine zipper domain, GATA-zinc finger
(zinc finger binding to “GATA” sequence), C2H2 zinc finger or fork head domain)69,152.
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Additional homology searches subsequently identified not more than two dozen candidate
TFs including 2 myb proteins, 4 high mobility group box proteins and 11 C2H2 zinc
fingers152,153. This paucity of sequence specific TFs was contradictory to the observed
cascade of gene expression during the IDC78, as well as the observation that the genome
did encodes a considerable number of signaling proteins, basal transcription factors and
chromosomal proteins152,153. Of course, it would have been possible that the parasite relied
more on chromatin-mediated and post-transcriptional mechanisms to control its gene
expression. However, the involvement of transcriptional regulation gained additional
support when a gene family was identified encoding a domain similar to the DNA
binding domain of APETALA2/Ethylene-responsive element binding protein (AP2/
EREBP) family of plant TFs101. Since then, continuous research efforts have revealed the
essential role of these Apicomplexan AP2 (ApiAP2) in Plasmodium life cycle progression
(refs. 141,154-164 and reviewed in chapter 2). Another major contribution came from proteinbinding microarray experiments that yielded the preferred (in vitro) DNA binding
sequences for the AP2 domains of 20 of the 27 P. falciparum AP2 factors165. However,
up to today, for most of these factors the target genes in individual parasite stages or
species remain unknown (with a few exceptions ref. 141,157,158). In addition, we know very
little about their in vivo activity and how it is controlled by extracellular and intracellular
signals, neither do we understand how they interact and influence the basal transcription
machinery and/or chromatin-associated factors. Genome-wide binding profiles generated
by ChIP-seq (or alternative method) would be extremely useful to identify binding sites
and – in combination with RNA-seq analyses of corresponding knock-out lines – target
genes. Alternatively, the PBM-derived motifs have been used to identify binding sites
and candidate target genes but for some motif/TF combinations this strategy assigned
almost all genes as potential target, which is very unlikely the case165. To shed light on the
transcriptional regulation network from the perspective of DNA-binding, we and others
undertook ATAC-sequencing166, a protocol that identifies TF-bound DNA regions by
their relative accessibility (discussed in chapter 4-5) and with greater sensitivity than the
previously published FAIRE-seq dataset167. In addition, while the ApiAP2s have received
relatively much attention in the field of transcriptional regulation, the contribution of
the other ‘classical’ DNA-binding domains has largely been ignored since the AP2s were
discovered. Although it is possible that ApiAP2s are the dominant family of TFs, this
does not exclude a role for these ‘classical’ TFs in transcriptional regulation. In chapter 3,
we show in collaboration with the Voss lab that one of the C2H2 transcription factors P.
falciparum.
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Post-transcriptional regulation of the RNA molecule in P. falciparum
The malaria genome encodes a large repertoire of RNA-binding proteins, many of which
have not been characterized yet. They may be involved in canonical RNA processing,
trafficking and translation but could also influence these same processes thereby finetuning
gene expression101,153. Post-transcriptional regulation of gene expression in Plasmodium
parasites has received most attention in the context of translational control while RNA
base modifications have not yet been explored except for tRNA modifications168. Similarly,
the extent of alternative splicing has not been thoroughly investigated and it looks like that
the majority of alternatively spliced variants are not translated into protein, thus do not
generate a wider proteome diversity (reviewed in169). Indirect evidence for the involvement
of post-transcriptional regulation of gene expression came from studies measuring steadystate mRNA and protein abundances that showed a nonlinear relationship the two for
some (groups of ) genes170-172. On the other hand, polysome profiling in P. falciparum
IDC stages, which compares steady-state mRNA and polysome-associated mRNA
to identify transcripts for which translation is delayed, showed that transcription and
translation are tightly coupled for the majority of transcripts. A delay in translation was
only identified for less than 10% of the transcriptome74. Clear examples of translational
control of gene expression can be found in the two transition stages, gametocytes and
sporozoites (reviewed in e.g. ref 173,174). In female gametocytes many transcripts are stored
in special ribonucleoprotein (RNP) particles in the cytosol thereby protecting them from
degradation. These transcripts are required post-fertilization to complete the second
round of meiosis and transformation of the zygote to the ookinete75,175,176. In sporozoites,
global inhibition of protein synthesis occurs by eIFα phosphorylation177. In addition, a
member of the Puf family, Puf2 (from Pumilio in Drosophila and fem-3 binding factor
in Caenorhabditis elegans), mediates translational repression (TR) in both gametocytes
and sporozoites178-183. The presence of an upstream open reading frame (uORF) can also
influence the translation efficiency of the actual ORF in different circumstances68. This
is the case with the var2csa transcript, which encodes a special member of the var gene
family that mediates placental sequestration through adherence to chondroitin sulfate A
(CSA) present in the placental intervillous space. The uORF requires the ribosome to reinitiate translation and this only occurs efficiently in pregnant women184,185. In addition,
a recent study showed that the polypeptide encoded by this uORF plays a key role in in
determining the cellular localization of the protein translated from the downstream ORF
such that it is translated or localizes to the ER186. Several other RNA-binding proteins
have been shown to be essential for Plasmodium life cycle progression and may fine-tune
gene expression patterns as generated by transcription process.
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Thus, similar to any other eukaryote, transcription in Plasmodium parasites is followed
by post-transcriptional processes that eventually lead to translation (or degradation).
Examples of post-transcriptional control are most evident in the two transition stages
and post-transcriptional RNA metabolism has not received much attention outside these
two transition stages.
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Overview of this thesis
Gene expression in Plasmodium falciparum parasites is highly dynamic. To shed light on
the gene control processes that may be operating at the transcriptional interface, I studied
candidate sequence-specific TFs and mapped cis-regulatory DNA elements.
Chapter 2 of this thesis reviews our current understanding (2018) of transcriptional
regulation in Plasmodium parasites, which mainly stems from observations made in P.
falciparum, and the rodent-infecting P. berghei and P. yoelli species. While the review has a
strong focus on the contribution of the principal family of Plasmodium TFs, the ApiAP2
family, I also discuss the elements that have been associated with the TSS and may
therefore involved in core promoter recognition or promoter strength as well as potential
other (families of ) TFs and the mapping of cis-regulatory elements.
Chapter 3 describes a study, in which I contributed to the characterization of the telomere
repeat binding factor, TRZ in P. falciparum. In line with the proposed function as telomere
repeat factor, this zinc finger protein, , contributes to the regulation of telomere length.
Interestingly, combined ChIP-seq, biochemical, transcriptome and phylogenetic analyses
indicate that PfTRZ is a distance homologue of transcription factor III A and also
required for the transcription of 5S rDNA genes.
In chapter 4, we took the alternative route of analyzing the transcriptional network by
probing for chromatin accessible and therefore active, regulatory DNA elements. In
other words, we used chromatin accessibility profiling to map active cis-regulatory DNA
elements in the IDC of P. falciparum. I extended these analyses to P. falciparum gametocyte
stages in chapter 5, where I profiled the gametocyte transcriptome and mapped accessible
chromatin. Revealing considerable transcriptional changes as compared to asexual
parasites as well as a putative female gametocyte specific regulatory element.
Finally, chapter 6, summarizes the main findings in reported in this thesis discuss the
cis and trans components involved in transcriptional regulation in P. falciparum parasites.
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Abstract
Malaria parasites are characterized by a complex life cycle that is accompanied by dynamic
gene expression patterns. The factors and mechanisms that regulate gene expression
in these parasites have been searched for even before the advent of next generation
sequencing technologies. Functional genomics approaches have substantially boosted this
area of research and have yielded significant insights into the interplay between epigenetic,
transcriptional and post-transcriptional mechanisms. Recently, considerable progress has
been made in identifying sequence-specific transcription factors and DNA-encoded
regulatory elements. Here, we review the insights obtained from these efforts including
the characterization of core promoters, the involvement of sequence-specific transcription
factors in life cycle progression and the mapping of gene regulatory elements. Furthermore,
we discuss recent developments in the field of functional genomics and how they might
contribute to further characterization of this complex gene regulatory network.
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Introduction
Eukaryotic, unicellular parasites of the Plasmodium genus are the causative agents of
malaria. During their life cycle, these parasites alternate between a vertebrate and an
insect host with multiple, morphologically and functionally distinct stages of development
within each host (see also Fig. 2.2). In the vertebrate host, development and replication
occur predominantly within host cells, either a hepatocyte or an erythrocyte. In the
mosquito, parasites traverse host cells and reside in extracellular spaces (e.g. midgut lumen
or at the basal side of the midgut wall). The larger part of this life cycle is deterministic,
including few true cell-fate decision events. The decision between continued asexual
replication and the formation of gametocytes is typical of all Plasmodium species, while
the decision to enter and exit the dormant hypnozoite-stage in hepatocytes is made only
in a few Plasmodium species (e.g. P. vivax).
In eukaryotes, gene expression can be regulated at various steps before or after RNA
synthesis. Regulatory mechanisms that act on the transcriptional process itself can be
formally divided into i) epigenetic mechanisms that, in simple terms, influence access or
recruitment of the transcriptional machinery to the DNA60,187,188 and ii) the activity of
sequence-specific transcriptional activators or repressors that interact with cis-regulatory
DNA elements189,190. The critical contribution of epigenetic mechanisms to Plasmodium
gene expression regulation has been established (e.g. reviewed in this issue and145,191,192),
for example in regulating antigenic variation genes and the expression of alternative
solute transporters145,147. Furthermore, expansion of heterochromatic domains during
gametocytogenesis and mosquito-stage development restricts the expression of stagespecific sets of genes during developmental progression105. Finally, higher acetylation
levels of histone tails in regulatory regions have been associated with increased gene
transcription122,124. On the other hand, the contribution of DNA regulatory elements to
Plasmodium gene expression regulation, and thus the involvement of sequence-specific
transcription factors (TFs) has been evident from initial promoter mapping studies
(primarily performed in P. falciparum), which identified DNA regions with transcription
enhancing or repressing potential (reviewed in 193,194). These regions were, however, limited
to only a small set of genes and the identity of the protein or protein complex binding to
the regulatory DNA sequence could in most cases not be clarified.
Recent functional genomic approaches have led to the genome-wide characterization
of regulatory DNA elements, including transcription start sites (TSSs)70,111,195, and have
lent support to the essential role of sequence-specific TFs, in particular Apicomplexan
Apetala2 (ApiAP2) factors141,154-165,196-199. In this review, we summarize recent findings
on how the delicate interplay between core promoters, regulatory DNA elements,
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and sequence-specific TFs, regulates specific sets of genes during the developmental
progression of malaria parasites. Notably, the majority of studies on this topic have been
performed in a limited number of Plasmodium species; i.e. human-infecting P. falciparum
and rodent-infecting P. berghei and P. yoelli and findings cannot be generalized.
Core promoter recognition in the compact Plasmodium genome
At the basis of the transcriptional process lies recognition of the core promoter by general
transcription factors (GTFs) that, together with RNA polymerase II, make up the preinitiation complex (PIC). In most eukaryotes, core promoters have characteristic DNA
sequences, nucleosome positioning and/or chromatin marking60. Plasmodium parasites
contain a haploid set of 14 chromosomes during most of their life cycle. The 20–30
Mb genomes encode 5500-6500 protein-coding genes, which results in approximately
a 50:50 ratio of coding versus non-coding DNA and rather short intergenic sequences
(on average 1.4-2Kb intergenic200). Notably, the genome of several Plasmodium species is
amongst the most AT-rich nuclear genomes73. In particular that of P. falciparum, which
has coding and subtelomeric sequences somewhat richer in G and C, but an average
87% AT bases in intergenic regions. Why and how these extremely AT-biased genomes
evolved specifically in some Plasmodium species remains unclear. Nevertheless, it is likely
that the transcriptional apparatus and other DNA-associated proteins have adapted to
this nucleotide bias. For example, the Apicomplexan-specific H2A.Z/H2B.Z doublevariant nucleosomes which, at least in P. falciparum, associate with AT-rich intergenic
regions119,120, that could not be occupied by the canonical histone H2A and H2B
containing nucleosomes201.
The search is still ongoing for Plasmodium DNA- and chromatin-related elements
that guide the pre-initiation complex (PIC) to the core promoter and signal the site of
transcription. P. falciparum TSSs have been mapped to multiple small windows in most
promoter regions70,111,195, and divergent transcription initiation is highly prevalent70,111,202.
Interestingly, while most genes have multiple TSS windows, some of these initiation sites
are more prevalent than others111. Furthermore, while in most cases the windows initiate
transcription simultaneously, in a small number of promoter regions these windows
exhibit differential regulation during intra-erythrocytic development (3.4%)70.
Several DNA- and chromatin-based features have been associated with TSSs in P.
falciparum and may guide core promoter recognition, TSS selection and/or promoter
strength. Sequence-based DNA features include a typical TA-dinucleotide at position
-1,070,202, which is also observed at mammalian TSSs and may partially reflect the initiator
(Inr) core promoter element203. However, whether this resemblance has any functional
relevance in the AT-rich P. falciparum genome is questionable. Additional sequencebased features include GC-rich sequence elements at ~150 and ~210bp downstream
of the TSS70, polymeric AAAAA- or TTTTT-stretches within 50bp upstream of the
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Figure 2.1 - P. falciparum transcriptional unit summarizing reported associative DNA- and chromatinencoded elements
P. falciparum intergenic regions are occupied by Apicomplexan-specific H2A.Z/H2B.Z double-variant
nucleosomes (H2A.Z in yellow; H2B.Z in pink)119,120. Acetylation of histone 3 lysine 9 (dark blue circles with K9)
in these regions correlates moderately with the transcriptional output of the downstream gene. Trimethylation
of histone 3 lysine 4 (pink circles with K4) associates with developmental progression in the intra-erythrocytic
development cycle124. Transcription initiation is mapped to multiple TSS windows within promoter regions;
only the most dominant TSS peaks in two windows are depicted here (black arrows). Approximately 75% of the
intergenic TSSs are detected within 600bp of the ATG70,111. A typical TA-dinucleotide at position -1,0 can be
detected at the TSS70,202 as well polymeric AAAAA- or TTTTT-stretches within 50bp upstream of the TSS71.
The orange line depicts the typical GC-rich sequence elements detected at ~150 and ~210bp downstream of
the TSS and the local increase of CG content around weaker TSSs (dashed part of the orange line). A wellpositioned nucleosome (indicated by more prominent coloring) is located directly downstream of the TSS (“+1
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nucleosomes”)70,111. Another well-positioned nucleosome marks the start of the coding region111. A nucleosomedepleted region (NDR) is located upstream of the +1 nucleosome111. Accessible regions of variable size are
detected around the TSS, located up (and down-)stream of it, and contain transcription factor binding sites
(TFBSs). Three examples DNA motifs are listed, that could occur at the TFBS, with their corresponding TF
and transcriptional response141,155,157,199,205.

TSS71, and a local increase of CG-content around weaker TSSs70. Several DNA structural
features may also predict TSSs with reasonable accuracy202 but this study made use of TSS
mappings for a limited number of P. falciparum genes, and it is unclear whether the same
features hold true for TSSs identified on a genome-wide scale. Lastly, while the classis
core promoter element, TATA-box (TATAA), is recognized by the P. falciparum TATAbinding protein (TBP) in vitro204, the relevance of this motif for in vivo TSS selection in
an AT-rich genome requires experimental validation.
Chromatin-related features associated with P. falciparum TSSs include a well-positioned
nucleosome just downstream of the TSS (the so -called “+1 nucleosome”)70,111 and a
nucleosome-depleted region (NDR) directly upstream of the TSS111. The NDR is more
pronounced for highly expressed genes70,111 and shows dynamic nucleosome loss that
correlates with transcriptional activity111. As nucleosome positioning can be determined
by the underlying DNA sequence, these observations may reflect DNA sequence features.
In particular, homopolymeric poly(dA:dT) sequences have been reported to be stiff and
resistant to nucleosome formation151, and are enriched next to TSSs in P. falciparum
alongside other well-positioned nucleosomes close to the ATG start codon, stop
codon, and splice sites111. However, these tracts only partially correlate with nucleosome
positioning, pointing to the involvement of ATP-dependent chromatin remodeling
complexes111. Finally, typical eukaryotic histone marks associated with the core promoter
of model organisms like H3K4me3, H3K9ac and histone variant H2A.Z are also found
broadly covering P. falciparum intergenic regions; however, they only moderately correlate
with transcriptional output70,124.
In conclusion, while several associations have been unveiled between DNA/chromatin
features and TSSs (summarized in Fig. 2.1), we still do not understand how the
Plasmodium general TFs recognize the core promoter, nor how the PIC identifies the TSS
to be used. Hence, the functional relevance and causative role of the observed features
requires further experimental investigation.
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Sequence-specific transcription factors
Sequence-specific TFs mediate the transcriptional regulation of specific sets of genes
through their ability to recognize DNA motifs within gene regulatory elements and
either directly or indirectly influence the recruitment and activity of PIC. The most
comprehensive list of potential sequence-specific TFs have been drawn up for P.
falciparum101,196 and consists of 27 ApiAP2s, 12 C2H2-type zinc finger (ZnF-C2H2),
8 helix-turn-helix (HTH including high mobility group box 3 protein (HMGB3)), 1
β-scaffold factor with minor groove contacts101 as well as the KH-domain containing
PREBP (Prx regulatory element (PRE) binding protein, PF3D7_1011800206) and a
homeodomain-like TF (PF3D7_1466200, Björn Kafsack personal communication). The
majority of these genes have syntenic orthologues in other Plasmodium species (Table 2.1).
However, sequence conservation is generally low and gene products might have acquired
other functions during evolution.
Currently, the ApiAP2 family is considered as the principal family of TFs in Plasmodium
and we therefore discuss it in a separate section. The HTH factor PfMYB1 was among
the first TFs studied in Plasmodium207,208. PfMYB1 can bind a putative Myb regulatory
element (MRE, wAACnGh) upstream of P. falciparum genes, and has been associated
with the promoter of genes that were downregulated upon Pfmyb1 knockdown207,208.
PfMYB2, on the other hand, shows high homology to the pre-mRNA-splicing factor
CEF1 in S. cerevisiae209. Of the ~12 zinc finger C2H2-domain-containing proteins, only
one has been studied. In P. falciparum, it is called PfTRZ (telomere repeat-binding ZnF
protein) because of its binding to telomeric TT(T/C)AGGG repeats in vitro and in vivo.
Interestingly, this same factor also binds to and regulates expression of 5S rDNA loci
pointing to an evolutionary relationship with the general transcription factor TFIIIA,
a combination of functions that is unique among eukaryotes210. Of the four Plasmodium
HMGB proteins, only one has a configuration linked to sequence-specific binding, while
the other three are implicated in chromatin binding101. Lastly, PREBP is a K homology
(KH)-domain-containing protein. Although this domain is normally linked to RNAbinding and -processing, the P. falciparum protein bound dsDNA in a sequence specific
manner and was implicated in the expression of peroxiredoxin genes206.
ApiAP2 factors and Plasmodium life cycle progression
The Plasmodium AP2 family, the principal TF family in Apicomplexan parasites, is
homologous to the plant apetala 2/ethylene response factor TF family196. Due to its
absence in humans, it has been proposed as a potential anti-malarial drug target155,197,198
and several members may mediate drug resistance in Plasmodium214. The 60-aa globular
AP2 domain has a conserved core consisting of three β-sheets, which make base-specific
contacts with the DNA, and a stabilizing C-terminal α-helix198. A cysteine residue
between the first two β-sheets can facilitate dimerization198, thereby providing a means
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PVP01_1203900

PVP01_1240400

PVP01_1250900

PVP01_1340800

PVP01_1320200

PVP01_1211900

PVP01_1406100

PVP01_1418100

PVP01_1440800

PVP01_1440600

PVP01_0216000

PVP01_0940100

PVP01_1126600

PVP01_1138000

PVP01_1017200

PVP01_0303400

P. vivax P01

PBANKA_0102900

PY17X_0104500

PBANKA_1205900
PBANKA_0939100

PBANKA_0112100
PBANKA_1228100

PBANKA_0521700

PBANKA_0835200

PBANKA_1363700

PY17X_1209100
PY17X_0941600

PY17X_0113700
PY17X_1231600

PY17X_0523100

PY17X_0838600
PY17X_1369400

PY17X_1334500

PY17X_1323500

PBANKA_1319700

PBANKA_1329800

PY17X_1036700

PY17X_1017000

PY17X_1361700

PY17X_1405400

PY17X_1417400

PY17X_1440000

not found

PY17X_0215800

PY17X_0911000

PY17X_1123200

PY17X_0111100

PY17X_1235000

PY17X_1003200

P. yoelii yoelii
17X

PBANKA_1034300

PBANKA_1015500

PBANKA_1356000

PBANKA_1403700

PBANKA_1415700

PBANKA_1437500

not found

PBANKA_0214400

PBANKA_0909600

PBANKA_1121800

PBANKA_0109500

PBANKA_1231600

PBANKA_1001800

P. berghei ANKA

AP2-I (Pf )

AP2-O4 (Pb, Py)

AP2-EXP (Pf ), AP2-SP (Pb)

AP2-G2 (Pb, Py)

AP2-O3 (Pb, Py)

AP2-G3 (Py)

AP2-G (Pb, Pf, Py)

AP2-L (Pb)

AP2Tel (Pf ), AP2-SP3
(Pb, Py)

SIP2 (Pf )

AP2-O2 (Pb, Py)

AP2-SP2 (Pb, Py)

TF name

[154,163,212]

[141,154,163,212]

[154,163,212]
[154,163,212]

[154,163,212]

[154,163,212]

[154,163,212]

[154,159,163,164,
197,212]

[154,163,212]

[154,163,212]

[154,155,158,163,212]

[154,163,212]

[154,163,212]
[154,163,212]

[149,150,154,155,
163,199,212]

[212]

[154,156,212]
[154,163,212]

[154,161,163,212]

[154,163,212]

[154,162,163,197,212]

[154,163,212]

[154,163,212]

Ref
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not found

not found

PF14_0631

PF3D7_1315800

PF13_0088

PF10_0091

PF14_0657

PF3D7_0109600

PFA0470c

PF14_0559

PF14_0612

PF3D7_1464400

PF3D7_1458600

PFL2075c

PFD0485w

PF14_0707

PF3D7_1243100

PF3D7_0409800

PF3D7_1473900

PF14_0479

PF3D7_1468900

PF3D7_1450400

PFL0465c

PFL0455c

PF3D7_1209300

PF3D7_1209100

PFD0375w

PF3D7_1009400

PF3D7_0407600

PFC0690c

PF10_0115

PF10_0143

PF3D7_0315800

PF3D7_1011800

PF3D7_1014600

PFL1215c

PF13_0054

PF3D7_1309800

PF3D7_1225200

PFL0815w

PF3D7_1216900

PFL0290w

PF3D7_1466200

PF3D7_1205800

PF11_0241

not found

not found

PF3D7_1123000

not found

not found

PKNH_1223200

PKNH_0204200

PKNH_1217100

PKNH_1462400

PKNH_0307900

PKNH_1207200

PKNH_1212300

PKNH_1231700

PKNH_1309200

not found

PKNH_0809100

not found

PKNH_0826300

PKNH_0811600

PKNH_0814700

PKNH_1416500

PKNH_1410200

PKNH_1444600

PKNH_1436500

not found

PKNH_1305500

PKNH_0920800

PKNH_1469600

PKNH_1015400

PKNH_0116800

PKNH_1232600

PKNH_1459000

PKNH_0913100

PKNH_0941000

PVP01_1248300

PVP01_0205500

PVP01_1242400

PVP01_1460200

PVP01_0309100

PVP01_1233000

PVP01_1237900

PVP01_1256600

PVP01_1308400

not found

PVP01_0809400

not found

PVP01_0824300

PVP01_0811900

PVP01_0814700

PVP01_1416700

PVP01_1410800

PVP01_1443400

PVP01_1435700

not found

PVP01_1304900

PVP01_0923600

not found

PVP01_1016100

PVP01_0118100

PVP01_1257500

PVP01_1457300

PVP01_0916300

PVP01_0943800

PBANKA_1322300
PBANKA_0204000

PBANKA_1327800

PBANKA_1456500

PBANKA_1007400

PBANKA_1337000

PBANKA_1332100

PBANKA_1314100

PBANKA_0607700

not found

PBANKA_1207700

PBANKA_1005200

PBANKA_0413600

PBANKA_1210200

PBANKA_1213000

PBANKA_1414300

PBANKA_1408300

PBANKA_1440100

PBANKA_1432500

not found

PBANKA_0604500

PBANKA_0925300

not found

not found

not found

PBANKA_1313200

PBANKA_1453700

PBANKA_0932300

PBANKA_0905900

PY17X_1326100
PY17X_0205400

PY17X_1332500

PY17X_1459000

PY17X_1008800

PY17X_1341700

PY17X_1336800

PY17X_1317900

PY17X_0610200

not found

PY17X_1210900

PY17X_1006600

PY17X_0416400

PY17X_1213400

PY17X_1216200

PY17X_1416000

PY17X_1410100

PY17X_1442600

PY17X_1434900

not found

PY17X_0607000

PY17X_0927300

not found

not found

not found

PY17X_1317000

PY17X_1456200

PY17X_0934300

PY17X_0907300

TRZ (Pf )

ZNF2

PREBP (Pf )

ADA2*

MYB1 (Pf )

HMGB3

AP2-O5 (Py)

AP2-O (Pb, Py)

Table 2.1 - Overview of candidate sequence-specific TFs in P. falciparum and their syntenic orthologues in P. knowlesi, P. vivax, P. berghei and P. yoelli

β-scaffold

ZnF_C2H2‡

KH-domain

HTH

PFL1900w

PF3D7_1239200

PF3D7_1449500

PF14_0471

PF11_0163

PF11_0442

PF3D7_1115500

PF3D7_1143100

[212]

[212]

[212,213]

[212]

[212]

[212,213]

[212]

[212]

[210,212,213]

[212]

[212,213]

[212,213]

[212,213]

[206,212,213]

[130,131,212,213]

[207,208,212]

[212,213]

[212,213]

[212,213]

[212]

[212]
[212]

[154,163,212]

[154,163,212]

[154,163,212]

[154,157,160,163,212]
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Table 2.1 (cont.)
For P. falciparum, P. berghei and P. yoelli, geneIDs are color-coded based on whether the CDS is mutable (P.
falciparum212), or the gene product is essential in the IDC (P. berghei and P. yoelli154,163,213). Green, CDS is mutable
or KO could be generated; red, CDS is not mutable and KO could not be generated; blue, KO does not show a
phenotype; orange, CDS is mutable but tentative because of small CDS size; # CDS is mutable but KO could not
be generated using conventional strategies162,164. *The HTH factor ADA2 (Alteration/Deficiency in Activation
2) is a transcriptional coactivator and part of the GCN5-containing histone acetyltransferase-complex (GCN5,
general control of amino acid synthesis 5)130,131. The species, in which the TF has been described, is indicated
in brackets behind the TF name. Studies that investigated the function of the individual TF, are cited as well.
Syntenic orthologues were retrieved from the PlasmoDB database, release 39200. Table is based on101,211.

for the proposed combinatorial mode of regulation165,215. Plasmodium AP2 proteins
have one to three AP2 domains per protein, and some encode the accessory C-terminal
domain, the function of which is not yet understood (ACDC, AP2-coincident C-terminal
domain; PFAM id: PF14733216). In vitro, the different AP2 domains show diverse DNAbinding preferences165, although it is important to note that not all AP2 domains have to
be involved in DNA-binding in vivo. PfAP2-I, for example, requires only its third AP2
domain to interact with the DNA, at least in blood stage parasites141. The opposite is true
for PfSIP2 (SPE2-interacting protein, PF3D7_0604100/PFF0200c) where both AP2
domains are required for binding bona fide SPE2 elements (subtelomeric var promoter
element 2)162. Additionally, post-translational modifications can alter the DNA-binding
ability of AP2 domains in vivo. For example, lysine acetylation, which is prevalent among P.
falciparum AP2 proteins, diminishes the DNA-binding ability of PfAP2-I217. To decipher
their contribution to Plasmodium life cycle progression, these DNA-binding proteins have
been studied on a per gene basis 141,155-162,164,199, as well as, more recently, in systematic
knockout (KO) screens154,163. Several AP2s have now been assigned names based on the
stage of the developmental defect in the respective KO line (Fig. 2.2, Table 2.1).
Almost half of the 27-28 AP2 factors are essential to the intra-erythrocytic developmental
cycle (IDC). The number of so-called ‘essential’ AP2s varies slightly between species – 11
in P. falciparum, 12 in P. yoelli and 14 in P. berghei (Table 2.1)154,163,212 – and does not show
a perfect overlap, especially between P. falciparum and the rodent species. Whether this
is due to technical factors (e.g. culturing conditions, KO strategy used) or whether it
points to a considerable evolutionary rewiring of the transcription regulation program in
the IDC, is unclear. As their essential nature in the IDC requires the use of techniques
other than phenotyping the respective KO line, four of them have been studied in detail
in P. falciparum: Pfsip2, Pfap2-i, Pfap2tel and Pfap2-exp. PfSIP2 recognizes SPE2 repeats
within upsB-var promoters and in telomere-associated sequences and has been implicated
in upsB-type var gene silencing and heterochromatin biology in P. falciparum162. PfAP2-I
has a critical role in the expression of invasion-related genes in merozoites141. Besides
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Figure 2.2 - Overview of the Plasmodium life cycle and the essential AP2 factors
AP2 factors that are essential for the development of individual stages are indicated (boxed), as identified in
P. falciparum (pink dot), P. berghei (light blue dot) and/or P. yoelli (dark blue dot). Note that gametocyte stages
reflect the morphology of P. falciparum gametocytes only. Data were derived from references141,154-156,158-164,199.

invasion genes, PfAP2-I also targets promoters of nucleosome- and chromatin-related
genes (including seven Pfap2 genes), cell-cycle-related genes, and genes associated with
vesicle transport and host-cell remodeling141,218. In addition, two P. falciparum studies have
suggested roles for AP2 factors in the IDC that were not obvious from rodent studies. The
orthologue of AP2-SP in P. falciparum is essential for intra-erythrocytic development and
is called PfAP2-EXP because of its involvement in the proper expression of multi-gene
family genes164. Similarly, the orthologue of AP2-SP3 in P. falciparum has been named
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PfAP2Tel as it recognizes telomere GGGTT(T/C)A repeats and in vivo, pointing to a
role in telomere maintenance161. If this role were conserved in rodent-infecting species,
an accompanying growth defect would be expected in the corresponding knockout line,
but this was never observed154,163. Besides these ‘essential’ AP2s, the deletion of several
Pbap2 genes (Pbap2-g2, Pbap2-o, Pbap2-sp, Pbap2-l), whilst lethal for the development
of mosquito- or liver-stage parasites, causes transcriptional deregulation and a growth
delay in asexual stages154. Thus, although it is clear that a considerable number of AP2s are
involved in Plasmodium blood-stage development, due to the difficulty of manipulating
genes essential for the IDC, as well as the use of different techniques in different species,
it is difficult to determine to what extent functions are conserved. Furthermore, alternative
strategies are needed to determine the exact targets of the essential AP2 factors and their
contribution to Plasmodium blood-stage development.
The differentiation to gametocytes represents the sole developmental switch in
the predominantly deterministic life cycle of Plasmodium parasites. The epigenetic,
transcriptional and post-transcriptional factors involved in this pathway have recently
been reviewed elsewhere219. Despite the existence of two possible routes for gametocyte
commitment149,150 and despite different trajectories of gametocytogenesis among
Plasmodium species219, extensive forward and reverse genetic approaches have identified a
conserved AP2 as the principal regulator of this switch: AP2-G (PBANKA_1437500155
and PF3D7_1222600199). Interestingly, in all Plasmodium species studied so far, ap2-g
is the only single-locus heterochromatic gene that is under heterochromatin protein 1
(HP1)-mediated epigenetic silencing105,107,108,199, and this epigenetic control is key to
the regulated expression of ap2-g and gametocyte conversion99. In the current model,
PfGDV1 interacts with PfHP1 and this binding is associated with PfHP1 eviction from
the Pfap2-g locus by a hitherto unknown mechanism99. However, as homologues of
Pfgdv1 are so far only detected in primate malarias and the avian parasite P. gallinaceum220,
different control mechanisms are likely to operate in the other species. Besides AP2-G,
there is considerable evidence for the involvement of two other AP2s in gametocyte
development, at least in rodent-infecting malaria species. P(b/y)AP2-G2 is regarded
as a general transcriptional repressor, and during gametocytogenesis should release the
repression of gametocyte-specific genes, start the repression of asexual genes, and maintain
the repression of genes specific to other stages154,158,163. PyAP2-G3 has been implicated in
gametocyte commitment in P. yoelli163 and P. falciparum221. Studies of P. yoelli suggest that
it acts upstream of PyAP-G, since deletion of Pyap2-g3 reduced Pyap2-g expression but
not vice versa. Additionally, PyAP2-G3 is highly abundant in the cytoplasm, indicating
that it might relay commitment signals to the nucleus163. Besides these factors identified
by KO studies, several other AP2s have been implicated in gametocytogenesis. Using
single-cell transcriptomics, it was possible to detect transcripts that were significantly
upregulated shortly after Pfap2-g expression in pfap2-g+ NF54 parasites, including those
for the AP2 factors PF3D7_1222400 and PF3D7_1139300205. In addition, Brancucci
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et al. showed that the serum component lysophosphatidylcholine (lysoPC) inhibited P.
falciparum gametocyte differentiation in vitro, and detected significant upregulation of
seven Pfap2 transcripts besides Pfap2-g in the absence of LysoPC (PF3D7_0516800
(orthologue of Pbap2-o), PF3D7_0613800, PF3D7_0802100, Pfap2-i/PF3D7_1007700,
PF3D7_1222400, PF3D7_1239200 and PF3D7_1456000 (not essential in P. yoelli or P.
berghei)37). PF3D7_1222400 is an interesting candidate as it was found in both studies
and is unique to primate-infecting Plasmodium species. As the majority of the other genes
were essential for the IDC of rodent-infecting Plasmodium species, alternative methods are
required to decipher their contribution to gametocytogenesis. It should also be noted that,
although the majority of apiap2 genes show differential mRNA expression in P. falciparum
male and female gametocytes82, thus far, no single AP2 factor could be associated with
sex-specific gene expression in the KO screens154,163.
KO studies have demonstrated the essential role of five AP2 factors for successful
mosquito infection, at least in rodent-infecting Plasmodium species (AP2-O through
AP2-O5)154,157,160,163. Of these, the function of PbAP2-O has been most extensively studied.
This AP2 has a central role in ookinete gene expression, and without Pbap2-o, development
of P. berghei parasites halts in zygote-to-ookinete transition. In wild-type parasites,
the Pbap2-o transcript is translationally repressed in development of zygote inhibited
(DOZI)-containing ribonucleoprotein complexes in female gametocytes175,176 and, after
being translated, it induces the expression of many ookinete-specific genes157,160. Deletion
of each of the other four ap2 genes in P. berghei or P. yoelli halts parasite development
somewhere along the differentiation path towards mature ookinetes or settling oocysts
at the basal side of the mosquito midgut epithelium154,163. P(b/y)AP2-O3 and -O4 are
required for proper ookinete maturation and early oocyst formation, respectively. The
Pbap2-o3 KO showed an upregulation of male-specific transcripts in gametocytes in
the absence of the expected shift in male:female gametocyte ratios in blood films and
might therefore be required for the repression of male-specific genes. In addition, an
upregulation of translationally repressed transcripts was detected in the ookinete cultures
of this KO, suggesting a role for PbAP2-O3 in translational repression154 (although these
hypotheses remain to be tested). While KOs for ap2-o, -o3 and –o4 showed the same
morphological phenotype in P. berghei and P. yoelli, deletion of ap2-o2 did not154,160,163.
In P. berghei, ap2-o2 deletion greatly reduced in vitro zygote-to-ookinete conversion
efficiency and this line formed only a few oocysts in vivo that were unable to sporulate.
In P. yoelli, on the other hand, ap2-o2 deletion did not affect ookinete maturation but did
affect oocyst formation, and greatly reduced sporozoite numbers in midgut oocysts and
salivary glands. It is interesting that even in these closely related species, homologous AP2
factors appear to have different functions. Lastly, PyAP2-O5 was found to be essential
for ookinete motility. Obviously, additional experiments are needed to elucidate the
role, target genes and reciprocal interactions of these five factors during development of
functional ookinetes.
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Finally, at least three further AP2 factors are required for the formation of mature
sporozoites in P. berghei and P. yoelli (PbAP2-SP, -SP2, -SP3), each functioning at a
different stage in development154,159,163. While AP2-SP was the first AP2 to be studied in
detail159, its genome-wide target genes and mode of action have not yet been elucidated. In
addition, as mentioned above, besides its transcription-activating function in sporozoites,
recent findings indicate that this factor might have transcriptional-repressive properties in
the IDC of P. berghei154 and might play a role in the expression of multi-gene family genes
in P. falciparum164. Finally, at least one AP2 (PbAP2-L) is essential for the development
of mature liver-stage schizonts in P. berghei156. Recent transcriptome analyses of liverstage schizonts and hypnozoites of P. vivax222 and P. cynomolgi223,224 attempted to identify
additional AP2s involved in liver-stage development of these species including quiescent
hypnozoite forms. However, the resulting gene lists show very little overlap among the
three studies, indicating that further experimental validation is desired to characterize
the role of AP2s in liver-stage development in general, and in hypnozoite formation in
particular.
Taken together, the above studies support the essential role of the ApiAP2 family in
Plasmodium life cycle progression. The various developmental stages seem to rely critically
on one or several AP2 family members but further studies are needed to investigate the
functional contribution of the AP2 in question, beyond the stage at which it is essential.
Genome-wide mapping of gene regulatory elements in the Plasmodium
genome
In order to modulate the transcriptional process, TFs need to bind cis-regulatory DNA
elements. TF binding sites (TFBS) are the core of larger gene regulatory elements like
enhancers or promoters, and play a central role in molecular gene regulatory networks189.
The preferred approach to identify TFBSs relies on chromatin immunoprecipitation
sequencing (ChIP-seq) in combination with transcriptome analyses of KO lines. However,
ChIP-seq of TFs in particular has proven to be difficult in Plasmodium and has only been
performed for a few factors141,157,158,161,162. Therefore, alternative approaches to identify
potential regulatory DNA elements and associate those with TFBS, TFs and potential
target genes, have been employed. These can roughly be divided into two strategies that
are complementary to each other. One approach starts with finding the TFBS for each
TF using in vitro sequence preferences of individual DNA-binding domains. To this
end, protein-binding microarray (PBM) experiments have been performed to predict
DNA-binding preferences for the AP2 domains of 20 P. falciparum AP2 proteins165. These
predictions have been validated and refined by additional biochemical, transcriptomic,
and/or ChIP experiments for PfSIP2162, PfAP2-G199 and PfAP2-I141 in P. falciparum as
well as for PbAP2-G2158 and PbAP2-O157 in P. berghei, demonstrating the quality of
the PBM predictions. However, in vivo binding is unlikely to occur at every genomic
occurrence of the in vitro predicted motif, and not all AP2 domains are necessarily
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required for DNA binding. In addition, it is well appreciated that DNA-binding
preferences can be influenced by the flanking DNA165 and the interaction with epigenetic
reader proteins141,218. Lastly, while AP2 proteins are largely conserved across Plasmodium
species196, this does not exclude the possibility of altered DNA-binding preferences or
alternative use of orthologous TFs in related species165,225. Hence, while in vitro DNAsequence preferences provide a valuable starting point for target site prediction, additional
experiments are needed to validate and refine these in vitro predictions. The alternative
strategy assumes that regulatory regions of co-expressed and/or functionally related genes
share conserved DNA-sequences that serve as TFBS for a particular TF, operational at that
stage. The G-box element, upstream of Plasmodium heat shock genes, was identified using
this reasoning226. Subsequent genome-wide transcriptome analyses, either stand-alone or
in combination with chromatin landscape profiling datasets, allowed motif predictions to
be made on a larger scale using various bio-informatics approaches215,218,227-234. However,
in many cases, the predicted motifs were not functionally tested and the TFs recognizing
the predicted motifs were not identified.
As mentioned above, an additional degree of refinement that is useful for transferring
PBM-derived motifs to regulatory gene elements, as well as for de novo bio-informatics
motif prediction strategies, can be gained by taking the chromatin landscape into account.
TF binding disrupts the local nucleosome structure and/or prevents local occupancy by
nucleosomes, thereby creating a relative ‘open’ chromatin region. Genome-wide indexing
of these open chromatin regions can be achieved using exonuclease deoxyribonuclease 1
(DNase I-seq235,236), or Tn5 transposition (assay for transposase-accessible chromatin using
sequencing; ATAC-seq166) followed by sequencing of the purified fragments. Alternatively,
these nucleosome-depleted regions can be purified from the pellet of nucleosomal DNA
after crosslinking, and quantified by DNA sequencing (formaldehyde-assisted isolation
of regulatory elements; FAIRE-seq237). Each of these methods is affected by some level of
bias, either enzymatic or due to cross-linking, and appropriate controls should be used238.
Both FAIRE-seq and ATAC-seq have been applied to the P. falciparum genome during
blood-stage development. Of these two techniques, ATAC-seq appears to provide a higher
resolution167,218,232,234. In general, the relative level of enrichment or accessibility correlated
positively with the transcript abundance of the closest downstream gene167,218,234, and
the differential expression of clonally variant genes across P. falciparum strains could be
explained by the presence of distinct accessibility patterns234. These observations not only
support the contribution of transcriptional control to global IDC gene expression but
also suggest that, during the IDC, transcriptional activating events prevail over repressive
ones. Furthermore, there is an indication that the majority of regulatory elements appear
to locate close to their target gene, as is also observed in ChIP-seq studies141,157,158,218,234.
Whether the negatively correlating events, although few in number, reflected the activity
of candidate repressors like AP2-G2, AP2-O or AP2-SP154 was not investigated. As these
accessible regions represent candidate in vivo TF binding events, they can be used, either
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alone or in combination with other datasets, to make more informed motif predictions,
identify collaborative binding events and construct global gene regulatory networks. For
example, in-depth motif analyses could substantiate and refine PBM-predicted motifs,
and suggest candidate novel motifs in P. falciparum218. To identify TFs binding to such
novel DNA elements, DNA pull-down coupled with quantitative proteomics can be
used239. Interestingly, mainly AP2 factors were identified using such an approach as the
respective binding partners of several de novo motifs63, confirming their status as major P.
falciparum TF family.
Clearly, chromatin accessibility-based approaches combined with computational
modeling have great potential in our quest to understand the regulatory network that
dictates Plasmodium gene expression. Until now, the discovery of regulatory elements has
mainly been limited to P. falciparum IDC parasites; however the low-input requirements
of ATAC-seq provide the means to study gene regulation in other Plasmodium species
and stages as well.

Conclusion and outlook
The combined use of systematic KO screens, transcriptomics, chromatin accessibility
mappings and computational approaches has established the involvement of transcriptional
regulation in Plasmodium life cycle progression. Thus far, the Apicomplexan AP2 family
emerges as the main TF family in Plasmodium parasites, although other putative and yet
unidentified DNA-binding proteins might also contribute. The exact modes of action
of the different AP2 proteins should be subject to further investigation including their
proposed combinatorial mode of action154,215 and pleiotropic functionality154. Interaction
proteomic studies and ChIP-re-ChIP-type approaches are needed to reveal the proposed
interactions between different DNA-binding as well as epigenetic reader proteins.
Similarly, stage-specific interactions between TFs and/or stage-specific post-translational
modifications (PTM) could help to explain how certain TFs can perform activating as
well as suppressive functions at different stages. Such interaction and PTM-profiling
studies might actually be the first step in drawing up the signalling cascades that control
TF function. Additionally, they may shed light on the question of whether (and how)
environmental changes provoke transcriptional responses that may contribute to the
adaptation of parasites.
Similarly, there remains a lot to be learned about both core promoters and TFBSs. While
chromatin accessibility-based approaches and ChIP-seq substantially improved the
identification of putative TFBS sites, we are not yet able to pinpoint target sequences
for the majority of TFs across parasite stages. This will likely require systematic mapping
of the in vivo binding patterns of large numbers of individual TFs at different stages,
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followed by CRISPR-Cas9 mutagenesis of the endogenous regulatory elements, whether
TSSs or TFBSs. These, in combination with other genome-wide datasets, could also
reveal the features involved in targeting transcription factors beyond the DNA sequence,
be that DNA structure, DNA modifications, or non-coding RNAs.
Eventually, the gene regulatory network of Plasmodium species will be built by combining
evidence from different methodologies across life cycle stages and Plasmodium species.
Low-input methodologies240 and the advent of single-cell (multi)-omics approaches241-243,
together with interaction proteomic analyses, provide exciting opportunities, not only to
study the characteristics of the network in stages and species that cannot be cultured in
vitro, but also to incorporate epigenetic and post-transcriptional regulatory elements in
order to model its heterogeneity and stochastic nature244.
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Abstract
Telomere repeat-binding factors (TRFs) are essential components of the molecular
machinery that regulates telomere function. TRFs are widely conserved across eukaryotes
and bind duplex telomere repeats via a characteristic MYB-type domain. Here, we
identified the telomere repeat-binding protein PfTRZ in the malaria parasite Plasmodium
falciparum, a member of the Alveolate phylum for which TRFs have not been described to
date. PfTRZ lacks a MYB domain and binds telomere repeats via a C2H2-type zinc finger
(ZnF) domain instead. In vivo, PfTRZ binds with high specificity to the telomeric tract
and to interstitial telomere repeats upstream of subtelomeric virulence genes. Conditional
depletion experiments revealed that PfTRZ regulates telomere length homeostasis and is
required for efficient cell cycle progression. Intriguingly, we found that PfTRZ also binds
to and regulates the expression of 5S rDNA genes. Combined with detailed phylogenetic
analyses our findings identified PfTRZ as a remote functional homolog of the basic
transcription factor TFIIIA that acquired a new function in telomere maintenance early
in the apicomplexan lineage. Our work sheds unexpected new light on the evolution
of telomere repeat-binding proteins and paves the way for dissecting the presumably
divergent mechanisms regulating telomere functionality in one of the most deadly human
pathogens.
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Introduction
All eukaryotes must distinguish chromosome ends from DNA double-strand breaks to
prevent deleterious DNA repair or chromosome fusion events. Furthermore, terminal
DNA replication requests processes avoiding chromosome end shortening in continuously
dividing cells. The mechanisms securing these vital requirements are facilitated by the
unique genetic and structural adaptations at telomeres245. Telomeric DNA is composed
of short double-stranded (ds) G-rich repeats and terminates in a single-stranded (ss)
3’ overhang. Telomerase uses this overhang as substrate for the de novo addition of
telomere repeats in order to counteract the end replication problem246. The telomeric
tract is bound by a multimeric protein complex called shelterin/telosome that safeguards
the chromosome end and regulates telomere maintenance247. The specific recruitment
of shelterin to telomeres is accomplished by telomere repeat-binding factors (TRFs)
that bind ds telomere repeats in a sequence-specific manner247. TRFs have been studied
in detail in evolutionary divergent eukaryotes including human TRF1/TRF2248,249,
Schizosaccharomyces pompe Taz1250, Saccharomyces cerevisiae Tbf1251, Arabidopsis thaliana
TRB2252, or Trypanosoma brucei TRF253. In S. cerevisiae, Tbf1 binds primarily to G-rich
repeat motifs in the subtelomeric region254 while another telosome protein called RAP1
binds to telomere repeats instead255. Importantly, and despite minimal overall sequence
similarity, all known TRF proteins as well as ScRAP1 bind their target motifs via a
sequence-specific MYB-type DNA-binding domain256. HsTRF1, HsTRF2, SpTaz1 and
ScRAP1 have been shown to act as important regulators of telomere length homeostasis
and are required to prevent DNA damage responses257-261. HsTRF1 and SpTaz1 are
essential for DNA replication through the telomeric tract262,263, and HsTRF2 and TbTRF
support G-overhang maintenance253,260. Furthermore, HsTRF2 and SpTaz1 have been
implicated in the formation of higher order protective structures called T-loops264,265.
Analyses of ScRAP1, SpTaz1, and HsTRF2 have also uncovered universal roles for TRFs
in the formation of telomeric/subtelomeric heterochromatin, an important structural and
functional feature that affects telomere length control and exerts the so-called telomereposition effect, i.e. the heritable silencing of telomere-proximal genes257,266,267.
In Plasmodium falciparum, the causative agent of the most severe form of malaria in
humans, telomeric and subtelomeric regions play a fundamental role in parasite survival,
virulence and transmission268. As fast dividing unicellular organisms, malaria parasites rely
on efficient telomere maintenance mechanisms to secure proliferation capacity throughout
their complex life cycle. Furthermore, subtelomeric heterochromatin facilitates the clonally
variant expression of virulence and immune evasion genes in blood stage parasites, and this
has emerged as the parasite’s major survival strategy in the human host268. Intriguingly,
however, despite the essential and evolutionary conserved roles for MYB-type TRFs
in these processes, such a factor has not been described in malaria parasites, and also
appears to be missing in other Alveolates including the ciliate Tetrahymena thermophila256,
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a traditional model for studying telomere biology. This is all the more surprising given
the overall structure of the telomeric tract in P. falciparum is identical to that observed in
other eukaryotes; P. falciparum telomeres consist of degenerate TT(T/C)AGGG repeats,
have a mean length of 1-1.2kb, terminate in a G-rich 3’ overhang and appear to form
T-loops115,269-271. However, not a single protein interacting specifically with the telomeric
tract in P. falciparum has been identified to date, and this has largely precluded the targeted
investigation of essential telomere biology in this important parasite.

Results
Identification of a telomere repeat-binding zinc finger protein in P. falciparum
In order to identify a potential TRF-like activity in P. falciparum we performed
electromobility shift assays (EMSA) using a 42bp ds telomere repeat sequence termed
Tel6mer (Pf3D7_12_v3; position 475-516; PlasmoDB release 26) (Supplementary
Table 3.1). A scrambled sequence of identical length and base composition (scrTel6mer)
served as control. When incubated with parasite nuclear extracts Tel6mer indeed formed
a sequence-specific DNA-protein complex that could be competed only with ds but
not ss DNA (Fig. 3.1a). Interestingly, we observed that complex formation was strictly
dependent on the presence of Mg2+ and Zn2+ ions (Fig. 3.1a), a property that to our
knowledge has never been reported for MYB-type TRFs. We next set out to identify this
factor de novo by purifying nuclear proteins binding to immobilised telomere repeats. As
expected, the telomere repeat-binding activity was retained specifically on beads coupled
with Tel6mer but not scrTel6mer DNA (Fig. 3.1b). Even though we repeatedly failed to
observe this activity by EMSA in the 2M KCl elution likely due to protein instability, we
still analysed the eluted samples by liquid chromatography tandem mass spectrometry
(LC-MS/MS). We identified 109 and 117 parasite proteins represented by at least two
tryptic peptides in the Tel6mer and scrTel6mer eluates, respectively (Supplementary
Table 3.1). Twelve proteins were found exclusively in the Tel6mer elution, most of which
carry domains implicated in protein-nucleic acid interactions (Supplementary Table
3.2). Of these, the top-ranked protein (PF3D7_0605100) contains several KH domains,
which are involved in poly-C sequence recognition and bind telomere repeats in other
organisms272,273. Importantly, however, this set also featured a protein harbouring nine
C2H2-type ZnF motifs (PF3D7_1209300) (Fig. 3.1c). This candidate sparked our interest
because (1) the binding of the P. falciparum telomere repeat-binding activity to telomere
repeats is Zn2+-dependent (Fig. 3.1a); (2) it is the only protein in this list carrying known
sequence-specific DNA-binding domains; and (3) computational binding site prediction
for C2H2-type ZnFs274 identified a G-rich DNA element each as putative target site for
ZnFs 1-3 and 4-6, respectively (Fig. 3.1c).
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Figure 3.1 - Identification of the C2H2-type telomere-repeat binding factor PfTRZ
(A) EMSA reveals a sequence-specific DNA-protein complex after incubation of Tel6mer DNA with nuclear
extract. Fold molar excess of competitor DNA (lanes 3-8) and omission of Mg2+ and/or Zn2+ (lanes 9-11)
are indicated. C, complex; FP, free probe; F/R, ss forward and reverse competitors. Results are representative
of three biological replicate experiments. (B) EMSA monitoring affinity purification of the telomere repeatbinding activity using Tel6mer (lanes 2-7) or control scrTel6mer DNA (lanes 8-13). Results are representative
of three biological replicate experiments. (C) Schematic of the C2H2-type ZnF protein PF3D7_1209300.
Sequence logos represent predicted DNA target motifs (zf.princeton.edu)31. (D) Co-localisation of ectopic
PF3D7_1209300-GFP and PfHP1 in trophozoites. The white frame refers to the magnified view in the
rightmost image. DIC, differential interference contrast. Scale bar 5μm. Results are representative of three
biological replicate experiments. (E) Super-shift EMSA using nuclear extract from parasites expressing ectopic
PF3D7_1209300-GFP. S, supershift. A biological replicate experiment confirming these data is shown in
Supplementary Fig. 1. (F) Anti-GFP Western blot of the samples obtained from a pull-down experiment of
ectopic PF3D7_1209300-GFP using Tel6mer or control scrTel6mer DNA. The lower band likely represents
a PF3D7_1209300-GFP degradation product. Results are from a single experiment. (G) Tel6mer DNA
forms a sequence-specific complex with the recombinant MBP-5xC2H2 polypeptide (lanes 3-5) but not with
the MBP1-GB1 control protein (lane 2). Results are representative of three independent technical replicate
experiments.

To test if PF3D7_1209300 indeed binds telomere repeats we conducted a series of in vivo
and in vitro experiments. Indirect immunofluorescence assays (IFA) demonstrated that
an ectopically expressed GFP-tagged version of this factor localised to distinct spots at
the nuclear periphery in close proximity to the chromosome end marker PfHP1162 (Fig.
3.1d). In EMSAs using nuclear extracts from these parasites the Tel6mer protein complex
was super-shifted specifically in presence of anti-GFP antibodies, which demonstrates
that GFP-tagged PF3D7_1209300 is indeed part of this DNA-protein complex (Fig.
3.1e and Supplementary Fig. 3.1). This result was independently confirmed in pull-down
experiments where GFP-tagged PF3D7_1209300 bound specifically to immobilised
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Figure 3.2 - Genome-wide binding profile of PfTRZ
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Tel6mer but not scrTel6mer DNA (Fig. 3.1f ). To demonstrate that PF3D7_1209300
binds directly to telomere repeats we purified a recombinant maltose-binding protein
(MBP) fusion containing the first five annotated ZnFs (MBP-5xC2H2) (Supplementary
Fig. 3.1). Indeed, MBP-5xC2H2 bound to telomere repeats with similar sequencespecificity as compared to experiments using nuclear extracts, whereas the negative control
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protein MBP-GB1 failed to bind (Fig. 3.1g). Together, these data identify the C2H2type ZnF protein PF3D7_1209300 as the P. falciparum telomere repeat-binding protein.
To distinguish this protein from MYB-type TRFs we named it PfTRZ (P. falciparum
telomere repeat-binding ZnF protein).
PfTRZ binds to the telomeric tract, subtelomeric var genes and 5S rDNA loci
To further characterise PfTRZ in vivo, we generated transgenic parasites expressing
PfTRZ-GFP (3D7/TRZGFP) or PfTRZ-3xHA (3D7/TRZHA) from the endogenous
locus (Supplementary Fig. 3.2). As expected, both PfTRZ-GFP and PfTRZ-3xHA
localised to distinct foci at the nuclear periphery throughout the intra-erythrocytic
developmental cell cycle (IDC) (Fig. 3.2a-c). Consistent with the consecutive rounds of
genome duplication and nuclear division during schizogony, the number of PfTRZ foci
and total PfTRZ expression levels increased in schizonts (Fig. 3.2a-b and Supplementary
Fig. 3.2). Confocal laser-scanning microscopy confirmed the exclusive co-localisation of
PfTRZ with PfHP1 at chromosome-end clusters (Manders coefficient: 0.95 +/-0.05 s.d.)
(Fig. 3.2d).
We next mapped genome-wide PfTRZ binding sites by chromatin immunoprecipitation
(ChIP) followed by high-throughput sequencing (ChIP-Seq) for both transgenic lines.
These data revealed that PfTRZ binds with high specificity and almost exclusively to the
telomeric tracts of all chromosomes (Fig. 3.2e-f and Supplementary Table 3.3). However,
we also identified a distinctive extra-telomeric PfTRZ binding hotspot linked to upsBtype var genes in subtelomeric heterochromatin (Fig. 3.2e-g and Supplementary Table
3.3). These genes constitute a subset of the 60-member var gene family that encodes
polymorphic variants of the major virulence factor and surface antigen PfEMP1275,276.
Poorly understood epigenetic mechanisms involving PfHP1-dependent gene silencing
and switches in mutually exclusive var activation facilitate antigenic variation of PfEMP1
and consequently parasite immune evasion106,275. We found that PfTRZ binds to the
promoters of all upsB-type var genes (23 subtelomeric and one chromosome-internal
locus) (Supplementary Table 3.3). Strikingly, each of these sites occurs at a conserved
position downstream of the previously identified SPE2 regulatory elements162 (Fig. 3.2fg) and contains an array of six to seven bona fide telomere repeat elements (Supplementary
Fig. 3.3). As expected, EMSA competition experiments revealed that PfTRZ binds to
these elements also in vitro (Supplementary Fig. 3.3). Besides telomeres and upsB var
genes, only seven other non-telomeric PfTRZ enrichment sites were detected, of which
three localised to the coding bodies of the three adjacent 5S rDNA genes on chromosome
14 (Fig. 3.2h and Supplementary Table 3.3). In summary, these data are consistent with a
potential function for PfTRZ in telomere maintenance and further suggest that PfTRZ
may have an additional role in regulating upsB var and/or 5S rDNA gene expression.
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Figure 3.3 - PfTRZ is required for proliferation and telomere length homeostasis
(A) Co-localisation of PfTRZ and PfHP1 in 3D7/TRZGFP, 3D7/TRZGFP-ON (+Shield-1) and 3D7/
TRZGFP-OFF (-Shield-1) trophozoites. White frames refer to the magnified view in the rightmost images.
Scale bar 5μm. Results are representative of three biological replicate experiments. (B) Western blot time
course monitoring PfTRZ expression in 3D7/TRZGFP, 3D7/TRZGFP-ON and 3D7/TRZGFP-OFF
parasites. Anti-H4 antibodies were used as loading controls. The lower band in the anti-GFP blot represents
a consistently observed degradation product. hpi, hours post-invasion. Results are from a single time course
experiment. (C) Time course experiment monitoring cell cycle progression in 3D7/TRZGFP and 3D7/
TRZGFP-OFF populations by flow cytometry. n, number of gated iRBCs; p, parasitemia; asterisk, doubleinfected RBCs. Results are from a single time course experiment. (D) Telomere length in 3D7/TRZGFP-ON
and 3D7/TRZGFP-OFF parasites cultured in absence of Shield-1 for three days (TRZGFP-OFF_1), two
weeks (TRZGFP-OFF_2) and eight weeks (TRZGFP-OFF_3). 3D7/TRZGFP and 3D7 wild type parasites
were used as controls. Results are from a single time course experiment.

PfTRZ is required for cell cycle progression and telomere length
homeostasis
To study PfTRZ function we attempted but failed to generate pftrz null mutant
suggesting that PfTRZ is essential in blood stage parasites. However, we successfully
created a conditional loss-of-function mutant expressing endogenous PfTRZ-GFPDD (3D7/TRZGFP-ON) (Supplementary Fig. 3.2). The FKBP destabilisation domain
(DD) mediates degradation of fusion proteins in absence of the stabilising compound
Shield-1277. As shown in Fig. 3.3a, PfTRZ-GFP-DD displayed the expected perinuclear
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Figure 3.4 - PfTRZ regulates 5S rDNA expression
(A) Volcano plot depicting the mean fold change in expression as determined by microarray analysis for all
genes in 3D7/TRZGFP-ON vs 3D7/TRZGFP-OFF parasites. Significantly down- and up-regulated genes
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triplicate probes; error bars represent s.d.) and upsB-type var tran scripts (results are the mean of all transcribed
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LR, late ring stages; T, trophozoites; ES, early schizonts; LS, late schizonts. Results are from a single time course
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antibodies in super-shift assays (lanes 7-8) are indicated. C, complex; FP, free probe; S, super-shift. Results are
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expression pattern in 3D7/TRZGFP-ON parasites but was barely detectable in parasites
cultured in absence of Shield-1 (3D7/TRZGFP-OFF). Western blot analysis confirmed
the efficient depletion of PfTRZ-GFP-DD in 3D7/TRZGFP-OFF compared to 3D7/
TRZGFP-ON parasites and further revealed that PfTRZ-GFP-DD expression in 3D7/
TRZGFP-ON parasites was lower than PfTRZ-GFP expression in the 3D7/TRZGFP
control line (Fig. 3.3b and Supplementary Fig. 3.2).
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PfTRZ-depleted 3D7/TRZGFP-OFF parasites were viable but required substantially
more time to complete the IDC compared to 3D7/TRZGFP-ON parasites, and this
was even more pronounced when compared to the 3D7/TRZGFP control population.
To study this in more detail, we performed single cell DNA content analysis by flow
cytometry (Fig. 3.3c). 3D7/TRZGFP-OFF parasites cultured in the absence of Shield-1
for 25 generations required approximately eight additional hours to complete schizogony
compared to the 3D7/TRZGFP control line and displayed substantial heterogeneity in
cell cycle length, resulting in a rapid loss of synchronous progression through schizogony
(Fig. 3.3c). Furthermore, the multiplication rate of 3D7/TRZGFP-OFF parasites was
almost two-fold lower compared to the control population suggesting that a considerable
fraction of PfTRZ-depleted parasites failed to complete schizogony (Fig. 3.3c). This
was independently confirmed by inspection of Giemsa-stained blood smears of 3D7/
TRZGFP-OFF (3.2-fold +/-0.7 s.d.) and 3D7/TRZGFP parasites (5.75-fold +/-0.6
s.d.).
To test if PfTRZ depletion affects telomere length homeostasis we performed Southern
blot analysis of genomic DNA from 3D7/TRZGFP-OFF parasites cultured in absence
of Shield-1 for three days, two weeks and eight weeks. 3D7/TRZGFP-ON and two
control lines (3D7/TRZGFP and 3D7 wild type) were cultured for eight weeks in
parallel. Consistent with the average length of telomeres in P. falciparum269 the controls
showed a mean telomere length of 1-1.2kb (Fig. 3.3d). Telomeres in 3D7/TRZGFP-ON
parasites were elongated to a mean length of approximately 1.8kb. Most importantly,
3D7/TRZGFP-OFF parasites acquired progressively longer telomeres reaching a mean
size of up to 3kb after 28 generations in absence of Shield-1. Hence, similar to what
has been described for MYB-type TRFs in other eukaryotes, PfTRZ acts as a negative
regulator of telomere length in P. falciparum.
PfTRZ is a remote functional homolog of TFIIIA
In light of the extra-telomeric binding of PfTRZ upstream of upsB-type var loci and to the
5S rDNA genes we were prompted to investigate if PfTRZ regulates their expression. We
thus compared the relative transcript abundance of all parasite genes at four consecutive
paired time points (TPs) during the IDC of 3D7/TRZGFP-ON and PfTRZ-depleted
3D7/TRZGFP-OFF parasites using genome-wide microarray analysis (Supplementary
Fig. 3.4 and Supplementary Table 3.2). Strikingly, 5S rDNA transcription was significantly
down-regulated in PfTRZ-depleted parasites (Fig. 3.4a) and this was evident at all four
IDC stages (Fig. 3.4b). This effect was specific for 5S rDNA genes as nearly all other
genes (99.8%), including all upsB-type var genes, showed no significant change in gene
expression. Hence, while PfTRZ has no obvious role in upsB var transcription it appears
to have an important function in activating 5S rDNA expression in P. falciparum.
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Figure 3.5 - PfTRZ is a remote homolog of TFIIIA and has close homologs in Apicomplexa
(A) Sequence similarity network of 1488 C2H2-type ZnF proteins. Pairwise alignment scores were used to
group proteins into clusters. Node sizes and numerical labels correspond to the number of proteins per cluster.
Thicker and darker edges imply greater sequence similarity between clusters. Important nodes are labelled
by Uniprot IDs. TFIIIA proteins cluster with each other and with other uncharacterized proteins. PfTRZ
clusters with orthologs from other Plasmodia. These two clusters are scaled independently from other nodes.
(B) Phylogenetic tree of apicomplexan PfTRZ homologs. Posterior properties indicated at the branch points. S.
cerevisiae TFIIIA was used to root the tree.

Notably, the transcriptional machinery required for 5S rDNA transcription in eukaryotes
includes the basic ZnF transcription factor TFIIIA that, similar to PfTRZ, also acts as a
positive regulator of 5S rDNA transcription, binds to 5S rDNA and contains nine C2H2type motifs278. Binding of TFIIIA to 5S rDNA is mediated mainly via the first three ZnFs
that interact with a highly conserved G-rich internal control element called the C-box279
(Fig. 3.4c). Based on these obvious functional and structural similarities we suspected
that PfTRZ may represent the elusive P. falciparum TFIIIA. Applying the protein
homology tool HHPred280, that exploits both sequence and structural features, PfTRZ
was indeed identified as the highest scoring protein match during searches involving
TFIIIA homologs. Additionally, hidden Markov Model searches of the same curated
TFIIIA proteins also identified PfTRZ. Strikingly, we demonstrate by competition and
super-shift EMSAs that PfTRZ likewise binds to P. falciparum 5S rDNA in a sequencespecific manner in vitro (Fig. 3.4c). This interaction involves conserved guanine residues
in the predicted C-box that are also critical for the binding of Xenopus laevis TFIIIA to
5S rDNA279 (Fig. 3.4c). Interestingly, formation of the 5S rDNA-PfTRZ complex is
also specifically competed by telomere repeats (Fig. 3.4c). Together, these findings suggest
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that (1) PfTRZ employs a shared/overlapping set of ZnF modules to bind both the
C-box and telomere repeats; and (2) that the guanine triplet as the only feature shared
between the two motifs may play a central role in this interaction. Elucidating the exact
mode of binding of PfTRZ to its two distinct target sites, however, will require detailed
biochemical and biophysical investigations of the individual C2H2-type ZnFs and DNA
contact bases involved. In summary, and independent of these uncertainties, our data
provide compelling evidence that PfTRZ is the hitherto unidentified functional homolog
of TFIIIA.
To investigate the evolutionary relationship between PfTRZ and TFIIIA in more detail
we generated a sequence similarity network from a large collection of proteins containing
7-11 C2H2 signature motifs and some additional C2H2-type ZnF proteins identified
through PfTRZ-seeded homology searches (Supplementary Table 3.4, Supplementary
Table 3.3 and 4). TFIIIA sequences formed a distinct cluster from a group containing
PfTRZ, suggesting that PfTRZ and TFIIIA belong to separate subgroups of the C2H2type ZnF protein superfamily (Fig. 3.5a). Similarly, construction of a phylogenetic
tree from a representative subset of network sequences further confirmed significant
divergence between PfTRZ and TFIIIA (Supplementary Fig. 3.5). We next generated
phylogenetic trees with different subsets of proteins showing sequence similarity to
PfTRZ (Supplementary Table 3.4) to more specifically define the evolutionary origin
of PfTRZ. Restricting analyses to apicomplexan species resulted in the construction of a
tree that is largely congruent with the accepted phylogeny41 (Fig. 3.5b and Supplementary
Fig. 3.6). However, attempts to analyze larger sets of sequences from more diverse phyla
resulted in poorly resolved relationships suggesting that orthologs of PfTRZ are restricted
to the Apicomplexa.

Discussion
The only known and essential function of TFIIIA is to regulate expression of 5S rRNA,
which are highly conserved integral components of the large ribosomal subunits in
all living organisms278. Notably, TFIIIA proteins are poorly conserved at the primary
sequence level278 and this may explain why previous phylogenetic analyses failed to identify
divergent TFIIIA homologs in more distant phyla including Alveolates281. Consistent
with this hypothesis, the evolutionary relationship between PfTRZ and TFIIIA is not
immediately obvious from phylogenetic comparisons alone. Our analyses reveal that
PfTRZ and TFIIIA are highly diverged members of a larger superfamily of C2H2-type
ZnF proteins. Importantly, we demonstrate that by binding to the 5S rDNA C-box and
regulating 5S rDNA gene expression PfTRZ indeed displays functional TFIIIA-like
properties. Together, these findings strongly suggest that TFIIIA and PfTRZ are remote
functional homologs that diverged early in evolutionary history. Given their respective
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ability to bind to 5S rDNA the parsimonious explanation is that the common ancestor of
PfTRZ and TFIIIA was also able to bind 5S rDNA genes. We therefore speculate that
PfTRZ arose in the apicomplexan lineage from an ancestral TFIIIA-like ZnF protein,
acquiring a new telomere binding functionality. Even though we failed to identify PfTRZ
orthologs outside Apicomplexa (due to low sequence similarity in the ZnF domain and
significant divergence in other regions) our results raise the intriguing possibility that
PfTRZ-like proteins are more broadly conserved, in particular because homologs of both
MYB-type TRFs and bona fide TFIIIA appear to be absent in Alveolates. In this context,
it is noteworthy that a recent study identified another C2H2-type ZnF protein (TZAP)
that binds telomere repeats and regulates telomere length control in humans282. However,
TZAP has no apparent role in 5S rDNA expression282, does not contain any orthologs in
alveolates according to OrthoMCL283, was found separate from both PfTRZ and TFIIIA
in the largest cluster in our ZnF protein similarity network (Fig. 3.5a and Supplementary
Table 3.3) and further reciprocal HMMER284 searches failed to list the two proteins as
remote homologs. Therefore, it appears TZAP evolved independently of PfTRZ.
With regard to its role as a telomere repeat-binding factor, PfTRZ displays properties
similar to those described for MYB-type TRFs. First, PfTRZ binds with high specificity
to ds telomere repeats both in vitro and in vivo. Second, PfTRZ has an essential role in
telomere length homeostasis. In analogy to MYB-type TRFs, we expect PfTRZ fulfils
this task by acting as a negative regulator of telomerase, which is active and essential
in these life cycle stages115,285. Third, PfTRZ depletion elicits a pronounced cell cycle
progression and proliferation defect. In yeasts and mammals, TRF depletion activates
DNA damage response pathways, which ultimately elicit cell cycle arrest and cell death245.
Moreover, HsTRF1 and SpTaz1 are essential for efficient DNA replication through the
telomeric tract246,262,263. It is therefore tempting to speculate that PfTRZ depletion may
cause similar defects in telomere integrity. However, it is currently unknown if the growth
phenotype of PfTRZ-depleted parasites is indeed primarily related to the lack of PfTRZ
as a telomere repeat-binding protein or rather the lack of PfTRZ as a transcription
factor of 5S rDNA expression, or both. For instance, it is also conceivable that reduced
expression of 5S rDNA upon PfTRZ depletion may negatively affect parasite growth, for
instance by impairing ribosome function.
Lastly, we found that PfTRZ binds to interstitial telomere repeat sequences (ITSs)
upstream of upsB var genes. In humans, binding of HsTRF1 and HsTRF2 to ITSs has
been implicated in regulating target gene expression286 or in protecting fragile sites from
DNA breakage287. Based on our microarray analysis it seems that PfTRZ has no major
role in regulating upsB var transcription or silencing. Interestingly, however, the upsBlinked ITSs identified here are identical to the recently described putative G-quadruplexforming sequences (PGSs), which are highly associated with mitotic recombination break
points and believed to play an important role in generating var gene diversity288. It is thus
61

3

conceivable that PfTRZ may function in DNA recombination and repair processes at
these sites and it will be interesting to test this hypothesis in future studies. Noteworthy,
ITSs/PGSs are also strongly linked with the SICAvar and kir variant antigen gene families
in the related parasite P. knowlesi288,289, which gives reason to speculate about a conserved
role for Plasmodium TRFs in antigenic variation in malaria parasites.
In conclusion, this work provides unprecedented insight into the evolution of telomere
maintenance and 5S rDNA expression mechanisms in eukaryotes. We discovered the
C2H2-type ZnF protein PfTRZ as a functional analog of MYB-type TRFs and as the
first duplex telomere repeat-binding factor reported for Alveolates. Our functional and
phylogenetic analyses suggest PfTRZ evolved early within the apicomplexan lineage
through repurposing an ancestral functional TFIIIA-like protein. In addition to these
intriguing evolutionary aspects, the identification of PfTRZ as the first known telomerespecific factor in P. falciparum paves the way for dissecting the molecular mechanisms
underlying telomere function in these important pathogens in much greater detail.
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Methods
Parasite culture and transgenic cell lines
P. falciparum culture and transfection was performed as described290,291. Growth synchronization was achieved
by repeated sorbitol treatments292. To generate the transgenic cell line expressing ectopic PF3D7_1209300-GFP
the pftrz coding sequence was amplified from 3D7 gDNA and cloned in frame with gfp into pH_camGFP293.
To tag endogenous PfTRZ with GFP (3D7/TRZGFP) or GFP-DD (3D7/TRZGFP-ON) via single crossover
homologous recombination, the 3’ end of the pftrz coding sequence (780 bp) was amplified from gDNA and
cloned in frame with gfp and gfp-dd into derivatives of pH-GFP and pH-GFP-DD, respectively106,294. To tag
endogenous pftrz with 3xHA (3D7/TRZHA), a double cross-over homologous recombination strategy was
used295. A 1123 bp fragment corresponding to the 3’ end of the pftrz gene and a 570 bp fragment corresponding
to the pftrz 3’ UTR were amplified from gDNA and used to replace the 5’ and 3’ homology arms, respectively,
in pHHT-FRT-(GFP)-Pf5236295. A sequence encoding the 3xHA tag was then inserted in frame with the
pftrz coding sequence. After plasmid integration into the endogenous locus, the hdhfr-gfp selection cassette
was removed by episomal expression of the enhanced FLP-recombinase as described295. This procedure left
behind only a short sequence encoding the 3xHA tag and one FLIRT site appended in frame to the 3’ end of
the pftrz gene. Successful tagging of the endogenous pftrz locus in all lines was confirmed by PCR on gDNA
(Supplementary Fig. 3.2). All PCR primers used for cloning and verification of plasmid integration are listed
in Supplementary Table 3.1.

Preparation of parasite nuclear extracts and electromobility shift assay
Nuclei were isolated as described296, resuspended in one pellet volume high salt extraction buffer (20mM Hepes
pH7.9, 800mM KCl, 1mM EDTA, 2mM DTT, 1x protease inhibitor (Roche Diagnostics 11873580001),
10% Glycerol, 1%Triton X-100) and incubated at 4°C for 30min. After centrifugation at 8000g for 5min
supernatants were stored at -80°C. 20μl EMSA binding reactions were prepared by combining 4μl nuclear
extract in EMSA buffer (20mM Hepes pH7.9, 60mM KCl, 2mM MgCl2, 0.025mM ZnCl2, 0.5mM EDTA,
0.1% Trition X-100, 10% Glycerol, 2mM DTT, 1x protease inhibitor) with 750ng poly-dAdT and 200fmol
30b ss oligonucleotides as non-specific competitors. A 5- to 100-fold molar excess of specific competitor DNA
was added for competition experiments, and mouse mAb anti-GFP (Roche Diagnostics 11814460001) or
mouse mAb anti-Pfs16 (kind gift from Robert Sauerwein) antibodies were added for super-shift assays. After
incubation for 10min on ice, 20fmol [α-32P]dATP-radiolabeled probe297 was added and samples incubated for
15min at RT prior to electrophoresis in 6% polyacrylamide gels (0.5x TBE). EMSAs shown in Figs. 3.1g, 3.4c
and Supplementary Fig. 3.1 were performed as above with the following modifications. Probes were labeled by
filling the 5’-AAAA overhangs of the annealed ds oligonucleotides using Klenow Fragment (NEB) and 0.1mM
alkali-stable DIG-11-dUTP (Roche Diagnostics 11558706910). Samples were separated in 6% polyacrylamide
gels (20mM Tris, 20mM Tricine) and DNA transferred to a Hybond-N+ membrane (Amersham) in 0.5x
TBE followed by UV crosslinking. Signals were detected using the DIG DNA Labeling and Detection Kit
(Roche Diagnostics 11093657910) according to the manufacturer’s protocol, with the exception that 50μM
CDPstar (Molecular Probes) was used as substrate for chemiluminescent detection. EMSAs using recombinant
protein were performed using 10nM protein, 10nM DIG-labeled probe, 20ng/μl poly-dAdT and 400nM
specific competitor DNA in 20mM HEPES-KOH, pH 7.5, 100mM KCl, 50mM NaCl, 0,25mM K2TCEP,
0.5mM trisodium citrate, 0.45mM ZnSO4 and 5% (w/v) glycerol. All oligonucleotide sequences are listed in
Supplementary Table 3.1.
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Affinity purification and capillary liquid chromatography tandem mass spectrometry
(LC-MS/MS)
104 pmol biotinylated ds Tel6mer or scrTel6mer DNA (Supplementary Table 3.1) was immobilized on 200μl
Pierce™ Streptavidin agarose beads (Thermo Scientific, 20347) according to the manufacturer’s protocol. Beads
were washed twice in EMSA buffer and resuspended in 200μl EMSA buffer. 600μl crude nuclear extract
(corresponding to 750ml parasite culture; 5% haematocrit; 8% parasitaemia) was diluted five times and incubated
in EMSA buffer for one hour at 4°C with 100μl loaded agarose beads complemented with 40ng/μl poly-dAdT
and 10fmol/μl random 30base ss oligonucleotide. The supernatants were saved and beads were washed five times
in 1.3ml EMSA buffer. Bound proteins were eluted in 2M KCl and precipitated with 10% TCA, washed twice
with acetone and air-dried. The protein pellets were dissolved in 10μl 100 mM Tris-HCl, pH 8.0 containing
6M urea. After dissolving the pellet, urea was diluted by adding 30μl 100 mM Tris-HCl, pH 8.0 and the sample
was digested with 0.25μg endoproteinase LysC (Wako, Neuss, Germany) for 2 hrs at 37°C. The digest was
diluted by adding 60μl 100 mM Tris-HCl, pH 8.0 and digestion was continued with 0.25μg trypsin (Promega,
WI, USA) for 18 hrs at 37°C. The digest was acidified with TFA to 1% final concentration and the sample was
desalted on a MicroSpin cartridge (The Nest Group, Southborough, MA, USA) according to the manufacturer’s
recommendations. The peptides were dried and analysed by capillary liquid chromatography tandem MS (LCMS/MS) using a 300SB C-18 trap column (0.3x50mm) (Agilent Technologies, Basel, Switzerland) connected
to a 0.1mm x 10cm capillary separation column packed with Magic C18 (5μm particle diameter). The capillary
column was connected to an Orbitrap FT hybrid instrument (Thermo Finnigan, San Jose, CA, USA). A linear
gradient from 2 to 60% solvent B (0.1% acetic acid and 80% acetonitrile in water) in solvent A (0.1% acetic acid
and 2% acetonitrile in water) in 85 min was delivered with an Agilent 1260 nano pump (Agilent Technologies,
Basel, Switzerland) at a flow of 0.5μl/min. 10μl sample was injected with an autosampler set to 4°C onto the trap
column. The eluting peptides were ionized at 1.6kV. The mass spectrometer was operated in a data-dependent
fashion so that peptide ions were automatically selected for fragmentation by collision-induced dissociation (MS/
MS) in the Orbitrap. The MS/MS spectra were searched against a combined P. falciparum (www.plasmoDB.org;
release 11.1)/human annotated protein database using Proteome Discoverer 1.4 (Thermo Scientific, Reinach,
Switzerland) using the two search engines Mascot and SequestHT (Supplementary Table 3.1). For the search,
oxidized methionine, N-terminal protein acetylation and phosphorylation on serine, threonine and tyrosine
were used as variable modifications. The identifications were filtered to a false discovery rate of 1%.

Fluorescence microscopy
Live-cell imaging and IFAs were performed as described106,293. Confocal microscopy was carried out using
a Zeiss LSM 700 confocal microscope (Carl Zeiss GmbH, Jena, Germany), with a 63x oil-immersion lens
(1.4 numerical aperture). Deconvolution and co-localisation analysis was carried out using Huygene Remote
manager (http://hrm.svi.nl v3.2.2). IFAs were performed with methanol-fixed cells using the following primary
antibodies: mouse mAb anti-GFP (Roche Diagnostics 11814460001) 1:100; rabbit anti-PfHP1162, 1:100; rat
mAb anti-HA 3F10 (Roche Diagnostics 12158167001). Secondary antibodies: Alexa Fluor 568-conjugated
anti-rabbit IgG (Molecular Probes A11011), 1:500; Alexa Fluor 488-conjugated anti-mouse IgG (Molecular
Probes A11001), 1:500; Alexa Fluor 488-conjugated anti-rat IgG (Molecular Probes A11006) 1:500. Images
were taken at 96-fold magnification on a Leica DM 5000B microscope with a Leica DFC 345 FX camera,
acquired via the Leica IM1000 software, and processed using Adobe Photoshop CS6. For each experiment,
images were acquired and processed with identical settings.

Protein pull-down
Nuclear extracts from 3D7/TRZGFP parasites were incubated with streptavidin agarose beads carrying
biotinylated Tel6mer or scrTel6mer DNA in EMSA buffer. The incubation was supplemented with 750ng polydAdT and 200fmol random 30b ss oligonucleotide as non-specific competitor DNA. The supernatants were
saved, beads were washed five times in EMSA buffer and proteins were eluted with 2%SDS.
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Western Blot
Parasites were released from iRBCs by saponin lysis, resuspended in 8M Urea, 5%SDS, 40mM Tris pH6.8 and
separated on NuPage 4-12% Bis-Tris gels (Novex). Proteins were detected with mouse mAb anti-GFP (Roche
Diagnostics 11814460001), 1:500; rat mAb anti-HA 3F10 (Roche Diagnostics 12158167001), 1:10’000; rabbit
anti-PfHP135 1:5’000; rabbit anti-H4 (Abcam ab10158) 1:10’000.

Recombinant protein expression and purification
For recombinant expression in E. coli and subsequent purification, the first five ZnF domains of PF3D7_1209300
were fused to a N-terminal maltose-binding protein (MBP) tag and a C-terminal 6xHis tag (MBP-5xC2H2).
The sequence encoding PfTRZ amino acids I1023-E1292 was amplified from gDNA and cloned into the
BamHI/XhoI digested vector pETA_MBP. This plasmid was generated by replacing the peIB signal sequence
of pET-20b(+) (Novagen) with a sequence encoding the MBP tag (K27-T392 of malE) followed by a short
serine-glycine linker (SSG). For this purpose, a PCR product amplified from DH5α gDNA was ligated into
the NdeI/BamHI-digested pET-20b(+) vector. The negative control protein MBP-GB1 was obtained by fusing
the GB1 tag to a N-terminal MBP tag and a C-terminal 6xHis tag (MBP-GB1). The corresponding expression
vector was generated by Gibson assembly298 joining PCR-amplified pETA_MBP with a PCR fragment
encoding the GB1 tag amplified from pGB1 (kindly provided by Sebastian Hiller). Oligonucleotides are listed
in Supplementary Table 3.1.
MBP-5xC2H2 and MBP-GB1 were expressed in Rosetta2 (DE3) cells (Novagen) at 25°C using auto-induction.
The proteins were purified under native conditions using the following strategy: (1) Nickel-affinity purification:
cells were resuspended in buffer Ni-A (50mM HEPES-KOH, pH 7.5, 0.5M NaCl, 20mM imidazole-HCl, pH
7.5 and 5mM EACA). The cells were lysed by sonication and the lysate was cleared by centrifugation prior to
loading on a 5ml HisTrap HP column (GE Healthcare). The column was washed with 10 column volumes (CV)
of the same buffer and bound proteins were eluted with buffer Ni-E (50mM HEPES-KOH, pH 7.5, 0.5M
NaCl, 300mM imidazole-HCl, pH 7.5, 5mM EACA). (2) Dextrin-affinity purification: the eluate was bound
to a 5ml MBPtrap HP column (GE Healthcare). The column was washed with five CV of buffer M (50mM
HEPES-KOH, pH 7.5, 500mM NaCl and 5mM EACA). For MBP-5xC2H2, all buffers were supplemented
with 0.5mM K2TCEP, and buffers Ni-E and M in addition with 1mM trisodium citrate and 0.5mM ZnSO4.
MBP-5xC2H2 was eluted with buffer H (50mM MOPS-KOH, pH 7.2, 5mM EACA, 1mM K2TCEP, and
0.5mM ZnSO4) supplemented with 133mM tri-arginine citrate (400mM L-arginine neutralized with 133mM
citric acid) and 10mM maltose. For MBP-GB1, 1mM of Na3EDTA was added to buffer M. MBP-GB1 was
eluted using 50mM HEPES-KOH, pH 7.5, 200mM trisodium citrate, 10% glycerol, 1mM Na3EDTA, 5mM
EACA and 10mM maltose. (3) Heparin-affinity purification (MBP-5xC2H2): the eluate was diluted 1:5 with
buffer H containing 66.7mM tri-arginine citrate. The protein was bound to a 5ml HiTrap Heparin column and
eluted with a 40ml linear gradient of 66.7mM to 133mM tri-arginine citrate and 0 to 0.5M trisodium citrate
in buffer H. Both proteins were concentrated using Amicon® Ultra-4 centrifugal filter (Millipore) with a 10k
cut-off to 20uM (1.5mg/ml) for MBP-5xC2H2, and 45uM (2.2mg/ml) for MBP-GB1.

Chromatin immunoprecipitations, high throughput sequencing and data analysis
Synchronized 3D7/TRZGFP and 3D7/TRZHA schizonts were cross-linked with 1% formaldehyde for 15 min
at 37ºC. The cross-linking reaction was quenched by addition of 0.125M glycine (final concentration). Nuclei
were isolated by releasing parasites from iRBCs using 0.05% saponin followed by lysis in CLB (20 mM Hepes,
10mM KCl, 1mM EDTA, 1mM EGTA, 0.65% NP-40, 1mM DTT supplemented with protease inhibitor).
Nuclei were washed and snap-frozen in CLB supplemented with 50% glycerol. Nuclei were resuspended in
sonication buffer (50 mM Tris pH:8.0, 1% SDS, 10mM EDTA, supplemented with protease inhibitor) and
sonicated for 20 cycles of 30 sec ON/30 sec OFF (setting high, BioruptorTM Next Gen, Diagenode). Fragment
sizes ranged from 200-600 bp as determined by decrosslinking a 50μl aliquot and running the purified DNA on a
1.5% agarose gel. ChIPs were performed by incubating ~500ng (DNA-content) sonicated chromatin from 3D7/
TRZGFP or 3D7/TRZHA parasites overnight while rotating at 4°C with 1μg mouse mAb anti-GFP (Roche
Diagnostics 11814460001) or 0.4μg rat mAb anti-HA 3F10 (Roche Diagnostics 12158167001), respectively,
in incubation buffer (5% Triton-X-100, 750mM NaCl, 5mM EDTA, 2.5mM EGTA, 100mM Hepes pH 7.6)
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with 10μl protA and 10μl protG Dynabeads (Life Technologies, 10008D and 10009D). ChIPs were washed
for 5 min at 4°C while rotating with 400μl of the following wash buffers: 2x wash buffer 1 (0.1% SDS, 0.1%
DOC, 1.0% Triton-X100, 1mM EDTA, 0.5mM EGTA, 20mM Hepes pH 7.6), 1x wash buffer 2 (0.1% SDS,
0.1% DOC, 1.0% Triton-X100, 500mM NaCl, 1mM EDTA, 0.5mM EGTA, 20 mM Hepes pH 7.6), 1x wash
buffer 3 (250mM LiCl, 0.5% DOC, 0.5% NP-40, 1mM EDTA, 0.5mM EGTA, 20mM Hepes pH7.6), 2x
wash buffer 4 (1mM EDTA, 0.5mM EGTA, 20 mM Hepes pH7.6). The immunoprecipitated chromatin was
eluted in 200μl elution buffer (1% SDS, 0.1M NaHCO3) while rotating for 20 min at RT and decrosslinked in
decrosslinking buffer (1%SDS, 0.1M NaHCO3, 1M NaCl) in a 45°C shaking heat-block overnight. In parallel,
30μl of sonicated input chromatin was decrosslinked under the same conditions. The DNA was purified over
QIAquick PCR columns (Qiagen) and ten separate anti-HA or anti-GFP ChIPs were pooled over one column.
For each line, the purified DNA from ten ChIPs or 5ng of the respective input sample was used for sequencing
library preparation using an optimised KAPA protocol111. Libraries were end-repaired followed by the addition
of 3’ A-overhangs and the ligation of NEXTFlex barcoded adapters (Bio Scientific, 514122). The libraries were
amplified using the KAPA HiFi HotStart ready-mix (KAPA Biosystems) under the following conditions: 98°C
for 2 min; 4 cycles of 98°C for 20sec and 62°C for 3min; 62°C for 5 min. Amplified libraries were size-selected
for ~230-330 bp fragments on a 2% E-Gel SizeSelection agarose gel (Invitrogen, G6610-02). Size-selected
libraries were amplified for 8 cycles with the KAPA HiFi HotStart ready-mix and adapter dimers were removed
by purification using Agencourt AMPure XP beads (Beckman Coulter, A63880). The library fragment size was
evaluated in a Bioanalyzer High-Sensitivity run (Agilent Technologies). Libraries were sequenced single-end
for 75 bp on a NextSeq500 system (Illumina) using TruSeq SR Cluster Kit v2 (Illumina) reagents.
Data were mapped with BWA (Version: 0.7.10-r789) to the P. falciparum 3D7 reference genome from PlasmoDB
release 6.1 (http://www.plasmodb.org). Further data processing and analysis were performed using SAM Tools
(v1.2), the BEDTools suite (v2.20.1) and Model-based Analysis of ChIP-seq 2 (MACS2, v 2.0.10.20130306)61.
As PfTRZ-ChIP reads were expected to map to the repetitive telomere sequences, the data was processed
without removal of reads mapping to non-unique sites. Reads were extended to the mean fragment size as
determined in the Bionanalyzer High Sensitivity run minus adapter length and normalized bedGraph files were
generated such that a value of 1 would correspond to the situation where all reads would be randomly distributed
across the genome using the following formula: ni = ri ×gm/(l×r) where ni is the normalized coverage at site
i, ri is the number of fragments covering site i in the sample, gm is the mappable genome size, l is the mean
fragment length of the respective library and r is the number of mapped reads. These normalized files were used
to generate log2 ChIP-over-input ratio tracks. Peak calling was performed using MACS2 bdgpeakcall with
cut-off at 2. SignalMap browser software (v2.0, NimbleGen), the python package Fluff (v1.462) and the UCSC
Genome Browser were used to visualize the data.

Flow Cytometry
Parasites were synchronized twice 18hrs apart to obtain a 6hr IDC window (18-24hpi). DNA content analysis
was started in late G1 phase and carried out 4, 12, 18, 24, 32 and 40 hrs after the last synchronisation step
(generation 1: 22-28hpi, 30-36hpi, 36-42hpi, 42-48hpi; generation 2: 2-8hpi, 10-16hpi). 25μl packed RBCs
were fixed in 4% formaldehyde/0.015% glutaraldehyde for 30min, washed three times in PBS and incubated
for 20min in 300μl SYBR green staining solution diluted 1:5’000 in PBS (Sigma-Aldrich S9430). Cells
were washed three times in PBS prior to flow cytometry analysis using a BD FACSCalibur instrument (BD
Biosciences). One million events (RBCs) were measured (excitation 488nm; emission detection FL1 530nm ±
30nm) and a threshold of 10 on FL1 (SYBR green intensity) was applied to gate on iRBCs. Acquired data was
processed using FlowJo software (Version 10.0.5).

Southern blot
Telomere length analysis was performed as described115 with minor modifications. gDNA was digested with
four restriction enzymes (AluI, DdeI, MboII and RsaI), separated in a 0.5x TBE-buffered 0.8% agarose gel
and transferred to a Hybond N+ membrane (Amersham). The blot was hybridised at 60°C with a [α-32P]
dATP-radiolabeled Tel6mer probe, washed twice at 60°C for 20min in 2xSSPE 0.1%SDS, and once for 10min
in 0.2xSSPE 0.1%SDS.
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Microarray Experiments and Data Analysis
3D7/TRZGFP-ON parasites were synchronized twice 16 hrs apart to obtain an eight hour growth window. At
4-12 hpi the culture was split into two populations, where one third of the culture was maintained in presence
of Shield-1 (3D7/TRZGFP-ON) and two thirds were cultured in absence of Shield-1 (3D7/TRZGFP-OFF).
At 16-24 hpi both populations were synchronized again. After re-invasion parasites were synchronized again
at 0-8 hpi. Total RNA was then isolated from late ring stages (R; 16-24 hpi), trophozoites (T; 24-32 hpi), early
schizonts (ES; 32-40 hpi) and late schizonts (LS; 40-48 hpi). For 3D7/TRZGFP-OFF parasites a fifth TP was
harvested four hrs later (LS2; 44-52 hpi) due to their delay in progression through schizogony (Supplementary
Fig. 3.4). RNA extraction and cDNA synthesis was carried out as described78. Cy5-labelled test cDNAs were
hybridised against Cy3-labelled cDNA reference pool consisting of total RNA obtained from 3D7 wild-type
parasites harvested at five consecutive IDC TPs106. Equal amounts of Cy5- and Cy3-labelled samples were
hybridised on a P. falciparum 8×15K Agilent gene expression microarray (GEO platform ID GPL15130) for 16
hours at 65°C in an Agilent hybridisation oven (G2545A)299. Slides were scanned using the GenePix scanner
4000B and GenePix pro 6.0 software (Molecular Devices). Microarray data have been deposited in NCBI’s
Gene Expression Omnibus300 and are accessible through GEO Series accession number GSE84342 (http://
www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84342).
The raw microarray data representing relative transcript abundance ratios between each test sample and the
reference pool (Cy5/Cy3 log2 ratios) were subjected to lowess normalization and background filtering as
implemented by the Acuity 4.0 program (Molecular Devices). Flagged features and features with either Cy3
or Cy5 intensities lower than two-fold the background were discarded. Log2 ratios for multiple probes per
gene were averaged. 4766 transcripts showed expression values at all TPs and were included for downstream
analysis. Pairwise Pearson correlation coefficients r between global relative transcript abundance profiles were
calculated for all samples in order to verify high level correlation between the 3D7/TRZGFP-OFF and 3D7/
TRZGFP-ON IDC transcriptome time courses and to identify the best matching paired TPs for comparative
analysis (Supplementary Fig. 4). Differential gene expression was assessed by calculating the mean of the fold
changes in relative transcript abundance between 3D7/TRZGFP-OFF and 3D7/TRZGFP-ON parasites at
each of the four consecutive paired IDC TPs. A paired two-tailed Student’s t-test was applied to identify genes
with significant differential expression (p-value cut-off <0.05; mean fold change cut-off >1.5). The processed
microarray data and fold change values are listed in Supplementary Table 3.2.

Phylogenetic analysis
Putative orthologs of PF3D7_1209300 (PfTRZ) and Q92664 (HsTFIIIA) were collated from
EnsemblCompara301, Phylopro302, OrthoMCL283, and PlasmoDB200. These sequences were used as seeds to
conduct HMM284 and BLAST303 searches that added an additional 21 sequences to the list (Supplementary
Table 4); both searches used a cutoff of 10-5. Multiple sequence alignments were generated by Clustal Omega304
and trimmed by TrimAl305, using a gap threshold of 0.9 and a conservation threshold of 45. Multiple sequence
alignments were examined closely and sequences were removed if they did not align well at ZnF domains.
ProtTest306 was used to identify the best model of amino acid substitution and phylogenetic tree reconstruction
was performed using PhyML307 and MrBayes308 for 3 million generations with a burn-in of 25% for two runs
of four chains each.
Interpro309 was used to find protein sequences containing 7-11 C2H2 ZnFs. Additional protein sequences
containing fewer or more C2H2 ZnF motifs were also added if they were found in PfTRZ-seeded searches using
BLAST, HMMER or other databases. CD-HIT310 was used to cluster sequences at 99% identity to generate
1488 sequences. Geneious 9.0.2311 was used to excise ZnF regions by aligning all sequences with MAFFT312
and export the extracted FASTA sequences. Needleall313 was used to perform pairwise alignments. For the
sequence similarity network, alignment scores were normalized by comparison to self-alignments. Alignments
with a normalized score of less than the median of all self-alignment scores were not used for clustering. Markov
clustering (http://micans.org/mcl/)314 was used to group related proteins into clusters (Supplemetary Table 3.3)
and the average score between two clusters was computed by taking the mean of all scores between the proteins
within the two clusters. Network visualization was performed using Cytoscape 3.3.0315. Sequences used in the
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3

sequence similarity network were clustered at 40 % identity by CD-HIT310 to generate 112 sequences and
aligned using MAFFT312. Trimming and tree reconstruction is as described above.

Data availability
The accession number for the ChIP-Seq data reported in this paper is GEO: GSE76537 (https://www.ncbi.
nlm.nih.gov/geo/query/acc.cgi?acc=GSE76537). The accession number for the microarray data reported in this
paper is GEO: GSE84342 (https://www.ncbi.nlm.nih.gov/geo/query/acc.cgi?acc=GSE84342). Additional
data that support the findings of this study are available as Excel files (.xlsx) in Supplementary Table 3.1-3.4
alongside the paper and/or from the corresponding author upon request.
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Supplementary Information
Supplementary Table 3.1 - List of all oligonucleotides used in this study (available online).
Supplementary Table 3.2 - Proteins detected by LC-MS/MS exclusively in the Tel6mer elution (available
online).
Gene IDs and annotations have been retrieved from PlasmoDB (www.plasmodb.org). Putative protein domains
were predicted using the Conserved Domain Database at NCBI (E-value <0.01) (www.ncbi.nlm.nih.gov/
Structure/cdd/wrpsb.cgi). The ZnF protein encoded by PF3D7_1209300 is highlighted in bold as the most
promising telomere repeat-binding factor candidate. The number of unique peptides identified by LC-MS/MS
is indicated in the last column.
Supplementary Table 3.3 - Genome-wide PfTRZ peak locations called with MACS2 bdgpeakcall on
PfTRZ-3xHA and PfTRZ-GFP log2(ChIP/input) tracks with cut off 10-2 (available online).
Supplementary Table 3.4 - List of PfTRZ orthologs and 21 additional sequences retrieved through HMM
and BLAST searches (available online).
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Supplementary Figure 3.1 - Recombinant expression and purification of MBP fusion proteins
(A) Biological replicate of the super-shift EMSA shown in Fig. 3.1e. using nuclear extract from parasites
expressing ectopic PF3D7_1209300-GFP. The Tel6mer-protein complex is super-shifted specifically with
anti-GFP antibodies (lanes 6 and 7), but not with antibodies raised against the unrelated Pfs16 protein

(lane 5). FP, free probe; C, complex; S, supershift. (B) Schematic map of the C2H2 ZnF protein encoded by
PF3D7_1209300 (170kDa) and the recombinant MBP-5xC2H2 protein containing the first five ZnFs fused
to a N-terminal MBP and C-terminal 6xHis tag, expressed in and purified from E. coli (expected size 73kDa).
Red boxes indicate annotated C2H2-type ZnFs. (C) Coomassie-stained gels of the purified recombinant MBP5xC2H2 and MBP-GB1 (control) proteins after a three-step purification strategy based on affinity to nickel,
dextrin and heparin. Results are from a single experiment.
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Supplementary Figure 3.2 - Verification of successful plasmid integration
(A) PCR on gDNA isolated from 3D7 wild type, 3D7/TRZGFP and 3D7/TRZGFP-ON parasites. Primer
combinations are specific for diagnosing (1) the wild type pftrz locus (866 bp); (2) successful plasmid integration
into the endogenous pftrz locus via single crossover recombination (1200 bp); and (3) the episomal pftrz
targeting cassettes (1396 bp). Results are from a single experiment. (B) PCR on gDNA isolated from 3D7
wild type and 3D7/TRZHA parasites. The primer pair amplifies the region surrounding the stop codon of the
endogenous pftrz gene, yielding fragments of 2440 bp and 2584 bp in 3D7 wild type and 3D7/TRZHA parasites,
respectively. Results are from a single experiment. (C) Whole cell lysates were extracted at three consecutive
time points during the IDC (10-18hpi, 24-32hpi, 38-46hpi) from 3D7/TRZGFP and 3D7/TRZHA parasites.
Western blots were probed with anti-GFP (3D7/TRZGFP; left panel) or anti-HA antibodies (3D7/TRZHA;
right panel) (the lower bands in the anti-GFP and anti-HA blots represent consistently observed degradation
products). Anti-HP1 and anti-H4 antibodies were used as controls. hpi, hours post-invasion. d, Whole cell
lysates were extracted at two consecutive time points during the IDC (24-32hpi, 32-40hpi) from 3D7/
TRZGFP, 3D7/TRZGFP-ON and 3D7/TRZGFP-OFF parasites. The Western blot was probed with antiGFP antibodies (the lower bands in the anti-GFP blot represent consistently observed degradation products).
Anti-HP1 and anti-H4 antibodies were used as loading controls. hpi, hours post-invasion. The dashed boxes
represent the parts of the Western blots shown in Fig. 3.3b.

71

3

c
central upsB
var gene chr12
on (-) strand

no

upsB var genes
on (-) strand
n=11

pro

upsB var genes
on (+) strand
n=12

be
on
co ly
mp
eti
+2
tor
5x
scr
+1
Te
l6m
00
xs
cr T e r
+2
el6
5x
me
up
sB
r
+1
00
xu
ps
B

a

4211

1

2

3

4

5

6

C

PfTRZ-GFP
ChIP-Seq

0
7291
PfTRZ-3xHA
ChIP-Seq
FP
0
-2.5kb

b

var

var

-2.5kb

var

-2.5kb

Tel6mer probe

Consensus

Bits

2

Sequence logo

1
0

1. PF3D7_1219300 -1’785
2. PF3D7_0115700 -1’783
3. PF3D7_1373500 -1’731
4. PF3D7_0800100 -1’729
5. PF3D7_0700100 -1’837
6. PF3D7_0100100 -1’744
7. PF3D7_0833500 -1’731
8. PF3D7_0200100 -1’767
9. PF3D7_0632800 -1’686
10. PF3D7_1200100 -1’728
11. PF3D7_0324900 -1’743
12. PF3D7_1000100 -1’739
13. PF3D7_0400100 -1’736
14. PF3D7_0733000 -1’661
15. PF3D7_1300100 -1’755
16. PF3D7_0500100 -1’755
17. PF3D7_1255200 -1’687
18. PF3D7_0426000 -1’707
19. PF3D7_1041300 -1’716
20. PF3D7_0300100 -1’726
21. PF3D7_0900100 -1’703
22. PF3D7_1100100 -1’686
23. PF3D7_0223500 -1’706
24. PF3D7_0937800 -1’708

TTTAGGGTTCCCATATACCAGGGTTAAGGATATACTTTTTTGGGTTTAAA
Probe used for EMSA competition experiments (PF3D7_1100100)

Supplementary Figure 3.3 - PfTRZ binds to conserved telomere repeat elements in all upsB var gene
promoters
(A) Average PfTRZ-GFP (green) and PfTRZ-3xHA (orange) ChIP signals in a 5 kb window around the ATG
start codon (grey dashed line) of all 24 upsB var genes. The mean enrichment is shown as a black line while
the 50th and 90th percentiles are coloured in dark and light colour, respectively. The panels represent all upsB
var genes encoded on the sense strand (left panel) or antisense strand (middle panel). The single chromosomecentral upsB var gene is shown in the right panel. (B) Multiple sequence alignment of PfTRZ ChIP-seq target
regions in all 24 upsB-type var promoters. For each upsB var gene, the 2.5kb sequence directly upstream of
the ATG start codon was retrieved from PlasmoDB (http://www.plasmoDB.org) and a multiple sequence
alignment using the Clustal Omega sequence alignment tool was performed with default settings (http://www.
ebi.ac.uk/Tools/msa/clustalo). The sequence alignment was visualised using Geneious Pro 5.1.7 software and
a 108bp region centred on the ChIP-seq PfTRZ binding sites is shown. It reveals a high level of sequence
similarity within these regions, which includes multiple telomere repeat elements (indicated by thick red lines
above the consensus sequence). The sequence position within each upsB upstream sequence is indicated on the
left (numbers refer to the position upstream of the ATG start codon). The black line and sequence at the bottom
highlights the sequence used for the EMSA competition experiment shown in panel c (telomere repeat elements
are highlighted in red letters). (C) EMSA using radiolabeled Tel6mer probe shows complex formation when
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incubated with parasite nuclear extract. Competition experiments with molar excess of the 50 bp upsB promoter
element containing three telomere repeats prevents complex formation. Lane 1: free probe. Lanes 2-6: parasite
nuclear extract. Lanes 3-6: fold molar excess of competitor DNA is indicated. C, complex; FP, free probe. Results
are representative of three independent biological replicate experiments.
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Supplementary Figure 3.4 - Cell culture protocol used to isolate paired RNA TPs of 3D7/TRZGFP-ON
and 3D7/TRZGFP-OFF parasites and overall correlation between transcriptomes
(A) A synchronous bulk culture of 3D7/TRZGFP-ON parasites was split into two populations at 4-12 hpi
and one third of the culture was maintained in presence of Shield-1 (3D7/TRZGFP-ON) and two thirds were
cultured in absence of Shield-1 (3D7/TRZGFP-OFF). After completion of schizogony and RBC re-invasion
(indicated by the dashed line), RNA TPs 1-4 were harvested at 16-24 hpi (TP1; LR), 24-32 hpi (TP2; T),
32-40 hpi (TP3; ES) and 40-48 hpi (TP4; LS). Due to the delayed progression through schizogony in 3D7/
TRZGFP-OFF parasites one additional TP was harvested for this population at 44-52 hpi (TP5; LS2). LR,
late ring stages; T, trophozoites; ES, early schizonts; LS/LS2, late schizonts; Sync, sorbitol synchronisation
step (eliminates trophozoites and schizonts). (B) Heatmap showing pairwise Pearson’s correlation coefficients
(r) between global relative transcript abundance profiles (Cy5/Cy3 log2 ratios) of all RNA samples harvested
along the IDC of 3D7/TRZGFP-ON and 3D7/TRZGFP-OFF parasites. The matched LR, T, ES and LS/
LS2 samples (highlighted in red font) show excellent pairwise correlation values (r ≥ 0.93) and have been used
for analysis of differential gene expression between 3D7/TRZGFP-ON and 3D7/TRZGFP-OFF parasites.
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Supplementary Figure 3.5 - Phylogenetic tree reconstruction of representative sequences from the C2H2type ZnF protein similarity network
The tree was constructed by PhyML with bootstrap values indicated at the branches (note that the highest
possible bootstrap value is 1024; the lower the bootstrap is the less confident PhyML is in the branching).
M2W3Z5 (from the red alga Galdieria sulphuraria) was used to root the tree as most sequences belong to other
supergroups of eukaryota. Red branches pertain to TFIIIA proteins, blue branches indicate PfTRZ orthologs.
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Supplementary Figure 3.6 - Multiple sequence alignment of the C2H2-type ZnF region of apicomplexan
PfTRZ homologs
Residues with darker highlights are more conserved. The sequence logo on top reflects the frequency of each
residue at that specific position.
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Abstract
Underlying the development of malaria parasites within erythrocytes, and the resulting
pathogenicity, is a hardwired program that secures proper timing of gene transcription
and production of functionally relevant proteins. How stage-specific gene expression is
orchestrated in vivo remains unclear. Here, using the Assay for Transposase Accessible
Chromatin-sequencing (ATAC-seq), we identified ~4000 regulatory regions in P.
falciparum intraerythrocytic stages. The vast majority of these sites is located within 2
kb upstream of transcribed genes and their chromatin accessibility pattern correlates
positively with abundance of the respective mRNA transcript. Importantly, these regions
are sufficient to drive stage-specific reporter gene expression and DNA motifs enriched
in stage-specific sets of regulatory regions interact with members of the P. falciparum AP2
transcription factor family. Collectively, this study provides initial insights into the in vivo
gene regulatory network of P. falciparum intraerythrocytic stages and should serve as a
valuable resource for future studies.
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Introduction
Malaria, caused by infection with parasites of the Plasmodium genus, remains a major
health and economic burden . The parasite’s life cycle is intriguingly complex, requiring
adaptation to several different host cell environments and transmission between the human
host and the mosquito vector. The approximately 48 h intraerythrocytic development of P.
falciparum is responsible for most disease symptoms. It involves the invasion, remodelling,
consumption and rupture of human red blood cells while the parasite replicates by
schizogony giving rise to 16-32 new parasites317. Underlying this development and the
pathogenicity of the parasite is a gene expression program that secures proper timing
of gene transcription and production of functionally relevant proteins. However, despite
being a fundamental eukaryotic process and a potential target of drug-based intervention,
our understanding of gene expression regulation in Plasmodium is still in its infancy211.
During the IDC, the majority of genes is transcribed in a ‘just-in-time’ manner, with peak
mRNA abundances correlating with the need for the products they encode for78. Although
post-transcriptional and translational control mechanisms operate in this stage as well74,172,
the initial production of mRNAs, dictated by transcriptional and epigenetic mechanisms,
remains a major and rate limiting step in the gene expression process during the blood
stage cycle. In P. falciparum, epigenetic regulation of gene expression is most evident in
heterochromatin mediated gene silencing of, for example, antigenic variation genes, the
selection of erythrocyte invasion pathways and control of gametocyte conversion rate (for
review see268). This type of regulation is, however, limited to genes located in subtelomeric
regions and a few chromosome-internal heterochromatic islands107,139 while the largest
part of the parasite genome is in a transcriptionally permissive, euchromatic state.
These observations collectively point to an important role for transcriptional control
mechanisms in stage-specific gene expression regulation including the action of transacting transcription factors (TFs) that bind to specific DNA sequences and stimulate or
inhibit the assembly and/or activity of the RNA polymerase II pre-initiation complex.
Such sequence-specific TFs are, however, relatively low in numbers, constituting roughly
1% of all protein-coding genes101,196 compared to ~3% in yeast or 6% in human. Despite
general scarcity of sequence-specific TFs, the relevance of the apicomplaxan AP2 family
of TFs in Plasmodium has become evident over the past decade, mainly through the use of
knockout or knockdown experiments141,154-158,160,162,163,199. While these functional genomic
approaches have been very powerful to dissect the function of TFs outside of the IDC, they
could only suggest the essentiality of AP2 factors during the IDC. Furthermore, rather
little is known about DNA elements that act in concert with these specific TFs. Most of
our current understanding on cis-regulatory DNA elements stems from deletion analyses
of promoters (e.g.226,318,319), in silico DNA motif predictions (e.g.227,228,230,233) and protein
binding microarray studies defining the in vitro sequence preference of recombinant AP2
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domains165. Although these studies have certainly been valuable and some of the DNA
motif predictions could indeed be confirmed by ChIP-sequencing experiments141,157, we
still lack an accurate, genome-wide overview of cis-regulatory DNA elements and their
activity in vivo.
The binding of specific trans-factors to the DNA is associated with the eviction and/or
destabilization of nucleosomes thereby creating a more ‘accessible’ chromatin environment.
As a first attempt to explore open chromatin structures in P. falciparum, formaldehydeassisted isolation of regulatory elements (FAIRE-seq) has been has been employed167.
While this study reported increased accessibility at active promoter regions, the resolution
of the data was not sufficient to improve the identification of regulatory elements. In a
previous study, we applied MNase-sequencing to profile the nucleosome landscape and
provided proof of principle that the chromatin environment of a predicted regulatory
element is depleted of nucleosomes and this signature could be used to predict active
regulatory elements111. As a completion of these efforts, here we set out to identify gene
regulatory elements in vivo and on a genome-wide scale by directly profiling chromatin
accessibility using the Assay for Transposase Accessible Chromatin-sequencing (ATACseq166). We combined ATAC-seq and directional RNA-sequencing on eight tightly
synchronized P. falciparum IDC stages to profile gene regulatory events. Furthermore,
we combined bioinformatics, biochemical and reporter gene assays to characterize these
cis-regulatory elements and their interactions with TFs. Collectively this study represents
a major step towards dissection of the transcriptional regulation network of this deadly
pathogen and provides a valuable resource for future studies aiming to characterize or use
gene regulatory elements.

Results
ATAC-seq identifies accessible chromatin regions in the AT-rich Plasmodium
genome
To identify and profile TF binding events, we performed ATAC-seq on synchronized P.
falciparum 3D7 parasites at eight consecutive time points during their intraerythrocytic
development cycle (IDC, from 5 to 40 hours post invasion (hpi)). Considerable signal
was detected in coding sequences (Supplementary Fig. 4.1a, purple track ‘t40 all’) and in
subtelomeric regions of the genome (data not shown). We reasoned that this was likely
due to the sequence bias of the enzyme320, in combination with the distinctly higher GCcontent of these sequences as compared to the AT-rich intergenic regions69. To correct
for such biases as well as biases introduced during library preparation and sequencing, we
performed the same assay on naked, genomic DNA (gDNA). This control library also
showed a distinctly higher read count in the GC-richer coding sequences (Supplementary
Fig. 4.1a, bottom gray track ‘gDNA all’) and subtelomeric regions. Furthermore, in the
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chromatin context, Tn5 transposition is known to give rise to (sub-)nucleosomal fragments
(<150 bp) as well as fragments corresponding to mono-, di- and tri-nucleosomes as a
result of transposition in the vicinity of TF binding sites and in linker regions between
nucleosomes, respectively166. We therefore reasoned that selecting reads with a size between
50 and 150bp could increase the signal-to-noise ratio for the detection of TF binding sites.
Indeed, compared to the other insert sizes, a higher proportion of 50-100 bp and 100150 bp fragments mapped to intergenic, putative regulatory regions (Supplementary Fig.
4.1a and b) and to binding sites of an AP2 TF (AP2-I141, Supplementary Fig. 4.1b and
next paragraph). Based on the above observations we decided to use only fragments with
a size between 50 and 150 bp and corrected the derived read counts with the read counts
detected in the gDNA control library in all follow-up analysis (Fig. 4.1a). Finally, the
robustness of the data was assessed by preparing a replicate ATAC-seq dataset (replicate
2), which showed a high degree of correlation with the first dataset (Pearson correlation of
0.88 and higher; Supplementary Fig. 4.1b and c). Accordingly, our ATAC-seq approach
enables robust and accurate identification of accessible chromatin regions despite ATrichness of the P. falciparum genome.
Dynamic chromatin accessibility in 5’ intergenic regions highlights TFbinding events
Next, we identified local regions of increased accessibility for all eight time points of
the IDC using the Model-based Analysis of ChIP-Seq 2 (MACS2) algorithm for peak
calling321. The number of identified accessible regions reflects the overall transcriptional
output at the given stage of development124,322,323 with ~500 regions in ring stages to
~3000 in late trophozoite/early schizonts (Supplementary Fig. 4.1d). After merging
the peaks for all time points, a total 4035 regions were identified that show increased
accessibility during one or more stages of the IDC (Supplementary Table 4.1) 92% of
which were confirmed by the peaks called on the replicate ATAC-seq dataset (data not
shown). Ninety percent of the accessible regions locate to intergenic regions containing
one or two putative promoter regions (Fig. 4.1c). Within these regions, the majority of
peaks locate up to 2 kb upstream of the ATG and, when a transcription start site (TSS)
was known111, within 1.5 kb upstream of the TSS (Fig. 4.1d). In addition, these ATAC
peaks captured 95% of the AP2-I binding sites detected by ChIP-seq141 (Fig. 4.2a and
b). Interestingly, two different clusters of AP2-I binding sites could be discriminated
based on their accessibility profile during the IDC. A cluster of 64 regions (linked to 50
genes) becomes accessible in late trophozoites/early schizonts and a cluster of 105 regions
(linked to 100 genes) that becomes accessible in mature schizonts and shows increased
accessibility in t05 rings (Fig. 4.2c and d). This subdivision is also evident at the molecular
level with genes in cluster 1 being enriched for processes related to chromatin organization
and cell cycle progression, while cluster 2 genes are clearly involved in host cell invasion
(Supplementary Table 4.2). Collectively, these results demonstrate that ATAC-seq
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Figure 4.1 - ATAC-seq detects chromatin accessibility during intraerythrocytic development of P. falciparum
(A) UCSC genome browser screenshot of a 66,700 bp region on chromosome 7 displaying chromatin accessibility
profiles from eight time points (t05 - t40 hours post invasion (hpi)) as a ratio of normalized ATAC-seq tag count
over background transposition in naked, genomic DNA (ATAC-seq/gDNA). Black bars below t40 track depict
the peak regions as identified by MACS2 peak calling. Coding sequences are indicted as blue (positive strand)
or red (minus strand) bars. GC%, the mean percentage of GC nucleotides, smoothened over 5bp windows.
(B) Heatmap depicting the Pearson correlation of RPKM values in peak regions from the above dataset
(REPLICATE1) and an independent eight time point ATAC-seq dataset (REPLICATE2) demonstrating a
high degree of reproducibility. (C) The distribution of accessible regions among different genomic regions. Peaks
were called on accessibility profiles of individual time points (t05-t40) and merged, yielding 4035 accessible
regions. Intergenic regions were categorized based on the direction of transcription of the flanking coding
regions (divergent – green, convergent – orange, tandem – pink). (D) Peaks located in divergent and tandem
intergenic regions were assigned to the closest downstream gene and the distance between the ATAC peak
summit and the (D) Peaks located in divergent and tandem intergenic regions were assigned to the closest
downstream gene and the distance between the ATAC peak summit and the ATG or TSS was calculated. The
line depicts the smoothened distribution of distances (kernel density estimate). See also Supplementary Fig. 4.1
and Supplementary Table 4.1.
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Figure 4.2 - ATAC-seq predicts transcription factor binding events detected earlier by ChIP-sequencing
(A) UCSC genome browser screenshots of three genomic regions with AP2-I TFs binding sites. Normalized
ATAC-seq coverage is plotted as ratio over coverage in gDNA control. Data of the three AP2-I ChIP-seq
replicates from141, generated in the P. falciparum Dd2 line, and were mapped against the P. falciparum 3D7
genome. Turquoise bars are AP2-I peaks from141. (B) Overlap between AP2-I peaks and ATAC peaks from
t40 time point (165 out of 2771 peaks overlap with 169 out of 177 AP2-I peaks) plotted as Venn diagram. (C)
Heatmap of non-gDNA corrected ATAC-seq accessibility profiles over AP2-I peaks (midpoint +/- 5 kb) that
overlap with merged ATAC peaks (n = 169). Profiles were clustered using Pearson correlation calculated for
the middle 100 bp window into 2 clusters by k-means clustering. (D) Median accessibility profiles for the two
clusters of ATAC peaks defined in (C) with the 50th and 90th percentile as a dark- and light-colored shades.
Accessibility is calculated as proportion-of-sum of quantile normalized RPKM values over the time points. See
also Supplementary Table 4.2.
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detects dynamic chromatin accessibility in promoter regions of P. falciparum genes during
the IDC and that it can capture TF binding events. In addition, it demonstrates that
data from ATAC-seq performed at multiple developmental stages can provide valuable
temporal resolution to TF ChIP-seq data performed at a single time point.
Chromatin accessibility patterns are predictive for gene expression
dynamics
To assess the relationship between chromatin accessibility and gene expression, we
prepared directional RNA-sequencing libraries from the same parasite cultures as used
for ATAC-sequencing. Overall, the chromatin accessibility pattern and the transcript
abundance pattern of the downstream gene are positively correlated (see examples in
Fig. 4.3a). To quantify this correlation, accessible regions were assigned to the closest
downstream-located gene, yielding 3210 accessible region - gene pairs (accessible regions
and/or genes with low signal and hence potentially noisy patterns were excluded, see
Methods section). Chromatin accessibility patterns during the IDC, which were highly
reproducible between the two ATAC-seq replicates (Supplementary Fig. 4.1e, median
correlation of r=0.84), were then used to group accessible regions by means of k-means
clustering. Alignment with the assigned genes revealed a high degree of similarity
between chromatin accessibility patterns and relative abundance of corresponding
mRNAs (Fig. 4.3b). In fact, the majority of the genes showed a clear positive correlation
between chromatin accessibility and relative mRNA abundance (Pearson correlation >
0.6, Fig. 4.3c), demonstrating that chromatin accessibility is highly predictive of the gene
expression pattern for the majority of genes. Moreover, this observation suggests that the
gene regulatory events governing the IDC of P. falciparum are mainly activating events.
ATAC-seq regions are sufficient for regulating stage-specific gene
expression
To study the potential of the identified accessible regions to drive stage-specific gene
expression, parasite lines were generated with different accessible regions cloned
upstream of the minimal kahrp promoter324 and a gfp-luciferase (gfp-luc) reporter gene
(Supplementary Fig 4.2a and b). The region upstream of PF3D7_1372200 (hrpIII) has
been characterized before and functioned as positive control318 while the accessible regions
upstream of PF3D7_0719000, PF3D7_1200700 and PF3D7_1222700 were selected
based on their stage-specific accessibility and RNA abundance profiles (Supplementary
Fig. 4.2c, blue framed rectangle). In addition, for PF3D7_0719000 and PF3D7_1200700
we created control parasite lines with a neighboring, not-accessible, intergenic region
cloned upstream of the minimal kahrp promoter (Supplementary Fig. 4.2c, red framed
rectangle; for PF3D7_1222700 integration of the negative control construct could not be
achieved). Remarkably, for all tested accessible regions, the temporal expression profile
of the reporter gene matched the RNA expression profiles of the respective downstream
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Figure 4.4 - Accessible regions are sufficient in driving stage-specific reporter gene expression
(A) Schematic representation of the DNA constructs inserted into the cg6 locus of attB(+) 3D7 P. falciparum
parasites using the site-specific integration system325. Accessible regions detected by ATAC-seq (light blue)
were cloned upstream of the minimal kahrp promoter (yellow) followed by the gfp-luc fusion gene (green). (B)
Barplots showing the relative gfp-luc transcript abundance determined by RT-qPCR for ring, trophozoite and
schizont stages from parasites carrying the reporter construct without accessible region (only the kahrp minimal
promoter, yellow), with the accessible region of PF3D7_1372200 (hrpIII, positive control) or with selected
accessible region located upstream of PF3D7_0719000, PF3D7_1200700 or PF3D7_1222700. For the latter
three constructs with novel putative regulatory sequences, reporter gene expression was measured in biological
duplicate. Relative gfp-luc transcript abundance was determined based on a standard, reference dilution series
(see Methods). The relative abundances in replicate 2 were scaled to the average of replicate 1. The raw data are
depicted in Supplementary Fig. 4.2. Transcript abundance (RPKM) of the respective gene as determined by
RNA-seq is indicated as blue line for eight time points (t05 to t40).

located genes and was clearly above the background detected in the control lines (Fig.
4.4b and Supplementary Fig. 4.2c). This demonstrates that intergenic regions displaying
dynamic chromatin accessibility are sufficient to induce stage-specific expression of the
downstream-located gene.
Specific sequence motifs are associated with dynamics of accessible
regions
The ATAC-seq data revealed different patterns of accessibility over the IDC that showed
an overall positive correlation with mRNA abundance. We reasoned that these were likely
caused by the presence of different DNA motifs in promoter regions that are bound by
specific TFs in a stage-specific manner. To identify DNA motifs that could perform this
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(A) Co-clustering of ATAC-seq and RNA-seq data, limited to peak-to-gene pairs with Pearson correlation >

0.6 (n = 2118, see Supplementary Table 4.1). Accessibility and transcript abundance are expressed as proportionof-sum of (qn)RPKM values over the time points and clustered by k-means using the 1-Pearson correlation
distance metric into eight clusters. Color scales range from the 20th to 80th percentile per dataset. (B) Heatmap
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to a cluster generated by co-clustering the ATAC-seq and RNA-seq data by k-means cluster (see (A)). Each
row refers to a motif or a ‘motif group’, with logo and name listed on the right. Asterisks indicate that the motif
is a representative from a group of similar motifs (see Supplementary Fig. 4.3b and Supplementary Table 4.3).
Predicted binding sites for P. falciparum AP2 TFs are reported in blue font with PlasmoDB geneID (name, if
know in brackets). When a cluster contains one or more predicted P. falciparum AP2 motifs, these are reported
in brackets behind the representative motif. See also Supplementary Fig. 4.3, Supplementary Table 4.1 and 4.3.

function, we first performed an exhaustive de novo motifs search using GimmeMotifs326
and seqGL326,327 (see Methods). These de novo predicted motifs were combined with
previously predicted Plasmodium motifs165 and known vertebrate, invertebrate and plant
motifs from the Cis-BP database328 yielding a comprehensive library of putative cisregulatory sequences. Next we identified gene sets with clear stage-specific accessibility/
expression profiles by selecting all accessible regions that positively correlated with
transcript abundance (Pearson correlation > 0.6; n = 2118 regions; see Supplementary
Table 4.1) and clustered those considering both their accessibility as well as transcript
abundance patterns over the IDC into eight clusters using k-means clustering (Fig. 4.5a).
To identify motifs associated with specific accessibility/expression patterns, we used
an ensemble of different regression and classification methods, as implemented in
GimmeMotifs and searched for motifs from the above library that were consistently
enriched in accessible regions of a specific cluster (p < 0.01, in at least two out of three
runs; Supplementary Table 4.3). After manually removing eight low-information content
motifs (Supplementary Fig. 4.3a), we clustered the remaining motifs yielding 41 nonredundant motifs (Fig. 4.5b, Supplementary Fig. 4.3b, for redundancy filtering see326).
Interestingly, for all ATAC/RNA-seq co-clusters we observe enrichment of at least one
predicted AP2 motif (in total 16 motifs predicted for 13 different AP2 proteins, blue font
in Fig. 4.5b) suggesting that the corresponding AP2 TF is likely relevant in regulating
these genes. Additionally, we detected motifs similar to the G-box element upstream
of heat shock genes226 (motif vertebrate.C2H2_ZF_M6240). Importantly, in addition to
these previously predicted motifs we identify 13 de novo motifs with potential regulatory
capacity in P. falciparum (indicated with red font in Fig. 4.5b).
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DNA-pull down combined with quantitative proteomics reveals cis-trans
regulatory interactions
We selected four motifs and identified their protein interactors by performing DNA
pull-downs using short oligos representing actual accessible sequences containing the
selected motifs and native nuclear extracts from non-synchronous, asexual P. falciparum
3D7 cultures. To identify proteins that specifically bind to the motif, but not to a control
oligo with a scrambled motif, we analyzed pull-down and control samples by quantitative
tandem mass-spectrometry (see Supplementary Table 4.4 for the complete list of motifs
and identified proteins).
First, we tested the CA-repeat motif predicted for protein PF3D7_0802100, which formed
a ‘motif group’ with similar motifs predicted for other AP2 proteins (PF3D7_0420300,
PF3D7_1305200 and PF3D7_1456000, Supplementary Fig. 4.3b). The DNA pull-down
confirmed the specific recruitment of PF3D7_0802100 and PF3D7_0420300 to the
ACACACAT motif when compared to a scrambled control motif (ATCAAACC), but
not the other two factors (Fig. 4.6a). Next, we tested three de novo motifs (031, 028,
and 050). All these motifs captured at least one AP2 TF (Figs 4.6b-d). The AP2 factor
PF3D7_0420300 was consistently identified among the interactors of the TTATTACAC
motif (de_novo_motif_031, Fig. 4.6b and Supplementary Fig. 4.4a). Remarkably, this
motif is more similar to the sequence preference of the second AP2 domain of this
factor165 (TTATTACAC versus GTGTTACA) potentially suggesting that this factor can
bind to two different regulatory elements (CACACACA see above and TRTTACAC)
using different AP2 domains.
For the second de novo motif (028) we tested three different probes and, interestingly,
partially overlapping sets of chromatin-related factors were enriched together with the
TF AP2-I in each of them (Fig. 4.6c and Supplementary Fig. 4.6b and c). These included
bromodomain proteins (BDP) 1, -2 and -3 (PF3D7_1475600), HMGB3 and a SWIB/
MDM2 domain-containing protein (SWIB, PF3D7_0611400) but also two conserved
unknowns (PF3D7_0306100 and PF3D7_1124300), NOP5 and IspD. This suggests that
AP2-I is sufficient to recruit these chromatin factors to target gene promoters, in line
with the current study of141. Notably, in two of the three pull-downs another AP2-factor,
SIP2, was enriched with the motif-containing oligos (Supplementary Fig. 4.4b and c).
SIP2 has first been predicted to bind to a motif very similar to AP2-I165 (Supplementary
Fig. 4.4b and c) but later shown to a bind a longer sequence, named SPE2 (NVTGCA4(5)-VGTGCR) upstream of subtelomeric var genes162. By chance sequences similar to a
full SPE2 motif can be found in both of these oligos including some flanking sequences
(Supplementary Table 4.7) explaining the binding of SIP2 to these two, but not the first
oligo. Hence SIP2 to is likely not a genuine interactor of de_novo_motif_028.
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Fig. 4.6 - DNA pull-downs identify potential cis-trans regulatory interactors
Scatter plots displaying the quantitative proteomic analysis of duplicate DNA pull-downs with label swap using

(A) 58-60bp DNA probes with the CA-repetitive motif (ACACACAT) and three de novo predicted motifs
(B) de_novo_motif_031, TTATTACAC; (C) de_novo_motif_028, GCACWWTNNKTGCW; (D) de_novo_
motif_050, GAGCTCAA). The same probes with a scrambled motif were used as controls. The statistically
significant outliers (black diamond, intensity-based FDR < 5%) are the potential interactors to the motif. Red
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Lastly, we tested de_novo_motif_050 (GAGCTCAA) using DNA probes from two
different genomic regions. In this case, we observed a moderate, but consistent interaction
with the AP2 factor PF3D7_0613800 (Fig. 4.6d and Supplementary Fig. 4.4d). This motif
is different from the predicted binding sites of the domains 1 and 2 of PF3D7_0613800165
and might be recognized by its third domain for which sequence preference has not been
defined.
Collectively, these experiments indicate that the motifs predicted from the stage-specific
regulatory elements indeed interact with specific TFs. In addition, they point to a delicate
interplay between DNA elements, transcription and chromatin modifying factors in
regulating intraerythrocytic development of malaria parasites.

Discussion
Here we present high-resolution temporal chromatin accessibility data during
intraerythrocytic development of P. falciparum. ATAC-sequencing, used in this study (Fig.
4.1), clearly supersedes other chromatin-based technologies such as FAIRE-seq167,232,
MNase-seq111 or ChIP-seq127 in identifying active regulatory sites on a global scale, both
in terms of the number of sites identified as well as in terms of spatial resolution of the
data. Furthermore, ATAC-seq shows a nearly complete overlap with ChIP-seq profiles
of a TF, AP2-I141 (Fig. 4.2). While due to the bias of the transposase against AT-rich
sequences and stringent filtering we might not detect all regulatory events, we identified
an accessible region for at least 60% of all P. falciparum genes and about 70% of the genes
expressed during the IDC (comprising about 85% of all genes80), providing a valuable
resource for future studies that could range from targeted gene studies to predicting
functional consequences for SNPs.
Notably, the coupling between accessible regions and genes in our analysis was based
on the assumption that most genes in the P. falciparum genome are regulated by the
nearest regulatory elements. While this assumption might not always be correct, it is
remarkable that temporal accessibility and mRNA abundance profiles strongly correlate
for the majority of the genes (Fig. 4.3) suggesting functional interactions between these
regulatory elements and the nearby genes. Furthermore, the DNA sequence of all four
tested accessible regions was sufficient in dictating a stage-specific expression pattern to a

font indicates that the interaction was confirmed using a probe from a different genomic region, but containing
the same motif. Green dots are candidate DNA-binding factors derived from Table 4 of101. Earlier predicted
binding sites for the identified AP2 factors are show in relation to the motif used in the pull down below each
plot. See also Supplementary Fig. 4.4 and Supplementary Table 4.4.
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reporter gene that is similar to that of the respective endogenous gene (Fig. 4.4). Although
our data does not exclude the existence of distant enhancers, at least the majority of
identified regions in this dataset likely operate at close distance to their target gene. The
scarcity of distant regulatory sequences in P. falciparum is also supported by the fact that
long distance interactions identified so far in chromosome conformation studies in this
parasite were restricted to centromeres, ribosomal DNA loci and subtelomeric regions329,330.
Collectively, our data together with earlier studies (e.g. 127,141,157,158,318,331) suggests that most
P. falciparum genes have a compact regulatory unit like other unicellular eukaryotes (i.e.
yeast,) with minimal promoter(s) and upstream regulatory element(s) located within one
or two kilobases of the target gene. However, our data in combination with future highresolution chromosome conformation studies might reveal distant enhancers, if they exist.
The marked positive correlation between chromatin accessibility and mRNA abundance
(Fig. 4.3) also supports the notion that activating, rather than repressive, regulatory
events drive gene expression in the IDC of P. falciparum. Alternatively, ATAC-seq
might preferentially detect activator bound chromatin regions. Yet, ATAC-seq has been
shown to detect non-transcription-related DNA-binding events (e.g. CTCF binding to
insulator elements166) and bivalent promoters (co-occurrence of activating and repressive
histone markings) in other organisms332,333. Also, thus far, only AP2-G2 and AP2-SP
have been postulated to have repressive properties during blood stage development of P.
berghei154,155,158. Regardless of the presence and specific functions of a few transcriptional
repressors, our data suggest that a cascade of transcription activating events is mainly
responsible for the stage-specific expression during blood stage development of P.
falciparum.
Since their discovery, the ApiAP2 gene family has been regarded as the major family of
putative TFs in Plasmodium. However, even with these 27 putative TFs the proportion
of TFs to the total number of genes remains to be low (~50-60 among ~5800 genes
compared to for example 169 per ~6000 genes in yeast334). Therefore, to our surprise,
besides AP2s, we did not consistently detect any other protein family in our DNA pull
downs that could function as a sequence-specific DNA-binding factor. Hence, despite
the existence of few other types of DNA-binding factors in Plasmodium (including
C2H2-type210, Myb-type208 and HMGB-domain proteins335) so far all evidence suggests
that the ApiAP2 family can be regarded as the major TF family in Plasmodium leaving
researchers puzzled how such a small number of factors can govern such a delicate gene
expression program. Combinatorial action of multiple TFs has been suggested to increase
the regulatory potential of these factors in directing development of malaria parasites (e.g.
215,233
). Such cooperative interaction between AP2-I and other stage-specific TFs could
explain the different accessibility patterns observed for the AP2-I binding sites (Fig. 4.2d).
Yet, we did not find any DNA motifs, other than the AP2-I binding site (GTGCA),
strongly enriched in these clusters that could serve as a binding site for such factor (data
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not shown). Alternatively, post-translational modifications of DNA-binding domains
from TFs217 or protein-protein interactions between TFs and cofactors could affect TF
sequence specificities and or recruitment of TFs to specific chromatin regions188. To
this end, we (Fig. 4.6c) and others140,141 detected a strong interaction between AP2-I and
an epigenetic complex involving among others two acetylated histone binding proteins
(BDP1 and BDP2). However, if and how these proteins contribute to stage- and/or
sequence-specific binding patterns of AP2-I or enhanced binding of AP2-I to acetylated
chromatin regions remains to be determined. Furthermore, nearly half of the AP2 TFs
has more than one AP2 domains. Our pull-down data suggests that in fact some of the
AP2-factors could interact with different regulator elements using different domains
(Fig. 4.6). Eventually, it seems conceivable, that the limited number of sequence-specific
TFs encoded by the Plasmodium genome use the combination of the above mechanisms
to achieve the precision of regulation required to drive the gene expression program
underlying blood stage development. Collectively, our work provides the in depth global
view of the in vivo transcriptional regulatory events during intraerythrocytic development
of P. falciparum. It also highlights some intricate details of the interplay between TFs and
cis-regulatory elements that controls gene transcription, bringing us a big step closer to
understand and fight this deadly parasite.
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Methods
Parasite Culture Conditions
Parasites were cultured in RPMI medium supplemented with 10% human serum, 0.2% NaHCO3 and 2.5% or
5% human O+ red blood cells. Parasite lines were maintained in a shaking semi-automated 37 °C incubator in
10ml total volume and 5% hematocrit. For the ATAC-seq and RNA-seq parasite collections, the cultures were
kept in T75 culture flasks with 20ml total volume and 2.5% or 1.25% hematocrit. For these collections the T75
flasks were placed in candle jars in a steady 37 °C incubator, as in111. For the collections of parasite RNA for
RT-qPCR and parasite nuclei for the generation of nuclear protein extract, 20 or 50 ml parasite cultures with
2.5% hematocrit were kept in T75 or T175 flasks in a steady 37 °C incubator with gas composition of 3% O2,
4% CO2 and 93% N2.

Parasite and bacterial strains
See Supplementary Table

4.5 for details on parasite and bacterial strains used in this study.

Parasite Culture Synchronizations and Collections
For combined ATAC-seq and RNA-seq collections, cultures were selected for var2csa expression, expanded and
synchronized as follows. VAR2CSA panning was performed as in117. Petri dishes (150 × 15 mm, BD biosciences
Falcon 351058) were coated overnight with Chondroitin sulfate A (0.05% CSA in PBS) and blocked with 1%
Casein/PBS solution for at least one hour and rinsed twice with RPMI. Parasite cultures were centrifuged,
resuspended in RPMI with 10% human serum, transferred to the CSA-coated petri dishes and incubated for
30 min at 37 °C in a candle jar. Afterwards, unbound parasites and non-infected erythrocytes were removed by
gentle RPMI washes. Bound parasites were extensively resuspended in complete medium to detach them from
CSA. Fresh blood was added to these parasites and they were put back in culture medium as described above
in the shaking incubator. This selection was repeated four times before expansion. Before and during expansion
of the culture, parasites were synchronized by sorbitol treatment and a Percoll gradient centrifugation. For the
sorbitol treatment, parasites were spun down and the parasite pellet was gently resuspended in 6-7 pellet volumes
of 5% D(-)-sorbitol (Merck, #107758) and incubated for 10 min at 37 °C while shaking. Parasites were spun
down and new medium and fresh blood were added to 5% hematocrit. For percoll gradients, parasite cultures
were spun down, resuspended in fresh medium to 10% hematocrit and an equal volume of 63% Percoll (GE
Healthcare, #17-0891-01) in PBS was gently layered below the culture. The schizont interface was collected
after spinning the gradient and fresh, Plasmodipur filtered RBCs (EuroProxima, the Netherlands) were added
a 1.5 h later which was then set as time point zero (0 hours post invasion (hpi)) resulting in a synchronicity
window of 7 h (i.e. 7h difference between the first and last invasion). Medium was changed every ten hours
but not less than ten hours before collection. Cultures were mixed with every medium change and after 20
hpi kept at 1.25% hematocrit. Parasites were collected from 5 hpi onwards every 5 hours and ATAC-seq and
RNA-seq collections were performed from the same synchronized culture. Giemsa stained blood smears were
made at each time point to monitor parasite growth and staging (see Supplementary Fig. 4.5 for representative
microscope images and Supplementary Table 4.6 with counts of parasite stages per time point).
For collections of parasites carrying the attP(+)_minkahrp expression constructs, site-specific integration was
first confirmed and parasites were synchronized using sorbitol treatments and Percoll gradient centrifugations
as described above. For each parasite line ring, trophozoite and schizont stages were collected (PF3D7_0719000
replicate 1 synchronized to a ~8 h window, collected 12 hpi, 25 hpi, 39 hpi; PF3D7_0719000 replicate 2
synchronized to a ~10 h window, collected 10.3 hpi, 25 hpi, 40.5 hpi; PF3D7_1200700 replicate 1 synchronized
to a ~12 h window, collected 14 hpi, 23 hpi, 38 hpi; PF3D7_1200700 replicate 2 synchronized to a ~10 h window,
collected 12.25 hpi, 23 hpi, 39.5 hpi; PF3D7_1222700 replicate 1 synchronized to a ~5 h window, collected
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5 hpi, 25 hpi, 35 hpi; PF3D7_1222700 replicate 2 synchronized to a ~8 h window, collected 6.25 hpi, 24.5
hpi, 41 hpi; PF3D7_1372200 synchronized to a ~12 h window, collected 12 hpi, 23 hpi, 36 hpi; kharpminimal
promoter only synchronized to a ~5 h window, collected 5 hpi, 25 hpi, 35 hpi; PF3D7_0719000negative
replicate 1 synchronized to a ~5 h window, collected 8 hpi, 25 hpi, 38.75 hpi; PF3D7_0719000negative replicate
2 synchronized to a ~7 h window, collected 10 hpi, 25.5 hpi, 39 hpi; PF3D7_1200700negative replicate 1
synchronized to a ~9 h window, collected 12 hpi, 24 hpi, 41 hpi; PF3D7_1200700negative replicate 2
synchronized to a ~10 h window, collected 12.5 hpi, 25 hpi, 41hpi).

ATAC-seq library preparation
Native parasite nuclei were isolated as in124. In short, after lysis of RBCs by 0.05% saponin treatment and
separating nuclei from parasite debris using a cell lysis buffer (CLB: 10 mM Tris-HCL pH8.0, 10 mM NaCl,
3 mM MgCl2, 0.2% NP-40) with 0.25 M sucrose cushion. A 10 μl sized nuclei pellet was resuspended with a
cut-off pipet tip in 337.5 μl CLB and for ATAC-seq replicate 1 69 μl of nuclei was used for t05 to t20 and 23
μl of nuclei was used for t25 to t40 (these volumes were based on previous tests using a dilution series of nuclei).
For ATAC-seq replicate 2 we had to optimize the amount of nuclei again due to the use of a kit from a different
lot and this led us to use 466 μl of nuclei for t05 and t10 and 155 μl for t15 and t20. Nuclei were brought to
10.5 μl in CLB and used in a 25 μl ATAC reaction based on336 with 2 μl Tn5 transposase and 12.5 μl TD
buffer (Nextera DNA Library Prep Kit, #FC-121-1030, Illumina, USA). Reactions were incubated for 1 h in a
37 °C heat block. Nuclei were kept in suspension by gently tapping the tube every 10 minutes. The reaction was
stopped by addition of 5 μl clean up buffer (900 mM NaCl, 300 mM EDTA), 2 μl 5% SDS and 2 μl proteinase
K (Sigma-Aldrich #P6556) and incubated for 30 min at 40 °C. Tagmentated DNA fragments were isolated
using 2.4 sample volume of Agencourt AMPure XP beads (Beckman Coulter, #A63882, Inc. USA). Half of
the isolated DNA was used for library preparation (the other half was stored as back-up) starting with a size
selection using 0.85x volumes of AMPure XP beads to enrich for fragments of 500 bp and smaller. Size-selected
fragments were amplified using the KAPA HiFi HotStart ready-mix (KAPA Biosystems, #KK2602, US) and
Nextera index primers (Nextera DNA Sample Preparation Index Kit, #FC-121-1012) under the following
conditions: 98 °C for 2 min; 16 cycles of 98 °C for 20 s, and 62 °C for 3 min; 62 °C for 5 min. Libraries were
purified using 1x volumes Agencourt AMPure XP beads. The fragment size distribution of the libraries was
evaluated in a High-Sensitivity Bioanalyzer run (Agilent, #5067-4626, US) and the size selection was repeated
when there was a large proportion of fragments longer than 500 bp (replicate 1 t05, t15, t30, t35, t40). To control
for sequence bias, the same ATAC protocol was applied to genomic DNA from synchronous wild type 3D7 P.
falciparum ring stage parasites using 547.0 ng or 60.8 ng of input DNA. All ATAC-seq libraries were KAPA
quantified (KAPA Library Quantification Kit, #KR0405).

RNA-seq library preparation
Parasite cultures were immediately placed on ice and washed once with ice-cold PBS. Pelleted cultures were
resuspended in RLT buffer (Qiagen, #74106) supplemented with 1% β-mercaptoethanol and snap-frozen
in liquid nitrogen. Total RNA was extracted using the RNeasy Mini Kit (Qiagen, #74106; including RNA
clean-up and two on-column DNase treatments) and RNA concentration was measured using the Qubit™
RNA HS Assay Kit (Invitrogen, #Q32852). RNA was then polyA-selected using the Oligotex mRNA Mini
Kit (Qiagen, #70022) according to manufacturer’s instructions. Subsequently, 2000 ng of polyA-selected total
RNA equivalent were fragmented by alkaline hydrolysis (40 mM Tris acetate pH 8.2, 100 mM potassium
acetate, 30 mM magnesium acetate) for 1 min 45 s at 85 °C in a 150 μl volume and precipitated as previously
described in120. Next, polyA-selected RNA was cleaned from remaining genomic DNA (detected by qPCR)
by two additional TURBO DNase treatments (Ambion, #AM2238). Strand-specific RNA-seq was performed
as in111. Accordingly, first strand cDNA synthesis was performed with AT-corrected Random N9 primers
(76% AT) in the presence of 0.2 μg Actinomycin D (Thermo Fisher Scientific #11805017). During second
strand synthesis dTTPs were substituted with dUTPs to preserve strand-specific information. Next, 10 ng of
each double stranded cDNA library was end repaired, extended with 3’ A-overhangs, barcoded with NextFlex
adapters (Bio Scientific, #514122) and treated with USER enzyme (NEB, #M5505L) to specifically degrade the
dUTP-containing second strand. Libraries were amplified by PCR (98°C for 2 min; 4 cycles of 98 °C for 20 s,
62 °C for 3 min; 62 °C for 5 min) using KAPA HiFi HotStart ready mix (KAPA Biosystems, #KM2602) and
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NEXTflex primer mix (Bio Scientific, #514122) and subsequently gel size-selected for 300 - 400 bp using 2%
E-Gel Size Select agarose gels (Invitrogen, #G6610-02). After an additional eight cycles of amplification (see
above), libraries were purified and adapter dimers depleted using 1x volume of Agencourt AMPure XP beads
(Beckman Coulter, #A63880).

Parasite Transfection
Parasite transfections were performed as in337 using a BTX electroporation system. Synchronized ring stage
3D7 P. falciparum attB(+) parasites were pelleted by centrifugation and 100% hematocrit packed cells were
mixed with 75 μg of the pINT and 75 μg of the desired attP(+)_minkahrp plasmid in cytomix (120 mM
KCl, 0.15 mM CaCl2·2H2O, 5mM MgCl2·6H2O, 25 mM HEPES, 2 mM EGTA, 10mM K2HPO4, 10mM
KH2PO4) in 450 μl total volume in a 2 mm electroporation cuvette (BTX, #45-0125). After transfection,
parasites were resuspended in warm culture medium and cultured at 2.5% hematocrit in the presence of 2.6 nM
WR99210 ( Jacobus Pharmaceutical Company, Inc.), 2.5 μg/ml Blasticidin S HCl (Gibco, #R210-01) and 250
μg/ml Geneticin (Gibco, #11811-031). After seven days, culturing was continued without Geneticin. When
the parasite cultures became blood-smear, positive site-specific integration of the attP-containing plasmid into
the parental line was confirmed by performing PCR using the primer combinations ‘p1_for’/’p1_rev’ and ‘p2_
for’/’p2_rev’ (Supplementary Table 4.7) on extracted genomic DNA (Qiagen, #51106). Genomic DNA of the
non-transfected parental 3D7 line was used as negative control (Supplementary Fig. 4.2a and b). Afterwards
parasites were cultured at a three week on/off schedule of 2.6 nM WR99210 and 2.5 μg/ml Blasticidin S HCl.

Plasmid DNA Cloning
To examine the regulatory potential of the identified accessible several parasite lines were generated: four parasite
lines with an integrated plasmid containing an accessible region detected by ATAC-seq upstream of a minimal
kahrp promoter and a gfp-luc reporter gene, two parasite lines with a not-accessible, control region instead of the
accessible region (a third line did not show successful integration) and one parasite with an integrated plasmid
containing the minimal promoter followed by the reporter gene. To generate these parasites, we applied the Bxb1
integrase-mediated site-specific attP/attB integration system from325 which results in directional integration
of an attP-site containing plasmid into the cg6 locus of a parental attB site-containing P. falciparum line. To
generate the specific attP-plasmids, the pDC2 plasmid325 was modified on several points. (All primers used for
cloning, integration checking and RT-qPCR are listed in Table S4.7). The orientation of the 5’cam-snf7-gfp3’hsp86 cassette was reversed using the primers ‘5’Pfcam-F’ and ‘3’hsp86-R’, PstI/ApaI digestion and ligation by
the T4 ligase (Promega, #M1804) resulting in plasmid pOM1. The snf7-gfp element was replaced by the gfp-luc
sequence from the MV163 plasmid338 using the primers ‘GFPLuc-F’ and ‘GFPLuc-R’, AvrII/XhoI digestion
and ligation by the T4 ligase resulting in plasmid pOM2. Finally, the 5’cam was replaced by the kahrp minimal
promoter324 using the primers ‘kahrp-F’ and ‘kahrp-R’, digestion by AvrII/AgeI and T4 ligation resulting in
plasmid attP(+)_minkahrp. Accessible or control regions located upstream of the genes PF3D7_0719000,
PF3D7_1200700 and PF3D7_1222700 or the accessible region upstream of PF3D7_1372200 were amplified
and inserted upstream of the kahrp minimal promoter using their respective primers listed in Supplementary
Table 4.7 and BglII/NotI digestion and ligation by the T4 ligase. These accessible regions were selected because
they showed clear, distinct, stage-specific accessibility patterns; the downstream gene showed a matching gene
expression pattern; we favored accessible regions located in tandem intergenic regions (i.e. containing a single
promoter) for clarity of the assignment between genes and accessible regions; and we excluded ATAC regions
and parts of the peak that overlapped with a TSS.

RNA extraction, cDNA synthesis and qPCR
Total RNA was extracted as described in ‘RNA-seq library preparation’ and was checked for genomic DNA
contamination by qPCR. If needed, the sample was additionally treated once or twice with TURBO DNase
(Ambion, #AM2238). For each sample 500 to 1000 ng of total RNA was mixed with random hexamer primers
(0.5 μg, Roche #11034731001), OligodT12-18 (0.5 μg, Invitrogen #18418012) and dNTPs (0.5 mM in the final
volume of 20 μl, Invitrogen 10297-018) and incubated for 5 min at 70 °C. First strand synthesis was performed
for 1 h at 42 °C in First Strand Buffer (Invitrogen) supplemented with DTT (10 mM), Superscript III (200
units, Invitrogen, #18080044) and RNasin Plus RNase inhibitor (40 units, Promega, #N261b), after which
superscript III was inactivated by incubation at 70 °C for 15 min. For all samples, a negative control reaction was
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performed in which Superscript III was replaced by water (RT minus control) under identical conditions. For
each parasite line the same amount of RNA was used as template from the different time points.
To measure the relative gfp-luciferase transcript abundance, a qPCR was performed using SYBRgreen supermix
(BioRad) and primers that were mixed according to the manufacturer’s instructions. The qPCR was preformed
using the CFX96 Real Time Systems C1000 Touch Thermal Cycler (Bio-Rad) with the following program:
95 °C for 3 min, (94 °C for 10 s, 52 °C for 30 s, 68 °C for 30 s) 39 cycles, 95 °C for 1 min, 65 °C for 1 min and a
gradient from 65 °C to 94.5 °C with a 0.5 °C increase every 10 s. Primers specific for gfp-luc served to assess the
relative abundance of the reporter transcript (‘GFP-1’, ‘GFPLuc’, ‘Luc-1’. ‘Luc-2’) and primers for blasticidin
and actin (‘BSD-1’, ‘BSD-2’, ‘actin’) controlled for successful cDNA synthesis (results not shown). All -RT
controls reported ‘not detectable’ (NA) or in Cq values in the range of the H2O control, which was included for
all primer pairs (results not shown). The relative gfp-luc transcript abundance was measured against a standard
dilution series prepared from P. falciparum 3D7 attB(+) genomic DNA and pOM2 plasmid DNA mixed in a
close to 1 molar ratio (10-fold dilution series of genomic DNA ranging from 5 pg – 5000 pg, 10-fold dilution
series of plasmid DNA ranging from 0.005pg - 5pg). As different standard series were used for the positive
replicate 1 and replicate 2, the data of replicate 2 was scaled to the average of replicate 1 for Fig. 4.4.

Nuclear protein extract generation and DNA pull-down
For collections, asynchronous asexual P. falciparum 3D7 cultures were put on ice immediately and filtered
over Plasmodipur filters (EuroProxima, Netherlands) to remove human white blood cells. Infected RBCs
were washed once in PBS and resuspended in PBS with Protease Inhibitor Cocktail (PI at 1:100, Roche,
#04693132001) and 0.05% saponin to a maximum of 6.25% hematocrit for a maximum of 15 minutes. Nuclei
were isolated over a double sucrose gradient in CLB with PI (PI at 1:50, bottom layer of 0.25 M sucrose, top
layer 0.1 M sucrose) and resuspended in CLB with 20% glycerol, pelleted by centrifugation, snap-frozen and
stored at -80 °C until the generation of the nuclear protein extract. Nuclear protein extract was generated as
in111 with two rounds of extraction in High Salt Extraction Buffer (50 mM HEPES pH7.5, 20% glycerol, 420
mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.4% NP-40, PI). Protein concentration was measured using a Qubit
fluorometer (Qubit™ Protein Assay Kit, ThermoFisher Scientific, #Q33212). Nuclear protein extract was snapfrozen in aliquots and stored at -80 °C. Right before the pull-down, nuclear protein extracts were diluted to
0.909 mg/ml protein concentration in 50 mM HEPES pH7.5, 10% glycerol, 150 mM NaCl, 1.5 mM MgCl2,
1 mM DTT, 0.125% NP-40, PI at 1:25, 9 ng/μl yeast tRNA (Sigma-Aldrich, #R5636), 9 ng/μl poly(dI:dC)
(Sigma-Aldrich, #P4929) and 9 ng/μl poly(dA:dT) (Sigma-Aldrich, #P0883). Diluted extracts were spun once
at 17000 x g for 25 minutes at 4°C to remove precipitates.
DNA pull downs were performed as in111,339. Probes for DNA pull downs (ordered from Integrated DNA
Technologies, US, Supplementary Table 4.7) were dissolved in TE (10 mM Tris, 0.1 mM EDTA, pH 8.0) to
200 μM. 1000 pmoles of biotinylated forward probe was annealed to 1500 pmoles of reverse probe in annealing
buffer (10 mM HEPES pH 8.0, 0.05 M NaCl, 1 mM EDTA, in DNase free water). For each pull-down, 50
pmoles of dsDNA probe was coupled to 10 μl of washed sepharose beads slurry (GE Healthcare, #17511301)
in DNA Binding Buffer (DBB: 10 mM HEPES pH 8.0, 1 M NaCl, 10 mM EDTA, 0.05% NP-40 in DNase
free water) in a total volume of 350 μl while rotating at RT for at least 1 h. Excess probes were removed by two
washes with 500 μl DBB and two with 500 μl Protein Binding Buffer* (PBB*: 50 mM HEPES pH 8.0, 150
mM NaCl, 0.1% NP-40, 1 mM DTT, PI at 1:25). After the last wash, PBB* was removed almost completely for
each reaction and 550 μl of diluted nuclear protein extract with 500 μg protein content was added and incubated
for 1.5 h while rotating at 4 °C. Reactions were spun at 400 x g and supernatants were discarded. Beads (with
probes and bound proteins) were then washed once with 1 ml PBB*, twice with 1 ml PBB (PBB* without PI)
and twice with 1 ml Wash Buffer (WB: 50 mM HEPES pH 8.0, 150 mM NaCl). After the last wash with PBB
and the washes with WB, supernatants were removed as much as possible. Disulfide bonds were reduced by
incubating the beads with 5 mM TCEP (Sigma-Aldrich, #C4706-2G dissolved to 100 mM in mass-spec grade
Milli-Q and stored at -20 °C) in 100 mM TEAB (Sigma-Aldrich, #T7408-100 ml) for 1 h in a 37 °C shaking
heat block. Beads were briefly spun down and incubated with 10mM (final concentration) of MMTS (Thermo
Scientific, #23011, dissolved to 200 mM in isopropanol and stored at -20 °C) to alkylate disulfide bonds in a 37
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°C shaking heat block for 10 min. Beads were briefly spun down and 0.4 μg Trypsin/LysC (dissolved to 0.4 μg/
ul in Resuspension buffer (50 mM acetic acid (pH<3), Promega, #V5072) was added and incubated for 1 h in a
37 °C shaking heat block. Beads were spun for 1 min at 200 x g at RT and supernatants were collected in a new
Eppendorf tube. 50 μl of 100 mM TEAB was added to the beads and these were incubated for another 5 min
in a 37 °C shaking heat block and supernatants were added to the previously collected supernatants. Trypsin
digestion in the supernatants was continued by overnight incubation in a 37 °C waterbath. Each probe was
tested twice per experiment and peptides were labelled by dimethyl labelling340. NaBH3CN (Merck, #818053)
and CH2O were used for ‘light’ labels and NaBD3CN (Sigma-Aldrich, #190020-1G) and CD2O for the ‘heavy’
labels. Labelling reactions were incubated for 1 h at RT while shaking and labelling was stopped by addition
of 16 μl of 1% ammonia. Reactions of wildtype and mutated probes with different labels were then pooled
and acidified by addition 10 μl of 100% trifluoroacetic acid (TFA, Biosolve BV, the Netherlands, #20234131).
Samples were then cleaned and concentrated on C18 stage tips341 and stored at 4 °C until measurement.

ATAC-seq data Analysis
The ATAC-seq libraries were sequenced for 75 bp, paired-end on a NextSeq500 system (Illumina) using
NextSeq500/550 HighOutput kit V2 (75 cycles) reagents (Illumina). Raw fastq reads were first evaluated using
FastQC before continuing342 and reads obtained from the two gDNA control libraries were combined after
sequencing. Paired-end libraries were mapped with BWA-mem (version 0.7.10;343) against the P. falciparum
3D7 reference genome200,344 (PlasmoDB release 26) and filtered for mapping quality >= 30 (samtools version
1.3.1345). Duplicate reads were removed using Picard tools (version 1.139; 346) and reads mapping to the
apicoplast and mitochondrial DNA were removed as well as supplementary alignments (FLAG 2048). Finally,
an in silico size selection was performed to select for read pairs with insert sizes between 50 and 150 bp (or
different when indicated) and these libraries were used for further analysis (between 5.9 and 9.7 million reads
for replicate 1; between 3.6 and 6.4 million per library for replicate 2; 36.9 million for the merged gDNA
control library). For visualization, these libraries were converted to bedgraph files using bedtools genomecov
(version 2.20.1; 347) with the option ‘-pc’ for paired end data and scaled per million reads (RPM). Alternatively,
for genomic DNA-corrected tracks, the coverage in each of the t05 to t40 libraries (with an offset of +0.1) was
divided by the coverage in the gDNA library (with an offset of +0.1). Bedgraph files were visualized in the
UCSC genome browser348.
Downstream analyses were performed using the data from ATAC-seq replicate 1. Peak calling we used the
macs2 subcommands ‘macs2 pileup’, ‘macs2 bdgcmp’ and finally ‘macs2 bdgpeakcall’ (macs2 release 2.7; 321).
Because some macs2 subcommands cannot handle paired end data, we first binned the libraries based on the
insert size in steps of 5 bp. Next, the start site of reads aligning to the positive strand were shifted with +4 bp
and those aligning to the minus strand with -5 bp to represent the center of the Tn5 transposon binding event
as in166. Then a pileup track for each (binned) ATAC library was calculated by macs2 pileup with --extsize set
to half the mean insert size. The pileup tracks of the binned libraries were then summed, scaled per million of
reads and a pseudocount of 0.1 was added to every position. Regions of local enrichment were identified with
macs2 bdgcmp using the gDNA pileup track as background and scored in qvalues (-m qpois). Finally, macs2
bgpeakcall was used to identify regions with qvalue below 0.001 (-c 3.0). To prevent calling many small ‘peaks’
we allowed regions to be merged when they were within the maximum insert size of 150 bp (-g 150) and we set
the minimum length of a peak to 100 bp (-l 100).
Peaks for all time points were merged and the highest scoring summit was selected as summit for the merged
peak (4035 merged peaks in total). Peaks with a summit located in a coding region (209 merged peaks) or more
than 3kb away from the first/last gene on each chromosome (71 merged peaks) were removed from further
analyses. To assign the remaining 3755 intergenic peaks to genes we only selected peaks in intergenic regions
flanking the 5’ of a gene. For this purpose, intergenic regions (IGs) were categorized based on the flanking
coding sequences: ‘tandem IGs’ are flanked by two genes both in 5’-> 3’ or in 3’<-5’ orientation; ‘divergent IGs’
have a downstream gene with 3’<-5’ orientation and an upstream gene in 5’->3’ orientation; ‘convergent IGs’ have
a downstream gene in 5’<-3’ orientation and the upstream gene in 3’->5’ orientation. Peaks with their summit
located in ‘tandem IGs’ and ‘divergent IGs’ (3647 peaks) were assigned to the closest downstream gene using
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bedtools closest (version 2.20.1; 347). To calculate accessibility per stage, tags were counted for each of the merged
peaks in tandem or divergent IGs. Tag counts were offset by +1 and normalized to the number of reads per kb
per million mapped reads (RPKM). For each peak the maximum RPKM value was determined across the stages
and peaks with the lowest 10% of maximum values were removed. To correct for signal intensity differences
among the time points we normalized the data on quantiles (using the normalized.quantiles command from
the R package preprocessCore version 1.36.0; 349). Then, for each peak we calculated the proportion of signal
per time point compared to the summed signal over all time points. This proportion-of-sum value was used to
calculate the accessibility pattern in each peak region over the time course (t05 – t40).

Directional RNA-sequencing
Strand-specific RNA-seq libraries were sequenced on the Illumina NextSeq 500 system to obtain 75 bp singleend reads (NextSeq500/550 HighOutput kit V2 (75 cycles) reagents (Illumina)). Reads were evaluated using
FastQC and mapped against the annotated P. falciparum 3D7 transcriptome from PlasmoDB release 26 using
BWA samse (version 0.7.12-r1039). Single-end reads were filtered to mapping quality ≥15 (samtools version
1.2) and only uniquely mapped reads (between 9.2 and 11.6 million per library) were used for further analysis.
To visualize RNA-seq data in the UCSC Genome browser, 75bp reads were additionally mapped against
the annotated P. falciparum 3D7 genome from PlasmoDB version 26, filtered for uniquely mapped reads and
mapping quality ≥ 15. Reads were separated according to the strand they mapped to (sense strand FLAG16,
antisense strand FLAG0) and normalized to the number of mapped reads per million (RPM). Bedgraph files
were generated (version 2.20.1) and visualized in the UCSC genome browser.
To assess RNA abundance per gene, reads mapped against the transcriptome were separated based on alignment
to the sense (FLAG 16) or antisense strand (FLAG 0) respectively. Only reads aligning to the sense strand of
each transcript were used for further analysis. Tags were counted for all transcripts (excluding mitchochondrial
RNA and apicoplast RNA) and offset by +1. Transcript counts were normalized to the number of reads per
kb per million mapped reads (RPKM) and the maximum RPKM value was determined per transcript. Low
abundant transcripts with their maximum RPKM value across the stages were discarded (lowest 10 percentile).
Relative transcript abundance to assess stage-specific expression patterns over the time course (t05 – t40) was
calculated by dividing the RPKM value of each time point through the sum of RPKM values of all time points
(proportion of sum).

Comparison of ATAC-seq and RNA-seq data
To compare accessibility and transcript abundance patterns, accessibility (proportion-of-sum) was clustered
using the web-based Morpheus tool from the Broad Institute351 into eight clusters by k-means clustering with
the 1-pearson correlation coefficient as distance metric and 20.000 iterations. Relative transcript abundances
(proportion-of-sum) of the downstream gene were then plotted in the same order. Accessibility and mRNA
abundance profiles were visualized on a heatmap using color scale covering the 20th to 80th percentile of values.
The Pearson correlation coefficient was calculated for each peak-to-transcript pair. Randomized correlations
were calculated for 1000 shuffled peak-to-transcript matches.
For co-clustering of accessibility and transcript abundance patterns, peak-to-transcript matches were first filtered
for a Pearson correlation coefficient above 0.6. The resulting matrix of accessibility and transcript abundance data
(n = 2118 matches) was uploaded in Morpheus and again clustered into 8 k-means with the same settings as
before.

Comparison with AP2-I ChIP-sequencing data
For visualization purposes, the AP2-I ChIP-sequencing data from Santos and co-workers was mapped against
the P. falciparum 3D7 genome with settings as in141. In short, reads were trimmed with Trimmomatic352 (version
0.36), mapped with BWA-mem (version 0.7.10) against the P. falciparum 3D7 genome (PlasmoDB release
26) and filtered for not being the primary alignment (FLAG 256), being a duplicate (FLAG 1024), being
a supplementary alignment (FLAG 2048) and for mapping quality of 30 and higher. The MACS2 callpeak
command was used to generate bedgraph files of the ChIP and input libraries (settings --m 5 50 --extsize 250
--call-summits -B -q 0.05 -g 2.2e7). These bedgraph files were used to make log2 ChIP-over-input tracks that
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were uploaded in the UCSC genome browser. Bedtools intersect (version 2.20.1) was used to define the overlap
between the ATAC-seq peaks with the trimmed AP2-I peaks (in 3D7 coordinates) reported in141. Fluff was used
to generate the heatmap of accessibility over the AP2-I peaks that overlap with ATAC-seq peaks353. We used the
build-in Gene Ontology tool of PlasmoDB with default settings to identify enriched GO terms.

Motif identification and enrichment analyses
For de novo motif identification we used gimme motifs from the GimmeMotifs package326 (v0.11.0). Numerous
de novo motif searches were performed on individual time points and using different number of clusters ranging
from 4 to 16 in regions of 200 or 300 bp around the summit. The background consisted of either shuffled peak
regions or the other clusters. Searches were performed for large (6 - 15 bp) or xl (6 - 20 bp) motifs. Motifs
identified in these various searches were clustered using gimme cluster (-t 0.9) yielding a non-redundant list of
de novo motifs. To identify motifs differentially enriched in one of the 8k means co-clusters of the ATAC-seq
and RNA-seq data compared to other co-clusters, we run an ensemble of different regression and classification
methods, as implemented in GimmeMotifs. As input motif library we used the clustered de novo motifs,
predicted Plasmodium motifs165,197, and motifs from plants, vertebrates and invertebrates reported in Cis-BP328,
motifs from each subgroup were first clustered with gimme cluster at -t 0.9). Gimme maelstrom was ran three
times and we selected motifs that had a P value=< 0.01 in at least two runs. From this list we manually removed
eight low information content motifs. The remaining 70 motifs were grouped based on their similarities by
gimme cluster (-t 0.9), resulting in 41 ‘motif groups’.

Mass spectrometry and MS data analysis
Loaded C18 stage tips were rehydrated with 25 μl buffer A (0.1% formic acid) and peptides were eluted in
PCR tubes using 30 μl buffer B (80% acetonitrile, 0.1% formic acid). Acetonitrile was evaporated by a 15 min
vacuum spin at room temperature and samples were reconstituted to 12 μl with buffer A of which 5 μl measured
on a QExactive or Orbitrap Fusion mass spectrometer (Thermo Fisher Scientific). In both cases, the sample
was separated over a 30cm C18-reverse phase column (1.8μm Reprosil-Pur C18-AQ, dr. Maisch 9852) and
eluted using an Easy-nLC 1000 (Thermo Fisher Scientific). For the QExactive, elution was preformed over a 94
min gradient (5.6% acetonitrile/0.1% formic acid - 25.6% acetonitrile/0.1% formic acid) and directly injected
into the mass spectrometer. Data on the QExactive was acquired in TOP10 data-dependent acquisition mode
with dynamic exclusion enabled for 20 s. Resolution for MS was set at 70.000 at m/z = 400 and for MS/MS at
17.5000. For the Fusion, elution was performed over a 114 min gradient (7.2% Acetonitrile/0.1% formic acid25.6% acetonitrile/0.1% formic acid) and directly injected into the mass spectrometer. Data on the Fusion was
acquired in data-dependent top speed mode in a 3 s cycle with dynamic exclusion set at 60 s. Resolution was
set at 120.000.
Raw MS spectra were analyzed as in111 using MaxQuant354 (version 1.5.3.30). In short, standard settings were
applied with the following modifications. Multiplicity was set at 2, adding a mass of 28.03 Da (light-labelled)
or 36.08 Da (heavy-labelled) to the peptides N-terminus and lysine residues. Trypsin/P was set as the specific
digestion mode with maximum 2 missed cleavages. Analyses were run with re-quantify set to ‘match from and
to’. MMTS (added mass of 45.99 Da) was specified as fixed modification of cysteines. The match-between-runs
option was activated (with 0.7 min match time window and 20 min alignment time window) and calculation
of iBAQ values was enabled. Peptide masses were searched against the Plasmodium falciparum 3D7 annotated
proteome (PlasmoDB release 9.3) with the entire human proteome included in the contaminants list using the
integrated Andromeda search engine. Mass tolerance was set at 4.5 ppm for precursor ions and 20 ppm for
fragment ions, and peptides and proteins were accepted with a 0.01 FDR cut-off. Protein quantification was set
to minimally require a single peptide-ratio, but a more stringent downstream filtering on minimally 2 peptides
(of which at least 1 unique) was applied for generation of scatterplots and determination of significance.
Downstream analyses were performed using the Perseus software package355 (version 1.4.0.20). Normalized
H/L-ratios were log2-transformed and intensity values were log10-transformed. Significant outliers were
determined using the intensity-based Significance B option (two-sided Benjamini-Hochberg test) with a FDR
cut-off set to 0.05. The protein list was filtered for reverse hits, proteins that are only identified by site and
potential contaminants. In addition, proteins required a minimum of 2 peptides of which at least 1 unique in
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order to be considered as a hit in both the forward and reverse experiment. Data was plotted in R and significant
outliers were labelled. Candidate TFs were retrieved from table 4 in101 and highlighted as well.

Data and software availability
The accession number for the ATAC-seq and RNA-seq data reported in this paper is NCBI Sequence Read
Archive, SRA: GSE104075.

Supplementary Information
Supplementary Table 4.1. Genome cooridnates of ATAC peaks (available online).
Supplementary Table 4.2. Fluff heatmap clustering AP2-I peaks using ATAC-seq data (available online).
Supplementary Table 4.3. Result of the motif enrichment analysis and associated position weight matrices
(available online).
Supplementary Table 4.4. Proteins identified in DNA pull downs (available online).
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Supplementary Table 4.5. Parasite and bacterial strains (available online).
Supplementary Table 4.6. Parasite staging for time-course experiments (replicate 1 and 2) (available
online).
Supplementary Table 4.7. Primers and oligos used for cloning, integration PCR, RT-qPCR and DNA pull
down ex-periments (available online).
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Supplementary Figure 4.1 - ATAC-seq data processing and reproducibility
(A) UCSC genome browser screenshot of the region on chromosome 7 (333,700 - 400,399bp) showing libraries
of t40 and gDNA without (‘all’) and after in silico selection for the indicated insert size ranges. Coding sequences
are indicted as blue (positive strand) or red (minus strand) bars. GC%, the mean percentage of GC nucleotides,
smoothened over 5 bp. (B) Barplots depict the proportion of reads located in coding sequences (top plot) or
in AP2-I peaks (bottom plot) for t40 and gDNA ATAC-seq libraries without (‘all’) and after in silico selection
for the indicated insert size ranges. (C) UCSC genome browser screenshot as in Fig. 4.1a showing the gDNAcorrected ATAC-seq profiles for the two replicates over eight timepoints of blood stage development. (D)
Barplot of the number of peaks as called by macs2 at each point. (E) Heatmaps of relative chromatin accessibility
in the two ATAC-seq datasets for the regions and clustering depicted in Fig. 4.3b. Relative accessibility was
calculated as a proportion-of-sum of qnRPKM values over the time points and clustered by k-means using the
1-Pearson correlation distance metric. Color scales range from the 20th to the 80th percentile for both datasets.
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Supplementary Figure 4.2 - Reporter constructs containing gpf-luc gene under the control of accessible or
control regions
(A) Schematic representation of recombinant cg6 locus (black) in the attB-containing parental P. falciparum 3D7
parasite line 325 after integration with an attP-containing plasmid carrying the gfp-luc gene (green) under the
control of the kahrp minimal promoter (yellow) with or without accessible or control region (light blue/orange).
The attB plasmid backbone is indicated as a pink line, the attP integration plasmid backbone is blue. The position
of primer pairs (p1 forward and reverse covering the accessible region and kahrp promoter or p2 forward and
reverse covering the gfp-luc gene and plasmid backbone) used to confirm the generated parasite lines (see B) are
indicated above the drawing. Location of amplicons (a1-4) measured by RT-qPCR (see C) are indicated below.
The drawing is not to scale. (B) Confirmation of insertion of the DNA constructs to the cg6 locus by PCR.
Genomic DNA from attB-site containing parental parasites served as negative control. (C) UCSC genome
browser screenshots showing gDNA-corrected ATAC-seq tracks and directional RNA-seq tracks (left and
middle panel) for all eight time points. In the ATAC-seq screenshots, the cloned accessible regions upstream
of PF3D7_0719000, PF3D7_1200700, PF3D7_1222700 and PF3D7_1372200 are shaded in grey with a blue
rectangle. Selected control regions are highlighted with a dark orange rectangle. In the RNA-seq screenshots
the relevant gene is shaded in grey. Black bars represent the called ATAC peaks. Red and blue bars are genes
encoded on minus and plus strand. Right panel: Relative gfp-luc transcript abundance measured by qRT-PCR
for ring, trophozoite and schizont stages from parasites containing the accessible (or control) region assigned to
the PF3D7_0719000, PF3D7_1200700, PF3D7_1222700 or PF3D7_1372200 gene upstream of the minimal
kahrp promoter. Note that the replicate 2 schizont sample for PF3D7_1222700 has been collected at a later time
point, explaining the higher reporter gene expression observed. The relative gfp-luc transcript abundance was
assessed by taking the average of the four different primer pairs (see A, a1-4). ‘x’depicts missing value.
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Supplementary Figure 4.3 - Identification of putative DNA motifs.
(A) List of eight repetitive and/or low-information content motifs excluded from further analyses. (B) Motif
groups generated by clustering similar motifs found to be differential enriched (P =< 0.01 from rank aggregation
test) for one or more ATAC/RNA-clusters. Representative motifs used in Fig. 4.5 are indicated with red fonts.
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Supplementary Fig. 4.4 - DNA pull downs for identification of potential protein interactors
Duplicate DNA pull downs with label swap performed using 60bp DNA probes with the (A) de_novo_
motif_031 (TTATTACAC); (B-C) de_novo_motif_028 (GCACWWTNNKTGCW) or (D) de_novo_
motif_050 (GAGCTCAA). The same probes with a scrambled motif were used as controls. The statistically
significant outliers (black diamond, intensity-based FDR < 5%) are the proteins that interact with the motifs.
Red font indicates that the interaction was confirmed using a probe from a different genomic region but
containing the same motif. # and * indicate that the protein was significantly enriched in either the forward or
reverse experiment at an FDR of 0.05 or 0.1, respectively. Green dots mark candidate DNA-binding factors
derived from Table 4 of101.
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Supplementary Figure 4.5 - Representative images of Giemsa smears from time-course experiment
(replicate 1)
For each time point in the time-course experiment Giemsa stained blood smears were prepared. The two images
show the representative parasite morphologies from each time point. The scale bar in the bottom image of t05
represents 10 μm.
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Abstract
Plasmodium parasites alternate between asexual and sexual reproduction. The latter
relies on the differentiation of intraerythrocytic, asexual parasites into mature, male and
female gametocytes; a process called gametocytogenesis. Besides the transcription factor
AP2-G that controls the entry into gametocytogenesis, few transcriptional regulators
have been identified that could regulate this differentiation process. To shed light on the
transcriptional process that underlies this differentiation, we used directional RNA-seq
to profile transcriptome dynamics during P. falciparum 3D7 gametocyte development
and we mapped active regulatory DNA elements using ATAC-seq at one point in this
development. We detected transcripts from about 89% of all protein-coding genes, at
least 1/3 of which showed dynamic abundance over time. Using this dataset, we detected
the expression of sex-biased genes day 1 onwards, although male- and female-specific
genes showed the highest enrichment in day 4 and day 7, respectively. Active regulatory
DNA regions were identified in mixed stage III-IV gametocytes and revealed over 1000
accessible regions that were not identified by the same assay in intraerythrocytic parasites.
Interestingly, this analysis also indicated a relative increase in accessibility located
downstream of genes in gametocytes as compared to asexual parasites. De novo motif
predictions using this dataset put forward a RTGTAHNTAC motif that may operate at
gametocyte-specific regulatory DNA regions. Altogether, this study shows the dynamic
nature of gene expression during P. falciparum gametocytogenesis and identifies potential
transcriptional regulatory differences between intraerythrocytic parasites and gametocytes.
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Introduction
Unicellular, eukaryotic parasites of the Plasmodium genus are the causative agents of
malaria, a disease that remains a major global health problem with approximately 219
million cases and 435 000 deaths in 2017 alone1,356. These parasites require a vertebrate
and a mosquito host to complete their life cycle. Transmission from the vertebrate to the
mosquito relies on non-replicative, sexually differentiated gametocytes (the precursor sex
cells) that originate from asexually replicating intraerythrocytic parasites at a reported rate
of less than 10% in controlled human malaria infections with P. falciparum357. Their essential
role combined with their relative low numbers, make gametocytes a promising target for
therapeutic intervention8,358-360. Of the five Plasmodium species that can infect human,
P. falciparum is responsible for the majority of the malaria burden1. Gametocytogenesis
in this species takes approximately 8-12 days361 and this process can be divided into
five, morphologically recognizable stages (I-V)36. The larger part of this development
takes place in the bone marrow and only mature, crescent-shaped stage V gametocytes
can be observed in the peripheral blood38,362. Final stage male and female gametocytes
are quiescent, show less sensitivity to antimalarials compared to asexually replicating
parasites and to stage I-III gametocytes43; and can survive up to a month or more in the
circulation362. Despite their reduced metabolic activity, they are fully equipped to quickly
activate once they arrive in the mosquito midgut lumen. Final stage female gametocytes
carry translationally repressed transcripts that are translated upon fertilization to mediate
zygote maturation and ookinete transformation175,176. Mature male gametocytes, on the
other hand, are prepared to form eight axonemes and to perform three quick rounds of
mitosis upon activation in the mosquito midgut. This exflagellation process takes only
5-20 minutes and results in eight haploid, flagellated microgametes36. Fertilization of the
macrogamete by a microgamete is followed by nuclear fusion and meiosis in the zygote36.
Transcripts can be detected for over 80-90% of all genes in final stage P. falciparum
gametocytes81,363,364 and, thus, there is considerable overlap with genes expressed in
intraerythrocytic, asexually replicating parasites. However, more than half of gametocyte
transcripts are expressed in a sex-biased manner82 and 602 proteins were determined as
gametocyte-enriched in a recent integrative Bayesian approach364. Therefore, not only is
the gametocyte stage an interesting therapeutic target, it is also fascinating how these
stage- and sex-biased gene expression patterns are established at the gene expression level.
Eukaryotes regulate the abundance and localization of gene products by various means,
from epigenetics to protein metabolism. Transcription factors (TFs) are considered
to be the major drivers behind cell differentiation and development as exemplified by
TFs that are able to reprogram terminally differentiated cells and to determine cellular
differentiation365. Although few in number (±48 candidates TFs among 5509 proteincoding genes in P. falciparum366), their essential role in parasite life cycle progression has
been demonstrated by knock-out and knock-down approaches (reviewed in366). The TF
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AP2-G, a conserved member of the Apicomplexan Apetala 2 (AP2) family of TFs, controls
entry into gametocytogenesis155,199. Expression of pfap2-g is silenced by heterochromatin
protein 1 (HP1) and tri-methylation of the ninth lysine of histone 3 (H3K9me3) in
asexual, intraerythrocytic parasites105,106,108,139. In P. falciparum, HP1 maintenance and
pfap2-g silencing require the histone deacetylase PfHDA2148 while PfHP1 destabilization
and pfap2-g activation require PfGDV1 (P. falciparum gametocyte development protein199).
Once derepressed, AP2-G likely augments its own expression in a positive feedback
loop150,155,199,205. It is not known whether other TFs regulate pfap2-g activation and/or
silencing, including pfap2-g downregulation during differentiation205. Besides AP2-G,
several other AP2 factors have been implicated in gametocytogenesis in general. These
include the transcriptional repressor AP2-G2 that should repress genes specific to other
stages, such as genes for asexual replication during gametocyte differentiation in the
rodent-infecting P. berghei155,158. A third AP2 factor, AP2-G3 is thought to act upstream
of AP2-G expression but the specifics of this regulation and the exact role of AP2-G3
in general, remain unknown163. Lastly, the transcripts of several ap2 genes have been
detected shortly after induction of gametocytogenesis37,205 (PF3D7_0516800/pfap2-o,
PF3D7_0613800, PF3D7_0802100, PF3D7_1007700/pfap2-i, PF3D7_1139300,
PF3D7_1222400, PF3D7_1239200 and PF3D7_1456000). Yet, the contributions and
functions of these AP2 factors in gametocytogenesis and sexual differentiation remain
undefined. In addition, while in vitro DNA motifs have been predicted for most of these
AP2 factors165, in vivo regulatory DNA-elements required for gametocytogenesis –
besides the DNA motifs recognized by AP2-G155,165,199 and AP2-G2158,165 – have not been
identified.
In the current project, we aimed to gain insight in the transcriptome of developing
gametocytes as well as transcriptional factors and DNA elements that direct gene expression
during gametocytogenesis. We report the characterization of a dynamic transcriptome
pattern over the course of gametocytogenesis using a GDV1-overexpressing P. falciparum
parasite strain. ATAC-seq in combination with RNA-seq resulted in the identification of
gametocytes-specific regulatory regions and a putative novel regulatory sequence involved
in the expression genes with a female-biased expression pattern.

Results
P. falciparum gametocytogenesis is accompanied by dynamic gene
expression
Studies of gametocyte development have been hampered by the low and unpredictable,
spontaneous conversion rates of 1 to 10% in wild-type P. falciparum parasite lines. To
overcome this hurdle, we made use of PfGDV1-GFP-DD parasite lines. Upon addition
of Shield-1, PfGDV1-GFP-DD is stabilized resulting in inducible Pfap2-g expression
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and gametocyte commitment in a large proportion of parasites99. Using these lines, we
obtained gametocyte conversion rates of around 50-70% with a considerably higher
degree of synchronicity compared to previous gametocyte time course experiments363
(see Supplementary Fig. 5.1a and b). To determine the dynamics in transcript abundance
during gametocyte differentiation, we performed directional RNA-seq at seven time points
during this process (from day 1 to day 9 in gametocytogenesis, see Supplementary Fig.
5.1b). To limit asexual contamination, parasite cultures were treated with heparin in the
cycle following Pfap2-g induction which inhibits the re-invasion of asexual merozoites367.
The presence of asexual parasites could, however, not be completely prevented at day 1 of
our time course, resulting in approximately 30-50% of asexual trophozoite parasites in this
culture. These trophozoites are indistinguishable from stage I gametocytes (Supplementary
Fig. 5.1a). In addition, to limit further asexual contamination, we collected our day 2
culture when most schizonts had burst. All in all, over 80% of the sexual parasites were in
the same stage up to day 4 post-induction, while synchronicity was somewhat lower later
on in the experiment – at least as determined by light microscopic examination of Giemsa
stained blood smears.
Sense RNA-seq data were converted to RPKM values and log2-transformed. To evaluate
whether this dataset indeed reflects gametocyte development as has been reported
before, we examined the expression of 24 early gametocyte markers99,199,205,220,368,369 and
we compared it to previously published gametocyte RNA-seq datasets. Overall, the
majority of the 24 early gametocyte markers were higher expressed in our day 1 and 2
gametocyte cultures compared to previously generated directional RNA-seq data from
intraerythrocytic developing parasites218 and compared to the day 7 and 9 gametocyte
cultures (Fig. 5.1a and Supplementary Table 5.1). The seven genes with higher expression
during intraerythrocytic development actually showed highest expression at 5 and
10 hours post invasion, a time point not captured by the current gametocyte dataset
and could therefore well present markers that are predominantly expressed early after
reinvasion. In addition, although the RNA-seq datasets from López-Barragán et al.81
were generated using a different parasite line, different culturing conditions and a
different RNA-seq protocol, they still showed reasonable correlation with our D3 and
D9 time points (Pearson r of 0.65 and 0.74, Supplementary Fig. 5.1c), corresponding to
the time points with the highest level of morphological similarity, i.e. stage II and V P.
falciparum 3D7 gametocytes. We also compared the current dataset with the sex-specific
data from Lasonder et al.82. This showed highest correlation between our D9 culture and
the NF54 stage V female parasite population (Pearson r of 0.89, Supplementary Fig. 5.1c),
probably reflecting the combined effect of the female-biased sex-ratio for the PfGDV1GFP-DD line99 and the relative abundance of RNA in female gametocytes compared to
males82. Hence, the correlation with the transcriptome of NF54 stage V male gametocytes
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Figure 5.1 - Dynamics in transcript abundance during P. falciparum 3D7 gametocytogenesis
(A) Boxplots of log2-converted RPKM values of 24 early gametocyte marker genes in the gametocyte dataset
compared to expression in synchronized asexual P. falciparum 3D7 parasites from218 after quantile normalizing
both datasets togehter. Boxes cover the 25th to 75th percentiles around the median, whiskers extend from
the boxes to 1.5 times the interquartile range, dots are outliers. (B) Heatmap of gene expression patterns in
gametocytes expressed as proportion over row sums using quantile-normalized RPKM values. Data are clustered
by K-means clustering using Pearson correlation into 9 clusters. Columns to the right of the heatmap indicate
the K-means clusters; sex-biased transcripts82; candidate TR transcripts in P. falciparum82; orthologues of P.
berghei PbAP2-G2 targets in
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was much lower and was actually highest when comparing NF54 stage V males with
our D5 culture (Pearson r of 0.66 - 0.72, Supplementary Fig. 5.1c). Accordingly, our
dataset is largely in concordance with previous datasets, but adds temporal resolution and
transcriptome depth to the development of gametocytes beyond the point of induction.
To reveal the gene expression dynamics, normalized expression data were converted to
proportion of row sums across time points with a cut-off of 10 RPKM in at least one of
the time points, resulting in 4906 detected genes. We performed K-means clustering to
group genes with similar expression pattern. This revealed considerable stage-specific gene
expression (Fig. 5.1b and Supplementary Table 5.2). From the heatmap it was also clear
that the highest variable expressed genes were not equally distributed over the clusters.
The most prominent changes in gene expression (with at least twice the theoretical
average of 0.143 in at least one stage, n= 1557 genes (Fig. 5.1c)) were relatively abundant
in cluster 1, 2, 3 and clusters 8 and 9 while being depleted from cluster 4 – 7. This pattern
likely reflects the combined effect of loss of asexual parasites after day 1 and with that
the detected of asexual-enriched genes; the reduced synchronicity observed from day 4
onwards and the bulk storage of TR transcripts in the stage V female gametocytes82.
Notably, this set included four ap2 genes: ap2-g (cluster 1), PF3D7_1115500 (cluster
3), PF3D7_1429200 (orthologue of P. berghei ap2-o3 in cluster 6) and PF3D7_1143100
(orthologue of P. berghei ap2-o in cluster 8).
Using this dataset, we were curious whether we could identify the onset of expression
of genes with a sex-biased expression pattern82, potentially marking the appearance of
sex-dimorphic phenotypes. However, when examining their expression patterns over
time (Fig. 5.1b, column ‘sex-biased expression’), we found that they are distributed across
the heatmap. Nevertheless, cluster 7 to 9 contains an obvious enrichment of femalebiased genes (χ2-test to determine enrichment of female biased genes above background
for cluster 7 χ2(1, N = 448) = 19.3, p(BH) = 3.36E-05; cluster 8 χ2(1, N = 666) = 695.6,
p(BH) = 2.47E-152; cluster 9 χ2(1, N = 298) = 167.8, p(BH) =9,91E-38), in line with the bulk
storage of these transcripts in mature female gametocytes175,176. On the other hand, slight
enrichments for male-biased transcripts were observed more earlier in our culture, in
cluster 4 to 6 (cluster 4: χ2(1, N = 377) = 49.3, p(BH) = 7.93E-02; cluster 5: χ2(1, N = 525)
= 93.2, p(BH) = 2.08E-21; cluster 6: χ2(1, N = 557) =138.6, p(BH) =4.88E-31). Of these, in
particular cluster 6 showed enriched GO terms related developing sperm-cells, including
mitosis, cell cycle regulation, cilium formation and negative regulation of RNA metabolism
gametocytes158; PfHP1 coverage in gametocytes versus asexual schizonts and in asexuals alone105. (C) The
heatmap of (B) filtered for genes that have a proportion-of-sum value above 0.28 in at least one of the time
points. This shows that very dramatic gene expression changes are relatively most abundant among genes
clustering in cluster 1, 2, 3 and clusters 8 and 9, partially reflecting respectively the residual contamination of
asexual parasites in the beginning of our time course and the storage of TR transcripts in final stage female
gametocytes.
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(see Supplementary Table 5.3 for GO enrichment analyses). This cluster included well
known genes associated with male gametocytes, such as the NIMA-related kinase nek1
(nima, never-in-mitosis; PF3D7_1228300370), and the calcium-dependent protein kinase
4 (cdpk4, PF3D7_0717500371). This suggests that male biased gene expression detected in
stage V parasites is partially a remnant of more transcription activity more earlier on in
male gametocyte development. Although in this bulk dataset we can of course not exclude
the expression of male-biased genes in young, female gametocytes.
Potential mechanisms that could mediate the downregulation of gene expression in cluster
1 – 6 could simply be factors of transcript half-life and increased expression of other
transcripts but could also reflect active gene silencing by heterochromatinization or the
involvement of a repressor TF could also be involved. In P. falciparum, heterochromatic
domains are known to expand during gametocytogenesis105 and we indeed observed a
relative high proportion of HP1-gaining genes in cluster 1, including those encoding
knob-associated proteins, var genes and phistb and phista-encoding gens (Fig. 5.1b).
Thus, confirming the hypothesis that the spread of heterochromatic domains controls the
silencing of these genes105, and showing that this silencing occurs soon after commitment
to gametocytogenesis. The only well-known transcriptional repressor in Plasmodium is
the AP2 factor AP2-G2 in Plasmodium berghei158. This TF has over 400 targets in P.
berghei gametocytes identified by both transcriptional upregulation in gametocytes of the
corresponding knock-out strain and ChIP-seq in P. berghei gametocytes158. We detected
expression of 369 P. falciparum orthologues and although their proportion decreased
significantly with increasing cluster number (χ2-test for trend in prop. 28.078, df = 1, p
= 1.165e=E-07) this decrese was only minimal, as can be observed in Fig. 5.1b (column
“Orthologues of PbAP2-G2 targets”). The P. falciparum AP2-G2 orthologue could
therefore be involved with the observed downregulation but is not specific to one time
point or group of genes and further characterization of this protein in P. falciparum is
desired.
Finally, the involvement of AP2 factors in gametocyte development is not clearly
understood. Therefore, we examined the expression pattern of all ap2 genes in more detail.
Transcripts for all ap2 TFs were detected above the threshold (Supplementary Fig. 5.2a
and b). The known translationally repressed transcript of PF3D7_1143100 (orthologue
of P. berghei ap2-o) was strongly upregulated at late stage sexual development and reached
highest, normalized RPKM values of all ap2 genes. Interestingly, recent ChIP-seq data of
AP2-G showed it’s colocalization at AP2-I bound loci372 and in the current dataset, we
also see co-clustering of these two genes and both are downregulated during development,
indicating that they might be required at a similar time period of gametocyte development.
Of the ap2 genes that have been reported as upregulated shortly after ap2-g induction
in single-cell RNA-seq data, PF3D7_1222400 and PF3D7_1139300, we detect the
former in cluster 2 at relative high levels early on in development while expression of
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the latter does not change much over time (cluster 5). Interestingly, PF3D7_0516800
and PF3D7_1429200 (orthologues of P.berghei ap2-o2 and ap2-o3) co-clustered in
cluster 5 and showed similar expression dynamics with peak RPKM values at day 4 and
5. Previously, a knockout screen showed that the absence of these factors also affects
transcriptomes of gametocytes in the P. berghei model (although functional phenotypic
defects were only observed in ookinetes). The fact that expression levels of both factors
are dynamically regulated during gametocytogenesis strengthens the hypothesis that they
play a role in this process (also in P. falciparum).
Altogether, using an induced gametocyte system, we generated RNA-seq gametocyte
transcriptomes covering the whole course of P. falciparum gametocyte development. The
dynamic gene expression points to the involvement of stage-specific transcriptional and
post-transcriptional regulatory mechanisms.
The accessible chromatin landscape in gametocytes shows stage-specific
characteristics
To identify potential gene regulatory elements that could mediate the observed
transcription pattern in gametocytes, we performed ATAC-seq on a culture of day 7
gametocytes with morphological appearances reflecting predominantly stage III and stage
IV gametocytes in Giemsa stained blood smears (Supplementary Fig. 5.1). Given the use
of a new ATAC-seq kit we included slightly different Tn5 incubation conditions compared
to the ATAC-seq protocol in218 (see M&M for details). We compared this sexual ATACseq dataset with the accessibility pattern of schizonts from the same parasite line as well
as with ATAC-seq data covering the whole intraerythrocytic development cycle (IDC) in
wild-type P. falciparum 3D7 parasites. Pearson correlations between schizonts from this
study and t35 schizonts of218 indicated that the adjusted protocol produced similar quality
libraries (Pearson correlation: 0.74 – 0.83, Supplementary Fig. 5.3a and b). Since the
Tn5 incubation time had little effect on the detected accessibility pattern (Supplementary
Fig. 5.3d) and given the relative low coverage in these new libraries (Supplementary Fig.
5.3d), we decided to consider these as semi-technical replicates and to select all ATAC
peaks that were identified in at least two libraries. This resulted in 2770 peaks in the
gametocyte dataset and 2028 in the schizont dataset from this study. In addition, the
data from our earlier ATAC-seq study at eight time points of IDC parasites (t5-t40
IDC)218 were re-mapped as 2x38 bp and peak calling resulted in 4134 peaks in the merged
data (Supplementary Table 5.4 for peak locations). The majority of peaks in the current
schizont library were captured by the t5-t40 IDC dataset (Fig. 5.2a), again supporting that
adjustments in the ATAC-seq protocol and the lower sequencing coverage did not grossly
affect the ability to identify accessible regions. Also, relative localization of accessibility
around the CDS did not show clear differences between the three datasets (Fig. 5.2b).
However, while in all datasets the majority of peaks are located in gene upstream regions,
the gametocyte dataset has a higher proportion of peaks located in downstream regions
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Figure 5.2 - ATAC-seq in P. falciparum gametocytes identifies stage-specific accessible chromatin regions
(A) Venn diagram showing the number of peaks that overlaps between the different datasets. (B) Kernel
density distributions of summit peak locations with respect to the transcriptional unit showing that globally,
localizations with respect to the ATG and STOP codon don’t differ greatly between datasets. (C) Pie-charts
showing the genomic distribution of ATAC-peaks among upstream, downstream, gene body, telomeric and
other intergenic regions (IG) (see M&M for definitions). Pie charts are sized according to the total number of
identified sites. This shows a relative increase of ATAC peaks in downstream regions in gametocytes compared
to asexually replicating parasites. (D) The pie chart shows the distribution of gametocyte-specific peaks (n =
1115) among the different genomic regions. (E) Boxplots of gametocyte-enrichment rankings from364 of the
genes with an upstream ATAC peak only detected in the gametocyte dataset (purple), an upstream ATAC peak
only detected in any of the asexual datasets (brown) or genes where the upstream ATAC peaks in the gametocyte
and asexual datasets show overlap (brown/purple). The y-axis is inverted because a rank of 1 indicates the highest
enrichment in gametocytes. This shows a trend for gametocyte-enriched expression among the genes with a
gametocyte-specific upstream ATAC-peak. (F) Bar graph indicates whether gametocyte-specific ATAC peaks
found in upstream regions (n = 614) are located upstream a gene with male- or female-biased expression82.
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and in gene bodies (Fig. 5.2c). While these peaks could potentially represent noise as
we used a gDNA control library generated from wild-type P. falciparum 3D7 parasites,
these peaks could also represent regulatory elements that drive the expression of antisense
transcripts. We therefore examined antisense transcription in our own RNA-seq dataset
and combined that from Lopez-Barragan81. With stringent filtering, we identified 229
genes with antisense transcription in sexual stage parasites (Supplementary Table 5.2,
see M&M for filtering details). Of these, 49 (21%) had detectable accessibility in their
downstream region or coding body (example UCSC genome browser screenshots in
Supplementary Fig. 5.4), a considerably larger fraction than expected from a random
distribution of downstream accessibility among all protein-coding genes (13%). This
suggests that some of these ATAC-seq peaks indeed represent regulatory elements
important for antisense transcription. Yet, we could not find a general relationship between
the presence of these downstream peaks and enriched GO terms, male- or female-biased
transcripts, or a particular DNA motif in these regions (data not shown).
To identify regulatory DNA elements specific to gametocytes (compared to IDC
parasites), we searched for ATAC-peaks that showed no overlap with the other two
datasets. Approximately 40% of all gametocyte peaks (N = 1115 peaks, Fig. 5.2d) were
found to be sexual stage-specific. Of these, 55% (N = 614 peaks) localized to gene upstream
regions and their downstream genes showed a slight enrichment for gametocyte-enriched
gene expression as determined by364 (Fig. 5.2e).
De novo prediction of DNA motifs associated with gametocyte differentiation
The stage-specificity of this chromatin accessibility could have various reasons one of them
being the presence of DNA motifs that mediate the binding of a stage-specific TF and/or
a TF that is modified in a stage-specific manner. To identify such, potential gametocytespecific, DNA motifs we performed de novo motifs searches in gametocyte-specific ATAC
peaks. In addition, because of the large differences in the proteomes and transcriptomes
of mature male and female gametocyte, we reasoned that sex-biased gene expression
patterns would be mediated by different motif/TF combinations and we therefore also
split the gametocytes-specific ATAC peaks according to the sex-biased expression of the
downstream gene82 (Fig. 5.2f ). This showed a slight bias for genes with a female-biased
gene expression pattern downstream of the gametocyte-specific ATAC peaks that might
well reflect the female-biased ratio of this parasite line mentioned before. De novo motif
searches, using AT-matched, intergenic control regions, yielded over 20 motifs for each set
(GimmeMotifs outputs presented in Supplementary Fig. 5.5, 5.6 and 5.7). However, few
of them had ROC area (receiver-operator curves) and enrichment values that supported
true enrichment of these de novo motifs in the selected ATAC regions except for the
RTGTAHNTAC motif that was found with high enrichment in the first search using
all gametocyte-specific ATAC regions as well as those limited to ATAC peaks upstream
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Figure 5.3 De novo motif prediction and RTGTAHNTAC DNA pull-down
(A) Top scoring motif in de novo motif search using gametocyte-specific ATAC peaks located in upstream
regions of all genes or using ATAC peaks specifically located upstream of genes with female-biased expression.
The bargraph depicts the number of ATAC peaks with a motif in all upstream regions of genes detected in
the RNA-seq dataset (grey), and genes with female- or male-biased expression (pink and blue resp.). *the pool
of hits contains a significantly larger than expected proportion of female-/male-biased genes compared to all
gametocyte ATAC peaks (see bargraph in upper right corner, χ2-test). (B) – (D) DNA pull-down results for
the TGCATGCA and the putative RTGTAHNTAC motif. DNA pull-downs were performed in duplicate
using asexual, mixed nuclear extract for (B) or gametocyte nuclear extract for (C and D). Red bullets highlight
candidate TFs. Black diamonds indicate proteins that are significantly enriched or depleted with an FDR of
0.05.

of genes with female-biased expression. When scanning the gametocyte ATAC peaks
located in upstream regions for these motifs, they indeed showed a slight enrichment
for gametocyte-specific peaks and for peaks upstream female-biased genes (outputs in
Supplementary Table 5.5).
As the female motif #1 had high ROC values and was associated with female-biased
genes, we attempted to identify the interacting TF for this motif. DNA pull-downs
were performed as in218 using probes corresponding to genomic sequences upstream of
two female-biased genes that likely undergo translational repression: PF3D7_1429300
(coding for CPW-WPC family protein) and PF3D7_1350000 (conserved unknown).
Unfortunately, generation of sufficient gametocyte nuclear extract to support multiple
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pull-downs proved to be challenging. Therefore, we decided to use asexual nuclear extract
and the earlier characterized TGCATGCA motif as a positive control for the procedure.
As expected, in this pull down we identified PfAP2-EXP (alternative name: AP2-SP)
as the interacting transcription factor for the control probe (Fig. 5.3b). However, using
similar settings in a parallel reaction we could not identify any TF to interact with the
putative motif RTGTAHNTAC from a mixed asexual stage extract (data not shown) of
from a mixed gametocyte nuclear extract (see M&M for gametocyte stage composition,
Fig. 5.3c & d).
In summary, ATAC-seq in gametocytes reveals about 1000 of regulatory elements that are
specifically active in gametocytes and de novo motif searches identify the highly enriched
RTGTAHNTAC motif as a candidate motif to regulate female-biased gene expression
from gametocyte-specific regulatory elements.

Discussion
Plasmodium parasites entering gametocytogenesis have to prepare themselves for prolonged
quiescence in the bloodstream, to evade the human immune system but also to quickly
respond and activate in the mosquito midgut. In addition, somewhere along the way, a
choice is made to become either a ‘female’ or a ‘male’ gametocyte. The former contains a
large abundance of transcripts that are translated only after fertilization, and delivers the
mitochondrion and apicoplast to the zygote. In contrast, the male gametocyte can be
described as ‘a bag of proteins’, referring to its main function to form eight microgametes
and with them fertilize the female macrogamete and deliver its genetic material. Final
stage gametocytes have reduced metabolism and hence show reduced sensitivity to
most anti-malarial drugs, with females being even less sensitive to common drugs than
males373. Currently, the only available gametocyte time-course transcriptome has been
generated using DNA microarrays, which has a considerably lower dynamic range and
is limited by the use and selection of probes363. In addition, direction RNA-seq datasets
have been generated for stage II, stage V81 and stage V male and female gametocytes82.
This study complements these datasets with the first directional RNA-seq analyses
spanning the complete course of gametocyte maturation. In this study, we analyzed the
transcriptome dynamics that accompany P. falciparum gametocyte maturation and aimed
to identify regulatory elements that could mediate these dynamics. De novo motif searches
highlighted one motif in particular that could be involved in the regulation of femalebiased genes at gametocyte-specific regulatory elements.
Our analysis shows that gametocyte maturation is accompanied by dynamic gene
expression. Most prominent changes in transcript abundance are observed for transcripts
that include translationally repressed transcripts in late stages as well as those silenced
in early phases of gametocytogenesis. Their relative depletion from intermediate time
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points could partially be experimental (e.g. due to the level of synchronization and its
loss over time). In addition, gametocytogenesis might not be strictly controlled causing
differentiation paths and paces to vary although all eventually finalize into as stage V
gametocytes. In addition, in our analyses, we measured steady-state mRNA and made use
of RPKM normalization. The RPKM normalization assumes equal RNA content across
stages but this may not be valid as metabolic activity decreases over time. In addition,
as steady-state mRNA levels are the net result of transcription, storage and mRNA
degradation processes, the changes observed in late stage gametocytes could have more
to do with transcript stability than with transcription itself. To better quantify the balance
between transcription and degradation, nascent transcription should be measured. Such
analysis would also reveal whether transcription in gametocytes occurs in bursts, as in
asexual parasites374 and when it would cease.
Using the late gametocyte transcriptome82 overlaid with our data we attempted to
determine how far we could trace back sex-specific expression of these transcripts. The
adult female transcriptome is obviously dominated by translationally repressed transcripts
(discussed above), but other genes with sex-biased expression can already be detected early
on in gametocytogenesis. The day 4-5 transcriptome is, for example, somewhat enriched
in male transcripts. It is of course of question whether these genes are expressed in a sexbiased manner throughout gametocytogenesis. To investigate this and to further trace the
origin of sex-specific differences, single-cell RNA-seq analysis would be extremely useful.
While many transcripts are expressed in asexual as well as gametocytes, their abundance
profiles over time differ considerably. To understand how these differences could be
regulated, we mapped the chromatin accessibility landscape in gametocytes. Although we
were only able to generate this profile for one time point during gametocyte development,
we nonetheless identified over 1000 accessible regions in gametocytes that were not
detected in ATAC-seq libraries from intraerythrocytic parasites. Overall, more ATAC
peaks were detected in gene bodies and downstream regions in gametocytes, several of
which could be related to the expression of non-coding RNAs. However, the function
of the remaining majority of downstream ATAC peaks remains to be investigated. It is
possible that they are involved in the expression of other species of RNA that lack a
polyA tail and were therefore not detected in our RNA-seq dataset. Alternatively, they
could have an enhancer (or repressor) function although we were not able to identify
any enriched motifs in this set of sequences. The integration of ChIP-seq datasets from
different histone variants and post-translational histone tail modifications could reveal a
characteristic chromatin landscape around (some of ) these elements thereby providing
a clue about a potential transcription activating or repressing function. Additionally,
reporter assays could reveal their functional properties. If these regions indeed function
as enhancers, chromosomal conformation capture would be useful to identify their target
genes.
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We hypothesized that the different gene expression dynamics in gametocytes were mediated
by specific TFs in combination with the associated regulatory element. Our motif searches
yielded, however, rather few putative regulatory elements. One motif, RGTAHNTAC,
stood out which high enrichment values and a reasonable enrichment of female-biased
genes downstream of ATAC peaks with this motif. To identify its potential binding TF,
we performed DNA pull-down experiments but despite the high scores of this motif,
with the current experimental settings, we were not able to identify a specific motif-TF
interaction. This could be a technical issue, as we experienced more difficulty with isolating
nuclei and extracting nuclear proteins from gametocytes compared to asexual parasites.
This is potentially due to the enlarged mitochondrion and, in case of the nuclear protein
extract, the high mRNA abundance in female gametocytes – which dominate our culture.
In addition, a degenerate version of the motif was also found in the flanking sequences
of the probe used in the DNA pull-down. Testing different genomic regions or shorter
probes could therefore already improve this experimental set-up. Alternatively, other
methods like expression assays or CRISPR/Cas9-mediated deletion of the motif from an
endogenous locus/promoter might highlight the contribution of the motif to gametocyte
gene expression. If it is indeed functional, it would be interesting to characterize the
DNA-bound proteins at the motif more in-depth using, for example, dead Cas9 to purify
only the motif-containing loci coupled to proteomic measurements375. Notably, while
preparing this manuscript, a TGTGTGTACA motif with high resemblance to the motif
predicted here was identified at ChIP-seq peaks of PbAP2-G3 (PBANKA_1415700)
that was specifically detected in female and not male P. bergei gametocytes376. Whether
the homologous protein interacts with RGTAHNTAC in P. falciparum remains to be
confirmed. No mass spectrometry data is available for this protein and also in the pulldown experiments performed for this chapter, it has been identified only once with one
peptide. This suggests that, with the current settings and protocol, the protein is difficult
to identify by mass spectrometry and a different strategy would be preferred to confirm
the interaction with RGTAHNTAC, e.g. ChIP-sequencing. Nevertheless, based on the P.
berghei study it is likely that the P. falciparum AP2-G3 homologue indeed interacts with
this motif.
In summary, this study provides the community with a directional transcriptome covering
the larger part of P. falciparum gametocyte development. In addition, the identification of
stage-specific potential regulatory elements, points to partial rewiring of the transcription
regulatory network once parasites enter gametocytogenesis, an interesting avenue for
future research.
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Methods
Parasite Strains and Culture Conditions
We made use of three P. falciparum 3D7 parasite lines: one wildtype and two pfgdv1-gfp-dd overexpressing
lines. Wild-type parasites were used for native nuclear extract generation only. A P. falciparum 3D7 line with
the 5’cam-pfgdv1-gfp-dd-3’hrp transgene marker-free integrated in the cg6 locus (“Pf3D7-GDV1DDint”) was
used for RNA-seq and for the preparation of native nuclear extract. For the ATAC-seq experiment, we used
a P. falciparum 3D7 line that expressed the same 5’cam-pfgdv1-gfp-dd-3’hrp2 transgene episomally (“Pf3D7GDV1DDepi”)99. We received both pfgdv1-gfp-dd overexpressing lines from the Voss lab of the Swiss Tropical
and Public Health Institute.
Wild-type P. falciparum 3D7 parasites were cultured in RPMI medium supplemented with 10% human
serum, 0.2% NaHCO3 and 2.5% human O+ red blood cells in T175 flasks. Both pfgdv1-gfp-dd overexpressing
lines were cultured in RPMI with 0.2% NaHCO3, 0.5% AlbuMAX™ II Lipid-Rich BSA (GIBCO™/
ThermoScientific, #11021-037), 85 μg/ml neomycin (Sigma, #N1142) in T75 or T175 flasks (total volume
of resp. 20 or 50 ml) at 1.25% hematocrit (RNA-seq experiment and cultures collected for nuclear extract
generation) or 2.5% hematocrit (ATAC-seq experiment). The Pf3D7-GDV1DDepi line was kept under 4nM
WR99210 drug pressure in a 3 weekly on/off cycle. Before gametocyte induction, parasitemia was kept below
2% to reduce stressors that might induce gametocyte conversion. White blood cells were removed by filtering
the blood over sterilized Plasmodipur filters (Europroxima, #8011Filter25u) prior to use (cultures for RNAseq and preparation of native nuclear extracts) or by filtering the culture during collection over the same filters
(culture for ATAC-seq).
Prior to gametocyte induction, parasite cultures were synchronized by percoll and sorbitol treatments as
described in218. Gametocyte commitment was induced by putting synchronized ring stage Pf3D7-GDV1DDepi
or Pf3D7-GDV1DDint cultures on Shield-1 for 48h (day -2 and day -1). The Shield1 concentrations and ring
stage time windows were as follows: 1250 nM Shield-1 and ring stages at 0-7 hours post invasion (hpi) for
RNA collections and 675 nM Shield-1 and 0-24 hpi ring stages for ATAC-seq. Reinvasion of asexual parasites
was subsequently inhibited by adding, on day 0, heparin at a final concentration of 20 U/ml (Sigma, #H4784,
RNA-seq experiment) or freshly dissolved N-acetyl-D-glucosamine at a final concentration of 50 Mm to the
medium (Sigma, #A-8625, ATAC-seq experiment). Collections for RNA-seq were performed on day 1, 2, 3, 4,
5, 7 and 9. Gametocyte collection for ATAC-seq was performed on day 7. Gametocyte staging was evaluated by
Giemsa staining and light microscopy (Supplementary Fig. 5.1). Several independent gametocyte cultures were
pooled for the generation of a nuclear extract. The final (weighted by yield) pooled material was composed of:
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0% stage I, 53% stage II, 22% stage III, 14% stage IV, 10% stage V. Gametocyte conversion rates were calculated
as parasitemia_day0/parasitemia_day2 X 100%.

RNA-seq library preparation
Parasite cultures were put on ice and washed once with ice-cold PBS. Pelleted parasites were lysed in RLT buffer
supplemented with 1% β-mercaptoethanol. Total RNA was extracted using the RNeasy Mini Kit (Qiagen,
#74104) according to the manufacturer’s instructions including a DNase treatment and a second round of
“RNA cleanup”. PolyA+ RNA was subsequently selected from total RNA using the Oligotex mRNA Mini
Kit (Qiagen, #70022). RNA concentration was measured using the Qubit™ RNA HS Assay Kit (Invitrogen,
#Q32852) and we worked with “total RNA”-equivalent amounts for the remainder of the protocol. Total RNA
and polyA+-selected RNA samples were snap frozen before continuing with hydrolysis and cDNA synthesis.
For polyA+-selected RNA hydrolysis, we used an equivalent of 2 μg total RNA. RNA was hydrolyzed for 105 s
at 85 °C in fragmentation buffer (40 mM Tris acetate pH 8.2, 100 mM potassium acetate, 30 mM magnesium
acetate) in a total volume of 150 μl. RNA was then precipitated overnight at -80°C by adding 175 μl isopropanol,
35 μl 5M ammonium acetate and 2.5 μl linear acrylamide carrier. The precipitated RNA was cleaned from
remaining genomic DNA (as was could be detected by qPCR) with two rounds of TURBO DNase treatment
(Ambion, #AM2238) in 20 μl reactions with 0.5 μl RNaisin Plus RNase inhibitor (Promega, #N2611).
Strand-specific RNA-seq libraries were prepared as in111. In short, cDNA synthesis was performed with 8.25μg
AT-corrected Random N9 primers (76% AT) in the presence of 0.2 μg Actinomycin D (Thermo Fisher
Scientific, #11805017). For the second strand synthesis, dTTPs were replaced by dUTPs. For sequencing library
preparation, equivalents of 10 ng total RNA were end-repaired, extended with 3’ A-overhangs and barcoded
with NextFlex adapters (Bio Scientific, #514122). Prior to amplification, USER enzyme treatment (NEB,
#M5505L) was employed to specifically degrade the dUTP-containing second strand. Libraries were amplified
by PCR (98°C for 2 min; 4 cycles of 98 °C for 20 s, 62 °C for 3 min; 62 °C for 5 min) using KAPA HiFi
HotStart ready mix (KAPA Biosystems, #KK26020) and NEXTflex primer mix (Bio Scientific, #514122). A
2% E-gel size-selection (Invitrogen, #G6610-02) was performed to select for 300 - 400 bp fragments and the
size-selected libraries were amplified for an additional twelve cycles of PCR (program as above). Libraries were
subsequently purified and adapter primers were removed using a 1x volume of AMPure XP beads (Beckman
Coulter, #A63882). The DNA concentrations of the final libraries were measured using the Qubit™ DNA HS
kit (Invitrogen, #Q32854) and the average fragment lengths were determined in an Agilent 2100 Bioanalyzer
High Sensitivity DNA run (Agilent, #5067-4626). Samples were sequenced on an Illumina NextSeq 500
platform to obtain 75 bp single-end reads (NextSeq500/550 HighOutput kit V2 (75 cycles) reagents (Illumina)).

ATAC-seq library preparation
Parasite cultures were put on ice immediately and filtered once over a Plasmodipur filter. Pelleted parasites were
washed once in ice-cold PBS, resuspended to 5% hematocrit in ice-cold PBS with 0.05% saponin for RBC lysis
and nuclei were isolated over a double cell lysis/sucrose gradient (from top to bottom: 4 ml PBS/iRBCs/0.05%
saponin; 6 ml 0.1 M sucrose/CLB; 4 ml 0.25 M sucrose/CLB; CLB, cell lysis buffer, 10 mM Tris pH8.0, 10
mM NaCl, 3 mM MgCl2, 0.2 % NP-40). Purified nuclei were washed once in CLB and equal ~0.66 μl nuclei
were aliquoted by resuspending a 10 μl nuclei pellet in 116.28 μl CLB and taking 8 μl aliquots. Aliquots were of
similar size for gametocytes and asexual schizont stage parasites. For each stage, reactions were ATAC reactions
were performed in a total volume of 25 μl with 2 μl Tn5 enzyme and 12.5 μl TD buffer (Illumina, Nextera
DNA Library Prep Kit, #FC-121-1030,). Reactions were incubated in a 37 °C heatblock for 5, 30 or 60 min
(tap Eppendorf every 10 min). For reaction clean up we added, 5 μl clean up buffer (900 mM NaCl, 300 mM
EDTA), 2 μl 5% SDS and 2 μl 20 mg/ml proteinase K (Sigma #P6556) and incubated the reactions for another
30 min at 40 °C. Released DNA fragments were purified with a 2.4x volume of AMPure XP beads. AMPure XP
beads size selection was performed on half of the sample (other half was kept as back-up) with 0.85x volume of
beads. Size selected fragments were PCR amplified using the KAPA HiFi HotStart ready mix and the Illumina
Nextera 96-index kit (Illumina, #1505529) in a 50 μl reaction with the following program: 5 min 72 °C for
5 min; 98 °C for 2 min; 12 cycles of 98 °C for 30 sec, 62 °C for 3 min; 62 °C for 5 min. DNA was purified
and adapter dimers removed using a 1x volume of AMPure XP beads. DNA concentrations were measured
by Qubit™ DNA HS kit and fragment size distributions were determined in an Agilent High Sensitivity
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DNA run. Samples were sequenced paired-end for 38 bp reads on an Illumina NextSeq 500 platform to obtain
(NextSeq500/550 HighOutput kit V2 (75 cycles) reagents (Illumina)).

Native nuclear extract generation
Parasite cultures were washed once in ice-cold PBS and resuspended to a maximum of 6.25% hematocrit in icecold PBS with Protease Inhibitor Cocktail (PI, dissolved at 1:100, Roche, #04693132001) and 0.05% saponin
to lyse RBCs. Nuclei were isolated over a double sucrose gradient (from top to bottom: 4 ml PBS/iRBCs/0.05%
saponin; 6 ml 0.1 M sucrose/CLB*; 4 ml 0.25 M sucrose/CLB*; CLB*, CLB supplemented with PI at 1:50),
washed once in ice-cold CLB* and resuspended in CLB* with 20% glycerol, pelleted by centrifugation, snapfrozen and stored at -80 °C. Nuclear protein extract was generated as in (Kensche et al., 2016) by two rounds of
extraction using High Salt Extraction Buffer (50 mM HEPES pH7.5, 20% glycerol, 420 mM NaCl, 1.5 mM
MgCl2, 1 mM DTT, 0.4% NP-40, PI). Protein concentration was measured using the Qubit™ Protein Assay
Kit (Invitrogen, #Q33212). Nuclear protein extracts were snap-frozen in aliquots and stored at -80 °C.

DNA-pull down experiments
DNA pull-downs were performed as in218,339 with the following adaptations. Due to the low protein concentration
of the gametocyte nuclear protein extract, binding reactions were performed in a total volume of 950 μl with
430μg protein. Probes representing one genomic location with the control TGCATGCA motif and two
genomic locations with the ‘female’ motif (female motif 1, RTGTAHNTAC), or with scrambled versions of the
respective motifs were ordered from Integrated DNA Technologies (Supplementary Table 5.6). Oligo annealing
was performed in a 30 μl reaction with 1500 pmoles of biotinylated forward probe and 1500 pmoles of reverse
probe in annealing buffer (10 mM HEPES pH 8.0, 0.05 M NaCl, 1 mM EDTA, in DNase free water). At the
start of the pull-down experiment, nuclear protein extracts were diluted to 0.45 mg/ml protein concentration
in 50 mM HEPES pH7.5, 10% glycerol, 150 mM NaCl, 1.5 mM MgCl2, 1 mM DTT, 0.15% NP-40, PI at
1:25, 9 ng/μl yeast tRNA (Sigma-Aldrich, #R5636), 9 ng/μl poly(dI:dC) (Sigma-Aldrich, #P4929) and 9 ng/
μl poly(dA:dT) (Sigma-Aldrich, #P0883). Diluted extracts were spun once at 17000 x g for 25 minutes at 4°C
to remove precipitates. Sepharose beads (GE Healthcare, #17511301) with 50 pmoles of dsDNA probes were
incubated for at least one hour at RT in DNA Binding Buffer (DBB; 10 mM HEPES pH 8.0, 1 M NaCl, 10
mM EDTA, 0.05% NP-40 in DNase free water) and subsequently washed twice with DBB and twice with
Protein Binding Buffer* (PBB*; 50 mM HEPES pH 8.0, 150 mM NaCl, 0.1% NP-40, 1 mM DTT, PI at
1:25). 950 μl of diluted nuclear protein extract with 430 μg protein content were added and incubated for 2 h
while rotating at 4 °C. The probes representing the female motif (or scrambled control) were incubated with
nuclear extract generated from gametocyte cultures. The control probes were incubated with nuclear extract
generated from P. falciparum 3D7 asexual cultures. Beads (with probes and bound proteins) were then washed
once in PBB*, twice in PBB (PBB* without PI) and twice in wash buffer (WB; 50 mM HEPES pH 8.0,
150 mM NaCl). Disulfide bonds were reduced by incubating the beads with 5 mM TCEP (Sigma-Aldrich,
#C4706-2G) in 100 mM TEAB (Sigma-Aldrich, #T7408-100 ml) for 1 h in a 37 °C shaking heat block and
subsequently at 37 °C for 10 minutes with 10mM (final concentration) MMTS (Thermo Scientific, #23011) to
alkylate disulfide bonds. Next, 0.4 μg Trypsin/LysC (Promega, #V5072) was added and incubated for 1 h in a
37 °C shaking heat block. Supernatants were collected and beads were incubated with another 50 μl of 100 mM
TEAB for 5 min in a 37 °C shaking heat block and these supernatants were added to the previously collected
supernatants. Trypsin digestion in the supernatants was continued by overnight incubation in a 37 °C water
bath. Each probe was tested twice and collected peptides were first labeled by dimethyl labeling 340 before being
pooled. NaBH3CN (Merck, #818053) and CH2O were used for ‘light’ labels and NaBD3CN (Sigma-Aldrich,
#190020-1G) and CD2O for the ‘heavy’ labels. Labeling reactions were incubated for 1 h at RT while shaking
and labeling was stopped by addition of 16 μl of 1% ammonia. Reactions of wild-type and mutated probes with
different labels were then pooled and acidified by addition 10 μl of 100% trifluoroacetic acid (TFA, Biosolve BV,
the Netherlands, #20234131). Samples were then cleaned and concentrated on C18 stage tips341 and stored at
4 °C until measurement.

130

RNA-seq data analyses
Direction RNA-seq reads (75 bp) were evaluated using FastQC and mapped against both the P. falciparum
annotated transcriptome and the P. falciparum genome from PlasmoDB (release 26) using BWA samse (version
0.7.10-r789). Unmapped reads were removed (flag –F4) and mapped reads were further filtered for mapping
quality ≥15 and those mapping uniquely. This resulted in 7.5 – 15.8 M reads per library mapping to the genome.
These libraries were split for sense strand (flag –f 16) and antisense strand (flag –F16), normalized to a million
mapped reads and converted to bedgraph files (bedtools version 2.20.1347) to be visualized in the UCSC
genome browser348.
Reads mapping to the annotated transcriptome were further filtered to remove reads mapping to ribosomal
RNA genes, mitochondrial template or apicoplast template resulting in 4.87-11.23 M reads per library mapping
to the annotated transcriptome. These were also split according to strand. Sense tags were counted for all
transcripts and normalized to the number of reads per kilobase per million mapped reads (RPKM). A quantile
normalization was performed on the RPKM values and only sense reads with at least 10 RPKM in one of the
seven stages were retained. Relative sense transcript abundances were calculated by dividing the RPKM value
of each time point through the sum of RPKM values of all time points (proportion of sum). Sense transcript
abundances were clustered using Morpheus351 into 9 clusters by K-means clustering based on the 1-minus
Pearson correlation coefficient with a maximum of 1000 iterations.
Filtering to select for genes with antisense transcription was performed as follows. RPKM value of reads mapping
to the gene in antisense should be at least 8. The chance of background antisense reads due to incomplete
USER enzyme digestion becomes higher when a gene’s expression level is higher. We therefore included the
requirement that antisense expression should be at least 1/3 that of the same gene’s sense expression. Antisense
reads could also be due to read-through from a downstream gene transcribed from the opposite strand. Genes
with antisense transcription that had a sense downstream gene on the opposite strand within 1kb were therefore
removed, unless the antisense expression was 2 fold higher compared to the downstream sense gene expression.
Lastly, genes with more than 50% of all antisense reads mapping to the most 3’ quarter of a gene’s coding
sequence were removed as well. This resulted in 98 genes with likely antisense transcription. Additionally, we
selected all genes from Lopez-Barragan et al. with antisense transcripts (-log p-value >150) in P. falciparum
NF54 stage II and stage V gametocytes (total of 178 genes). Together, this resulted in a list of 229 genes with
likely antisense transcription in P. falciparum gametocytes. As early gametocyte markers we took all transcripts
that were reported as such in at least two studies of the following list:99,199,205,220,368,369. This resulted in 24 early
gametocyte markers. We compared their sense expression levels in gametocytes with that in intraerythrocytic,
asexual parasites from218. To correct for any differences that could have been introduced by the person handling
the material or the day the experiments were performed, we quantile normalized the log2-transformed RPKM
values from the two datasets together before comparing log2(RPKM) values. A Kruskal-Wallis rank sum test
was performed to compare the overall expression levels between the two experiments. AP2-G2 targets were
obtained from158. We selected genes that were upregulated in ap2-g2 KO parasites after sulfadiazine treatment,
and had a AP2-G2-GFP ChIP-seq peak within 1.2kb of their upstream region.

ATAC-seq data analyses
Paired-end, 38bp reads from ATAC-seq libraries were processed as in218. Briefly, reads were mapped using
BWA MEM against the P. falciparum reference genome from PlasmoDB (release 26). Mapped reads were
filtered for mapping quality of 30 (-Q 30), unmapped reads were removed (-F 4) as well as reads mapping to
the mitochondrial or apicoplast genomes. Only fragments of 50 to 150 bp were retained, resulting in 0.67 –
2.16 M reads per library. Libraries were normalized to one million reads and converted to bedgraph files using
bedtools genomecov with option “–pc” for paired-end data. Ratio files over gDNA ATAC-seq control218 were
generated with an offset of 0.1 at every location for both files. These ratio-files were visualized in the UCSC
genome browser.
Comparability between ATAC-seq libraries was determined by calculating the Pearson correlation coefficient
on RPM values in 200bp windows, genome-wide and on RPKM values in ATAC peak regions reported
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in218. For peak calling purposes, reads were shifted and peak calling was performed as in218 using MACS2
subcommands and the gDNA ATAC-seq library as control321. As Tn5 incubation time had little effect on
accessibility profiles, we decided to continue with all peak regions that were called in two of the three libraries
per stage (gametocytes or schizonts). The highest scoring peak summit was assigned to each merged peak.
Genomic up- and downstream regions were defined as those flanking the gene body up to a maximum of 3kb.
Intergenic (IG) regions flanked by the 5’ of two genes were split in two upstream regions, also with a maximum
of 3kb each. IG regions located flanked by two 3’ ends of two genes were split in two downstream regions, also
with a maximum of 3kb each. IG regions located on the chromosome further up- or downstream the first or
last element (gene body, upstream or downstream element) were assigned as ‘chromosome end’. All IG regions
that were not captured by these three categories were assigned as ‘rest IG’. Peaks were assigned to the different
genomic regions based on their summit location. The nearest down- or upstream gene for peaks located in
respectively upstream of downstream regions was identified using bedtools closest selecting the first hit when
ties for closest element are encountered.

De novo motif predictions

De novo motif predictions were made using GimmeMotifs (version 0.11.0)326 in 200bp regions around the
summit of gametocyte ATAC peaks that showed no overlap with peaks detected in asexual ATAC libraries
(‘gametocyte-specific’). These were additionally further filtered for those upstream genes biased gene expression
in final stage male and female gametocytes82. As a control we used 200bp, not-accessible, not-heterochromatic105,
intergenic regions with a similar GC-content distribution. Gimmemotifs was run to identify large (6-15 bp)
motifs and use 0.4 of the input regions for testing (-f 0.4). The first motif from the ‘gametocyte-specific’search and the ‘gametocyte-specific upstream female-biased genes’-search were subsequently scanned for in
the gametocyte ATAC peaks located in gene upstream regions using gimme scan (settings: FDR of 0.05 with
GC-matched background). Detected motif instances for these two motifs were evaluated for downstream genes
with male- or female-biased expression with a χ2-test.

Mass spectrometric analyses
DNA pull-down samples were analyzed on a QExactive mass spectrometer as in+. In short, samples were eluted
from C18 stage-tips with buffer B (80% acetonitrile, 0.1% formic acid), acetonitrile was evaporated and the
samples were separated over a 30cm C18-reverse phase column (1.8μm Reprosil-Pur C18-AQ, dr. Maisch
9852) and eluted using an Easy-nLC 1000 (Thermo Fisher Scientific). Elution was preformed over a 94 min
gradient (5.6% acetonitrile/0.1% formic acid - 25.6% acetonitrile/0.1% formic acid) and directly injected into
the mass spectrometer. Data were acquired in TOP10 data-dependent acquisition mode with dynamic exclusion
enabled for 20s. Raw MS spectra were analyzed as in111 and218 using MaxQuant (version 1.5.3.30354). The
default settings were used with the following adjustments. Multiplicity was set to 2 and peptides could have
mass additions for light (28.03 Da) and heavy (36.08 Da) labels at the N-terminus and at lysine residues.
Trypsin/P was set as the specific digestion mode with a mamxium of 2 missed cleavages. Analyses were run
with re-quantify set to ‘match from and to’. MMTS was set as a fixed cysteine modification. The option ‘match
between runs’ was activated (default settings) and iBAQ values were calculated. Peptides were search for against
the Plasmodium falciparum 3D7 Annotated Protein database from PlasmoDB (release 33). The entire human
proteome was included as potential contaminants. Protein quantification required a minimal single peptideratio. Downstream analyses were performed in Perseus (version 1.4.0.20355). Log2-transfromation was applied
on normalized H/L-ratios and a log10-transformation on intensity values. Significant outliers were determined
using the intensity-based Significance B option with an FDR cut-off of 0.05. Protein lists were filtered for
reverse hits, proteins that are only identified by site and potential contaminants. In addition, proteins required
a minimum of 2 peptides of which at least 1 unique in order to be considered as a hit in both the forward and
reverse experiment. Data was plotted in R and significant outliers were labeled. Candidate TFs were retrieved
from table 4 in101 and highlighted as well.
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Supplementary Information
Supplementary Table 5.1 - Sense expression levels of 24 early gametocyte markers during the
intraerythrocytic development cycle and in gametocytes (available through QR code).
Supplementary Table 5.2 - Sense gene expression during gametocyte development (available through QR
code).
Supplementary Table 5.3 - GO term enrichment analyses for each sense RNA-seq K-means cluster
(available through QR code).
Supplementary Table 5.4 - ATAC peak locations (available through QR code).
Supplementary Table 5.5 - Gimme scan motif scanning output (available through QR code).
Supplementary Table 5.6 - Oligos used for DNA pull down experiments (available through QR code).
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Supplementary Figure 5.1 – Gametocyte culture induction, synchronicity and comparability with other
datasets
(A) Summary of gametocyte induction rates obtained using the PfGDV1-GFP-DD overexpressing system.
Conversion rates were calculated (parasitemia on day 0)/(parasitemia day 2)*100%. The conversion rate from
the cultures used for the RNA-seq (#8) and ATAC-seq (#1) experiment are highlighted in orange and yellow,
respectively. The dots represent the conversion values, the box covers the 25th to 75th percentiles around the
median, and whiskers extend from the boxes to maximum 1.5 times the interquartile range. (B) Schematic
outline of the gametocyte induction and collection time points for the RNA-seq and ATAC-seq experiments.
RNA collection time points are highlighted in grey and the parasite stage depicted corresponds to the dominant
gametocyte stage observed at that time point in Giemsa stained blood smears. The relative abundances of
the different parasite stages are indicated in the table below. (C) Heatmap of Pearson correlation coefficients
calculated on log2(RPKM) values for this dataset and gametocyte RNA-seq datasets of81,82.
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Supplementary Figure 5.2 – Ap2 gene expression
(A) The heatmap of Figure 5.1b filtered for ap2 genes. The column “Stage defect knock out orthologue in Pb or
Py” indicates in which stage the lethal or dysfunctional phenotype is observed when deleting the orthologous
gene in P. berghei154 or P. yoelli163. E, no KO line could be obtained and the gene is therefore viewed as being
essential for development within the red blood cell; G, KO line produces no or dysfunctional gametocytes; O,
KO phenotype in ookinetes; C, KO phenotype in oocyst; S, KO phenotype in sporozoite; L, KO phenotype
in liver stage; #, gene essential for development in red blood cell in P. falciparum parasites; *, KO has no lethal
or dysfunctional phenotype; -, KO could not be tested. GeneIDs in orange highlight genes whose expression
shows large variations. When known, the gene name is given or - in case known - in brackets gene name for the
orthologue in P. berghei or P. yoelli. (B) Line graphs depict the expression level in quantile normalized RPKM
values of the different ap2 genes and are grouped based on their heatmap cluster.
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Supplementary Figure 5.3 – Comparison of ATAC-seq in P. falciparum gametocytes and asexual parasites
(A) Screenshot of 80kb region of chromosome 7 showing gDNA-corrected ATAC-seq signal detected in
time-course experiment in asexual P. falciparum 3D7 wild-type parasites218 and in schizont stage parasites
and gametocytes from 3D7 parasites carrying a Pfgdv1-gfp-dd expressing plasmid. (B) Heatmaps of Pearson
correlation coefficients between libraries of218 and schizont and gametocyte libraries generated in this study.
Correlations values were calculated on (left) reads per million values in 200bp windows genome-wide or (right)
reads per million per kb in peak regions detected in218. (C) Genomic coverage of schizont and gametocyte
libraries generated in this study in comparison with coverages in218. (D) Heatmap of Pearson correlation
coefficients among schizont and gametocyte libraries (200bp windows genome-wide).
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Supplementary Figure 5.4 – Screenshots of ATAC regions and antisense transcription
Four examples where the ATAC region (light blue) potentially drives antisense gene expression. From leftto-right, screenshots of: 6kb region around PF3D7_1438800 (putative OST-HTH associated domain
protein) with ATAC peaks in the gene body and RNA-seq reads in gametocytes mapping in sense and in
antisense direction. 8kb region around PF3D7_56800 (putative V-type H(+)-translocating pyrophosphatase
(VP1)) with accessibility downstream of the coding body and antisense mapping reads detected mainly in
more mature gametocytes while sense mapping reads are detected in earlier gametocyte stages. 8.75kb around
PF3D7_0303400 (palmitoyltransferase (DHHC1)) with accessibility downstream of the coding body and
RNA-seq reads mapping in antisense. The ATAC region in this example could also be involved in transcription
of PF3D7_0303500 and function in a bidirectional manner. 316kb around PF3D7_0935400 (gametocyte
development protein 1 (gdv1)) with accessibility downstream of the coding body that could be involved in
expression of the gdv1 antisense transcript. Note that ATAC-reads mapping to the gdv1 coding body could
also be coming from the gdv1-overexpressing episome. In each window, tracks show (from top to bottom/
from left to right): accessibility in the schizont library corrected accessibility detected in naked gDNA (green);
accessibility in the gametocyte library corrected accessibility detected in naked gDNA (purple); peaks called
on the schizont libraries (gray); peaks called on the gametocyte libraries (black); P. falciparum 3D7 genome
annotation (PlasmoDB release 26), blue bars are genes coded on forward strand, red bars are genes coded on the
reverse strand, narrow regions within bars are introns; gametocyte RNA-seq reads mapping to the forward (red)
or reverse (blue) strand normalized to one million reads (day 1 through day 9); asexual RNA-seq reads mapping
to the forward (blue) or reverse (red) strand normalized to one million reads (from 10 hours post invasion (hpi)
to 40 hpi). Arrows within gene bars indicate the sense direction and arrows underneath each window indicate
the direction of antisense transcription.
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Summary
Malaria remains one of the most widespread and severe infectious diseases. It is caused
by infection with Plasmodium parasites of which Plasmodium falciparum parasites are
responsible for the majority of the (symptomatic) malaria burden in humans. Malaria
transmission is complex and progress in malaria elimination is threatened by the spread
and increase of resistance against antimalarial drugs as well as insecticide resistance in the
mosquito vector. A better, fundamental understanding of Plasmodium biology is essential
for targeted drug development while shedding light on fundamental processes in an
evolutionary divergent species. An essential process to all life forms is the regulation of
gene expression which eventually dictates the timing, abundance and transcript (RNA)
isoform are generated. Different levels of gene expression control can be distinguished,
from the control by the chromatin structure, the regulation of the transcriptional machinery,
to post-transcriptional modifications of the RNA molecule and the control of RNA
storage and decay. The dynamic gene expression patterns observed among others during
intraerythrocytic development of P. falciparum parasites indicate that such mechanisms
are active in these parasites as well. In addition, candidate proteins for most mechanism of
gene expression regulation have been identified in the P. falciparum genome.
Among them are a number of putative, DNA binding proteins that may bind the DNA
in a sequence specific manner and may function as transcription factors (TFs). Despite
the relative low proportion of TFs (encoding for less than 1% of all protein-coding genes
compared to for example ~3% in yeast) most of them are essential to Plasmodium lifecycle progression, as demonstrated by studies reviewed in chapter 2. In this review, I
summarize our current understanding of transcriptional regulation in Plasmodium
parasites including transcription initiation, the contribution of sequence-specific TFs and
the identification of the regulatory DNA elements, which contain the TF binding sites.
These studies support a crucial role for the Apicomplexan AP2 family of TFs although we
are just at the beginning of understanding their role within the transcriptional process and
evidence indicates that some may actually act as components of the chromatin structure
rather than bona fide TF. In addition, while the ApiAP2s have received most attention
as Plasmodium transcriptional regulators, they are not the sole DNA-binding proteins
that could function as sequence specific TFs. The second largest family of Plasmodium
(candidate) TFs is the C2H2-zinc finger family containing the C2H2 zinc coordinating
domain that can be found in TFs of other eukaryotes as well. In chapter 3, I show that
one of these ZF protein binds to the DNA sequence GGGTT(T/C)A that is present
at telomeres, within upsB var promoters, and at rRNA genes. Additional biochemical
and phylogenetic analyses, performed by Nicole Bertschi and Till Voss, indicate that
this protein, named PfTRZ, is a functional homologue to TFIIIA and likely performs a
dual function in initiation of RNA pol III-mediated transcription and telomere length
homeostasis.
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TFs and other DNA-binding proteins compete with nucleosomes for DNA-binding.
Binding of the former increases the local DNA accessibility within the chromatin
structure and assays have been developed to identify the underlying regulatory DNA
elements based on this principle. I adopted one of these strategies, ATAC-sequencing,
to identify regulatory DNA elements in P. falciparum. In chapter 4, ATAC-sequencing
identified accessible and therefore likely regulatory DNA regions during P. falciparum
intraerythrocytic development. The thus identied accessible regions showed a strong
overlap with the binding sites of the recently published TF PfAP2-I. In addition,
reporter assays showed these regions had the capacity to replicate the expression
pattern of the downstream. Combined with directional RNA-seq data, we observed
a general positive correlation between the relative accessibility in the promoter region
and transcript abundance of the downstream gene for over 2000 DNA region-to-gene
pairs, suggesting that a cascade of transcription activating events drive intraerythrocytic
development. DNA motif predictions within these regions supported the importance
of some previously predicted in vitro motifs for the AP2 family as well as suggested
the involvement of additional, novel DNA elements. Nevertheless, the importance of
the AP2 family for transcriptional regulation in P. falciparum was further emphasized by
proteomics experiments that did only identify AP2 factors as potential protein binders
with the selected (de novo) motifs.
In chapter 5, a similar strategy was chosen to study transcriptional dynamics and identify
DNA regulatory elements that accompany sexual development of P. falciparum parasites.
Gametocytogenesis takes 9-12 days in this species and relatively little is known about
transcriptional regulation during this differentiation process. Directional RNA-seq
showed that, similar to the IDC stages, transcripts for 89% of genes can be detected in
gametocytes and their abundances are dynamic. Accessible chromatin was mapped in one
time-point during gametocyte maturation and identified over 1000 accessible regions that
were not identified as ‘open’ in blood-stage asexual parasites. Motif searches using these
specific regions put forward the RTGTAHNTAC motif for the regulation of genes that
show a considerable female-biased. While the DNA pull-down experiments could not
identify a factor specifically interacting with this motif, a recent study376 in the rodentinfecting P. berghei, identified the same motif to be important for the development of
female gametocytes.
Overall, these studies highlighted the role of transcriptional elements operating in
cis and trans in the regulation of P. falciparum gene expression during intraerytorcytic
development and sexual differentiation.
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General discussion
A game with few players: The repertoire of Plasmodium TFs
When the ApiAP2 DNA-binding proteins were identified, they were immediately put
forward as the “principal specific transcription factors of Apicomplexa”196. Transcriptome
studies showed that their combined gene expression patterns covered the complete
IDC78 and protein-binding microarrays revealed a considerable level of motif diversity165,
suggesting that this family could, in theory, be responsible for the characteristic waves of gene
expression observed during P. falciparum IDC development165,196. Furthermore, knockout
screens in P. berghei and P. yoelli154,163 as well as single ap2 gene studies107,141,156,158,159,161,162,199
revealed the essential role of this family in Plasmodium development and suggested that
the stage-specific upregulation of certain genes could be explained by the stage-specific
activity of corresponding ap2 genes (reviewed in chapter 2 and211). Examples include
PfAP2-I, which binds to the promoter of and causes the activation of genes involved in
RBC invasion141, and PbAP2-O, which binds to promoters of genes involved in zygoteto-ookinete differentiation and likely enhances their expression155,157,160,199,219,372. However,
with only 27 ap2 genes it is difficult to imagine that a ‘simple’ activating, cascade-like
regulatory circuit where one TF recognizes one TFBS and activates all genes involved
in a certain stage as well as the TF responsible for the next phase of gene expression,
would control gene expression patterns throughout parasite development. The number
27 mentioned here is even an overestimation as some AP2 proteins including PfSIP2,
PfAP2Tel and PF3D7_1456000377 – and potentially more – have been implicated
mainly in chromatin biology161,162 in contrast to classical, TF-mediated gene expression
regulation. It is thus of question whether this family is really the sole or dominant family
of Plasmodium TFs and if so, how this limited set of TFs would regulate gene expression
throughout the parasite life cycle. Alternatively, as there is no evidence completely
excluding other families of DNA-binding proteins as TFs, these ‘others’ may actually be
required as well in P. falciparum transcriptional regulation of gene expression.
ApiAP2s in the line-up
The limited number of AP2 TFs has already several times been the reason to argument
that these TFs probably operate in a combinatorial fashion. In addition, the KO screen
of Modrzynska et al. also indicated pleiotropic downstream effects for several of these
family members154. Evidence for the combinatorial mode of operation includes the
occurrence of DNA motifs for multiple factors in or near promoter regions (e.g. ref.165);
the interactions among AP2s detected in yeast-two-hybrid screens378; protein-protein
interaction proteomics for AP2-I that indicated the interaction with another AP2141; and
ChIP-reChIP-qPCR experiments that showed the close by binding of PfAP2-G and
PfAP2-I at several loci372.
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To further disentangle the hypothesized AP2 protein-protein interactions, differential
DNA-binding abilities and downstream pathways, protein-protein interaction (PPI)
studies are needed to identify (potential) AP2 interactions and ChIP-sequencing and ChIPre-ChIP experiments are needed to map their genome-wide localization and confirm sites
bound by multiple factors. In addition, ChIP linked to downstream mass spectrometric
analysis could reveal protein components of the local chromatin environment. PPIs can be
revealed through protein pull-down experiments using the AP2 in question or proximitybased labeling strategies (recently reviewed by in Trinkle-Mulcahy379). Both have the
additional advantage of revealing interactions with chromatin-associated proteins and
co-regulator complexes, thereby uncovering some of the factors through which the TF(s)
in question could establish their transcriptional effects. Protein pull-down experiments
have up to now only been performed for AP2-I in P. falciparum IDC stage parasites and
revealed the interaction with chromatin-remodeling enzymes including bromodomain
protein 1 (PfBDP1) and chromodomain-helicase-DNA-binding protein 1 homolog. In
addition, the DNA pull-down experiments of chapter 4 identified AP2-I as likely TF for
one of the motifs and showed the (co-)recruitment of bromodomain protein -1, -2 and
-3, high mobility group box 3, the SWIB/MDM2 domain-containing protein (SWIB)
and an AP2 factor (PF3D7_0613800). Thereby extending the list of potential AP2-I
interactions. The interaction with the AP2 factor PF3D7_0613800 has actually also been
identified in the PfAP2-I and PfBDP1 pull-downs140,141, supporting interaction among
these three factors. The formation of different complexes, as suggested by the AP2-I data,
can be mediated by various factors including co-factor availability, the surrounding DNA
sequence and structure and/or nearby chromatin-associated factors. The DNA pulldowns of chapter 4 used naked DNA probes representing different genomic regions and
recruited AP2-I together with partially overlapping proteins, suggesting that the DNA
sequence may already be sufficient to form different complexes.
Thus, to better understand how the ApiAP2 factors act, it is in my opinion vital to
understand where these proteins bind and, importantly, with whom. The combined use of
ChIP, PPI methodologies, proximity-based proteomics techniques will help disentangle
these complex relationships.
The ‘substitutes’: C2H2-ZnFs and HTH factors
The critical role of ApiAP2s is indeed supported by studies that investigated these
factors, however their findings do not completely exclude the involvement of other TF
family members. In Cryptosporidium parvum for example – an Apicomplexan parasite
responsible for gastrointestinal illnesses in children and immunocompromised individuals
– several E2F/DP1 transcription factors are active as well225. Also in Plasmodium,
several proteins with other DNA-binding domains exist and have been (partially)
characterized including PfMYB1207,208, PfPREBP206 and PfTRZ210. It is of question
whether additional Plasmodium TF families are required for proper gene expression in
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these parasites. Candidate TFs include helix-turn-helix (HTH) factors and C2H2-ZnFs
that are encoded by the P. falciparum genome but have not received (much) attention
as candidate TF. Besides these two families of proteins, I regard it as unlikely (but not
completely impossible) that another, ‘yet-to-be-identified’ family of TFs exists among the
±30% of genes with a “conserved (Plasmodium) protein, unknown function” annotation
(PlasmoDB release 43). Such a family would need to have a DNA-binding domain
that is largely unique to Plasmodium or Apicoplexan species and would not even show a
weak resemblance to any existing DNA-binding domain; otherwise it would have been
detected in the extensive homology searches performed in refs. 101,153,196. Although this
possibility cannot be completely excluded, I regard the C2H2-ZnFs and HTH factors as
more likely candidate TFs.
The P. falciparum C2H2-ZnFs contain only one or two C2H2-domains. Each C2H2domain generally recognizes only three to four bases of the DNA and it could therefore
also be argued that the P. falciparum C2H2-ZnFs therefore are unlikely to generate
sufficient sequence specificity and stability for DNA binding. However, unpublished
ChIP-seq data generated in scope of this thesis on the C2H2-ZnF (PF3D7_1473900)
indicates that even with one C2H2-domain, C2H2-ZnFs can be part of the chromatin
structure. This factor bound monocistronic small nucleolar (sno) RNA genes, which code
for small (80-100 bp) non-coding RNA molecules involved ribosomal RNA processing
(and likely processing of other RNA molecules as well)380. Transcription of eukaryotic
snoRNA genes is highly diverse and can involve RNA pol II or RNA pol III, upstream
promoter elements or control regions located in the transcribed leader381. There is no
literature on Plasmodium snoRNA gene transcription and PF3D7_1473900 may actually
be the first factor associated with this locus. PF3D7_1473900 is only one of the eleven
uncharacterized P. falciparum C2H2-ZnFs.
Chromatin proteome profiling (e.g. ref. van Mierlo et al.382 or Ginno et al.383) could present
an informative first step to filter candidate TFs among the HTH factors and C2H2-ZnFs
while at the same time identifying most chromatin-associated proteins in different lifecycle stages. Chromatin profiling has already been performed for histone PTMs throughout
P. falciparum IDC and gametocyte stages102,104 but chromatin-associated proteins have not
been identified on a broad scale. The nuclear proteome from Oehring et al. (2012)395 will
give some clues about nuclear localization but does not discriminate between nuclear and
chromatin-associated factors. In addition, mass spectrometry technology has definitely
improved over the last years providing increased sensitivity. To confirm whether the
identified factors have DNA-binding ability and function as TF, additional experiments
are required. These include ChIP-sequencing experiments as well as in vitro methods like
electrophoretic mobility shift assays and protein-binding microarrays to confirm their
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candidate DNA-binding ability and determine their sequence specificity. Alongside,
characterizing the corresponding PlasmoGEM knock-out lines in P. berghei384 in a similar
fashion as Modrzynska et al. did for the ap2 genes, can provide additional insights about
candidate target genes and transcriptional effects.
All in all, although the importance of the ApiAP2s within P. falciparum gene expression
regulation is clear, the involvement of factors with a different DNA-binding domain is yet
to be established. They may actually cooperate with the AP2s to regulate P. falciparum gene
expression and, same as for the AP2 factors, proteomic strategies would, in my opinion,
again be an informative strategy to gain insight on this hypothesis.
Footprints on the playfield: TF binding sites in the P. falciparum genome
In addition to the repertoire of functional TFs in P. falciparum, a catalogue of in vivo TF
binding sites (TFBSs) is still lacking for species. In chapters 4 and 5 of this thesis, we
made use of ATAC-seq to identify active regulatory DNA elements and, combined with
direction RNA-seq, identified motifs differently enriched within the accessible DNA
upstream of co-regulated genes.
Not all genes detected in RNA-seq had a corresponding ATAC-seq signal in their
upstream region. Likely, several factors contributed to this discrepancy including the
chosen assignment of peaks to genes where peaks located downstream of the ATG start
codon or within the coding sequence of the upstream gene were ignored. In addition, the
Tn5 enzyme prefers sequences with an elevated content of guanine (G) and cytosine (C)
bases385 and, in particular within the AT-rich P. falciparum genome, this nucleotide bias
could have affected the ability to detect transposition events above background, despite
the use of a Tn5-treated naked DNA control. It could also be that some sites are bound
by regulatory factors but their binding does not generate sufficient accessibility for the
Tn5 enzyme. A possible approach to improve the identification and categorization of
gene regulatory elements could be to compare the ATAC-seq data (this thesis as well
as234) with other chromatin landscape data including that of nucleosome positioning111,
nucleosome modifications and nucleosome variants117,119,120,124,126,127 to identify potential
regulatory elements that are not located in intergenic regions and within 3kb of the
gene (as was selected for in this thesis). Transcription start site mappings70,111 could also
be used to include accessible sites that were previously neglected. Finally, variability in
accessibility among cell populations could also have caused false negative sites in the
ATAC-seq bulk data. Single-cell ATAC-seq would be a solution for this problem as it
allows sub-clustering of cell types based on their accessible chromatin profile.
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As few predicted Plasmodium TFBSs were validated in vivo when this study was started,
the ATAC-seq data could not be intersected with TFBSs of known TFs (as often the
purpose of ATAC-seq profiles in model organisms). Instead, the data was used determine
differential motif enrichment of wide variety of motifs in accessible regions upstream
of clusters of co-expressed genes (chapter 4), or to aid/guide de novo motif discovery
in upstream regions of sex-biased genes (chapter 5). Others as well have predicted
TFBSs using sequencing data including gene expression (e.g. ref.154,215,227,230,231,233),
nucleosome positioning232, phylogenetic conservation information229 and/or gene
ontology annotations232. Several of the resulting de novo motifs have been identified by
multiple studies154,165,215,227,230-233,376 (e.g. G-box like elements, CACACA-like motifs, the
TGCATGCA motif of AP2-SP or the GTGCA element later shown to be part of the
AP2-I and PfSIP2 motifs), supporting their functional relevance, while others come
forth less strong and may present false positives. Instead of arguing one strategy to be
superior over another, I would suggest, to further refine the existing lists of predicted
TFBSs, to integrate the different strategies and datasets in order to filter for those motifs
that are accessible and/or are near a TSS as well as having consistently been associated
with a particular local chromatin context (histone variants and histone PTMs) and/or
target gene set. For such analyses to be performed, it is desired that predicted motifs are
published with the respective papers, e.g. as position weight matrices. This, unfortunately,
is not (yet) the case as I realized when I started the analyses in chapter 4 and intended to
take along as many as possible motifs predicted for Plasmodium,
In addition, it is increasingly becoming clear that DNA binding domains sequence
preference is not only determined by the exact base pair sequence but also by the
local DNA shape (e.g. helical twist, minor groove), which has more lenient base pair
restrictions386,387. Alongside this realization, there has been an expansion of computational
methods to incorporate local DNA shape features into DNA motif scanning tools (e.g.
388-390
). Thus, to further improve motif predictions and scanning in Plasmodium, I think
it is important to take along these DNA shape features. This could for example help us
understand how several AP2 factors can differentiate otherwise seemingly similar CArepetitive motifs. E.g the AP2 domain of four different AP2 factors recognize such a motif
in vitro165 – although one of them has recently been associated with heterochromatin and
may not bind DNA itself377 – and the recently identified AP2-FG (previously called
AP2-G3) recognizes a related TGTAYRTACA sequence376. In addition, in the DNA
pull downs of chapter 4 we observed the recruitment of two different AP2 factors to
the same TACACACA motif but only one of them was recruited by a the related but
slightly different TTATTACAC motif. On the one hand, the recognition of similar DNA
sequences could present a means of functional redundancy and backup mechanism in case
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one of the partners is mutated though, the fact that only one AP2 had no phenotype upon
deletion in the life cycle in P. berghei154, suggests that this is unlikely. Instead, additional in
vivo specificity is likely added by the presence of additional AP2 domains in the same TF,
co-factor availability, TF post-translational modifications and by the DNA shape.
Lastly, gene regulatory elements are generally divided into enhancers and promoters. Active
enhancers are associated with an open, accessible chromatin structure, monomethylation
on lysine 4 and acetylation on lysine 27 in histone 3, non-coding RNA transcription,
occupancy by multiple TFs, and chromosomal looping with their target promoter391,392.
Promoter regions, on the other hand, harbor the elements required for recognizition of the
TSS, recruitment of the RNA pol II holoenzyme and have high trimethylation on lysine
4 of histone 360. The appearance of distal enhancers is associated with the development
of more complex (bilaterians), multicellular organisms393 while gene regulatory elements
in unicellular eukarotes are located at closer distance to their target gene394. In chapter 4
of this thesis, I suggest that the Plasmodium regulatory genome resembles the latter more.
I base this, among others, on the observation that the larger part of the accessible regions
shows a positive correlation between accessibility and downstream gene expression. Using
genome-wide histone marks, others suggested that enhancers or enhancer-like elements
are present in the Plasmodium genome as well127,234. For these elements, it remains to be
determined whether they regulate gene expression at large or small genomic distances.
Based on our data and the aforementioned observation that distal enhancers emerged
with the appearance of more complex multicellular eukaryotes, I hypothesize that these
elements likely regulate gene expression close-by.
Altogether, the studies in chapter 3-5 contributed to our understanding of gene expression
regulation by TFs and gene regulatory elements in Plasmodium falciparum. While the
functions of individual TFs and gene regulatory elements are being disentangled, many
questions remain unanswered or have arisen. Efforts in multiple scientific fields and at
the various ‘levels’ of gene expression regulation will be needed to build a comprehensive
model of P. falciparum gene expression regulation.
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Nederlandse samenvatting
Malaria is een van de meest wijdverspreide en ernstige infectieziektes en wordt veroorzaakt
door infectie met Plasmodium parasieten waarvan P. falciparum verantwoordelijk is voor
het merendeel van de ernstige infecties. Malaria transmissie is complex en de steeds meer
voorkomende resistentie tegen anti-malaria medicijnen en insecticiden, bedreigen de
pogingen om malaria te verdrijven. Een beter inzicht in de fundamentele biologie van
Plasmodium parasieten kan ons helpen bij het ontwikkelen van nieuwe medicijnen én
geeft een kans om biologisch fundamentele processen te bestuderen in een organisme
dat evolutionair relatief ver verwijderd is van andere eukaryoten. Eén van die processen
is de controle of regulatie van genexpressie die uiteindelijk bepaald hoeveel, wanneer
en welk transcript (RNA) er van een bepaald gen wordt afgeschreven. Verschillende
controleniveaus kunnen onderscheiden worden: van controle via de chromatine structuur,
het reguleren van transcriptie tot post-transcriptionele modificaties van het RNA
molecuul en gecontroleerde RNA opslag en afbraak. De dynamische transcriptiepatronen
die we onder andere zien tijdens de ontwikkeling van Plasmodium parasieten in de rode
bloedcel, geeft aan dat dergelijke regulatie ook aanwezig is in deze parasieten en kandidaat
factoren voor bijna elk controle niveau zijn geïdentificeerd in P. falciparum.
Zo zijn er onder andere een aantal DNA-sequentie specifieke DNA-bindende eiwitten
die waarschijnlijk functioneren als transcriptie factor (TF), eiwitten die de via binding
aan een specifieke DNA sequentie het transcriptie proces positief of negatief kunnen
beïnvloeden. Ondanks hun relatief kleine aantal in Plasmodium hebben recente studies
aangetoond dat de meeste van deze factoren essentieel zijn voor de Plasmodium parasiet.
Hoofdstuk 2 van deze thesis bespreekt recente bevindingen over transcriptie regulatie
in Plasmodium parasieten en focust daarbij op transcriptie initiatie, sequentie-specifieke
TFs en de identificatie van DNA-elementen met een controlerende functie. Deze laatste
bevatten de uitvalsbasissen vanuit waar de TFs het transcriptie proces beïnvloeden. Een
essentiële rol lijkt toebedeeld aan de Apicomplexan AP2 familie van TFs, al is voor velen
van hen de precieze invloed nog niet duidelijk. In tegendeel, een aantal AP2s lijkt juist
een rol te hebben in de chromatinestructuur in plaats van te functioneren als bona fide
TF. Naast de AP2 familie van TFs, bevat het Plasmodium genoom ook eiwitten met
een C2H2-zinkvinger (ZV) domain, een domain dat ook voorkomt in TFs van andere
eukaryoten. Hoofdstuk 3 laat zien dat één van deze ZVs, PfTRZ, de GGGTT(T/C)A
DNA sequentie bindt die aanwezig is in telomeren, in upsB var promoters, en bij rRNA
genen. Biochemische en fylogenetische experimenten, uitgevoerd door Nicole Bertschi
en Till Voss, laten zien dat dit eiwit een homoloog is van TFIIIA en waarschijnlijk een
duale functie uitvoert in de initiatie van RNA pol III transcriptie en telomeer homeostase.
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TFs en andere eiwitten die het DNA binden, zijn in competitie met nucleosomen voor
toegang tot het DNA. De binding van de eerste verhoogt de lokale toegankelijkheid van
het DNA voor sommige nucleases en transposases en assays zijn ontwikkeld die deze
eigenschap gebruiken om locaties van TF-DNA binding te identificeren. In hoofdstuk
4 en 5 heb ik één van deze technieken, ATAC-sequencing, toegepast om dergelijke
controlerende DNA elementen te identificeren in P. falciparum. In hoofdstuk 4 doen we
dit in tijdens de ontwikkeling van de parasiet in de rode bloedcel. DNA-elementen die
we hier identificeren hebben een sterke overlap met die onlangs gepubliceerde binding
locaties van de TF PfAP2-I. Daarnaast laat een reporter assay zien dat deze elementen
genoeg informatie bevatten om het transcriptiepatroon te repliceren. Samen met RNAsequencing vinden we een overdaad aan positieve correlaties en dus transcriptie activerende
functie in meer dan 2000 combinaties van een DNA-element en de genexpressie van
het nabij liggende gen. De novo DNA-motieven voorspeld in deze regio’s bevestigen de
belangrijke rol van AP2 TFs en ook in DNA-pull downs experimenten zijn het de AP2s
die binden en zien we geen andere kandidaat TFs, wat opnieuw de belangrijke rol van
deze familie van TFs bevestigt.
In hoofdstuk 5 pas ik eenzelfde benadering toe om de transcriptionele veranderingen en
controlerende DNA-elementen te identificeren die samengaan met seksuele ontwikkeling
van P. falciparum. Gametocyt differentiatie in deze soort duurt 9-12 dagen en relatief
weinig is bekend over transcriptie regulatie gedurende dit proces. De transcriptoom
analyse toonde aan dat, net als in de aseksuele bloed stadia, het merendeel van de genen
gedetecteerd kan worden en de aanwezige hoeveelheid van de meeste transcripten
dynamisch is. Het ATAC-seq profiel op 1 tijdspunt midden in differentiatie toonde
1000 open regio’s die niet konden worden geïdentificeerd in aseksuele bloed stadia.
Met DNA-motief voorspellingen in deze regio’s kwamen we bij het RTGTAHNTAC
motief dat een rol zou kunnen spelen bij de expressie van genen waarvan het transcript
in veel hogere mate in vrouwelijke dan in mannelijke gametocyten aanwezig is. DNApull down experimenten konden echter geen TF vinden die zou interacteren met dit
motief. Desondanks is onlangs eenzelfde motief gevonden in Plasmodium berghei - een
malaria parasiet die muizen kan infecteren - voor een AP2 die een rol zou spelen bij de
ontwikkeling van vrouwelijke gametocyten.
Al met al, laten deze studies samen de rol zien van een aantal factoren of DNA elementen
die in cis en trans de regulatie van P. falciparum gen expressie sturen tijdens zijn ontwikkeling
in de rode bloed cel en tijdens de vorming van seksuele stadia.
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