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1 MALARIA 

1.1  Malaria context and epidemiology  

Malaria has been a global disease since ancient times and remains as a major 

problem worldwide, especially for people from resource-limited areas. Nearly half of the 

world’s population is at risk of malaria, being children under 5 years of age and 

pregnant women particularly vulnerable to this disease. An estimated 435,000 deaths 

and 219 million cases occurred in 2017, most of them in the African region (92%), 

followed by the Southeast Asia (5%) and the Eastern Mediterranean regions (2%) (Fig. 

1). Although more than half of the countries that had endemic malaria twenty years ago 

have reduced or eliminated malaria, today up to 90 countries still remain endemic for 

malaria1,2. Within this context, the new goal for 2030 is to reach malaria elimination in 

at least 35 more countries, with the ultimate vision of achieving a malaria-free world2. 

 
Figure 1. Malaria incidence in 2017.  Number of new malaria infections per 1,000 people in each country in 2017. 
Reproduced from Our World in Data3. 

 
Malaria disease is caused by protozoan Plasmodium sp. parasites, eukaryotic 

organisms that belong to the phylum Apicomplexa. More than 100 species of 

Plasmodium have been identified, infecting many animal species such as reptiles, birds 

and mammals. However, only four of them (P. falciparum, P. vivax, P. ovale and P. 

malariae) produce infection exclusively in humans. Of those, P. falciparum and P. vivax 

are the most common species and responsible for the majority of cases worldwide. P. 

falciparum is found in tropical areas, mainly in Africa, and is responsible for most 

malaria-related deaths, killing around 1,200 African children each day4. In contrast, P. 
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vivax is the most widespread species, found in both tropical and temperate areas 

mainly from Southeast Asia, Central and South America. Both P. ovale and P. malariae 

cause mildest infections and are especially present in West Africa. Other species 

infecting non-human primates, such as P. knowlesi that naturally infects macaques, 

can also cause zoonotic malaria in humans. 

The main mode of transmission in humans is through the bite of an infected female 

Anopheles mosquito, although other sources of transmission are known (i.e. 

transfusion of infected blood or transplacental infection). There are about 40 malaria-

competent Anopheles species, which are broadly distributed worldwide and show 

differences in the efficacy of transmission based on their location, feeding habitats and 

behaviour. A. gambiae, for instance, is a major and highly efficient vector in tropical 

Africa5. Climate, economic and social conditions also indirectly affect the ability of the 

mosquito to sustain malaria transmission.  

1.2 Life cycle 

The Plasmodium life cycle is divided between two different hosts: a vertebrate host 

(humans and other animals) and an invertebrate host (mosquitoes) (Fig. 2). Female 

Anopheles mosquitoes transmit malaria during a blood feed by inoculating ~20 

sporozoites, the infective form of the parasite. In less than 45 minutes, sporozoites 

reach hepatocytes, where they multiply by several rounds of asexual fissions producing 

from 10,000 to more than 30,000 daughter merozoites per sporozoite (pre-erythrocytic 

phase). During this period, which can last about 6-7 days for P. falciparum infections in 

naïve individuals, the peripheral blood is still not infected and the patient remains 

asymptomatic6. Some species (e.g. P. vivax and P. ovale) can persist in the liver as 

dormant stages (hypnozoites) and cause relapses weeks or years later.  

After exponential multiplication, infected hepatocytes burst, releasing all the merozoites 

into the blood stream. They invade red blood cells (RBCs) to start the intraerythrocytic 

developmental cycle (IDC), which takes 48 h for P. falciparum, P. vivax and P. ovale, 

72 h for P. malariae and 24 h for P. knowlesi, a period during which parasites develop 

into different asexual stages7. Merozoites of some species can infect both retyculocytes 

and mature erythrocytes (i.e. P. falciparum), whereas other species have marked 

preference to invade only reticulocytes (i.e. P. vivax). Upon invasion, merozoite is 

surrounded by a parasitophorous vacuolar membrane originated from the erythrocyte 

plasma membrane and altered by parasite-derived proteins. Merozoites first progress 

to the ring stage (~0-24 h post-invasion, hpi), in which the thin cytoplasm and the 
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small chromatin dots give them the characteristic “ring” appearance. Early after 

invasion, ring-stage parasites start endocyting the host cytoplasm, creating small food 

vacuoles within the parasite cytoplasm that become a single large vacuole at later 

stages. Afterwards, the parasite enters a maturation phase of high metabolic activity 

known as trophozoite stage (~24-38 hpi), characterized by the accumulation of 

hemozoin as a product of hemoglobin degradation and major changes in the host RBC. 

Such modifications are mainly driven by the export of hundreds of parasite-encoded 

proteins into the RBC cytoplasm and surface, affecting RBC deformability, adhesion 

and permeability. Lastly, during the schizont stage (~38-48 hpi) parasites undergo 

repetitive nuclear division forming ~30 daughter merozoites. The cycle culminates with 

RBC rupture, releasing new merozoites into the bloodstream to reinvade new RBCs. 

This IDC, continuously repeated in the human blood stream, is responsible for the 

clinical manifestations of the disease. 

 
 

Figure 2. Plasmodium falciparum life cycle. Malaria parasites’ complete life cycle, which includes the mosquito 
(left) and human (right) hosts. Reproduced from Andrew H. Lee et al.8.  
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During each cycle, a small fraction of the parasites abandons the cyclical growth and 

develops into non-replicating female and male sexual stages called gametocytes, 

which are sequestered in the bone marrow and other tissues until they complete their 

maturation process9. Once mature, gametocytes can access again the peripheral 

bloodstream and remain in circulation until they are ingested by a new mosquito during 

a blood meal10.  

The uptake of gametocytes by a mosquito induces their activation to gametes in the 

mosquito midgut and triggers the typical male gamete exflagellation. Afterwards, 

flagellated male gametes fertilize the female counterpart, allowing sexual 

recombination that generates genetic diversity among malaria parasite populations. 

The resultant zygote develops into a motile and elongated ookinete that invades the 

mosquito midgut wall and transforms into an oocyst, which generates thousands of 

sporozoites. After oocyst rupture, sporozoites are released into the mosquito body 

cavity and invade the salivary glands (~10-18 days after gametocyte ingestion), where 

they stay until inoculation into a new host during the next mosquito blood meal11. 

1.3 Clinical manifestations 

The onset of malaria symptoms is related with the intraerythrocytic stages and occurs 

about 9-30 days after P. falciparum infection. The clinical manifestations of malaria are 

dependent on the previous immune status of the host and vary according to the level of 

acquired immunity developed after repetitive exposure12. Apart from malaria specific 

host immunity, factors such as Plasmodium species, host ethnicity, parasite load or 

previous exposure to anti-malarial drugs have key relevance in determining the severity 

of the disease. Thus, completely different symptomatology is described in different 

malaria-infected patients, which can be categorized as asymptomatic, uncomplicated, 

severe and placental malaria13.  

Asymptomatic malaria is characterized by the absence of symptoms even though 

there are circulating parasites in the blood stream. It is common in >5-year-old children 

and adults from regions with high malaria transmission. In consequence of the frequent 

exposure to Plasmodium parasites, these individuals have developed tolerance to the 

infection and do not experience malaria symptomatology. Thus, they constitute an 

important reservoir for Plasmodium parasites, leading to continued transmission of the 

disease14,15.  

In uncomplicated malaria, the onset of the disease is mostly accompanied by early 

nonspecific symptoms shared with other diseases, including headache, arthralgia, 
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nausea, diarrhoea, anorexia, dyspepsia, epigastric discomfort and muscle pain13,16. 

The hallmark of symptomatic malaria is periodic fever, which typically occurs every 48 

h (but it can also occur daily or every 36 h). Symptoms are mainly due to the direct 

effects of RBC infection and destruction by parasites, and the host’s reaction to this 

process. Even though the infected individual may not appear very ill, serious 

complications may develop at any stage if the appropriate treatment is not started.  

In some cases, uncomplicated malaria may progress to severe malaria, characterized 

by general and organic complications involving the central nervous, pulmonary, renal or 

hematopoietic systems, which are the principal cause of malaria-related deaths13,17. It 

is defined by at least one of the following clinical manifestations: impaired 

consciousness or coma (cerebral malaria), prostration and generalized weakness, 

convulsions, pulmonary oedema, respiratory failure causing acidosis, abnormal 

spontaneous bleeding, jaundice, hepatic dysfunction, circulatory collapse, severe 

anemia, hypoglycemia, hemoglobinuria and acute kidney failure, as well as 

opportunistic bacterial infections13,17. These complications are related with increased 

binding of infected RBCs to endothelial cells, as well as to either other infected 

(agglutination) or non-infected (rosetting) RBCs, altogether causing microvascular 

obstruction and local inflammation in vital organs18–20. It commonly occurs in naïve 

individuals that have no or low previous malaria immunity and therefore are more 

susceptible to develop symptomatology, such as children below 5 years of age, 

travellers or immunocompromised patients, as well as individuals from low 

transmission areas. While uncomplicated malaria can be caused by all Plasmodium 

species, severe malaria is usually caused by infection with P. falciparum, although less 

frequently it can also be caused by P. vivax or P. knowlesi.  

Placental malaria is one type of severe malaria, characterized by sequestration of P. 

falciparum-infected erythrocytes within the intervillous spaces of the placenta, which 

leads to poor outcomes for both the fetus and the mother21,22. In such situation, high 

parasitemia in the placenta results in alteration of the exchange system between 

mother and fetus, causing abortions, neonatal death, still births, preterm births, 

intrauterine growth retardation and low birth weight. Congenital malaria can also occur, 

transmitting the infection from the mother to her fetus prenatally or perinatally. At the 

same time, pregnant women can suffer the typical severe malaria complications, such 

as severe anemia, generalized edema, pulmonary edema, hypoglycemia and cerebral 

malaria. Many women presenting these symptoms die during or shortly after labour, 

highlighting the risk of fatality in placental malaria. In high transmission areas, although 

women may already have acquired immunity against malaria disease, once they are 
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pregnant, they are exposed to different antigenic forms of the parasite and thus they 

have again high risk of severe malaria, like non-immune individuals23. Women who are 

pregnant for the first time (primigravidae) are especially susceptible to adverse effects, 

a risk that diminishes over successive pregnancies due to the development of specific 

immunity against pregnancy-associated malaria.  

1.4 Malaria control  

The control of malaria disease, with the ultimate goal of eradication, represents one of 

the major global public health challenges of the 21st century. Although the global 

strategies for fighting malaria have changed during the last years, they are based on 

three main lines of work: diagnosis, treatment and prevention. 

1.4.1 Diagnosis  

Early and accurate diagnosis of malaria is essential for both effective disease 

management and malaria surveillance. However, malaria disease shares many 

common symptoms with other diseases, such as influenza or dengue, leading to 

frequent wrong diagnoses. Thus, although one of the main criteria for malaria diagnosis 

is the presence of periodic fever, other microscopic and molecular techniques based on 

detection of parasites in the blood need to be used to discriminate malaria from other 

infections.  

Light microscopy examination of thick or thin blood smears stained with Giemsa is 

the main method used for malaria diagnosis, due to its low cost and availability in poor 

countries. However, the quality of microscopy-based diagnosis is frequently inadequate 

and has many limitations, such as the need of highly trained staff and the low 

sensitivity24. Another widely used diagnostic technique are malaria rapid diagnostic 

tests (RDTs), which can be used in remote areas with limited access to microscopy 

services24,25. They are based on the immunological detection of parasite antigens that 

are present in the blood of infected individuals (e.g. PfHRP2 and PfLDH), being able to 

detect single or multiple Plasmodium species and even distinguish between them. 

They are simple to use, require little training and allow rapid and easy diagnosis. 

However, they also have disvantages, such as the limited sensitivity or the obtenance 

of either false-negative or false-positive results due to PfHRP2 deficiency or interaction 

with other infections, respectively.  

While microscopy and RDTs are the primary choices for diagnosing malaria in the field, 

neither of them is able to detect low parasitemia infections or dormant liver stages, 
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leading to false-negative results that compromise malaria surveillance. Thus, other 

highly sensitive molecular techniques may be used. The most sensitive tests are based 

on the detection of parasite genetic material by nucleic acid amplification, such as 

polymerase chain reaction (PCR) or loop-mediated isothermal amplification 

(LAMP)24,26. These techniques detect low-density parasitemia, multiple pathogens 

simultaneously and different strains, enabling an accurate diagnosis of the infectious 

agents. Nevertheless, they have limitations in low-resource settings, including the need 

for equipment and supplies, experienced personnel, high cost or long processing time.  

1.4.2 Treatment  

Malaria treatment can achieve a rapid and full elimination of parasites from the 

patient’s blood, preventing progression to severe disease or chronic infections and at 

the same time reducing transmission to other individuals. It currently relies on the use 

of antifolates, quinolines and artemisinins, the two latter derived from plants whose 

medicinal values had been noted for centuries. They all differ in the mechanism of 

action and act at different stages of the parasite life cycle, most of them being effective 

against the asexual intraerythrocytic stages27,28. The antifolate drugs include 

sulfadoxine, pyrimethamine, atovaquone, proguanil and dapsone, all of which interfere 

with the synthesis of precursors needed for DNA replication29,30. Quinolines (e.g. 

chloroquine, amodiaquine, quinidine, mefloquine, piperaquine, lumefantrine, 

primaquine and halofantrine, among others) are derived from quinine, the first 

antimalarial drug used in Europe in the early 17th century. Their mechanism of action 

relies on the interference with the process of hemozoin formation, resulting in the 

accumulation of toxic free heme in the intraerythocytic stages, except for primaquine, 

which also kills hepatic and gametocyte stages31. Artemisinin is derived from the plant 

Artemisa annua, which was used as an antimalarial medicine in China for more than 

2,000 years. Its derivatives include dihydroartemisinin (DHA), artesunate, arthemeter, 

artemisone or artemiside. These drugs appear to act by alkylation of biomolecules such 

as heme, proteins and lipids, leading to the generation of free reactive oxidative 

radicals that are toxic for the parasite32. They rapidly induce killing of blood stages of all 

Plasmodium species and are also partially active against gametocytes. The use of 

artemisinins has been key in the fight against malaria, being present in the majority of 

current treatments. However, given the short half-life of artemisinins, they are mainly 

used in combination therapy with other long-acting antimalarials. 

As resistance to many individual antimalarial drugs has been reported in the last 

decades, the use of combinations of drugs with different mechanisms of action is often 
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preferred to reduce the risk of resistance development and treatment failure28,33. 

Artemisinin-based combination therapies (ACTs), which combine the highly 

effective short-lived artemisinins with a longer-acting partner, are the most effective 

antimalarial medicines available today and the recommended treatment for both 

uncomplicated and severe P. falciparum malaria.  

Distinct treatments are used depending on the severity of the disease, the parasite 

species and the region34. In P. falciparum infections, the treatment of choice for 

uncomplicated malaria is a three-day ACTs oral dose, which has high efficacy and few 

adverse effects. A single dose of primaquine can also be administered as 

antigametocyte drug. Instead, severe malaria requires hospitalization and long periods 

(>24 h) of parenteral administration of artemisinin derivatives (e.g. artesunate or 

artemether) or quinine, that rapidly clear the parasites from blood. Pregnant women 

must be treated with antimalarials that are known to be safe for the fetal development, 

such as quinine, chloroquine, clindamycin or proguanil in the first trimester, or ACTs in 

the second and third trimesters of pregnancy.  

1.4.3 Prevention 

Prevention of Plasmodium spp. infection can be accomplished by different strategies. 

On the one hand, prophylaxis is used in chemoprevention campaigns of specific 

vulnerable groups35,36. This is the case of the intermittent preventive treatment of 

pregnant women (IPTp) and infants (IPTi), in which doses of sulphadoxine-

pyrimethamine are administered in the antenatal and childhood programmed visits. 

Also, seasonal malaria chemoprevention (SMC) campaigns are performed during acute 

seasonal transmission periods, where sulphadoxine-pyrimethamine plus amodiaquine 

is monthly given to children. Prophylactic treatments may also be provided to 

individuals entering an area of high endemicity, such as tourists and non-immune 

migrants. This protection is achieved by daily atovaquone-proguanil or weekly 

mefloquine treatments administered prior, during and upon return from their travel to 

the endemic region. 

On the other hand, many efforts have been put in the development and clinical trials of 

a malaria vaccine, which would have a great impact on malaria elimination efforts. The 

most advanced candidate vaccine to date is RTS,S/AS01, which contains a 

recombinant protein with parts of the P. falciparum circumsporozoite protein (CSP) 

combined with the hepatitis B virus surface antigen37,38. The phase III trial of 

RTS,S/AS01 showed that a 3-dose vaccination reduced clinical malaria cases by 18% 

and 28% in young infants and children, respectively, and by 26% and 36% after the 
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addition of a booster dose39. However, this efficacy waned over time, meaning that this 

vaccine is not ideal for long-term protection.  

Vector control is another key aspect of malaria prevention. Several vector 

characteristics (e.g. population size, longevity or human biting habits) are strongly 

influenced by climate, local ecology or human behaviour, and consequently can be 

altered by distinct strategies with the aim of reducing mosquito availability and malaria 

transmission35,40. The main strategies of malaria elimination campaigns include 

insecticide-treated mosquito nets (ITNs) and indoor residual spraying (IRS), both of 

which reduce vector-human contact41. Use of insecticides such as 

dichlorodiphenyltrichloroethane (DDT) at large-scale has helped to reduce malaria 

transmission by controlling its vector, but mosquitoes have started to develop 

resistance to them. Moreover, some specific insecticides, such as DDT, have also 

been restricted due to the risk they involve for the health and environment42. 

Management of mosquito breeding sites with activities such as drainage of stagnant 

water, introduction of larvae predators or application of larvicides can also reduce the 

number of mosquito populations35. A new method of vector control is the attractive toxic 

sugar bait (ATSB), which kills mosquitoes by attracting them to a solution that contains 

both a feeding stimulant and an oral toxin43.  
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2 TRANSCRIPTIONAL REGULATION IN P. 

FALCIPARUM  

2.1 Genome characteristics  

P. falciparum contains a 23 Mb nuclear genome organized in 14 chromosomes that 

encodes ~5,500 genes44. In addition to the nuclear genome, mitochondrion and 

apicoplast organelles also have their own extrachromosomal genomes, which are 

much smaller (6 kb and 35 kb, respectively) and maternally inherited45.  

The highly compacted and AT rich (~80% overall and greater than 90% in noncoding 

regions) genome of P. falciparum has abundant repetitive regions, especially rich in 

short tandem repeats and other low complexity sequences44,46. These characteristics 

increase the chances of strand mispairing during DNA replication, consequently 

causing spontaneous genetic diversity. Insertions and deletions (indels) of short 

tandem repeats (e.g. microsatellites) are the most common polymorphism in P. 

falciparum parasites, especially abundant in noncoding regions47. Similarly, major 

genomic changes, such as gene copy number polymorphisms (CNPs) and 

translocations, are common sources of variation that affect larger genomic DNA 

segments, mainly in subtelomeric regions48,49. Single nucleotide polymorphisms (SNPs) 

are also abundant in the P. falciparum genome, with a non-homogeneous distribution 

among chromosomal regions and genes50,51.  

Genetic variants may confer a functional advantage that can be selected and 

transmitted to the next generations. Thus, this heritable, non-reversible and slow 

adaptive mechanism is one of the fundamental ways of adaptation to the environment 

found in malaria parasites52. One of the most studied examples is the development of 

drug resistance, which has been associated with specific SNPs in genes encoding 

transporters and enzymes such as pfcrt, pfmdr1, pfdhfr, pfdhps and pfk13. For 

instance, point mutations in pfcrt and pfmdr1 permit the efflux of cloroquine and quinine 

from the site of drug action53–55, whereas mutations in pfdhfr and pfdhps are associated 

with decreased affinity of antifolate drugs56,57. 

2.2 General aspects of transcription 

During the 48 h IDC, P. falciparum expresses over 80% of its genes in a coordinated 

and time-specific manner, showing a transcriptional cascade that progress throughout 

the lifecycle. Most genes involved in specific processes are expressed just once per 
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cycle when their products are needed, fitting with the so-called “just-in-time” 

transcriptional profile58–60. Several mechanisms take part simultaneously in this 

process to tightly control gene expression throughout the whole development.   

 
Figure 3. Promoter organization.  Transcription initiates at gene core promoters, where general transcription 
factors (GTFs) recruit the RNA polymerase II (Pol II) to the transcription start site (TSS) to form the pre-initiation 
complex and lead transcription initiation. The pre-initiation complex activity can be regulated by specific transcription 
factors (STFs), which bind to specific distal and proximal DNA sequences (cis-acting elements). Other co-activator 
factors may take part in the pre-initiation complex regulation. Distal cis-acting elements are known as enhancers or 
silencers, depending on their activator or repressor function, respectively. Adapted from Levine & Tjian61 and Tuteja 
et al.62. Created with BioRender.com. 

 
In model eukaryotes, genes have an upstream proximal promoter region called core 

promoter, essential for the assembly of the transcriptional pre-initiation complex (PIC) 

and for the regulation of transcriptional activity63 (Fig. 3). It includes the RNA 

polymerase II (Pol II), constituted by twelve subunits, and general transcription 

factors (GTFs). As Pol II is unable to locate and bind to promoters by itself, GTFs can 

recognize DNA sequences located next to the PIC (cis-acting elements), such as the 

TATA box or the initiator (Inr) element, and attract Pol II to the transcription start site 

(TSS) to establish the transcription direction and starting point. P. falciparum gene 

promoters have a similar structure to eukaryotes64. The twelve Pol II subunits and 

many eukaryotic GTFs are conserved in malaria parasites, including the TATA-binding 

protein (TBP) and other TFIIs65–67. Some cis-acting elements, such as the TATA box-

like and the Inr-like sequences, have also been functionally characterized in P. 

falciparum68,69, although their relevance remains unclear. 
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2.3 Transcription factor regulation 

While the core promoter is responsible for the basal level of transcriptional activity, 

specific transcription factors (STFs) can either activate or repress the transcriptional 

activity in that locus by regulating the PIC assembly and function70. STFs recognize 

proximal and distal cis-acting elements that confer specificity and also bind to co-

activator factors to regulate PIC activity (Fig. 3). Distal cis-acting elements are known 

as enhancers or silencers, depending on their activator or repressor function, 

respectively. It has been shown that P. falciparum has a relative paucity of STFs and 

their specific cis-regulatory elements, which have low similarity to known regulatory 

elements or factors in other eukaryotes. 

2.3.1 Specific transcription factors 

To date, only a few STFs have been identified in P. falciparum (ApiAP2, zinc finger 

proteins and helix-turn-helix families), whereas many of the STF families found in other 

eukaryotes are absent66,67,71,72. Different hypothesis may explain this paucity of STFs in 

Plasmodium species. On the one hand, due to their distant evolutionary relationship 

with other eukaryotes, it is possible that malaria parasites contain a completely different 

set of STFs, which are difficult to identify using the currently available homology-based 

tools66,73. Moreover, the extremely AT-rich genome and the abundance of repeats 

insertions may also pose a challenge for the bioinformatics prediction of transcription 

factors. The identification of the P. falciparum apicomplexan AP2 (ApiAP2) family of 

transcription factors (typically found in plants, but not in mammals or yeast) was crucial 

to understand the transcriptional regulation mechanism in malaria parasites, 

highlighting the differences with other model eukaryotes71,72.  

Also, several potential cis-acting sequences are clustered together in the promoter 

regions of P. falciparum genes, suggesting a combinatorial mode of gene regulation in 

which multiple factors contribute to the overall promoter activity of a specific gene74. 

The ability of some STFs to form dimers also supports a multifactorial regulation 

mechanism in Plasmodium species. This would provide the diversity required to 

specifically control a large number of genes using a small set of factors, explaining the 

apparent lack of transcription factors in P. falciparum. 
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ApiAP2 proteins 

ApiAP2 is the largest and most studied transcription factors family in P. falciparum. 

This family includes apetala2 (AP2) domain-containing proteins, homologous to the 

apetala2/ethylene response factor (AP2/ERF) family of DNA-binding proteins from 

plants75. AP2/ERF proteins are characterized by the presence of AP2 DNA-binding 

domains, a 60-amino acids (aa) sequence that binds to DNA by a triple stranded β-

sheet stabilized by a C-terminal α-helix structure76. They can either activate or repress 

gene expression and are involved in different functions depending on the number of 

AP2 domains present in the protein. While AP2/ERF proteins with only one AP2 

domain generally regulate genes involved in pathogenesis and environmental stress 

responses, AP2/ERF transcription factors with two AP2 domains are generally related 

with development76. 

Several AP2-domain containing proteins are conserved among apicomplexan parasites 

such as Theileria, Cryptosporidium, Plasmodium or Toxoplasma species67,72. Similar to 

plants, ApiAP2 proteins contain up to four AP2 domains, which are also ~60 aa in 

length and conserve the triple β-sheet structure that directly makes contact with DNA77. 

In P. falciparum, 27 putative ApiAP2 members and their cognate DNA-binding motifs 

(discussed below) have been identified and most of them appear to be conserved in 

other Plasmodium species78 (Fig. 4). ApiAP2s greatly vary in size, ranging from 200 to 

more than 4,000 aa, and may also contain additional domains such as the AT-hook, 

the zinc finger, the Acyl-CoA-N-acetyltransferase, the pentapeptide-repeat-like (PR) or 

the AP2-coincident domain mostly at the C-terminus (ACDC) domains79 (Fig. 4). The 

presence of an AT-hook close to the AP2 domain has been proposed to increase 

affinity through nonspecific interactions with DNA80, whereas the function of the rest of 

domains is still unclear.  

Apart from binding DNA, ApiAP2s can also interact with other transcription-related 

proteins, such as chromatin remodelling factors (e.g. GCN5, HMGB-type and 

bromodomain proteins)79,81,82. Binding to both DNA and proteins may serve to recruit 

the chromatin-related factors to specific locations and facilitate interactions with the 

transcription machinery. However, it is still unclear whether these protein interactions 

are driven by AP2 domains as in plants83 or by other regions within the protein. It has 

also been suggested that ApiAP2s can undergo dimerization, forming either homo or 

heterodimers, as shown in the crystal structure of PfAP2-SP/Exp77.  
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Figure 4. Apicomplexan AP2 family.  Conservation of ApiAP2 members in some Plasmodium species infecting 
humans (blue icon), monkeys (green icon), chimpanzees (black icon) or rodents (yellow icon). Gene ID refers to P. 
falciparum ID, except for the member marked with a star (*) that refers to P. vivax gene ID. On the right, schematic of 
the proteins and their domains. The total length and the common protein name are provided at the end in light or 
dark blue, respectively. ACDC, AP2-coincident domain mainly at the C-terminus. Adapted from Jeninga et al.79 and 
Painter et al.78.  

 
Similar to the IDC transcriptional cascade, ApiAP2 expression also occurs in a 

sequential manner. In P. falciparum, a cascade of ApiAP2s expression and co-

expression of 4-6 ApiAP2 are observed in specific stages, which indicate that they 

likely play a coordinated role in regulating life cycle progression72,84. Furthermore, it has 

been suggested that this ApiAP2 expression is self-regulated, as binding motifs for 

many ApiAP2 factors are present upstream of other ApiAP2 genes. Recent systematic 

knockout screens targeting the ApiAP2 family in rodent malaria parasites has led to the 

identification of new roles for many of the ApiAP2 members85,86. From the total 27 

ApiAP2 members, more than half were refractory to knockout, suggesting that they are 

essential for asexual blood stage development in vivo85 (Fig. 5). Among them, AP2-I is 

one of the most characterized, described to drive the expression of genes necessary 
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for merozoite invasion87. The remaining ApiAP2s have putative roles in gametocyte, 

ookinete, sporozoite and liver stages, as well as driving heterochromatin formation and 

telomere maintenance across the life cycle. One of the most studied members is AP2-

G, which is key for sexual conversion and drives gametocyte development together 

with AP2-G2 and AP2-G388–90. Ookinete formation and development in the mosquito 

midgut is probably mediated by four transcription factors: AP2-O, AP2-O2, AP2-O3, 

AP2-O4 and AP2-O585,86,90–92. Three ApiAP2 members are related with sporozoite 

development: AP2-SP/Exp, AP2-SP2 and AP2-SP3/Tel85,86,93. Finally, one ApiAP2 

plays an essential role in liver stages, AP2-L85,86,94.  

 
Figure 5. ApiAP2 expression and role in the parasite life cycle. P. falciparum ApiAP2 transcript levels throughout 
the intraerythrocytic cycle at the ring (R), early trophozoite (ET), late trophozoite (LT) and schizont (S) asexual 
stages, as well as gametocyte stage II (GII) and V (GV). The right green columns indicate an essential role in the 
asexual cycle (A), gametocyte (G), ookinete (O), sporozoite (Sp) or liver (L) stages. Adapted from Modrzynska et 
al.85.   
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While most ApiAP2 members play important roles during development, other members 

have shown different functions beyond life cycle progression. This is the case of SIP2, 

which plays a role in heterochromatin formation and genome integrity95. Also, in 

addition to sporozoite formation, AP2-SP/Exp is involved in the regulation of clonally 

variant genes96 and AP2-SP3/Tel may also be related with chromatin maintenance and 

telomere biology97. However, new studies using conditional approaches are needed to 

elucidate the specific role of the remaining ApiAP2 members in parasite progression 

through the life cycle, specially those that are essential for IDC progression and hence 

cannot be knocked out.  

Zinc finger proteins 

The zinc finger proteins group includes a diverse set of proteins, such as C2H2, 

C3H4 and CCCH types, all of them presenting zinc finger domains that coordinate 

DNA-binding. Particularly, the CCCH-type is highly over-represented in Plasmodium 

falciparum, but their role in transcriptional regulation is still unclear67.  

Helix turn helix proteins 

The helix-turn helix group comprises Myb domain-containing proteins. One of the main 

studied members is PfMyb, which is expressed throughout the erythrocytic 

developmental stages and its inhibition causes reduced growth, suggesting that 

PfMyb1 is essential for normal parasite growth98,99.  

Other STFs 

Apart from the families mentioned above, other individual transcription factors and their 

associated DNA motifs have been described, such as the cold-shock protein66, the Prx 

regulatory element binding protein (PREBP)100 or the PfNF-YB101, but their functional 

relevance remains to be determined. 

2.3.2 Specific cis-acting elements  

As other eukaryotes, the malaria parasite genome contains specific cis-regulatory 

sequences located between 100 to >1000 base pairs (bp) upstream of the TSS, which 

are needed to recruit STFs to the promoter and regulate the level and time of 

expression of a specific gene64. However, due to the high AT content in intergenic 

regions, only a few specific cis-acting elements have been identified in Plasmodium 

species.  
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Figure 6. ApiAP2 cis-acting elements. Diagram showing the number of AP2 domains (D1, D2, D3; blue boxes) 
found in the P. falciparum ApiAP2 members and the predicted DNA motif recognized by each one84.  Empty boxes 
stand for AP2 domains without predicted cis-acting motif. Genes are ordered by size, as in fig. 4. 

 
Most of them were predicted bioinformatically by searching over-represented regulatory 

elements upstream genes of the same family102 or sharing similar expression 

profiles74,103–107, as well as using comparative genomics108,109. Although these 

approaches led to the discovery of many putative motifs, they poorly overlap. Other 

approaches aimed to identify regularory elements by exploring the accessible 

chromatin environment during the IDC, such as using the transposase accessible 
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chromatin sequencing (ATAC-seq) technique110–113. Recent ATAC-seq studies, for 

instance, have identified similar motifs to the previously predicted and in some cases 

they showed nearly complete overlap with chromatin immunoprecipitation sequencing 

(ChIP-seq) data, highlyting the accuracy of the approach111. Nevertheless, the cognate 

STF of many of these identified motifs and their function remain unknown.  

Protein binding microarrays (PBM), which defines the in vitro sequence preference of 

recombinant domains, also revealed several potential cis-acting elements associated 

with different members of the apicomplexan AP2 family (ApiAP2) of STFs80,84,102 (Fig. 

6). A relevant example for the thesis is the PF3D7_1342900 ApiAP2, which was shown 

to recognize the (A/G)NGGGG(C/A) sequence, known as G-box. These studies also 

showed that different AP2 domains within the same protein have distinct DNA binding 

specificity and that an individual domains can bind to multiple motifs, which significantly 

increases the number of potential target genes that can be regulated by one factor84. 

Although the identification of these cis-regulatory elements was highly powerful to 

predict potential ApiAP2 target genes and function, the direct binding to the STFs has 

only been corroborated by ChIP-seq experiments for a few P. falciparum ApiAP2s, 

including PfAP2-I, PfAP2-G, PfAP2-O and PfAP2-Tel82,87,92,97 

2.3.3 Transcription factor regulation in the context of adaptation 

In addition to controlling development, eukaryotic STFs have also been related with 

directed transcriptional responses to changes in the environment. This strategy 

involves a sensing mechanism that enables the detection of external changes and 

induces a signal transduction cascade that leads to a transient and non-heritable 

transcriptional change driven by one or more STFs, with the final aim of ensuring 

survival to the new condition. During the whole life cycle, P. falciparum parasites are 

exposed to several fluctuations in the environment. In blood stages, for instance, 

parasites must face variable conditions, including host metabolic state, immunity, drugs 

and fever fluctuations. However, the capacity of P. falciparum to drive directed 

responses to external cues similar to other eukaryotes is questioned and has been a 

controversial issue for many years114.  

Some studies proposed that malaria parasites possess a hard-wired transcriptional 

program, unable to mount a protective response to external perturbations. For 

instance, no specific effect on the parasite transcriptome was observed after exposure 

to several drugs. Although in some cases a transcriptional change was reported upon 

treatment, it generally was of low magnitude, non-reproducible and mainly a 

consequence of the cell damage induced by the compound rather than a directed 
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protective response115–119. In other cases, the reported transcriptional alterations were 

directly linked with the impairment of the functions targeted and thus did not reflect a 

protective response120–122. 

In contrast, other studies suggested that malaria parasites can sense and induce 

specific transcriptional responses to physiological external cues, such as changes 

in oxygen pressure, nutrient availability, presence of drugs or temperature. Regarding 

the nutrient availability, many studies have tested the effect of deprivation of amino 

acid, lipids, glucose and other micronutrients (e.g. iron, zinc or vitamins)123. A 

transcriptional response has been reported under these conditions, such as the 

developmental stop and induction of a “hibernatory” state during amino acid 

starvation124 or the up-regulation of var and sexual-specific genes upon glucose 

deprivation125. Also, lethal doses of artesunate and DTT induced deregulation of 

several pathways that may be reflecting particular mechanisms of gene regulation, 

although it remains unclear which alterations are part of a specific protective response 

and which are only a direct consequence of the lethal injury126,127. Exposure of blood 

stage parasites to hyperoxic conditions, such as those found in mosquito stages, alters 

the transcriptome affecting protein folding, translation, antioxidant metabolism and 

glycolysis128. High parasitemia has also been related with global transcriptional 

changes involving cell remodelling, clonal antigenic variation, metabolism and 

apoptosis-like death129. Another source of stress for malaria parasites is the high 

temperature reached during malarial fever episodes. It has been shown that parasites 

can activate a temperature-dependent response, involving expression of chaperones 

and many other stress response genes, as well as death-related mechanisms130. 

Although all these examples suggest that malaria parasites may have the capacity to 

respond transcriptionally to diverse stimuli, the protective response is not well 

understood. Moreover, the observed responses involve only modest transcriptional 

changes, of much lower amplitude than in other eukaryotes such as yeast131,132. 

Interestingly, two recent findings clearly confirmed the capacity of Plasmodium sp. 

parasites to sense fluctuating conditions in their environment and respond at the 

transcriptional level. First, it was shown that asexual blood-stage P. berghei parasites 

have an intrinsic capacity to respond to a nutrient-poor environment by reducing their 

replicative capacity. The mediator of this response is a serine/threonine kinase termed 

KIN (PBANKA_131800), which drives a nutrient-sensing mechanism that is activated 

upon caloric restriction of the host. Thus, in a less-favourable metabolic landscape, KIN 

induces a signalling cascade that leads to transcriptional regulation of genes related 

with proliferation rate and virulence133. Secondly, it was found that intraerythrocytic P. 
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falciparum parasites can sense the levels of the host lipid lysophosphatidylcholine 

(LysoPC) and activate a transcriptional response when there is limited availability of 

this lipid. Apart from affecting the phosphatidylcholine synthesis pathway and other 

metabolism-related genes, low amount of LysoPC also acts as an environmental 

sensor to induce expression of pfap2-g (possibly through GDV1 activation), which 

drives differentiation of asexual parasites towards the transmissible gametocyte 

stage134,135. Altogether, both studies support the idea that malaria parasites can sense 

fluctuations in their environment and drive an adaptive transcriptional response. 

However, the complete mechanism involved in sensing, signal transduction and 

transcriptional regulation upon nutrient or LysoPC depletion is still poorly understood. 

Altogether, these examples show that malaria parasites can respond to several 

external cues, opposing the idea of a hard-wired transcriptome. Although it seems as 

the capacity to sense changes in the environment and induce a directed transcriptional 

response is conserved in Plasmodium, the STFs associated with these adaptive 

responses are not identified. 

2.4 Epigenetic regulation  

Epigenetic regulation of gene expression in malaria parasites mainly occurs at the 

chromatin level. The relevance of DNA methylation, which plays key roles in many 

eukaryotes as an epigenetic mechanism, remains unknown in malaria parasites136.  

As in other eukaryotes, Plasmodium species organize the genetic material in 

nucleosomes, in which 146 bp of DNA sequence are wrapped around a histone 

octamer. Malaria parasites contain four canonical core histones (H2A, H2B, H3 and 

H4) and four alternative histones (H2A.Z, H2Bv, H3.3 and CenH3) needed for core 

nucleosome assembly137,138. Nucleosomes are regularly spaced along the genome 

forming the chromatin fibre. Chromatin not only efficiently packs DNA, but also plays an 

important role in the regulation of gene expression. Depending on the degree of 

nucleosome compaction, eukaryotic chromatin can be found in two main dynamic 

conformations: euchromatin or heterochromatin. Euchromatin refers to the relaxed, 

accessible and transcriptionally competent chromatin, whereas a highly compacted, 

inaccessible and transcriptionally silent chromatin is termed heterochromatin. 

Facultative heterochromatin refers to the heterochromatin regions that are able to 

convert between euchromatin and heterochromatin states139. This chromatin landscape 

determines RNA polymerases and transcription factors accessibility to the promoter 

region. In P. falciparum, heterochromatin is highly enriched in low expression areas, 

such as telomeric and sub-telomeric regions, whereas lower levels are found in the 



Introduction 

35 
 

main body of the chromosomes140. In contrast to other eukaryotes, heterochromatin is 

not present in P. falciparum centrosome regions141,142. 

2.4.1 Histone modification and other epigenetic mechanisms 

Chromatin architecture and compaction is mainly determined by post-translational 

modifications (PTMs) occurring in some residues of the histone N-terminal 

tails137,140,143. These modifications include mainly acetylation and methylation of lysine 

residues, but also other less common modifications such as sumoylation, 

phosphorylation and ubiquitination (Fig. 7).  

 
Figure 7. Histone PTMs described in P. falciparum. Specific histone PTMs (methylation, acetylation and 
ubiquitination) described in the main P. falciparum histones (H3, H2A, H4 and H2B). K, lysine; R, arginine. Adapted 
from Bechtsi & Waters144 . Created with BioRender.com. 

 
Histone acetylation is generally associated with gene activation (e.g. H3K9ac), and it 

affects the histone interaction with DNA by neutralizing the charge on the histone tail, 

making the DNA more accessible for transcription138 (Fig. 8). It also facilitates the 

binding of many chromatin remodelers and transcription factors, such as bromodomain 

proteins. Histone actetylation is mediated by histone acetyltransferases (HATs), 

whereas histone deacetylases (HDACs) remove the acetylation marks145,146. Histone 

methylation can be associated with both gene activation (e.g. H3K4me3) and 

silencing (e.g. H3K9me3)138,143 (Fig. 8). The addition of methylation marks is controlled 

by histone methyltransferases (HMTs), whereas histone demethylases (HDMs) remove 

methyl groups on particular residues147. Methylation recruits other chromatin-remodeler 

proteins (e.g. chromodomain-containing factors), which form large multiprotein 

complexes that alter chromatin structure148. A well-known example is the 

heterochromatin protein 1 (PfHP1), a chromatin effector that binds specifically to 

H3K9me3141,149.   
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Figure 8. Main histone PTMs associated with euchromatin and heterochromatin states in P. falciparum. 
Schematic of the methylation (Me) and acetylation (Ac) marks typically found in the euchromatin (transcriptionally 
permissive) and heterochromatin (transcriptionally silent) states. Enzymes that add or remove the methylation and 
acetylation marks, as well as the factors that can bind to these post-translational modifications, are also indicated. 
H3K9me3, trimethylation of histone H3 lysine 9; H3K4me3, trimethylation of histone H3 lysine 4; H3K9ac, acetylation 
of histone H3 lysine 9; HMT, histone methyltransferase; HDM, histone demethylase; HAT, histone acetyltransferase; 
HDAC, histone deacetylase; Chromo, chromodomain-containing factor; Bromo, bromodomain protein. Adapted from 
Bechtsi & Waters144 . Created with BioRender.com. 

 
Other epigenetic mechanisms also play a role in transcriptional regulation. Canonical 

histones, for instance, can be exchanged with alternative histones, which have different 

PTMs and confer different properties to nucleosomes. Also, some factors (e.g. high 

mobility group box, HMGB) induce the physical movement of nucleosomes along the 

DNA strand150. Non-coding RNAs (ncRNAs) can also exert positive and negative 

regulation of gene expression (e.g. var genes)151. Moreover, chromatin distribution 

within the nucleus, which fluctuates during the IDC, is also implicated in transcriptional 

activation or silencing of a locus152–155.  

2.4.2 Epigenetic variation in the context of adaptation 

P. falciparum has multiple families of clonally variant genes, characterized by their 

intrinsic property of being in different transcriptional states among genetically identical 

parasites at the same stage of the life cycle156. Differences in the transcriptional state of 

these genes can result in different antigenic properties and phenotypes. This 

transcriptional state is maintained by epigenetic mechanisms and stably transmitted 

from one generation to the next (epigenetic memory). However, infrequent stochastic 

switches between active and silent states occur during normal growth, increasing the 

phenotypic heterogeneity between individual parasites. This pre-existing diversity 

permits the selection of parasites with the most advantageous combination of active 

and repressed genes under different conditions of the environment, an adaptive 

strategy known as bet-hedging52,157. Although this strategy does not ensure survival of 
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individual cells, it enables population survival upon changes in the environment by 

selection of cells that have a higher fitness under the new condition. It is a fast and 

heritable mechanism that has been linked to some adaptation processes in malaria 

parasites, such as immune evasion or drug resistance. The most studied example 

involves the var family, composed by 60 genes that encode different forms of P. 

falciparum erythrocyte membrane protein-1 (PfEMP1), a protein located on the 

membrane of infected erythrocytes. The ability of parasites to express only a single var 

gene at a time (mutually exclusive expression) and periodically switch expression to 

alternative var gene variants allows the evasion of the host’s immune system and the 

change of binding specificity of the infected cell158,159. The best example of such 

association is the expression of var2csa, linked to chondroitin sulfate A (CSA) binding 

and placental malaria160. Clonally variant expression of rif, stevor and Pfmc-2tm 

families is also likely linked to antigenic variation and immune evasion161,162. Another 

well-known clonally variant gene family are clag genes, involved in solute transport 

(i.e. nutrients and toxic compounds) across the RBC membrane. This family includes 

five members, among which clag2, clag3.1 and clag3.2 are clonally variant163. 

Moreover, clag3.1 and clag3.2 also present mutually exclusive expression, and 

parasites expressing different combinations of clag3 genes associated with different 

solute permeability phenotypes can be selected under different conditions such as 

presence of toxic compounds164–166.  

2.5 Post-transcriptional regulation 

It has been shown that malaria parasite’s transcriptional profilse fit with a “just-in-time” 

model, such that life cycle progression is mainly controlled at the transcriptional level. 

However, a consistent delay is observed between transcript peak and accumulation of 

the resultant protein, differently affecting distinct transcripts167,168. Indeed, in some 

cases no correlation is observed between transcript and protein levels. For instance, 

low abundant transcripts can be efficiently translated leading to high protein amount, 

whereas others are poorly translated even though the high presence of transcript. This 

observation suggests an important contribution of post-transcriptional mechanisms to 

regulate protein levels.  

Regulation at this level involves mechanisms to control different post-transcriptional 

steps, such as mRNA maturation and stability, transfer into the cytoplasm, translation 

efficiency, PTMs and protein half-life169. Translation efficiency is a key post-

transcriptional regulation mechanism. Some cis-acting elements in specific var and 

sexual-stage genes have been shown to inhibit translation170,171. Similarly, trans-acting 
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factors can control translation by regulating binding of specific mRNAs to the ribosome 

(e.g. PfAlba1) or repressing the translation machinery (e.g. PfDZ50)172,173. Also, 

structurally different types of ribosomal RNAs (rRNAs) have been described in P. 

falciparum, each of them expressed in specific stages, suggesting a putative additional 

level of regulation by the ribosome complex174. Apart from translation initiation, 

processes such as mRNA splicing, decay and stabilization are other levels of 

regulation, in which exonucleases (e.g. PfRNaseII) and other trans-acting factors (e.g. 

PfSR1) may exert a regulatory role175,176. Moreover, the mRNA stability pattern 

changes in a time-dependent and gene-specific manner throughout the IDC  and has 

been related with developmental transitions107,177,178.  
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3 FEVER  

3.1 General mechanisms of fever 

Fever is a type of innate immune response characterized by a resetting of the body’s 

thermostatic setpoint, which leads to a temporary 1.5-5ºC increase of core 

temperature179. It involves not only a rise in core temperature but also the generation of 

acute-phase reactants and the activation of several physiologic, endocrinologic and 

immunologic pathways180.  

Although a strong association between fever and infection has been recognized for a 

long time, this response is not restricted to infectious diseases. Fever is also observed 

in response to injury, such as surgery, trauma, chemicals or thermal insults, and in 

some cases can accompany internal stimuli, including tumours or autoimmune 

diseases180,181. In fact, fever is considered a non-specific host defence, part of the 

innate immune system, that acts in parallel with other mechanisms (e.g. inflammation) 

with the final aim to inactivate the pathogenic agents or heal the damaged areas182. 

Fever induced by these situations must be distinguished from hyperthermia, such as 

the hyperthermia induced by a heat stroke or ambient exposure, characterized by a 

dysregulation of the mechanisms of body temperature control leading to a sustained 

elevation in core temperature180.  

3.1.1 Pyrogens and cryogens  

Substances that can raise core temperature (pyrogens) are divided into two general 

categories depending on their source183,184. Exogenous pyrogens are microorganism 

products and foreign antigens, such as cell wall components (e.g. lyppopolysacharide, 

LPS) or toxins (e.g. enterotoxins). They can either directly induce fever by themselves 

or induce the release of cytokines that elicit a febrile response by different 

mechanisms. In contrast, endogenous pyrogens are derived from host cells and 

include a special class of cytokines that are intrinsically pyrogenic. Some of the known 

pyrogenic cytokines are interleukin-1 (IL-1α and IL-1β), IL-6, tumour necrosis factor-α 

(TNF-α), ciliary neurotropic factor (CNTF) and interferon-γ (IFN-γ), among others180,185. 

They are produced by immune cells such as neutrophils, macrophages and 

lymphocytes, as well as other cell types such as endothelial cells, astrocytes and glial 

cells, in response to exposure to exogenous pyrogens or other stimuli. Most of them 

are undetectable under basal conditions in healthy subjects and their synthesis is 

highly induced in response to specific stimuli, being essential for the immune system. 

Once released, each pyrogenic cytokine is recognized by a highly specific surface 
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receptor present in many different host cell types, inducing local and systemic effects 

within only a few minutes. Other substances are known to play an antipyretic role 

(cryogens) by inhibiting the synthesis of pyrogenic cytokines, blocking the cytokine 

receptors or increasing heat loss. This group of cryogens includes some cytokines (e.g. 

IL-10 and TNF-α, the latter with both pyrogenic and antipyretic properties), hormones, 

neuroendocrine products and cytochrome P-450, among others186,187. The interaction 

between pyrogens and cryogens determines the height and duration of the febrile 

response. 

3.1.2 Generation of fever 

Both exogenous pyrogens and pyrogenic cytokines drive a fever cascade that is 

sensed by a hypothalamic region called organum vasculosum of the laminae terminalis 

(OVLT). It ultimately stimulates the POA, one of the anterior-preoptic hypothalamic 

structures that contains thermal neurons (warm and cold sensitive neurons), and 

considered the main thermoregulatory region of the brain188. All signalling pathways 

leading to a reset of the thermoregulatory circuit culminate in the POA via two distinct 

pathways: humoral and neural189–191. The choice of pathway appears to depend on the 

specific pyrogen and its route of delivery, and often more than one signalling pathway 

is used to regulate the different phases of fever initiation and maintenance185.  

The humoral pathway is characterized by the signalling of the pyrogenic cytokines or 

components of microbial products (Fig. 9). Each exogenous microorganism shows 

differential signature molecules, known as pathogen associated molecular pattern 

(PAMP), which are specifically recognized by Toll-like receptor (TLR) family members. 

Humans have at least ten different TLRs that are able to recognize a broad spectrum of 

pathogens. One group of the TLR family is located on the cell surface (TLRs 1, 2, 4, 5, 

6 and 10) and is specialized in recognizing cell wall components of microorganisms, 

whereas another group of TLRs is intracellular (TLRs 3, 7, 8 and 9) and recognizes 

microbial nucleic acids (double- and single-stranded RNA and DNA)192,193. Each TLR 

subtype recognize specific microbe-associated PAMPs. It is known, for instance, that 

LPS recognition is driven by TLR 4192,194. Binding of PAMPs to specific TLRs on 

peripheral macrophages or cerebral endothelial cells leads to release of pyrogenic 

cytokines, as well as prostaglandin E2 (PGE2).  
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Figure 9. Pathways leading to fever. Microbial products can lead to fever by inducing the production of PGE2 in the 
periphery and the brain, either directly (stimulation of endothelial cells in the brain) or indirectly (through 
macrophages activation, which releases PGE2 and pyrogenic cytokines that can stimulate endothelial cells in the 
brain). PGE2 acts in the preoptic area (POA) of the hypothalamus, activating warm sensitive neurons by binding to 
the EP3 receptor (humoral pathway). Localized PGE2 and pyrogenic cytokines may also activate cutaneous nerves 
and the vagus nerve, able to transmit fever signals directly to the POA (neural pathway). PGE2, prostaglandin E2; 
TNF, tumor necrosis factor; TLR, Toll-like receptor; IL, interleukin; BBB, blood brain barrier; OVLT, organ of the 
laminae terminalis. Adapted from Sajadi & Mackowiak180. Created with BioRender.com. 

 
Pyrogenic cytokines transmit fever signals by activating specific cytokine receptors in 

the endothelial cells of the OVLT, leading to release of PGE2 directly in the POA180,195. 

In this case, OVLT acts as a sensor for circulating cytokines and transfers febrile 

signals to the POA situated nearby. Moreover, cytokines can cross the blood brain 

barrier (BBB) and access cytokine receptors of the vascular, glial and neuronal 

structures of the brain, which also stimulate PGE2 synthesis and promote increased 

cytokine production by the brain195. PGE2 can also be synthetized on the periphery 
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(e.g. lung and liver macrophages) and cross the BBB. This peripheral PGE2 is more 

related with the initiation of the febrile response, whereas the one synthetized in the 

brain (i.e. OVLT) is involved in its maintenance. Once in the POA, PGE2 binds to 

specific receptors (EP3 receptors) and activates thermal neurons180,196–198. The final 

result is a slowdown of the firing rate of the warm sensitive neurons, which results in an 

increase in body temperature. In addition to these pathways, cytokines and other 

inflammatory mediators can also directly activate the thermal neurons in a PGE2-

independent pathway189. 

In contrast, the neural pathway is characterized by a febrile signal communication 

through peripheral nerves, either involving transmission through cold-sensitive 

cutaneous nerves or the vagus nerve (Fig. 9). In the first case, localized synthesis of 

PGE2 at sites of inflammation may activate cold-sensitive cutaneous nerves, which 

transmit fever signals to the POA of the hypothalamus199. In contrast, the vagus nerve 

is stimulated by pyrogenic cytokines synthetized by the Kupffer cells in the liver, and it 

may convey these signals to the hypothalamus through a noradrenergic pathway189,191. 

Neural pathways have the potential to respond more rapidly than humoral pathways, 

which rely on the sequential synthesis and transport of pyrogenic mediators200. 

Hypothalamic thermal neurons integrate core and peripheral thermal information, both 

obtained from the humoral and neural pathways, which allows the identification of the 

nature of the inflammatory challenge. Immediately after, they begin an efferent 

signalling that will be transmitted through the dorsomedial hypothalamus and the rostral 

raphe pallidus nucleus to finally raise body temperature.  

3.1.3 Symptomatology of fever 

Several local and systemic changes are induced during fever generation in order to 

increase core temperature. In most cases, shivering is the primary symptom that 

reflects that heat production is enhanced. The circulatory system determines the 

temperature of various body parts and the rate at which heat is lost from body surfaces 

to the environment180. Thus, this system is critical to induce the increased temperature 

needed during fever. At a vascular level, changes occur rapidly and involve 

vasodilatation, vascular stasis and increased capillary permeability. Also, 

vasoconstriction in the skin capillaries is induced to decrease cutaneous blood flow and 

avoid heat dissipation at the skin surface, producing the chills typical of fever. Other 

heat gain mechanisms are also activated, including increased muscle contraction that 

leads to rigors. Specific behavioural mechanisms are also used to avoid heat loss, 

such as aodpting fetal position to reduce the body surface area or wearing thick clothes 
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and seeking warmer environments180. Once the fever signal is no longer present in the 

central nervous system, the thermal point drops to normal, activating heat loss 

mechanisms such as sweating to re-establish the normal core temperature.  

The increased core temperature is only one of many features of the febrile response. 

Thus, it may be accompanied by other symptoms such as headache, malaise, anorexia 

and other sickness behaviours, all of which are mediated by members of the same 

group of pyrogenic cytokines that activate the thermal response of fever180. 

3.1.4 Risk-benefit considerations 

Fever would have first appeared over 600 million years ago and it is nowadays 

widespread within the animal kingdom, being present in several mammals, reptiles, 

amphibians, fish and invertebrate species179. The evolutionary persistence of fever is 

even more remarkable considering its substantial metabolic cost, requiring an over 

10% increase in metabolic rate per ºC increase in core temperature in humans201. 

Moreover, it has been reported that the same febrile response used for pathogen 

elimination could increase the risk of collateral injuries due to either induction of 

ischemia in essential tissues or excessive enhancement of cytotoxic activities. 

Thus, from the evolutionary point of view, fever may have offered a clear benefit for 

many organisms to be maintained along evolution despite its harmful consequences. 

Many studies demonstrate that increased body temperature is directly related with 

enhanced resistance of animals to viral and bacterial infections, whereas fever 

suppression is associated with increased mortality during infection202,203. Moreover, it 

seems that other immunologic processes that are usually active in the presence of 

fever have evolved to function optimally at febrile rather than basal temperatures179. 

Altogether, fever offers a defence to exogenous microorganisms, which would explain 

its maintenance as an adaptive host defence response. 

3.2 Biological basis of malarial fever  

Fever is one of the most common symptoms of malarial infections, characterized by 

periodic febrile paroxysms during which body temperature can rise to >40ºC for a 

few hours (Fig. 10). As described by Karunaweera et al., P. falciparum-induced fever 

follows a regular sequence of events that typically last 5-7 h: it begins with chills, 

followed by the rise in temperature and rigor; afterwards the temperature falls slowly, 

finishing with a severe sweating204. 
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3.2.1 Fever as a malaria symptom 

Classical malaria paroxysms are cyclical (intermittent pattern) (Fig. 10), triggered by 

schizonts burst at the end of each asexual blood cycle. As Plasmodium species differ 

in their IDC length, the frequency of the febrile episode induced by each infection is 

also variable.  In primary infections malaria fever occurs with a periodicity of 48 h 

(tertian fever) in species such as P. falciparum, P. vivax and P. ovale, or 72 h 

(quartan fever) in P. malariae, according to their respectively asexual blood cycle 

length. In contrast to other species, sometimes the pattern observed in P. falciparum 

infections is not regular and fever can occur daily (quotidian fever) or every 36 h 

(subtertian fever) in early infections, when parasite synchronicity is not yet established 

(Fig. 10). Non-classical patterns are also common, and can be attributed to the 

simultaneous presence of multiple parasite populations operating at different 

synchronicities and to the host immune status, among other factors200. 

  
Figure 10. Pattern of P. falciparum-induced fever. a, Fever pattern from a symptomatic P. falciparum-infected 
patient, followed during some days before starting the antimalarial treatment. Adapted from Gravenor & 
Kwiatowsky205. b, Single fever paroxysm experienced by a P. vivax-infected patient. Body temperature was 
measured during all the episode, starting at the time when chills were first observed. Adapted from Karunaweera et 
al.204.   

 
During the first days of infection, parasitemia increases exponentially, but fever only 

occurs when a certain parasitemia is reached (pyrogenic threshold) and thus a high 

proportion of schizonts are bursting at the same time205. Although many studies tried to 

estimate this pyrogenic threshold, it has been shown that it varies depending on many 

factors, such as transmission levels, season, Plasmodium species and host 

immunity206–211. For instance, in areas with intense P. falciparum transmission, young 

children have a higher pyrogenic threshold than adults, meaning that they can tolerate 

much higher levels of parasitemia in the absence of fever208,209.  
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3.2.2 Mechanism of fever induction in malaria disease 

At the end of each intraerythrocytic cycle, schizont rupture releases both invasive 

merozoites and many other parasite-derived toxins into the bloodstream, which trigger 

the febrile response200,212,213 (Fig. 11). Glycophosphatidylinositol (GPI) has been 

suggested as the main toxin involved in fever induction, being recognized at the cell 

surface by receptor TLR2 heterodimers (TLR2-TLR6 and TLR2-TLR1) and TLR4 

homodimers214–217. This glycolipid structure comprises a glycan backbone linked at one 

end to the C-terminus of a protein and at the other end to the phosphatydilinositol (PI), 

which permits to anchor proteins to the surface membrane lipid bilayer218,219. Although 

GPIs are expressed ubiquitously by eukaryotes, they are particularly common among 

protozoa, differing in structure, size and heterogeneity from the human GPIs. In 

Plasmodium, GPI is mainly found anchoring parasite surface proteins, such as 

merozoite surface proteins (MSP1, MSP2 and MSP4), although it can also be found 

free or bound to other cellular elements. Other studies propose hemozoin (“malaria 

pigment”) as another toxin triggering malaria fever220,221. Hemozoin is formed during 

intraerythrocytic stages due to the crystallization of toxic free heme residues derived 

from the digestion of hemoglobin by the parasite222. Detoxification of heme by formation 

of this pigment is essential for the survival of malaria and some other apicomplexan 

parasites. Despite the intracellular TLR9 is the receptor involved in the hemozoin-

induced response, it is still unclear whether hemozoin is directly recognized by TLR9 or 

it only acts as a carrier to present other attached molecules, such as plasmodial 

DNA223,224.  

Although hemozoin and GPI are the main studied toxins, other parasite-derived 

molecules may also induce a proinflammatory response212,213. This is the case of 

plasmodial DNA and RNA, recognized by TLR9 and TLR7, respectively223,225. 

Moreover, plasmodial nucleic acids may also activate TLR-independent cytosolic 

sensors226. RBC lysis also releases heme, which activates TLR4 and also leads to 

inflammation by inducing tissue injury227. Another example is the strong inflammatory 

response observed to uric acid, accumulated in the infected RBC as a degradation 

product of purine metabolism228.  

Interaction of both GPI and hemozoin/DNA with TLRs induces the fever signalling 

cascade, consequently increasing secretion of PGE2 and several pyrogenic cytokines, 

such as TNF-α, IL-6 and IL-1. The TNF response is the most studied in malaria 

infections204,229. While these pyrogenic cytokines cause fever, they are also responsible 

for the most severe malaria symptoms such as cerebral malaria, anemia or multi-organ 
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dysfunction216. However, the knowledge of all these toxins and how they induce malaria 

fever is still scant. Indeed, there are still some doubts about whether GPI and 

hemozoin can really induce TNF production, as many studies on the role of these 

toxins in fever induction are hampered by contamination of the P. falciparum cultures 

with Mycoplasma¸ which is a potent macrophage-stimulator230. Thus, although both 

GPI and hemozoin may play a role in fever induction, further analysis must be 

performed to determine the true role of these and other putative malaria toxins, as well 

as the role of TNF in malaria fever. 

 
Figure 11. Proposed mechanisms of malaria fever induction. Malaria fever is linked to schizonts burst at the end 
of each intraerythrocytic cycle, which releases the new formed merozoites, together with all the parasite-derived and 
erythrocyte-derived compounds, into the bloodstream. Phagocytes and other immune cells can recognize some of 
these toxins by specific Toll-like receptors (TLRs) or other receptors and induce the production of pyrogenic 
cytokines and prostaglandin E2 (PGE2), which transduce signals to the brain and finally induce the febrile response. 
GPI, glycophosphatidylinositol; Hz, hemozoin; TNF, tumor necrosis factor; IL, interleukin. Adapted from Gazzinelli et 
al.212. Created with BioRender.com. 
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3.2.3 Effect of fever on parasite survival and growth 

Heat shock (HS) assays have been used to mimic physiological fever episodes in vitro 

and to determine the effect of this heat stress on parasites. Several HS exposure times 

and temperatures have been tested in the last decades, and conclusions from 

independent studies are the same: increased temperature of just a few degrees during 

a short period of time inhibits growth and development of P. falciparum parasites. 

Exposure of synchronous parasite cultures to 40ºC for 24 h either during the first or the 

latter half of the intraerythrocytic cycle showed that only late-stage parasites were 

affected by the high temperature, whereas HS-exposed rings could develop 

normally231. Similarly, ~80% of ring-stage parasites could survive a 12 h HS at 40ºC 

whereas only ~20% of trophozoites were able to progress correctly232. Shorter time of 

exposure (41ºC for 2 h) had a similar impact on parasite development, also showing 

~80-40% survival of ring-stage parasites and <20% in trophozoites130. Altogether, these 

studies show that ring-stage parasites are less affected by HS, whereas late-stages 

are especially vulnerable to high temperature exposure, a variability that has been 

explored as a method of synchronization of mixed-stage parasite cultures231. 

In all cases, decreased survival was linked to an increased number of “crisis forms”, 

corresponding to dead parasites, which are characterized by pyknotic nucleus, 

hyposegmented schizonts, swelling and vacuolated cytoplasm130,231–234. Some data 

suggests that heat stress may induce programmed cell death, although the pathway is 

still unclear, as it shows some markers similar to eukaryotic apoptosis, autophagy and 

necrosis233,234. Paradoxically, while a single HS exposure inhibits intraerythrocytic 

parasite development, recurrent fever may actually promote it235,236. It was observed 

that a short HS at the ring stage confers several advantages to further HS exposures, 

such as cytoprotection, developmental stimulation and increased invasion rate235. 

These results suggest that parasites may have developed mechanisms to respond to 

continued temperature peaks seen in malaria fever, although more evidence from 

independent studies is needed to test this hypothesis. 

Although other types of stress, such as endoplasmic reticulum (ER) stress, can induce 

gametocyte commitment126, a similar situation has not been reported for heat stress 

conditions. It is  possible that high temperatures alter parasite or host metabolism in 

some way that affects gametocytemia, but there is no clear evidence to support or 

refute such speculation237.  
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3.2.4 Benefits of fever for host and parasite 

Fever is usually seen as beneficial for the host due to its damaging effect on mature 

intraerythrocytic malaria parasites. However, HS-induced growth inhibition is not 100% 

effective, as after each fever episode a proportion of the parasites can still survive.  

Some studies conceive it as a mechanism of population density regulation that benefits 

both the parasite and the host, allowing host survival during acute infection by reducing 

the parasite burden and at the same time providing the parasite enough time to ensure 

transmission of the infection231,238,239. Other studies show that fever promotes parasite 

synchronization, which in turn reinforces fever induction238. It has also been suggested 

that recurrent fever paroxysms enhance cell stiffening and cytoadherence240–242, which 

entangles parasite clearance. Moreover, other studies propose that fever may promote 

intraerythrocytic parasite development235,236. Altogether, these results suggest that 

fever could be seen both as a protective innate immune response and fever induction 

as an adaptive strategy of the parasite to ensure maintenance of the infection. 
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4 HEAT SHOCK RESPONSE REGULATION 

4.1 Types of stress response 

In eukaryotic cells, there are sophisticated mechanisms of protein quality control, which 

help polypeptides folding, distinguish misfolded proteins from those with native forms, 

and clear away conformationally aberrant and toxic proteins243. Altogether, these 

mechanisms maintain protein homeostasis (proteostasis) to ensure cell survival. 

However, many stress conditions can deregulate proteostasis and lead to a proteotoxic 

situation, which many organisms overcome by activating a protective stress-response 

machinery that detects and neutralizes protein damage. Different pathways may be 

activated depending on the type of stress, although they are interconnected and may 

share some elements244–246 (Fig. 12). The heat shock response (HSR) is induced by 

a variety of stress conditions leading to misfolded or aggregated proteins in the cytosol, 

such as elevation in temperature or heavy metal exposure. In contrast, conditions such 

as nutrient deficiency, hypoxia, oxidative stress or shifts in pH mainly induce the 

accumulation of unfolded proteins in the ER and mitochondria organelles, activating the 

unfolded protein response (UPR). Many other stress responses have been identified 

in eukaryotic cells, such as the oxidative stress response (OSR), triggered by the 

toxic effect of reactive oxygen species (ROS), the DNA damage response, caused by 

exposure to genotoxic agents or endogenous damaging events, or the osmostress 

response, induced by a change in solute concentration. 

 
Figure 12. Types of stress and cellular responses commonly found in eukaryotic cells. Unfolded proteins 
trigger the heat shock response (HSR) in the cytoplasm and the unfolded protein response in the endoplasmic 
reticulum (UPRER) and mitochondrion (UPRmt). The oxidative stress response (OSR), the osmostress response and 
the DNA damage response, among other types of stress responses, are also commonly found in eukaryotes. ER, 
endoplasmic reticulum; ROS, reactive oxygen species. Created with BioRender.com. 
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4.2 Heat shock response in eukaryotes  

Most prokaryotes and eukaryotes are able to produce a protective response following 

heat stress with a relatively conserved mechanism that mediates survival in front of HS 

damage. Many thermosensory structures are affected by thermal stress (e.g. proteins, 

DNA, RNA or lipids) and can have a direct effect or lead to the activation of a signal 

transduction pathway246. For instance, the accumulation of denatured proteins is the 

main trigger of the HSR. This directed transcriptional response is mediated by a 

transcription factor that induces increased synthesis of chaperones and other stress-

response genes that help to maintain proteostasis247.  

4.2.1 Chaperones  

Several different classes of molecular chaperones exist in cells, most of which belong 

to the heat shock proteins (HSPs) group. It includes more than 300 members in 

higher eukaryotes, involved in a diverse proteome-maintenance functions under stress 

and nonstress conditions, including assistance of de novo folding and refolding, protein 

trafficking, signal transduction, aggregate prevention and proteolytic degradation248. 

HSPs can be divided in nine families according to their molecular weight and 

properties, among which HSP100, HSP90, HSP70, HSP60, HSP40 and small HSPs 

are the main known families248,249.  

HSP100 chaperones, members of the AAA+ protein family (Adenosine triphosphatases 

with diverse activities), are heat inducible proteins that help organisms to survive under 

extreme stress conditions. The yeast HSP104 is the best characterized member, 

involved in modulation of protein aggregation and thermotolerance250.  

HSP90s are the most abundant chaperones in the cell, localized in the cytosol and ER. 

Members of this family mainly play a role downstream of HSP70 in the regulation of 

numerous pathways in eukaryotic cells (e.g. regulating the activity of signalling 

proteins), as well as stabilizing misfolded proteins during basal and stress conditions251. 

They also cooperate with co-chaperones and other co-factors (e.g. Hop), which in 

some cases provide a direct link between HSP70 and HSP90 that allows substrate 

transfer252.  

The HSP70 family is the biggest family of chaperones, each member showing a 

different pattern of expression and subcellular location. In humans, 11 members have 

been identified, including HSP70 (heat-induced), HSC70 (cytosol), GRP78 (ER) and 

GRP75 (mitochondrion). They are central players in proteostasis maintenance both 
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under basal and stress conditions, some of them being constitutively expressed (e.g. 

HSC70) and others induced upon stress (e.g. HSP70)253. Their affinity to proteins is 

assisted by HSP40 co-chaperones and nucleotide-exchange factors (NEFs), which 

regulate the cycle between ADP- and ATP-bound forms254–256.  

HSP60s (Type I chaperonins) are present in the mitochondria and chloroplasts where 

they assist folding of proteins transported to these organelles, although under certain 

cellular stress they can also migrate to the cytosol257. As other chaperones, HSP60s 

have co-chaperones (HSP10s) and also work together with HSP70s258. A second class 

of chaperonins (Type II chaperonins) include the eukaryotic cytoplasmic chaperonin 

TCP1 ring complex (TRiC), independent of HSP10 cooperation and involved in folding 

of cytoskeletal proteins, although its role is still poorly understood257. 

HSP40 co-chaperones accelerate the ATP hydrolysis in HSP70 chaperones that aids 

proper folding. HSP40s also bind to protein substrates and target them to HSP70, 

regulating substrate specificity of HSP70s256. 

Finally, small heat shock proteins (sHSPs) are a diverse family of chaperones with a 

molecular mass <40 kilodaltons (kDa). They oligomerize and mainly play a role during 

oxidative and heat stress by binding to non-native proteins to prevent their aggregation. 

Similar to HSP60s, sHSPs can work together with the HSP70/HSP40 complex259,260.  

4.2.2 Transcriptional regulation of the heat shock response  

The overall HSR includes both repression and activation of gene expression, although 

there are many more genes that are transcriptionally repressed than induced. In 

prokaryotes, the σ32 subunit of the bacterial RNA polymerase is responsible for driving 

this HSR. In eukaryotes, the HSR is much more complex and different regulatory 

mechanisms may co-exist, each of them regulating a specific subset of genes at 

specific times261. The main regulators of this response are specific transcription factors, 

named heat shock factors (HSF), among which HSF1 is the best characterized and 

largely conserved from yeast to humans247,262. Although HSF1 is considered as the 

main regulator of the HSR, only a 10 and 13% of the transcriptional alteration induced 

by HS is dependent on this transcription factor in yeast and mammals, 

respectively131,261. This HSF1-dependent response is mainly restricted to chaperone 

gene expression263. Thus, other transcription factors also contribute to the regulation of 

heat-induced transcriptional changes, such as Msn2 and Msn4 from yeast, which drive 

a general stress response (GSR) to respond to a variety of stress types264,265. However, 

Msn2/4 factors appear to play different roles from HSF1: while HSF1 is essential for 
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recovery from a brief exposure to an extreme temperature, Msn2/4 is required for long-

term survival at high temperature266. In mammals, the HSF1-independent HSR includes 

induction of cytoskeletal genes and apoptotic pathways, and down-regulation of genes 

related with metabolism, cell cycle, protein synthesis, mRNA processing and 

transport261. Other factors, such as SRF, have been predicted in silico to regulate this 

mammalian HSF1-independent response, although there is no experimental 

evidence261.  

In this thesis, we have focused on the HSFs since they are the key specific factors of 

the HSR. While plants and vertebrates have at least four HSF members (HSF1-4), 

other organisms such as yeast or invertebrates only have HSF1. Although HSF1 may 

not be responsible for the whole HS transcriptional response, this transcription factor 

plays a key role inducing the main chaperones and other stress response genes 

essential to rescue the protein aggregation and damage found during stress261,267. 

Moreover, its conserved and widespread presence in eukaryotes reflects its biological 

importance.  

4.2.3 HSF1 structure 

HSF family members share a highly conserved helix-turn-helix domain in the N-

terminal region, named DNA-binding domain (DBD) (Fig. 13). Through this domain, 

HSF1 can recognize a conserved motif called heat shock element (HSE), formed by 

three contiguous inverted nGAAn DNA sequence repeats268–270. Although the HSE 

architecture is highly conserved among organisms including mammals or yeast, HSF1 

can also bind to variations of HSE. For instance, in S. cerevisiae, three different HSE 

have been described to be recognized by HSF1 upon HS: the perfect HSE (also called 

typical), which contains at least three contiguous nGAAn motifs, the gap-type HSE, 

composed by two consecutive nGAAn followed by a another nGAAn unit after a gap of 

5 bp, and the step-type HSE that have 5 bp spacers between each nGAAn 

repeat271,272. HSF1 from C. elegans shows affinity for the consensus HSE during HS, 

but under basal conditions it binds to a degenerate HSE that contain mismatches in the 

nGAAn motif273. Also, HSF1 may regulate transcription by binding to non-HSE 

sequences, perhaps in association with other transcriptional regulators274. 

Mammalian HSF1 contains a C-terminal transcriptional activation domain (TAD), 

involved in the transcriptional activation of target genes and regulation of the 

magnitude of HSF1 activation. In the absence of stress, TAD is restrained by a central 

regulatory domain (RD), which exerts a negative control and prevents HSF1 
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activation247. Three oligomerization domains (heptad repeats HR-A, HR-B and HR-C) 

also control HSF1 activation by mediating triplet formation, needed to bind to the HSE. 

HR-A and HR-B permit HSF1 trimerization, a process that is inhibited by HR-C under 

nonstress conditions to maintain HSF1 in a monomeric form247. Contrarily, yeast HSF1 

contains two activation domains, AR1 and AR2, located at the N-terminal and C-

terminal ends, respectively. These domains are not essential under basal conditions, 

but instead are needed for transient (AR1) or sustained (AR2) HSF1 activation during 

HS275,276. Interestingly, while both AR1 and AR2 can activate HSF1 bound to perfect 

HSEs, only AR2 activates HSF1 when it is bound to gap-type HSEs277. Yeast HSF1 

also contains a negative regulatory domain termed conserved element 2 (CE2) that 

represses HSF1 activity, regulated by a C-terminal modulator domain (CTM). This CTM 

is also needed for HSF1 binding to gap-type HSEs during the HSR275. 

 
Figure 13. Mammalian HSF1 structure and DNA-binding. a, Schematic of the structure of mammalian heat shock 
factor 1 (HSF1). Black lines indicate negative regulation. b, Different stress conditions induce HSF1 trimerization and 
activation needed for DNA-binding to the heat shock element (HSE) present in the promoter of genes that are 
transcriptionally regulated by HSF1. Adapted from Anckar & Sistonen247. 

4.2.4 Stress sensing and HSF1 regulation 

The proteotoxic signals that initiate HSF1 activation can be of various origins, such as 

HS, heavy metals, osmotic deregulation, oxidants, proteotoxic agents, starvation and 

bacterial and viral infections247,275. However, it is likely that different types of stress 

result in HSF1 activation by different mechanisms, with HS inducing a rapid response 

and other stress types inducing a slower response278.  

In the absence of stress, HSF1 is mostly kept inactive as a monomer in the nucleus 

and cytoplasm. However, in yeast, an inactive trimeric form of HSF1 may also be 

already bound to DNA in the promoter region of a small subset of genes279–281. What 
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maintains HSF1 in the inactive state and how it senses stress is not completely 

understood, although in both mammal and yeast organisms the most accepted 

mechanism relies on chaperone and PTM regulation. 

 
Figure 14. Mammalian HSF1 activation and attenuation cycle.  In the absence of stress, heat shock factor 1 
(HSF1) is bound to HSP90, which maintains it cytoplasmic in a monomeric inactive form. Proteotoxic stress 
conditions (e.g. HS) induce HSP90 binding to the accumulated misfolded proteins, releasing and activating HSF1. 
HSF1 translocated to the nucleus, undergoes trimerization and is modified by several activating post-translational 
modifications (PTMs), such as acetylation, phosphorylation and sumoylation. Altogether, these changes promote 
binding to the heat shock elements (HSE) and transcriptional activation of target genes, including hsp70 and hsp90, 
which codify for heat shock proteins (HSPs). During recovery, the accumulation of HSP70 chaperone, together with 
its co-chaperone HSP40, inhibits HSF1 transcriptional activity. Heat shock binding protein 1 (HSBP1) also interacts 
and negatively regulates HSF1 trimers, and also plays a role in recruiting HSP70-HSP40 complexes. HSF1 
attenuation also involves modification with inactivating PTMs, which induce DNA dissotiation and trimer disgregation.  

 

In nonstressed cells, HSP90 chaperones maintain the HSF1 transcription factor in an 

inactive state by inhibiting HSF1 oligomerization and DNA binding247,275 (Fig. 14). 

Negative regulation is also driven by HSP70, when accumulation of this chaperone 

occurs during recovery from stress. In this case, chaperone HSP70 together with its co-

chaperone HSP40 also bind to active HSF1, inhibiting the HSF1 capacity to activate 

transcription (trans-acting capacity)282,283. Increasing numbers of misfolded proteins 
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upon HS compete with HSF1 for chaperone binding, which allows HSF1 liberation and 

activation284. This activation involves HSF1 trimerization, nuclear accumulation, DNA 

binding and several PTMs284,285. Both HSP90 and HSP70 are target genes of HSF1 

and consequently highly expressed during HS. The accumulation of such chaperones 

during continuous HS or upon recovery drives a negative regulatory feedback that 

induces decreased HSF1 activity, conversion to the inactive state and loss of DNA 

binding (attenuation phase)284,286. This negative regulatory feedback has also been 

reported for other HSF1 target genes, such as the cytosolic chaperonin TRiC287.  

The heat shock binding protein 1 (HSBP1) is also considered a negative regulator of 

HSR, as it has been described to interact with HSF1 trimers and recruit HSP70/HSP40 

to negatively regulate HSF1 activity during the attenuation phase288. The hexameric 

form of HSBP1 is highly unstable, which may serve as a sensor for the environmental 

changes and led to regulation of HSF1-interaction in response to stress289.  

PTMs (i.e. phosphorylation, acetylation and sumoylation) are key in the HSF1 

activation cycle, having both activation and inhibition effects. They are involved in 

regulation of HSF1 oligomerization, conformational changes, DNA binding, protein-

protein interactions and trans-activating capacity247,282. Phosphorylation and 

sumoylation processes occur rapidly upon HS and modulate the transcriptional 

activation of HSF1, whereas acetylation events are delayed and inhibit the HSF1 

activity during the attenuation phase247,282. 

Although the model described above is the most widely accepted, the rapidity of HSF1 

activation is difficult to explain only through the release of the repression exerted by 

accumulated HSPs. Thus, a complementary mechanism was proposed, relying on a 

constitutively expressed noncoding RNA named heat shock RNA-1 (HSR-1). Heat 

may induce a conformational change of HSR-1 that, together with the translation 

elongation factor eEF1A, may contribute to HSF1 activation290. Another proposed 

sensing mechanism relies on the intrinsic ability of HSF1 itself to undergo stress-

induced conformational changes291,292.  

4.2.5 HSF1 target genes under basal and heat shock conditions 

HSF1 controls several physiological processes both under stress and nonstress 

conditions. HSF1-/- mice and cell models have revealed that hsf1 is needed to activate 

expression of hsp genes, maintain protein homeostasis and ensure cell integrity and 

survival during stress conditions262. In mammals, a total of nine genes were identified 

as the HSF1-dependent targets activated upon HS, including four members of the 
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HSP70 family, an HSP90, three co-chaperones (HSP40 and others) and a non-

chaperone gene263. In S. cerevisiae, many of the ScHSF1 target genes induced upon 

HS are also stress response genes, including the orthologs of HSP70, HSP90 and 

small HSPs264,285.  

Under basal conditions, HSF1 has a different subset of target genes. In S. cerevisiae, 

in addition to regulating protein folding, protein degradation and detoxification, ScHSF1 

has been shown to activate transcription of genes involved in cell wall and 

cytoskeleton, transport, energy generation, carbohydrate metabolism and signal 

transduction285,293. Although ScHSF1 is involved in all these pathways, its essential role 

in yeast relies in maintaining high hsp70 and hsp90 expression levels under basal 

conditions263. In contrast, mammalian HSF1 is not essential, but its deletion has severe 

consequences, impairing brain development, placenta formation and immunity, as well 

as producing growth retardation and female infertility262,294. Similar to yeast, mammalian 

HSF1 has many other roles beyond proteostasis maintenance, such as the regulation 

of cell cycle progression, lipid metabolism and transport263,273,295 (Fig. 15). The role of 

HSF1 has also been related with ageing diseases that involve protein misfolding, such 

as Parkinson’s or Huntington’s diseases, as well as with some types of human cancer, 

in which proteotoxic and oxidative stress is usually found282. 

 
Figure 15. Proposed mechanisms that may explain HSF1 differential target gene specificity under basal and 
HS conditions. HSF1-HSF2 heterotrimer formation and binding to a degenerated HSE have been proposed as the 
mechanisms that allow HSF1-target gene activation under basal conditions in mammals and C. elegans (left). In 
contrast, HSF1 homotrimer formation and recognition of multiple copies of consensus HSE are involved in the HS-
induced response (right). 
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In mammals, this variation in transcriptional regulation between stress and nonstress 

conditions may rely on the differential HSF1 activation and cooperativity with other 

HSFs, such as HSF2, providing the differential target gene specificity296 (Fig. 15). 

Another layer of regulation was proposed to be driven by the architecture of the HSE, 

which in C. elegans appears to be different between genes regulated under stress or 

nonstress conditions (Fig. 15). For instance, while high number of consensus HSE are 

found in the HS-induced promoters, only a single copy of a degenerate HSE is typically 

found in genes induced under basal conditions273.  

While hsp70 regulation is associated with binding of HSF1 to its promoter, it has been 

shown that many other HSF1-dependent genes do not have HSF1 bound in their 

promoter region, and vice versa, some genes that do have HSF1 bound in their 

upstream region are not regulated by HSF1261. This observation suggests that HSF1 

may exert its activating or repressive role from a distant enhancer region261. Also, 

HSF1 activity is known to be strongly influenced by chromatin structure and the 

presence of coactivators, which restrict HSF1 activity to only a small subset of 

HSEs270,275. For instance, the presence of a GC-rich motif (recognized by the E2F/DP 

cofactor) adjacent to the HSE is required for HSF1-dependent expression during C. 

elegans development, but dispensable for the HSR273.   

4.2.6 HSF1-induced promoter organization in target genes  

Induction of hsp70 expression upon HS has been extensively studied in Drosophila, 

serving as a model for other HSF1 target genes. It has been shown that chromatin 

status plays a key role in the HSR297. In the absence of stress, the hsp70 promoter is 

maintained in a nucleosome-free state by the GAGA factor (GAF), whereas in 

mammals this state is maintained by the action of chromatin remodelers such as the 

replication protein A (RPA), the facilitates chromatin transcription (FACT) factor or the 

chromatin-remodeling complex containing BRG1298,299. Under nonstress conditions, the 

hsp70 open promoter is occupied by a transcriptionally paused elongation complex, 

formed by Pol II and a DRB sensitivity-inducing factor (DSIF) (Fig. 16).This complex is 

maintained in a paused state by the negative elongation factor (NELF), recruited by 

GAF approximately 20-40 bp downstream the TSS300,301.  

Upon HS, the promoter landscape of hsp70 undergoes a dramatic reorganization within 

only minutes after the onset of the stress (Fig. 16). As pausing maintains an open 

chromatin environment, the promoter is accessible to transcriptional activators such as 

HSF1 or SRF. Binding of HSF1 to the promoter is critical for the release of paused Pol 
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II267. However, HSF1-binding by itself does not activate a gene, but instead it requires 

the assembly of many different factors at the promoter302. HSF1 is needed to recruit the 

positive transcription elongation factor (P-TEFb) kinase to the promoter, although no 

direct interaction between the two proteins has been reported270. HSF1 directly recruits 

the Mediator complex, which allows a functional interaction between HSF1 and the 

core promoter by collaborating with factors such as P-TEFb303. P-TEFb kinase activity 

is needed to phosphorylate both the Pol II and the DSIF–NELF complex, dissociating 

NELF from the complex and enabling Pol II to start a productive elongation304. At the 

same time other Pol II continuously enter into the paused site and are released to 

maintain high gene transcription. It was proposed that HSF1 itself could maintain the 

hsp70 promoter open by recruiting specific chromatin remodelling machinery that 

displace nucleosomes, such as SWI/SNF or the poly(ADP)-ribose polymerase 1 

(PARP1)305,306. The final result is a rapid transcriptional response, involving the 

expression of several genes to overcome the thermal stress. 

 

Figure 16. Promoter reorganization upon HS. Diagram of the hsp70 promoter organization under basal conditions 
(left) and upon HS (right), comparing Drosophila (a) and mammalian (b) mechanisms of gene activation. GAF: 
GAGA-factor; PIC: pre-initiation complex; NELF: negative elongation factor; DSIF: DRB sensitivity-inducing factor; 
Pol II: RNA polymerase II; HSF1: heat shock factor 1; P-TEFb: positive transcription elongation factor b; FACT: 
facilitates chromatin transcription; RPA: replication protein A; SRF: serum response factor. Adapter from Vihervaara 
et al.298. Created with BioRender.com. 

 

4.3 Heat shock response in P. falciparum  

HS has been found to be an external signal that controls certain life cycle transitions of 

several apicomplexa parasites, such as Entamoeba histolytica, Giardia lamblia and 
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Toxoplasma gondii, in which the HSR drives some development and differentiation 

steps307. Moreover, the various temperatures that protozoan parasites experience 

during their life cycle in multiple hosts suggest that the HSR is essential for their 

survival. Malaria parasites, for instance, experience an abrupt temperature change 

during transmission from the mosquito (~25ºC) to the human hosts (37ºC), in addition 

to the periodic HS of up to 41ºC to which they are exposed during the cyclical febrile 

episodes of the patient. Parasites thus need a robust HSR to adapt to such regular 

temperature changes. 

4.3.1 Chaperones  

As much as 2% of the P. falciparum genome encodes for chaperones and chaperonins 

that are expressed at various stages of the life cycle and are, involved in parasite 

development and survival308–311. They play a role in folding, refolding, aggregation 

suppression, translocation and degradation of proteins, as well as driving a 

housekeeping role during the parasite life cycle309. Thus, these proteins are critical to 

maintain cellular proteostasis, not only upon thermal stress but also during normal 

parasite growth. More than 90 chaperones and chaperonins have been identified in the 

parasite, as well as several co-chaperone factors. The best characterized chaperones 

are members of the HSP90, HSP70, HSP60 and HSP40 families, and many of them 

use ATP binding or hydrolysis as the energy source for their folding-unfolding 

activities310 (Table 1). Also, P. falciparum encodes more than 90 proteases, such as 

the proteasome components or the Clp family, that complement chaperone tasks by 

clearing the cells from misfolded or short-lived proteins in a selective manner309. 

The P. falciparum genome encodes four hsp90 genes, of which the best characterized 

is HSP90, also known as HSP86, located in the cytosol and expressed throughout the 

life cycle, showing high levels in the schizont stage309. It is essential for the parasite, 

being involved in signal transduction of pathways related with cell growth and 

differentiation (e.g. transition from ring to trophozoite stage), intracellular 

communication and the stress response312. Similar to mammals, it has been shown that 

P. falciparum HSP90 can bind to other co-chaperones and functionally interact with 

HSP70-1309,313. However, it is still not known if HSP90 plays a role as a negative 

regulator of HSF1 under nonstress conditions. The other three genes encode putative 

organellar HSP90s: GRP94, HSP90-A and TRAP1, predicted to be localized in the ER, 

apicoplast and mitochondria, respectively309.  
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 Gene ID Name Cellular 
localization 

Expression 
stage 

Other 
information 

H
S

P
7

0
 

PF3D7_0818900 HSP70-1 N, C T, S 
 

PF3D7_0917900 HSP70-2 ER S 
 

PF3D7_1134000 HSP70-3 M S 
 

PF3D7_0831700 HSP70-X C, ER, Exp S 
 

PF3D7_1344200 HSP70-Y 
(HSP110)  

ER S 
 

PF3D7_0708800 HSP70-Z 
(HSP110c) 

C S 
 

H
S

P
9

0
 PF3D7_0708400 HSP90 C S 

 

PF3D7_1222300 GRP94 ER T, S 
 

PF3D7_1118200 TRAP1 A GV 
 

PF3D7_1443900 HSP90-A A S, O 
 

H
S

P
6

0
 PF3D7_1015600 HSP60 M R, S 

 

PF3D7_1232100 CPN60 A R, T, S 
 

PF3D7_1215300 CPN10 M R, S Interaction with HSP60 

PF3D7_1333000 CPN20 A R, S Interaction with HSP60 

H
S

P
4

0
 

PF3D7_1437900 HSP40 C T, Me. Interaction with HSP70-1 

PF3D7_0201800 KAHsp40 Exp R 
 

PF3D7_1253000 GECO Exp GI-GIV 
 

PF3D7_0409400 Pfj1  
(DnaJ) 

A Const. Interaction with HSP70-1; 
DNA replication 

PF3D7_1108700 Pfj2 ER Const. Interaction with HSP70-2 

PF3D7_1211400 Pfj4 C T, S Interaction with HSP70-1 

PF3D7_0501100 HSP40 J-dots T, S Interaction with HSP70-x 

PF3D7_0113700 HSP40 J-dots Const. Interaction with HSP70-x 

Table 1. Main P. falciparum chaperones. Summary of the members of HSP70, HSP90, HSP60 and HSP40 (only 
best characterized HSP40 proteins) families identified in P. falciparum309. Gene ID and protein name are shown, 
together with additional information about cellular localization and expression stage. Information about their role or 
interactions with other HSPs is also included. N, nucleus; C, cytoplasm; ER, endoplasmic reticulum; M, 
mitochondrion; A, apicoplast; Exp, exported protein; R, ring; T, trophozoite; S, schizont; Me, merozoite; O, ookinete; 
GI, gametocyte stage-I; GIV, gametocyte stage-IV; Const, constitutively expressed.  

 

Six hsp70 genes have been described in P. falciparum: HSP70-1, HSP70-2, HSP70-3, 

HSP70-X, HSP70-Y/HSP110 and HSP70-Z/HSP110c308,309. Among these, HSP70-1 is 

the major cytosolic HSP70 chaperone in erythrocytic stages, driving proteostasis 

maintenance activities that include folding of nascent polypeptides, refolding of 

misfolded and aggregated proteins and protein translocation into organelles such as 

the apicoplast, although it is translocated into the nucleus upon HS309,314. It has been 

shown that HSP70-1 interacts with HSP90, as well as with methyltransferases and the 

translation elongation factor eF1A236. HSP70-2 is the homolog of the mammalian 

Glucose-regulated Protein 78 kDa (GRP78, also known as BiP), largely localized in the 

ER309. This protein has a major role regulating the UPR in higher eukaryotes, a role 

that is conserved in P. falciparum315. HSP70-3 is exported to Maurer’s clefts, which are 

involved in protein sorting and export to the RBC plasma membrane316. HSP70-X is 

found in the cytoplasm, parasitophorous vacuole and partially in Maurer’s clefts, and it 

can be exported to the host erythrocyte and interact with HSP40 proteins317. HSP70-

Y/HSP110 and HSP70-Z/HSP110c possess nucleotide exchange factor activity, 

suggesting that they may drive the hydrolysis of the ATP from other HSP70s in the ER 
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or cytoplasm, respectively309. HSP70-Z/HSP110c has shown to be essential for HS 

survival, and also to play a central role in preventing aggregation of the asparagine 

repeats-rich P. falciparum proteins318.  

P. falciparum has two members of the HSP60 family, also known as chaperonins. 

HSP60 is localized in the mitochondria, whereas CPN60 is found in the apicoplast309. 

Other smaller chaperonins are also described in malaria parasites: CPN10 and CPN20, 

localized in the mitochondria and apicoplast, respectively. This localization pattern 

seems to suggest the existence of the HSP60-CPN10 complex in the mitochondria and 

the HSP60-CPN20 complex in the apicoplast, although their biological function is still 

undetermined.  

HSP40 class are HSP70 co-chaperones that recruit and modulate interaction of HSP70 

molecules with other proteins and enhance their ATPase activity309. This gene family is 

largely expanded in malaria parasites compared to other organisms, encoding for up to 

44 HSP40 proteins in P. falciparum319. Many of them are exported to the erythrocyte 

cytosol, erythrocyte plasma membrane or other structures like Maurer’s clefts or J-dots, 

and could be involved in chaperoning membrane-associated proteins, as well as 

remodelling red blood cells by interacting with host cell HSP70 and HSP90309. Some 

examples of secreted HSP40s are KAHSP40 or GECO. In contrast, other HSP40s are 

located within the parasite, either in the cytoplasm, nucleus or parasite organelles, and 

are thought to assist protein export and prevent aggregation. Cytosolic HSP40 

(Pf3D7_1437900) and Pfj4 were shown to directly interact with HSP70-1. Pj2 is 

predicted to reside in the ER, where it could serve as a HSP70-2 co-chaperone. In 

contrast, Pfj1 is located in the apicoplast and it was proposed to aid in apicoplast DNA 

replication319.  

4.3.2 Transcriptional regulation of the heat shock response 

Although many HSPs have been identified in apicomplexa, the regulation of the HSR is 

relatively poorly understood in these organisms. If the mechanism is conserved among 

eukaryotes, we would expect to find a transcriptional regulator ortholog to HSF1 able to 

activate the expression of stress response genes. Apicomplexan orthologs of HSF1 

have been identified so far only in Entamoeba hystolitica (EhHSF1, EhHSF2 and 

EhHSF3), sharing ~50-70% sequence homology with other HSF1 and a conserved (but 

much shorter) DNA-binding domain320. However, a transcription factor regulating the 

HSR similarly to the classical HSF1 has not been found so far in any Plasmodium 

species, nor in other apicomplexan organisms.  
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Despite the absence of a classical HSF, an ortholog of human HSBP1, a negative 

regulator of HSF1, has been identified in P. falciparum (PfHSBP, Pf3D7_1120900)321. 

Although HSBP homologues within the animal and plant kingdoms are very similar, 

PfHSBP is very distant (only shares 28% of similarity with human HSBP1). However, 

the structure of the core domain is highly conserved, suggesting that its function may 

also be conserved across species. PfHSBP is present as a trimer or hexamer and 

predominantly localized in the cytoplasm under normal conditions, but translocates to 

the nucleus upon HS. Moreover, it is able to interact with HSP70-1, similar to human 

HSBP1,  which suggests a potential role in the regulation of the HSR321. The 

identification of a functional PfHSBP in P. falciparum suggests that an HSF ortholog 

may also be present in this species. However, it may be a distant ortholog of the 

classical eukaryotic HSF1, sharing low sequence and structure similarity, which would 

explain why its identification has not been possible so far.   

4.3.3 Transcriptional changes upon heat shock 

Transcriptional alterations upon HS have been described in P. falciparum parasites. 

Oakley et al. identified several pathways that may be part of a HSR in P. falciparum130. 

Pathways related with protein stability and folding were specially up-regulated, 

involving HSPs and other proteins acting as chaperones or chaperonins. HSP70-1 is 

the main studied chaperone related to HS, as a moderate increase of mRNA and 

protein has been detected in several studies upon heat stress314,322–325. Other studies 

also reported induction of HSP90, HSP40, Pfj1 or Pfj4, and decreased transcription of 

chaperones like Pfj2324–327. 

Also, some families of protein kinases involved in phosphorylation-dependent signalling 

cascades were up-regulated upon HS130. Altered expression was also described for 

genes participating in processes as diverse as protein secretion, DNA repair and 

replication, signal transduction pathways, mRNA metabolism, splicing or the ubiquitin 

proteasome pathways130. Some specific pathways were down-regulated, including the 

GPI anchor biosynthesis or the ubiquitin metabolism pathways130. In this same study, a 

high proportion of genes with altered transcription upon HS were found to be either 

transmembrane or secreted proteins, which might contribute to increased parasite-host 

interactions and parasite sequestration130. Indeed, higher parasite cytoadherence to 

vascular endothelium was reported upon HS, especially in the brain, highlighting the 

potential pathological consequences of fever in vivo240,328. Although Oakely et al. 

provided initial insight on the general transcriptional changes and biochemical 

pathways affected during HS130, new approaches are needed to distinguish actual 
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protective HSRs from transcriptional alterations related with delayed cell cycle 

progression during HS or with parasite death.  
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We hypothesize that, similar to model eukaryotes, P. falciparum can sense heat stress 

and activate a transcription factor analogous to the conserved eukaryotic HSF1, which 

drives a protective transcriptional HSR. HSF1 is also involved in the response to other 

types of stress and mediates housekeeping functions under basal conditions, reason 

which led us to hypothesize that the analogous transcription factor in P. falciparum may 

also perform these roles. The identification of such a transcription factor may provide 

the first identification of the transcription factor driving a protective response to a 

fluctuating environmental condition in malarial blood stages, helping to settle the 

current controversy about the capacity of malaria parasites to mount rapid protective 

transcriptional responses. 

The aim of this PhD Thesis is to characterize the transcriptional regulation of the 

protective HSR in malaria parasites. The specific objectives are as follows: 

• To identify the gene(s) that determine susceptibility of P. falciparum to HS in 

vitro, using HS-adapted lines. 

 

• To characterize the PfAP2-HS transcription factor and assess its role under 

basal and stress conditions, including HS and other types of stress. 

 

• To define the transcriptional alteration induced by HS exposure and distinguish 

the directed PfAP2-HS-dependent protective response from other PfAP2-HS-

independent alterations. 

 

• To gain initial insight on the conservation of the HSR in other Plasmodium 

species.  
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1 PARASITE LINES 

The 3D7-A stock of the clonal P. falciparum line 3D7, the 3D7-A subclones 10G, 1.2B, 

10E, 4D, 6D, 1.2F, W4-1, W4-2, W4-4, W4-5, and the HS-adapted line 3D7-A-HS have 

been previously described156,329–331 (Table 2). The P. berghei ANKA cl15cy1 clone and 

the FRB::mCherry::TM transgenic line were previously described332,333 (Table 3). The 

generation of the new transgenic lines is described below. 

Parasite line Description 

3D7-A Stock of the 3D7 clonal line330. 

3D7-A-HS HS-adapted line, obtained after periodic exposure of 3D7-A to HS156. 

10G Subclone of 3D7-A obtained by limiting dilution329. 

1.2B Subclone of 3D7-A obtained by limiting dilution329. 

10E Subclone of 3D7-A obtained by limiting dilution329. 

4D Subclone of 3D7-A obtained by limiting dilution329. 

6D Subclone of 3D7-A obtained by limiting dilution329. 

W4-1 
Subclone of 3D7-A obtained by limiting dilution after transfection with the 

plasmid E140-0331. 

W4-2 
Subclone of 3D7-A obtained by limiting dilution after transfection with the 

plasmid E140-0331. 

W4-4 
Subclone of 3D7-A obtained by limiting dilution after transfection with the 

plasmid E140-0331. 

W4-5 
Subclone of 3D7-A obtained by limiting dilution after transfection with the 

plasmid E140-0331. 

8A_PfAP2-HS::DD 
Subclone transgenic line generated from 1.2B that expresses endogenous 

PfAP2-HS tagged with a destabilization domain (DD) and 3xHA.  

12E_PfAP2-HS::DD 
Subclone transgenic line generated from 1.2B that expresses endogenous 

PfAP2-HS tagged with a destabilization domain (DD) and 3xHA.  

10E_PfAP2-HS::eYFP 
Transgenic line generated from 10E that expresses endogenous PfAP2-HS 

tagged with an eYFP in the C-terminal end. 

10E_PfAP2-HS::3xHA 
Transgenic line generated from 10E that expresses endogenous PfAP2-HS 

tagged with an 3xHA in the C-terminal end. 

10E_eYFP::PfAP2-HS 
Transgenic line generated from 10E that expresses endogenous PfAP2-HS 

tagged with an eYFP in the N-terminal end. 

10E_Δpfap2-hs 
Transgenic line generated from 10E in which the endogenous pfap2-hs gene 

was deleted. 

10G_ Δpfap2-hs 
Transgenic line generated from 10G in which the endogenous pfap2-hs 

gene was deleted. 

Table 2. List of the P. falciparum lines used. 

Parasite line Description 

PbANKA cl15cy1 
Clone 15cy1 obtained from 8417 HP clone, which was derived from the 

original ANKA strain333. 

FRB::mCherry::TM 

Transgenic line derived from PbANKA cl15cy1 that expresses FRB fused 
to a transmembrane protein anchored into the cell plasma membrane. This 

line is needed as a background to generate the knocksideways (KS) 
transgenics332. 

C2m2_PbAP2-HS::KS 

Subclone transgenic line generated using the background 
FRB::mCherry::TM that expresses PbAP2-HS tagged with FKBP and GFP 

(knocksideways, KS) in the C-terminal end, which induces PbAP2-HS 
mislocalization when Rapamycin is added. 

C1m3_PbAP2-HS::KS 
Subclone transgenic line generated from PbANKA cl15cy1 that expresses 

PbAP2-HS tagged with FKBP (knocksideways) in the C-terminal end, 
which induces PbAP2-HS mislocalization when Rapamycin is added. 

PbAP2-HS::3xHA 
Subclone transgenic line generated from PbANKA cl15cy1 that expresses 

PbAP2-HS tagged with 3xHA in the C-terminal end. 

Table 3. List of the P. beghei lines used. 
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2 P. FALCIPARUM  CULTURE  

2.1 Basic maintenance 

P. falciparum parasites were cultured in B+ erythrocytes at a 3% hematocrit, 

maintained in sterile conditions. Total blood was purchased every four weeks and 

weekly washed to obtain the RBCs. For this, the total blood was centrifuged for 5 min 

at 1,360 x g at room temperature and the supernatant (containing the plasma and the 

buffy coat) was removed by aspiration. Two rounds of washes of the resultant 

erythrocyte pellet were performed by adding incomplete medium, centrifuging for 10 

min at 1,360 x g and discarding the supernatant. All spins were performed with low 

deceleration. The washed RBC pellet was resuspended in one pellet volume of 

complete media and stored for up to one week at 4ºC. 

Cultures were grown in petri dishes under low oxygen atmosphere (5% CO2, 3% O2, 

balance N2) in air-tight modular hypoxia incubator chambers. Hypoxic incubators with 

the same atmosphere mixture were only used when specifically stated. All cultures 

were maintained at 37ºC, except for the experiments including 10E_Δpfap2-hs and 

10G_Δpfap2-hs lines, which were maintained at 35ºC. 

An RPMI-based complete medium (containing Albumax II and without human serum) 

from Invitrogen was used for routinely culture maintenance, supplemented monthly with 

glutamine to a final concentration of 2 mM (1:100 dilution of a 200 mM stock) (Table 4). 

Prewarmed media was routinely changed every second day, except for specific 

experiments in which high parasitemia was needed. Incomplete medium was custom 

made (Table 4) and used for the washing steps of several procedures.  

Complete medium (1 l)  Incomplete medium (1 l) 

Custom RPMI-Albumax medium (041-91762A): 
10.4 g RPMI-1640 medium 
2.3 g NaHCO3 
5.957 g HEPES 
0.025 g Gentamycin 
0.05 g Hypoxanthine 
2 g Glucose 
5 g Albumax II 
mqH2O 
pH 7.2 

Add 10 ml/l of 200 mM sterile glutamine monthly 
[store at 4ºC] 

 10.43 g RPMI (with L-glutamine, without NaHCO3) 
5.95 g HEPES 
mqH2O 
pH 7.4 (adjusted using 10 M NaOH)  
[filter-sterilize and store at 4ºC] 

Table 4. Complete and incomplete medium recipes used for P. falciparum culture. 
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2.2 Cryopreservation of parasite stocks 

2.2.1 Freezing stocks 

Only ring-stage parasites survive to freezing and thawing. Ideally, cultures must have 

5% rings or higher. Cultures were centrifuged 5 min at 453 x g, supernatant were 

removed by aspiration and two pellet volumes of freezing solution (Table 5) were 

slowly added (drop by drop) to the RBC pellets, mixing constantly, and transferred to 

cryotubes. Cells were incubated at room temperature for 5 min and then frozen directly 

to liquid N2. 

2.2.2 Thawing stocks 

Parasite stocks were removed from liquid N2, warmed in the hand until thawing and 

transferred to a tube. Prewarmed thawing solutions (Table 5) were added drop-wise 

very slowly and constantly swirling. First, 0.2 ml volumes of thawing solution-1 were 

added to the cryopreserved samples, followed by 10 volumes of thawing solution-2 and 

finally 10 volumes of thawing solution-3. Samples were then centrifuged for 5 min at 

290 x g and pellets were washed by slow addition of 10 ml of incomplete medium. After 

another 5 min centrifugation at 290 x g, supernatants were removed and pellets were 

used to establish new cultures, adding the appropriate amount of complete medium 

and washed RBCs. 

Freezing solution (50 ml)  Thawing solution-1 (100 ml) 

0.324g NaCl 
1.512 g D-sorbitol  
14 ml Glycerol  
36 ml mqH2O 
[filter-sterilize and store at -20ºC] 

 12 g NaCl [12% (w/v)] 
PBS 
[filter-sterilize and store at 4ºC] 

 

Thawing solution-2 (100 ml)  Thawing solution-3 (100 ml) 

1.6 g NaCl [1.6% (w/v)]  
PBS 
[filter-sterilize and store at 4ºC] 
 

 0.9 g NaCl [0.9% (w/v)] 
0.2 g Glucose [0.2% (w/v)]  
PBS 
[filter-sterilize and store at 4ºC] 

Table 5. Freezing and thawing solutions recipes used for P. falciparum culture. 

2.3 Parasite synchronization 

2.3.1 Sorbitol: ring-stage synchronization 

Standard ring-stage synchronization was performed using sorbitol, which only enters 

and kills late-stage parasites (>20-25 hpi). Cultures were first transferred to tubes and 

centrifuged for 5 min at 453 x g. After removing supernatants, pellets were 

resuspended in 7 pellet volumes of 5% sorbitol (Table 6) and incubated for 7 min at 

37ºC. Samples were centrifuged again for 5 min at 453 x g and remaining pellets were 
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washed with 10 ml of incomplete medium. After another centrifugation for 5 min at 453 

x g, supernatants were removed, and pellets were finally resuspended in complete 

medium to establish the synchronized culture. 

2.3.2 Percoll: late-stage synchronization 

Late-stage infected RBCs have a different density than ring-stage parasites and 

uninfected RBCs, and consequently can be purified using a density gradient such as a 

Percoll gradient. For this, cultures were transferred to tubes and centrifuged for 5 min 

at 453 x g. For each sample, most of the supernatant was removed, leaving ~3 ml to 

resuspend the pellet, which was slowly applied on top of a tube containing 10 ml of 

70% Percoll (Table 6). A maximum of 1.8 ml of erythrocyte pellet (corresponds to 30 ml 

of culture at 3% hematocrit) can be applied to a single tube of Percoll. Samples were 

then centrifuged for 11 min at 1,065 x g, using a low deacceleration. The upper dark 

layers, which contained the schizonts, were transferred to new tubes containing 40 ml 

of incomplete medium and centrifuged for 6 min at 652 x g. Supernatants were 

discarded, and schizont-infected erythrocyte pellets were used to establish new 

cultures, adding the corresponding amount of complete medium and RBCs. 

Sorbitol 5% (500 ml)  Percoll 70% (142.86 ml) * 

25 g D-sorbitol 
500 ml mqH2O 
[filter-sterilize and store at 4ºC] 

 10 ml PBS 10x 
90 ml Percoll 
42.86 ml incomplete media 
[filter-sterilize and store at 4ºC] 

* This Percoll preparation in reality contains 63% Percoll. 
Table 6. Sorbitol 5% and Percoll 70% recipes.  

 

2.3.3 Tight synchronization 

In some specific assays, tight synchronization (1, 2 or 5 h age window) was needed to 

ensure that all the transcriptional and phenotypical differences observed between 

strains were not due to differences in parasite age. This synchronization was 

performed by first purifying schizont-stage parasites with Percoll, usually when >2 rings 

were counted per each schizont, which indicated that many schizonts were already 

bursting. Once purified, these schizonts were used to establish a culture and left 

undisturbed at 37ºC (or 35ºC for the Δpfap2-hs lines) for 1, 2 or 5 h. After this time, 

sorbitol lysis was used to purify the new ring-stage parasites that had appeared during 

this period. Consequently, the resultant parasites were all 0-1 hpi, 0-2 hpi or 0-5 hpi 

after the tight synchronization. In the synchronization to a 1 h age window, to ensure 

complete removal of late stage parasites, the volume of sorbitol used for the lysis was 

increased to 30 pellet volumes, the time of incubation increased to 10 minutes and two 

washes were performed instead of one. 
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Given the slower IDC progression of 10E_Δpfap2-hs, cultures of this parasite line were 

synchronized to 0-5 hpi 3 h earlier than 10E and 10G cultures, such that at the time of 

starting HS or DHA exposure (in parallel for all lines) all cultures were approximately at 

the same stage of IDC progression.  

3 P. BERGHEI  CULTURE 

3.1 Basic mice maintenance 

Parasites were routinely propagated in Theiler’s original outbred mice of 6-8 weeks of 

age, whereas BALB/c mice of 6-8 weeks of age were used as the recipients of the 

experiments (all weighting ~25 g). All animal research was conducted in accordance 

with the UK Home Office licencing, using protocols reviewed by the ethics committee of 

the Wellcome Trust Sanger Institute.  

For new infections, ~200 µl of cryopreserved stocks were injected intraperitoneally 

(i.p.). For passage, blood was collected by a terminal cardiac puncture using syringes 

pre-loaded with 100 μL of heparin (30 U/mL) and injected i.p. to uninfected mice. 

Parasite harvesting for genomic DNA (gDNA) or protein extraction was also done with 

a terminal cardiac puncture. Intravenous (i.v.) injection in the tail vein was only used for 

the HS assays and transfections. Rodents were anesthetized by i.p. injection of 10 

ml/kg of a solution containing 12% ketamine and 0.16% xylazine in PBS. 

In specific experiments, 1 mg/kg of Rapamycin (Rapa) was daily injected i.p. into mice. 

For this, Rapamycin was dissolved in N,N-dimethylacetamide (DMA) to a final 

concentration of 4 mg/ml and then the appropriate amount for injection was diluted in 

200 µl of vehicle solution containing 4% DMA, 10% polyethylene glycol (molecular 

weight 400) and 17% Tween 20. The same proportions of DMA (instead of Rapa) and 

the vehicle solution were injected i.p. to control mice. 

3.2 In vitro culture  

P. berghei cultures were established in freshly prepared schizont culture medium 

(Table 7), gassed with the hypoxic gas mixture (1% O2, 3% CO2, 96% N2) and 

incubated at 36.5ºC with gentle shaking using sterile Erlenmeyer flasks. 

Schizont culture medium (50 ml) 

36 ml RPMI-1640 (25 mM Hepes) 
12.5 ml FBS [25% (v/v)] 
0.5 ml Penicillin/Streptomycin 10,000 U/ml  
1 ml NaHCO3 1.2 M pH 7.2 [24 mM] 

Table 7. Schizont culture medium recipe used for P. berghei culture. 
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3.3 Parasite stocks 

Parasite stocks were prepared with a 1:2 ratio of infected blood and freezing solution 

(Table 8) and maintained frozen at -80ºC. Upon thawing, stocks were immediately 

injected i.p. into mice. 

Freezing solution 

90% v/v Alsever’s solution   
10% v/v Glycerol 

Table 8. Freezing solution recipe used for P. berghei culture. 

3.4 Schizonts purification 

Nycodenz gradient was used to purify schizonts. Cultures were transferred to tubes 

and centrifuged for 14 min at 300 x g (low acceleration and deacceleration). 

Supernatants were discarded, leaving ~3 ml to resuspend the pellet, which was gently 

added on top of 5 ml of 55% Nicodenz (Table 9). After 20 min centrifugation at 300 x g, 

top dark layers were collected and washed in 30-50 ml of freshly prepared complete 

medium (Table 9). Samples were centrifuged for 3 min at 450 x g and supernatants 

were discarded to obtain schizont pellets.     

Nicodenz 55% (10 ml)  Complete medium 

5.5 ml Nicodenz 
4.5 ml PBS 

 10 ml FBS 
40 ml RPMI-1640 (25 mM Hepes) 

Table 9. Reagents needed for schizonts P. berghei schizonts purifications using Nycodenz gradient. 

 

4 DETERMINATION OF PARASITEMIA 

4.1 Giemsa-staining and light microscopy 

Giemsa-stained thin smears were routinely made for basic culture maintenance and 

parasitemia determination. For P. falciparum cultures, smears were made using 3-4 µl 

of erythrocyte pellet, whereas for P. berghei infections, smears were made from one 

drop (~3 μl) of tail blood. Smears were air dried and fixed with methanol for ~10 s. The 

excess of methanol was decanted, and slides were stained with Giemsa diluted 1:10 in 

Sorenson’s buffer (Table 10) or H2O. After 10 min staining, slides were rinsed with 

abundant distilled water and tissue-dried.   

Light microscopy examination of Giemsa-stained smears was used to determine 

culture parasitemia and parasite growth. An Eclipse E200 (Nikon) optical microscope 

was used for routine observation, whereas an Eclipse 50i (Nikon) microscope was 

used to obtain high magnification (x1000) pictures. For routine parasitemia 
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determination, the proportion of infected versus non-infected RBCs was calculated 

from ~1,500 RBCs (~5 different fields). For accurate parasitemia determination (e.g. 

DHA sensitivity assay), the total RBCs counted was different in each condition 

depending on the parasitemia: 1,000 RBCs if parasitemia was >5%, 2,000 RBCs if 

parasitemia was 2-5% or 3,000 RBCs if parasitemia was <2%).  

Sonrenson’s buffer (1 l) 

3 g Na2HPO4 
0.6 g KH2PO4 
mqH2O to 1 l 
pH 7.2 (adjusted using 1 M KH2PO4) 
[sterilize and store at room temperature] 

Table 10. Sorenson’s buffer recipe. 

4.2 Flow cytometry 

In many assays, parasitemia was accurately measured by flow cytometry (FACScalibur 

flow cytometer, Becton Dickinson) using the green-fluorescent Syto11 to stain nucleic 

acids and the fluorescence channel 488-530/30 as previously described334,335.  

For parasitemia quantification, 5 µl of homogenized culture were resuspended in 800 µl 

of room temperature PBS and incubated with 1 µl Syto11 0.5 mM for 1 min before 

analysing. Uninfected RBCs maintained in the same conditions that the Plasmodium-

infected RBCs were always used to determine the autofluorescence background signal 

(typically ~0.03%) in each experiment and subtracted from the rest of parasitemia 

measurements.  

In some assays, Td-Tomato and Syto11 signal were simultaneously detected in a 

LSRFortessa™ flow cytometer (Becton Dickinson) using the fluorescence channels 

561-582/15-A and 488-525/50-505LP-A, respectively. Autofluorescence was 

established using infected RBCs that did not express Td-Tomato. Data analysis was 

performed using Summit™ (v.4.3)336 and Flowing (v.2.5.1)337 softwares. 

 

5 NUCLEIC ACIDS EXTRACTION 

5.1 gDNA extraction 

To extract P. falciparum gDNA, cultures were transferred to tubes and centrifuged for 5 

min at 453 x g. Pellets were resuspended in 4 pellet volumes of buffer A (Table 11) 

and 1 pellet volume of 18% SDS, mixed by inversion and incubated for 2 min at room 

temperature. Afterwards, 6 pellet volumes of phenol:chloroform at room temperature 

were added and mixed well by inverting several times before centrifuging for 10 min at 
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805 x g. DNA was precipitated from the recovered upper-phase using an overnight 

incubation at -20ºC in 1/10 volume of 3 M NaAc pH 5.2 and 2.5 volumes of ethanol. 

After a centrifugation at 10,600 x g for 15 min at 4ºC, pellets were resuspended with 

500 µl of Tris-EDTA buffer (TE). An equal volume of room temperature 

phenol:chloroform was added, mixed and centrifuged at full speed for 5 min at room 

temperature. DNA was again ethanol-precipitated from the upper phase as explained 

above. Samples were then spun for 30 min at full speed at 4ºC, washed with 600 µl of 

80% ethanol and centrifuged again for 10 min at full speed at 4ºC. Resultant pellets 

were air dried for 5-10 min and resuspended in 50 µl of mqH2O.  

For P. berghei gDNA extraction, blood samples were collected by cardiac puncture, 

transferred to a 1.5 ml tube and centrifuged for 1 min at 1,000 x g. Supernatants were 

removed and cell pellets were lysed using 1 ml of cold lysis buffer (Table 11). After 15 

min of incubation on ice, samples were centrifuged for 1 min at 1,000 x g. Pellets were 

resuspended with 1 ml PBS and spun for 1 min at 1,000 x g. Total DNA from remaining 

pellets was resuspended in 200 µl PBS and purified using DNeasy Blood & Tissue Kit, 

following manufacturer instructions, and eluted with 100 µl AE buffer. 

Buffer A (50 ml)  Lysis buffer (1 l) 

0.833 ml NaAc 3 M pH 5.2 [50 mM] 
2.5 ml NaCl 2 M [100 mM] 
0.1 ml EDTA 0.5 M pH 8 [1 mM] 
46.567 ml mqH2O 

 8.02 g NH4Cl [150 mM] 
1 g KHCO3 [10 mM] 
0.372 g Na2EDTA [1 mM] 
mqH2O to 1 l 
pH 7.4 

Table 11. Buffer A and lysis buffer recipe. 

 

5.2 RNA extraction 

The TRIzol method was used to collect RNA from P. falciparum and P. berghei 

cultures, as previously described338. Cultures were transferred to tubes, spun for 6 min 

at 515 x g and supernatants were removed. Erythrocyte pellets were resuspended in 

12 (ring-stage parasites) or 20 (trophozoite and schizont-stage parasites) volumes of 

prewarmed TRIzol reagent, well homogenized and incubated for 5 min at 37ºC to 

ensure complete dissolution. Samples were frozen at -80ºC until RNA extraction. 

For total RNA purification, TRIzol samples were thawed and centrifuged for 2 min at 

805 x g. Supernatants were transferred to new tubes and 0.2 volumes of chloroform 

were added and mixed well by inversion. After centrifugation at 8,000 x g for 40 min at 

4ºC, RNA was precipitated from the recovered upper phase using isopropanol (5/6 of 

the recovered volume) overnight incubation at 4ºC. Samples were centrifuged for 50 

min at 8,000 x g at 4ºC, resultant pellets were washed with 6-8 ml of cold 70% ethanol 
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(diluted using RNAse-free H2O) and spun again at 8,000 x g for 20 min at 4ºC. 

Remaining pellets were air-dried for 5 min at room temperature and resuspended for 5 

min at 55ºC in 30-45 µl of RNAse-free H2O. Samples were transferred to 1.5 ml tubes 

and frozen at -80ºC until use. 

6 GENERATION OF TRANSGENIC LINES  

6.1 Protocols used for cloning 

6.1.1 PCR amplification 

Standard PCR amplification were performed using Taq DNA polymerase or GoTaq® 

(e.g. confirmation of genomic edition or fragment integration in a cloning step). LA 

Taq® DNA polymerase was used for high fidelity and difficult PCR amplifications (e.g. 

amplification of fragments for cloning or sequencing, long fragments and promoter 

regions) (Table 12). Primers used for PCR amplification are listed in Table 35. 

Taq DNA Polymerase reaction (25 µl)  Taq Polymerase thermal cycle 

5 µl Taq PCR Buffer 5x (with MgCl2 7.5 mM)  
0.25 µl Taq DNA Polymerase  
2.5 µl dNTP mix 2 mM each 
0.25 µl Primer forward 50 µM 
0.25 µl Primer reverse 50 µM 
X µl DNA template 
mqH2O to 25 µl 

 DENATURALIZATION              
 
CYCLING (x25-30)                   
       
 
 
FINAL ELONGATION                   

95ºC, 2 min 
 
95ºC, 20 s 
* ºC, 1 min                                     
68ºC, ** min  
 
68ºC, 3 min 

 

LA Taq Polymerase reaction (25 µl)  LA Taq Polymerase thermal cycle 

2.5 µl LA PCR Buffer II (Mg2+ free) 10x 
2 µl MgCl2 25 mM 
0.25 µl LA Taq polymerase  
4 µl dNTP mix 2.5 mM each 
0.25 µl Primer forward 50 µM 
0.25 µl Primer reverse 50 µM 
X µl DNA template 
mqH2O to 25 µl 

 DENATURALIZATION              
 
CYCLING (x25-30)    
 
 
 
FINAL ELONGATION                               
                         

92ºC, 1 min 
 
92ºC, 20 s 
* ºC, 1 min                                     
60ºC, ** min  
 
68ºC, 5 min 

 

GoTaq® Polymerase reaction (25 µl)  GoTaq Polymerase thermal cycle 

12.5 µl GoTaq Green Master Mix 2x 
1 µl Primer forward 10 µM 
1 µl Primer reverse 10 µM 
X µl DNA template 
mqH2O to 25 µl 

 DENATURALIZATION              
 
CYCLING (x25-30)     
 
 
 
FINAL ELONGATION                       

95ºC, 5 min 
 
95ºC, 30 s 
* ºC, 1 min                                     
62ºC, ** min  
 
62ºC, 10 min 

* Annealing temperature was ~4ºC lower than the estimated primer melting temperature. 
** Elongation time was calculated depending on the amplification length (1 min/Kb). 

Table 12. PCR reaction and thermal cycle using Taq, GoTaq® Green Premix or LA Taq® polymerases. 

6.1.2 Restriction enzyme digestion 

DNA digestion was routinely performed by incubation of the DNA with the selected 

restriction enzymes and buffer for more than 1 h to overnight at 37ºC, following 

manufacturer (Takara or New England Biolabs) instructions. If the digested DNA was 
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needed for cloning, purification was performed using the GFX PCR DNA & gel band 

purification kit. 

6.1.3 Oligonucleotide annealing for sgRNA cloning 

Annealing of the oligonucleotide sequences for the single guide RNA (sgRNA) was 

performed by mixing 10 µl of each oligonucleotide (resuspended in mqH2O to a final 

concentration of 50 µM) with 2.2 µl of NEB2 buffer, and allowing slow cooling from 

95ºC to room temperature (~25ºC) in a thermometer-controlled water bath. The 

annealed oligonucleotides were diluted in Tris 5 mM pH 8 to a final concentration of 25 

µM (dilution 1:50). Oligonucleotides used for annealing are listed in Table 35. 

6.1.4 T4 DNA Ligation 

To ligate two digested fragments with sticky or blunt ends we used the T4 ligase 

enzyme in a 10 µl reaction, following manufacturer instructions. For this, 100 ng of the 

vector and the appropriate amount of insert, calculated using a molar ratio of 1:3 vector 

to insert, were typically used. The reaction was incubated for 1 h at 16ºC, followed by 

an incubation of 1 h at room temperature.  

6.1.5 In-Fusion cloning 

The In-Fusion® HD cloning kit was used to clone sgRNA and PCR-amplified fragments 

in a digested vector, in a final 5 µl reaction volume. For sgRNA cloning, 100 ng of 

vector (digested with BtgZI) and 1.5 µl of annealed oligos at 25 µM were used. For 

cloning of single or multiple PCR-amplified fragments, we used ~50 ng of vector and 

the appropriate amount of each fragment, calculated using a molar ratio of 1:10 or 

1:10:10 vector to fragments (Table 13).  

sgRNA In-Fusion (5 µl)  PCR In-Fusion (5 µl) 

X µl Linearized vector * 
1.5 µl annealed oligos 25 µM 
1 µl In-Fusion HD Enzyme Premix 5x 
mqH2O to 5 µl 

 X µl Linearized vector * 
X µl PCR-purified fragments ** 
1 µl In-Fusion HD Enzyme Premix 5x 
mqH2O to 5 µl 

* <10 kb: 50-100 ng; >10 kb: 50–200 ng 
** <0.5 kb: 10-50 ng; 0.5 to 10 kb: 50–100 ng; 10 kb: 50–200 ng 

Table 13. In-Fusion® reactions used for cloning of sgRNA or PCR-amplified fragments. 
 

6.1.6 Bacterial transformation and growth 

For bacterial transformation, 4 µl of T4-ligated plasmid or 2.5 µl In-Fusion-generated 

plasmid were used to transform 50 µl of DH5α or Stellar competent cells. Mixtures 

were incubated on ice for 30 min, heat-shocked for 45 s at 42ºC and kept on ice for 2 

min. After the addition of 450 µl of room temperature S.O.C medium, samples were 
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incubated for 1 h at 37ºC in shaking. Transformed cells were then spread on 

prewarmed 0.02% ampicillin-LB agar plates and incubated overnight at 37ºC. 

For minipreps, single colonies or glycerol stocks were picked from the agar plates 

using sterile plastic tips and inoculated in individual tubes containing 5 ml LB broth with 

100 µg/ml ampicillin (1:1,000 dilution from a 100 mg/ml stock). Bacterial cultures were 

incubated overnight at 37ºC under shaking (180-200 rpm). Glycerol 15% stocks were 

also routinely made by mixing 750 µl of LB-culture with 250 µl of glycerol 60%.   

For maxipreps, single colonies or glycerol stocks were picked and incubated for ~7 h 

shaking (180-200 rpm) in 5 ml LB medium with 100 µg/ml ampicillin. Afterwards, part or 

the whole bacterial culture was transferred to a sterile Erlenmeyer flask containing 150-

200 ml LB broth and the selection antibiotic: 100 µg/ml ampicillin for high-copy 

plasmids or 50 µg/ml carbenicillin (1:1,000 dilution from a 50 mg/ml stock) for low-copy 

plasmids. Bacterial cultures were incubated overnight at 37ºC in shaking. 

6.1.7 Plasmid purification from bacteria 

After an overnight incubation at 37ºC, cultures were harvested and plasmid extraction 

was performed using either the QIAprep Spin Miniprep Kit or the EndoFree Plasmid 

Maxi Kit, following manufacturer instructions.  

6.1.8 Agarose electrophoresis 

Agarose electrophoresis were routinely used to detect PCR amplification, DNA 

digestion and tagmentation products. A HORIZON 58 Gel electrophoresis system 

(GibcoBRL) was mainly used to prepare the SYBR-stained gel in TBE 0.5x (diluted 

from TBE 5x in mqH2O) (Table 14) and electrophoresis was run in TBE 0.5x buffer at 

80 V for 1-2 h. Samples were diluted 1:6 in Orange-G 6x loading buffer before loading. 

Images were taken using a G:Box system (Syngene).  

TBE 5x (1 l) 

54 g Tris  
27.5 g Boric acid 
20 ml EDTA 0.5 M pH 8 
mqH2O to 1 l 
pH 8.3 (adjusted with HCl) 
[sterilize and store at room temperature] 

Table 14. TBE 5x recipe. 

6.1.9 Sanger sequencing 

Sanger sequencing was routinely used after each cloning step to confirm the correct 

plasmid or gDNA edition. PCR-amplified DNA or plasmids were sent to Genewiz 

together with the sequencing primers used. 
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6.1.10 PlasmoGEM protocols 

Plasmids for P. berghei transfection were obtained in collaboration with the 

PlasmoGEM team, following their specific cloning protocols339,340.  

 

6.2 Constructs generated for parasite transfection  

6.2.1 Δpfap2-hs  

Given the large size of pfap2-hs (11,577 bp), to knock this gene out with the 

CRISPR/Cas9 system we used two sgRNAs (also referred as guides) (see Results, 

section 3.1). One guide targets a sequence near the 5’ end of the gene (position 866-

885 from the start codon, primers C1/2) whereas the other recognizes a sequence near 

the 3’ end (positions 11,486-11,505, primers C3/4). The 5’ guide was cloned into a 

modified pL6-egfp donor plasmid341 in which the yfcu cassette had been removed by 

digestion with NotI and SacII, end blunting and religation. Homology regions (HR1: 

positions -2 to 808 bp relative to the pfap2-hs start codon; HR2: positions 11,520 bp of 

the gene to 490 bp after the stop codon) were PCR-amplified using primers C5/6 and 

C7/8 respectively. HR1 and HR2 were also cloned in this plasmid, flanking the hdhfr 

expression cassette, to generate plasmid pL7-pfap2hs_KO_sgRNA5’. The 3’ guide was 

cloned into a modified version of the pDC2-Cas9-U6-hdhfr342 plasmid, in which we 

previously removed the hdhfr expression cassette by digesting with NcoI and SacII, 

end blunting and religation, and replaced the BbsI guide cloning site by a BtgZI site. 

The resulting plasmid was termed pDC2_wo/hdhfr_pfap2hs_sgRNA3’. All guides were 

cloned using the In-Fusion system, whereas homology regions where PCR-amplified 

from gDNA and cloned by ligation using restriction sites SpeI and AflII (HR1), and 

EcoRI and NcoI (HR2) (Annex II – Fig. 1). 

6.2.2 PfAP2-HS tagged with a destabilization domain 

To tag PfAP2-HS with a 3xHA-ddFKBP tag we used a single homologous 

recombination approach (Annex II – Fig. 2). To generate the pfap2hs_HA-ddFKBP 

plasmid, we replaced the pfap2-g homology region in plasmid PfAP2-G-ddFKBP89 by a 

PCR-amplified fragment (primers C9/10) including positions 9,551 to 11,574 bp of 

pfap2-hs in frame with the tag. The fragment was cloned using restriction sites EagI 

and XhoI. 
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6.2.3 PfAP2-HS C-terminal taggings 

For constructs aimed at C-terminal tagging of pfap2-hs using CRISPR/Cas9 

(10E_pfap2-hs_eYFP-Cterm and 10E_pfap2-hs_3xHA-Cterm lines) we used a guide 

corresponding to positions 11,508 to 11,527 bp of the gene. The guide (primers 

C11/12) was cloned in the pDC2-Cas9-U6-hdhfr342 plasmid to obtain 

pDC2_pfap2hs_sgRNA-C. The donor plasmid for tagging with eYFP (pHR-

C_pfap2hs_eYFP) was based on plasmid pHRap2g-eYFP343, with the pfap2-g 

homology regions and hsp90 3’ sequence replaced by pfap2-hs homology regions 

(Annex II – Fig. 3). The 5’ HR1 was generated with a PCR-amplified fragment 

spanning from nucleotide 10,964 to the sequence of the guide (recodonized, primers 

C13/14), and a 47 bp fragment (generated by annealing two complementary 

oligonucleotides, primers C15/16) consisting of a recodonized version of the remaining 

nucleotides to the end of the gene. The two fragments were cloned simultaneously, 

using the In-Fusion system, into SpeI-BglII sites. The 3’ HR2 was a PCR fragment 

spanning positions 1 to 590 bp after the pfap2-hs stop codon (primers C17/18), and 

was cloned into XhoI-AatII restriction sites. The donor plasmid for 3xHA C-terminal 

tagging (pHR-C_pfap2hs_3xHA_hsp90-3’) was also based on plasmid pHRap2g-

eYFP343, with the eYFP coding sequence replaced by the 3xHA sequence (amplified 

from plasmid pHH1inv-pfap2-g-HAx389 using primers C19/20 and cloned into XhoI-BglII 

sites) and the same homology regions as in plasmid pHR-C_pfap2hs_eYFP (but HR2 

was amplified using primers C21/22 and cloned using the In-Fusion system into EcoRI-

AatII sites, because in this construct the hsp90 3’ region in pHRap2g-eYFP was 

maintained) (Annex II – Fig. 4). 

6.2.4 PfAP2-HS N-terminal tagging 

For N-terminal tagging (10E_pfap2-hs_eYFP-Nterm line), we cloned a guide targeting 

pfap2-hs positions 73 to 92 bp (primers 23/24) in the pDC2-Cas9-U6-hDHFRyFCU  

plasmid344 to obtain plasmid pDC2_pfap2hs_sgRNA-N (Annex II – Fig. 5). The donor 

plasmid (pfap2hs_HR-N_eYFP) consisted of a 5’ HR1 including positions -366 to -1 

relative to the pfap2-hs start codon, the eYFP gene and an in frame 3’ HR2 spanning 

positions 4 to 756 bp of the gene (excluding the ATG) in which the nucleotides up to 

the position of the guide were recodonized. HR1 was PCR-amplified using primers 

C25/26, whereas HR2 was amplified in two steps using a nested PCR approach to add 

the recodonized sequences (primers C27-30). HR1 and HR2 were cloned in the SacII-

NcoI and SpeI-EcoRI restriction sites, respectively, of the pL1144400-F1.1-yFCU 

vector (a variation of the previously described pL1144400-F1.1345 that contains the yfcu 
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selection marker in the NotI/SacII sites). The eYFP fragment (PCR-amplified from 

plasmid pHR-C_pfap2hs_eYFP using primers C31/32) was finally cloned using the In-

Fusion system into SpeI/NcoI, eliminating both restriction sites in the final construct. 

6.2.5 Modified hsp70-1 promoter driving Td-Tomato  expression 

To assess the role of the tandem G-box (Td-Gbox) in regulating hsp70-1 expression, 

we generated plasmids to integrate different modified version (containing 0, 1 or 2 G-

boxes) of the hsp70-1 promoter controlling the expression of the fluorescent reporter 

tandem Tomato (Td-Tomato) in the lisp1 locus using CRISPR-Cas9 technology. We 

used the previously generated gexp02-tdTomato-lisp1 vector, which included the lisp1 

HR1 and HR2, and the Td-Tomato reporter gene under the control of the gexp02 

promoter346 (Annex II – Fig. 6). For the wild type Td-Gbox hsp70-1 promoter, the first 

2,000 bp of the hsp70-1 upstream region were PCR-amplified from P. falciparum gDNA 

using primers C33/34 and cloned by In-Fusion in the gexp02-tdTomato-lisp1 plasmid 

digested with SalI/NotI (replacing the gexp02 promoter and eliminating both restriction 

sites in the final construct), generating the 2Gbox_hsp70-1_TdT_lisp1 vector. For the 

hsp70-1 promoter versions containing either 1 or 0 G-boxes, two fragments with 

overlapping modified sequences in the G-box region were PCR-amplified: one of them 

spanning from the Td-Gbox to the -2,111 bp position, and the other from the Td-Gbox 

to the ATG. For the 1 G-box approach, the first fragment spanned from -2,111 to -1,109 

bp (primers C33/35) and the second from -1,117 to 3 bp (primers C36/34); whereas for 

the 0 G-box approach, fragments spanned from -2,111 to -1,121 (primers C33/37) and 

from -1,117 to 3 bp (primers C38/34) relative to the hsp70-1 start codon. We cloned 

these fragments in a single In-Fusion step to obtain 1Gbox_hsp70-1_TdT_lisp1 and 

0Gbox_hsp70-1_TdT_lisp1 vectors, which have one or both G-boxes disrupted, 

respectively. 

6.2.6 PbAP2-HS knocksideways  

For the PbAP2-HS knocksideways (KS) construct, we used a double homology 

recombination approach. The PbGEM-646603 vector was previously generated by the 

PlasmoGEM team339 from a pJAZZ-OK vector using the Red/ET recombineering and 

Gateway technology. The RecUp consisted in the last 50 bp of pbap2-hs (excluding the 

stop codon) and the RecDown included the 50 bp following the stop codon. This vector 

contained the FKBP, a 3xHA, hdhfr and yfcu in frame with the PBANKA_1356000 

sequence (Annex II – Fig. 7). 
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6.2.7 PbAP2-HS 3xHA C-terminal tagging 

For the 3xHA C-terminal tagging of pbap2-hs, we used a double homology 

recombination approach. The PbGEM-060890 vector was previously generated by the 

PlasmoGEM team339 from a pJAZZ-OK vector using the Red/ET recombineering and 

Gateway technology. The RecUp consisted in the last 50 bp of pbap2-hs (excluding the 

stop codon) and the RecDown included the 50 bp following the stop codon. This vector 

contained a 3xHA, hdhfr and yfcu in frame with the PBANKA_1356000 sequence 

(Annex II – Fig. 8). 

6.2.8 Premature stop codon in PbAP2-HS 

To reproduce the pfap2-hs non-sense mutation in P. berghei, we used a double 

homology recombination approach. By alignment of the protein sequence of PfAP2-HS 

and PbAP2-HS (PBANKA_1356000), the equivalent location of the Q3714X mutation in 

P. berghei was determined to be at position 3,239 aa (positions 9,715-9,717 bp). The 

Rec166 vector was generated from the genomic library PbG01-2388b11 (based on a 

pJAZZ-OK vector) using a combination of Red/ET recombineering and Gateway 

technology, in collaboration with the PlasmoGEM team339. The specific primers used 

for this cloning were Rec166-RecUp, corresponding to positions 9,665 to 9,714 bp, and 

Rec166-RecDown, including positions -52 to 0 bp relative to the pbap2-hs start codon 

(Annex II – Fig. 9a). The final vector contained an in frame 3xHA tag, hdhfr and yfcu 

selection markers, following the truncation at position 9,714 bp (Annex II – Fig. 9b). 

Using this construct, we engineered parasites to express a truncated PbAP2-HS and 

additionally added a 3xHA tag to the truncated protein.  

6.3 P. falciparum  transfection  

6.3.1 Plasmid linearization and DNA preparation 

For P. falciparum CRISPR-Cas9-based edition strategies, 15 µg of the donor vector 

were linearized with the PvuI restriction enzyme in a 50 µl digestion volume (cleaving 

the ampicillin resistance gene of the donor plasmid). After confirming the correct 

digestions by agarose electrophoresis, a phenol:chloroform extraction was performed 

to purify the DNA. For this, DNA was resuspended with mqH2O to a final volume of 200 

µl, and 200 µl phenol:chloroform were added. After centrifugation at full speed (20,800 

x g) for 5 min at room temperature, the upper aqueous layer was recovered adjusted to 

a final volume of 270 µl with mqH2O. DNA was precipitated with 30 µl of 3 M NaAc pH 

5.2 and 750 µl of cold ethanol and incubated at -20ºC overnight or until the day of 

transfection. 
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For circular vectors, the plasmid was diluted to a final volume of 270 µl in mqH2O and 

ethanol-precipitated as described above. For CRISPR-Cas9-based editions, 60 µg of 

the Cas9-containing circular plasmid were precipitated, whereas 100 µg of the circular 

vector were used for the single homologous recombination strategy. 

Before transfecting, precipitated DNAs were centrifuged at full speed for 30 min at 4ºC 

and maintained under sterile conditions. The supernatant was removed, and the pellet 

was washed with 1 ml of cold 70% ethanol. After centrifuging at full speed for 10 min at 

4ºC, the supernatant was removed and the pellet air dried in sterile conditions for 5 min 

and resuspended in 30 µl of sterile TE buffer. In CRISPR-Cas9 strategies, where 

double transfection was needed, both donor and Cas9 plasmids were resuspended in 

the same 30 µl volume. 

6.3.2 Rings electroporation 

Transgenic P. falciparum lines were generated using 1.2B, 10G or 10E subclones. 

Transfections were performed by electroporation of ring stage cultures with 100 µg of 

plasmid (HA-ddFKBP tagging) or with a mixture of 12 µg linearized donor plasmid and 

60 µg of circular Cas9-containing plasmid (CRISPR-Cas9 system).  

Cytomix (250 ml) 

15 ml 2 M KCl 
18.75 ml 2 M CaCl2 

2.5 ml 1 M K2HPO4/KH2PO4 pH 7.6   
25 ml 250 mM Hepes / 20 mM EGTA pH 7.6  
1.25 ml 1 M MgCl2 
mqH2O to 250 ml 
pH 7.6 (adjusted with ~500-650 µL 10 M KOH) 
[filter-sterilise and store at 4ºC] 

Table 15. Cytomix recipe. 
 

A total of 200 µl of erythrocyte pellet was used for each transfection. Before 

electroporating, a culture with 5-8% ring-stage parasites was sorbitol-synchronized and 

incubated under standard culture conditions for ~1 h. For the electroporation, the 30 µl 

of DNA (containing either one or two vectors needed for the transfection) were mixed 

with 370 µl of cold cytomix (Table 15). The synchronized culture was centrifuged for 5 

min at 453 x g, the supernatant was removed, and 200 µl of erythrocyte pellet was 

mixed with the DNA and cytomix dilution and transferred to an electroporation cuvette 

(2 mm electrode gap). Electroporation was performed using Bio-Rad Gene Pulser 

Xcell™ system, at a 310 V of voltage, 950 µF of capacitance and without resistance. 

The electroporated cells were recovered with a fine plastic Pasteur pipette and the 

cuvette was washed twice with complete medium, all used to establish a new 10 ml 

culture, adding 150 µl of RBCs and the appropriate volume of complete. The RBCs 
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used in the initial culture and in the culture establishment after electroporation were 

washed from fresh blood extractions (<1-week-old), to avoid high hemolysis upon 

electroporation.  

6.3.3 Maintenance and selective pressure 

For parasite selection, WR99210 was added to cultures to a final concentration of 10 

nM. For this, an WR99210 20 µM dilution was prepared in incomplete media (1:1,000 

dilution from a WR99210 20 mM stock) and maintained at 4ºC for up to one month. It 

was added 12-24 h after transfection and media was changed daily for the first 3-4 

days. In transfections using the CRISPR-Cas9 system, this selective pressure was 

maintained for four days as previously described344. In contrast, cultures transfected 

with the pfap2hs_HA-ddFKBP plasmid were maintained under continuous selective 

pressure until parasites were observed, followed by 3 off/on drug cycles and 

subcloning by limiting dilution. Transfected cultures were weekly diluted 1:2 with fresh 

uninfected RBCs until parasitemia was observed in Giemsa-stained thin smears, 

usually 2-3 weeks post-transfection. In all cases, to assess correct integration we used 

analytical PCR of gDNA with specific primers. 

6.3.4 Subcloning by limiting dilution 

Prior to P. falciparum subcloning, late-stage cultures were incubated for 24 h in shaking 

conditions (40 rpm) to reduce the double-infections. Rings-stage parasites were 

sorbitol-synchronized, parasitemia was determined flow cytometry and cultures were 

sequentially diluted to a final concentration of 0.3 parasites/100 µl. The diluted culture 

was split into 40 wells (each containing 100 µl) in a 96-well plate. Controls containing 

1,000 and 100 parasites/100 µl were also included. Media was changed every 48 h 

and parasitemia was checked by Giemsa-stained thin smears from day 10 onwards, 

expecting growth in <50% of the wells. 

6.4 P. berghei  transfection 

6.4.1 Plasmid linearization and DNA preparation 

For P. berghei, 10 µl of vector were linearized by an overnight NotI digestion (100 µl 

digest volume), releasing the targeting vectors from the bacterial vector arms. DNAs 

were precipitated by adding 250 µl of cold ethanol and 11 µl of 3 M NaAc pH 5.2 and 

incubating at -20ºC for 1 h. After centrifugation at full speed for 30 min at 4ºC, pellets 

were washed with 500 µl of 70% ethanol and centrifuged again for 5 min at 4ºC at full 
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speed. After, supernatant was completely removed and pellet was dried at 65ºC for 10 

min, resuspended for 5 min at 65ºC in 10 µl mqH2O. 

6.4.2 Schizonts electroporation 

Transgenic P. berghei lines were generated using the PbANKA cl15cy1 (wild type) 333 

and the FRB::mCherry::TM (only used for the KS strategy)332 lines. Blood was 

harvested from an infected mouse when parasitemia reached 1-5% and used for up to 

2-3 transfections. This infected blood was used to set up a culture using schizont 

culture medium (50 ml for one mouse or 100 ml for 2-3 mice) and gassed for 5 min. It 

was cultured 20-22 h at 36.5ºC in shaking (50-100 rpm) before schizonts were isolated 

using a 55% Nycodenz gradient and electroporated using the 4D Nucleofector System 

(Lonza). For this, 18 µl/transfection of P3 Primary Cell 4D-Nucleofector solution were 

added to the schizonts pellet. Finally, 20 µl of this mixture were added to 10 µl of each 

digested plasmid, transferred to an individual well of a 16-well Nucleocuvette™ Strip 

and pulsed using the Amaxa™ 4D-Nucleofector electroporator, programme FI-115.  

6.4.3 Mice injection and selective pressure 

Transfected parasites were injected i.v. into BALB/c mice and drug selection was 

initiated 24 h post-inoculation using pyrimethamine (70 mg/l in drinking tap water). 

Infections were monitored daily until parasitemia arose, usually on day 4-8 post-

transfection. To assess correct integration we performed analytical PCR of gDNA using 

specific primers, following PlasmoGEM guidelines339.  

6.4.4 Subcloning by limiting dilution 

For P. berghei subcloning, a Theiler’s original mouse was infected with the mutant line 

and blood was harvested when parasitemia reached ~1%. This infected blood was 

diluted in PBS by successive dilutions to a final concentration of 2 parasites/100 μL 

and 100 μL of this dilution were injected i.p. into 10 mice. Parasitemia was checked at 

day 9 post-infection, expecting 3-4 positive infections.  

 

7 MEASUREMENT OF THE GROWTH RATE  

To determine growth rates at different temperatures, cultures were sorbitol-

synchronized and parasitemia was determined by flow cytometry and adjusted to 1%. 

The same uninfected RBCs diluent was used to adjust parasitemia for all cultures, 

previously ensuring that the hematocrit was the same between the cultures and the 

diluent by comparing pellet volumes after centrifugation. The resultant parasitemia after 
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dilution was confirmed by flow cytometry. Cultures were then split in three dishes, each 

of them placed in a different air-tight chamber and maintained in parallel in incubators 

at different temperatures (35, 37 and 37.5ºC). Temperature in each condition was 

confirmed and adjusted by a mercury-based thermometer (temperature range: -10 to 

+50ºC) in water. After ~60 h post-synchronization (when all schizonts had already 

burst), parasitemia at the next cycle was again determined by flow cytometry. Growth 

rate was calculated as the final parasitemia divided by the initial parasitemia.  

8 DETERMINATION OF THE NUMBER OF 

MEROZOITES PER SCHIZONT 

Mature schizonts were Percoll-purified and used to prepare Giemsa-stained smears. 

We obtained pictures from multiple, high magnification fields (1000x) of each slide by 

light microscopy (Nikon Eclipse 50i) and manually counted the number of merozoites 

per schizont on a computer screen. For each condition, a total of 100 fully mature 

schizonts were used, identified as schizonts with defined and clearly independent 

merozoites. We excluded schizonts with non-defined or overlapping merozoites, as 

well as those with multiple hemozoin pigment that likely identify multiple-infected 

erythrocytes.  

9 MEASUREMENT OF THE 

INTRAERYTHROCYTIC CYCLE LENGTH 

To measure the duration of the IDC (at 35ºC) in the different parasite lines we used a 

recently described method based on synchronization to a 1 h age window156. Cultures 

containing abundant schizonts (~2-4% parasitemia) were tightly synchronized to 0-1 

hpi. Parasitemia was determined by flow cytometry and adjusted to 1.5% by dilution 

with uninfected erythrocytes maintained at 37ºC for the previous 48 h. The same 

uninfected RBCs diluent was used for all cultures, previously ensuring that the 

hematocrit was the same between the cultures and the diluent by comparing pellet 

volumes after centrifugation. Cultures were split in 12 different 100 µl volume cultures 

in a 96-wells plate and left undisturbed in a hypoxia incubator until they were harvested 

for flow cytometry analysis. To ensure minimal disturbance of the culture, each 96-

wells plate was used only for two time points. 

Flow cytometry was used to determine ring (1-4 nuclei) and schizont (>4 nuclei) 

parasitemias during the whole assay. Initial ring parasitemia was determined at ~20 

hpi, and the value of schizont parasitemia at this time point was subtracted from the 
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subsequent measurements as it corresponded to dead schizonts that were not 

removed by sorbitol treatment. Ring and schizont parasitemias were determined at 2 h 

intervals during the period in which most schizont bursting and reinvasion events 

occurred, from 44-45 hpi to 62-53 hpi. The final time point was at 75-76 hpi, when all 

viable schizonts had burst.  

At each time point, the cumulative number of new rings was calculated as the 

proportion of rings relative to the total number of rings at the end of the assay. Data 

was fitted to a sigmoidal dose-response curve with variable slope using GraphPad 

Prism and used to interpolate the time to generate 50% of new rings in each 

population. 

10 HEAT SHOCK ASSAY  

10.1 P. falciparum heat shock assay 

Two different types of HS assays were performed in this thesis. While one aimed only 

at determining the HS survival of specific populations, the other aimed to collect 

samples at different time points. 

10.1.1 Synchronization and culture establishment 

To only measure HS survival, cultures were first synchronized in parallel using sorbitol 

lysis. Parasitemia was determined by flow cytometry and adjusted to 1% using the 

same uninfected RBCs diluent for all the samples. Diluted cultures were then split into 

two identical petri dishes (~1.6 ml culture in a 10 cm2 petri dish), corresponding to HS 

and control conditions (Table 16).  

When sample collection was needed during the HS assay, cultures were tightly 

synchronized to a 0-2 h (reverse transcription quantitative PCR, RT-qPCR) or a 0-5 h 

(microarray and ATAC-seq) age window. For these experiments, the 10E_Δpfap2-hs 

line was tightly synchronized 3 h earlier than the other lines but exposed to HS in 

parallel, to account for its slower IDC progression. For Western blot (WB) analysis, 

parasites were only sorbitol-synchronized. After sorbitol treatment, parasitemia was 

determined by flow cytometry and adjusted to either 1% (RT-qPCR and WB) or 2-2.5% 

(microarray and ATAC-seq). For the dilution, the same uninfected erythrocyte diluent 

for all the samples, ensuring that the hematocrit was the same between the samples 

and the diluent. Diluted cultures were then split into several identical petri dishes (~10 

ml culture in a 78 cm2 petri dish), each of them corresponding to a different time point 
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and condition. Another culture diluted to 1% was also prepared, from which two 

identical cultures were established (~1.6 ml culture in a 10 cm2 petri dish) to determine 

HS survival at the end of the assay to confirm that the HS worked well (Table 16).   

Control and HS-exposed cultures were disposed in independent air-tight incubation 

chambers and maintained undisturbed at 37ºC until HS exposure (or 35 ºC in 

experiments including the Δpfap2-hs line). Also, cultures used for sample collection 

after only 1.5 h of HS were placed in an independent chamber. 

  HS sensitivity WB RT-qPCR Microarrays ATAC-seq 

   37ºC HS 37ºC HS 37ºC HS 37ºC HS 37ºC HS 

Synchronizati

on 
Sorbitol Sorbitol 

Percoll-Sorbitol 

(0-2 h) 

Percoll-Sorbitol 

(0-5 h) 

Percoll-Sorbitol 

(0-5 h) 

HS exposure 
20-25 h  

post-Sorb. 

20-25 h  

post-Sorb. 
33-35 hpi 30-35 hpi 30-35 hpi 

E
s

ta
b

li
s
h

e
d

 c
u

lt
u

re
s
 

0 h - - - - 5-10 * - 13 # - 8 # - 

1.5 h - - - - 5-10 * 5-10 * 13 # 13 # - - 

3 h - - 8 * 8 * 5-10 * 5-10 * 13 # 13 # 8 # 8 # 

2 h post - - - - 5-10 * 5-10 * 13 # 13 # - - 

4 h post - - - - 5-10 * 5-10 * - - - - 

6.5 h post - - 8 * 8 * - - - - - - 

Flow 
Cytometry 

1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 1.6 * 

 

Table 16. Summary of the preparation and sample collection of diverse HS assay. For each assay, the type of 
synchronization, the specific time point of HS exposure and the culture volume (ml) prepared for collection are 
specified. Colours stand for different air-tight chambers, such that cultures for control (green), 1.5 h HS exposure 
(yellow) and 3 h HS exposure (red) conditions were placed in separated chambers. Cultures were either established 
at 1% (*) or 2-2.5% (#) initial parasitemia. WB, Western blot; RT-qPCR, reverse transcription quantitative PCR. 

 

10.1.2 Heat shock exposure and samples collection 

Cultures were exposed to HS when the majority of parasites were at the trophozoite 

stage. In sorbitol-synchronized cultures, the HS exposure was typically performed 20-

25 h after sorbitol lysis, whereas in cultures tightly synchronized to a 0-5 h or 0-2 h age 

window HS was performed at 30-35 or 33-35 hpi, respectively. As the 10E_Δpfap2-hs 

line was tightly synchronized 3 h earlier than the other lines, at the time of HS exposure 

this line was 33-38 hpi. Parasite stage before HS was always checked by a Giemsa-

stained smear. 

For HS, the full incubation chamber was transferred to an incubator at 41.5 ºC for 3 h, 

and then placed back to 37 or 35 ºC. The chamber with the control cultures was always 

maintained at 37 or 35 ºC. The temperature of the incubators was confirmed and 
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adjusted using a mercury-based thermometer (temperature range: -10 to +50ºC) in 

water. 

In some experiments (e.g. WB, RT-qPCR, microarrays and ATAC-seq analysis), 

samples were collected before (0 h), during (1.5 h) and after (3 h, 2 h post, 4 h post or 

6.5 h post) the HS exposure, trying to ensure minimal disturbance of the rest of 

cultures contained within the air-tight chamber. Giemsa-stained smears were taken for 

each culture and condition at the time of sample collection. 

10.1.3 Heat shock survival  

HS survival was calculated for each population by dividing the parasitemia at the next 

generation of control and HS-exposed cultures, measured by flow cytometry. It was 

typically measured 60-65 h after sorbitol treatment, a time point that ensures that all 

parasites had completed the cycle, including parasites subjected to HS that showed 

delayed progression through the IDC. Giemsa-stained smears were taken for each 

culture and condition at the time of sample collection for flow cytometry. 

10.2 P. berghei heat shock assay 

10.2.1 Mice bleeding and setting up the culture 

Blood was collected from mice by cardiac puncture (~1 ml of blood per mouse) when 

parasitemia reached ~10%. For each parasite line, 2 ml of collected blood were used to 

set up a 50 ml culture in schizont culture medium. After homogenization, this culture 

which was split into two equal 25 ml volumes, in which we added either 25 µl DMSO or 

Rapamycin to a final concentration of 100 nM (dilution 1:1,000 of the 100 µM stock). 

For the wild type lines, we set-up a single 25 ml culture, in which we added 25 µl 

DMSO. Each culture was used to establish identical 12 ml cultures in flasks, 

corresponding to control and HS conditions, which were gassed and left for ~1 h at 

37ºC with gentle shaking. 

10.2.2 Heat shock exposure, samples collection and mice re-injection 

When parasites were mainly at the trophozoite stage, cultures were moved to an 

incubator set at 40ºC for 3 h, while their controls were maintained at 37ºC. After HS, 6 

ml of each culture (~120 µl of pellet) were used to collect RNA samples, using the 

TRIzol method. The remaining 5 ml (~100 µl of pellet) were centrifuged for 5 min at 500 

x g, and the pellet was resuspended in 120 µl of PBS and split into two 110 µl aliquots. 

Two mice were injected i.v. with 100 µl of infected blood for each condition. 
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10.2.3 Heat shock survival  

Parasitemia was determined 2 days after re-injection by microscopic analysis of 

Giemsa-stained smears. HS survival was determined as the parasitemia in mice 

infected with HS-exposed versus mice infected with control parasites. 

11 DETERMINATION OF SENSITIVITY TO 

OTHER STRESS CONDITIONS 

11.1 DHA sensitivity assay  

P. falciparum cultures were tightly synchronized (0-5 h of age window) in parallel, 

except for the 10E_Δpfap2-hs line, which was synchronized 3 h earlier to account for 

its slower IDC progression. Parasitemia was determined by flow cytometry and 

adjusted to 1% using the same uninfected erythrocyte diluent for all the samples. 

Diluted cultures were then split into 6 identical wells (~500 µl culture in a 1.8 cm2 24-

well plate), each corresponding to a different DHA concentration. Complete medium 

with 200 nM DHA was added in one of the cultures and left throughout the assay, 

corresponding to a control condition where all parasites are killed. Cultures were 

maintained undisturbed at 35 ºC. 

These tightly synchronized cultures were exposed to different concentrations of DHA 

(2.5 nM, 5 nM, 10 nM, 20 nM and 200 nM) either at ring (10-15 hpi) or trophozoite (30-

35 hpi) stages. For this, different volumes of an intermediate 2 µM DHA solution 

(diluted in sterile mqH2O from a 20 mM DHA stock) were added to the cultures, which 

were well homogenized with the drug and maintained at 35ºC for 3 h. After this period, 

cultures were transferred to a 1.5 ml tube, centrifuged for 30 s at 1,568 x g and 

supernatants were discarded. To completely remove the drug, pellets were washed 

using 500 µl of incomplete media centrifuging for 30 s at 1,568 x g, and finally 

resuspended in 500 µl of complete media and placed back in culture. Cultures were 

then maintained undisturbed at 35ºC. 

Parasitemia was measured by light microscopy analysis of Giemsa-stained smears at 

the next cycle (typically ~70-75 h after Percoll-sorbitol synchronization). DHA sensitivity 

was calculated for each population by dividing the parasitemia at the next generation of 

each DHA-exposed culture relative to its control.  
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11.2 DTT and H2O2 sensitivity assays 

Parasitemia from sorbitol-synchronized cultures was determined by flow cytometry or 

microscopy and adjusted to 1% using the same uninfected erythrocyte diluent for all 

the samples. Diluted cultures were then split into several identical petri dishes (~1.6 ml 

culture in a 10 cm2 petri dish), each corresponding to a different dithiothreitol (DTT) or 

hydrogen peroxide (H2O2) condition, and incubated under standard conditions for ~20-

25 h until the vast majority of the parasites had reached the trophozoite stage. After 

this period, several dilutions of both compounds were freshly prepared using complete 

medium and filter-sterilized. DTT solutions (0.2 mM, 0.5 mM, 1 mM, 2 mM and 4 mM) 

were prepared from a 1 M DTT stock, whereas H2O2 solutions (0.1 mM, 0.5 mM, 1 mM, 

5 mM, 10 mM, 50 mM and 10 mM) were prepared by sequential dilution from a 1 M 

H2O2 stock.  

For drug exposure (~20-25 h post-sorbitol), media was directly aspirated from cultures, 

and 1.6 ml of the diluted compounds were added to each culture plate. Cultures were 

placed again into the air-tight chamber, gassed and incubated in the air-tight chamber 

at 37ºC for either 30 min or 3 h (H2O2), or 30 min or 1 h (DTT). After this exposure, 

medium from the cultures was removed by direct aspiration and replaced by complete 

medium. Cultures were then maintained undisturbed at 37ºC in air-tight chambers. 

Stress-survival was calculated for each population dividing by the parasitemia at the 

next generation of the DTT- or H2O2-exposed cultures by the parasitemia of their 

controls, measured by flow cytometry. It was typically measured 60-65 h after sorbitol 

treatment, a time point that ensured that all parasites had completed the first cycle. 

Giemsa-stained smears were taken for each culture and condition at the time of 

sample collection for flow cytometry. 

12 PROTEIN DETECTION ANALYSIS 

12.1 Western blot  

12.1.1 Total protein extraction  

For P. falciparum protein extraction, we first purified parasites by saponin lysis, which 

lyses the RBC membrane but not the parasite plasma membrane. For this, cultures 

were first transferred to tubes, centrifuged for 5 min at 515 x g and the supernatant 

removed. Pellets were resuspended with 2.2 pellet volumes of cold 0.15% saponin 

(Table 17), mixed and incubated for 5 min on ice. After the incubation, samples were 
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centrifuged at 1,578 x g for 5 min at 4ºC, dark supernatants were carefully removed, 

and remaining pellets were washed twice with 5-10 pellet volumes of cold 1x PBS, 

centrifuging at 1,578 x g for 5 min at 4ºC. For the second wash with PBS, samples 

were transferred to a 1.5 ml tube and centrifuged at 6,800 x g for 5 min at 4ºC. For total 

protein extraction, remaining pellets were resuspended with 2x Laemmli sample buffer 

(Table 17) and PBS to a final volume of 20 pellet volumes, boiled at 95ºC for 5 min and 

frozen at -80ºC. 

Saponin 0.15% (100 ml)  Laemmli sample buffer 2x (20 ml) 

0.15 g Saponin 
100 ml PBS 
[filter-sterilize and store at 4ºC] 

 151.4 mg Tris-HCl [62.5 mM TrisHCl, pH 6.8]* 
5 ml Glycerol [25% glycerol] 
2 ml 20% SDS [2% SDS] 
200 µl 1% bromophenol blue [0.01% bromo. blue] 
mqH2O to 20 ml 
[stable for one year at room temperature] 
* Adjust pH in the Tris-HCl + H2O solution. 

Saponin 0.02% (100 ml) 

20 mg Saponin 
100 ml PBS 
[filter-sterilize and store at 4ºC] 

Table 17. Saponin and Laemmli sample buffer recipes. 

 
 
For P. berghei protein extraction, blood collected from one mouse was diluted 1:5 in 

PBS and passed through a Plasmodipur filter (previously activated with PBS) to 

remove leucocytes. More PBS was added to assist the blood moving through the filter. 

The flow-through was collected and centrifuged for 5 min at 500 x g, the supernatant 

was discarded, and the pellet was resuspended in 5 pellet volumes of saponin 0.02% 

(Table 17). After incubation for 20 min on ice, samples were centrifuged at full speed 

for 5 min at 4ºC and the pellet was washed with cold PBS twice (centrifugations at full 

speed for 5 min at 4ºC). Pellets were resuspended in 200 µl RIPA buffer (Table 18) 

and protease inhibitor cocktail (dilution 1:7) and incubated for 30 min at 4ºC in rotation. 

Afterwards, samples were centrifuged at 4ºC for 15 min at full speed, supernatants 

containing the total protein extract were transferred to a new 1.5 ml tube and pellets 

were resuspended in 50-100 µl PBS.  

RIPA buffer (10 ml) 

0.5 ml Tris HCl pH 8 1 M [50 mM] 
0.9 ml NaCl 5 M [450 mM] 
1 ml NP-40 10% [1%] 
0.5 ml sodium deoxycholate 10% [0.5%] 
50 µl SDS 20% [0.1%] 

 

Lysing buffer (10 ml)  Extracting buffer (10 ml) 

1 ml HEPES pH 7.9 100 mM [10 mM] 
1 ml KCl 100 mM [10 mM] 
10 µl EDTA 0.1 M [0.1 mM] 
10 µl DTT 1 M [1 mM]  
1.428 ml Protease inhibitor cocktail 7x * 
6.552 ml H2O 
 

 2.5 ml HEPES pH 7.9 100 mM [25 mM] 
800 µl NaCl 5 M [0.4 M] 
20 µl EDTA 0.1 M [0.2 mM] 
8 µl EGTA 250 mM [0.2 mM] 
10 µl DTT 1 M [1 mM]  
2 ml Glycerol 50% [10%] 
1.428 ml PIC 7x * 
6.552 ml H2O 

* Protease inhibitor cocktail was added to the buffer just before use. 
Table 18. RIPA buffer recipe for total protein extraction and lysing and extracting buffers for nuclear protein 
extraction used in P. berghei samples.  
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To specifically isolate nuclear proteins from the saponin pellet, another extraction 

protocol was followed as previously described347. Briefly, saponin-lysed blood was 

resuspended in 500 µl of lysing buffer (Table 18), incubated for 15 min on ice, and NP-

40 was added to a final concentration of 0.65% and homogenized by vortexing. 

Samples were centrifuged for 20 s at 14,000 x g at 4ºC, supernatants were recovered, 

and nuclear pellets were resuspended in 100 µl of extraction buffer (Table 18). After 

incubation under shaking for 15 min at 4ºC, samples were centrifuged for 5 min at 

14,000 x g at 4ºC, supernatants were recovered (nuclear protein extract) and pellets 

were resuspended in 100 µl PBS. All samples were stored at -80ºC. 

12.1.2 Polyacrylamide gel preparation 

Polyacrylamide gels were prepared in gel cassettes (Mini-PROTEAN® Tetra cell), 

following manufacturer instructions. The separating gel solution containing 15% 

polyacrylamide was first prepared (5 ml/gel) (Table 19) and transferred to the glass, 

adding a small layer of isopropanol on the top prior to polymerization. For large 

molecular weight proteins, 5% polyacrylamide separating gels were prepared. Once 

the gel had polymerized, isopropanol was removed and the 4% stacking gel solution 

(~2 ml/gel) was prepared (Table 19) and transferred to the glass on top of the 

separating gel. A 10-well comb was inserted until full polymerization was achieved.  

Resolving gel solution (15%, 10 ml) *  Stacking gel solution (4%, 3.75 ml) 

2.6 ml Resolving gel buffer 4x  
3.750 ml Acrylamide 40%/Bis solution 
3.7 ml mqH2O 
50 µl APS 10% 
5 µl TEMED 

 937.5 µl Stacking gel buffer 4x  
375 µl Acrylamide 40%/Bis solution 
2.394 ml mqH2O 
40 µl APS 10% 
4 µl TEMED 

 

Resolving gel buffer 4x 
Tris-HCl 1.5 M pH 8.8 (100 ml) 

 Stacking gel buffer 4x 
Tris-HCl 1.5 M pH 6.8 (100 ml) 

18.16 g Tris [1.5 M Tris] 
50 ml 20% SDS [10% SDS] 
mqH2O to 100 ml 
pH 8.8 (adjusted with 1 M HCl) 
[stable at 4ºC for one year] 

 18.16 g Tris [1.5 M Tris] 
50 ml 20% SDS [10% SDS] 
mqH2O to 100 ml 
pH 6.8 (adjusted with 1 M HCl) 
[stable for one year at 4ºC] 

 

Ammonium persulfate (APS) 10% 

10 mg APS 
100 µl mqH2O 

* For large molecular weight proteins, 5% polyacrylamide gels were prepared. 
Table 19. Reagents and recipe to prepare 15% polyacrilamide gels. 

 

12.1.3 SDS-PAGE Electrophoresis 

The electrophoresis module (Mini-PROTEAN® Tetra cell), containing the polymerized 

gels, was assembled and filled with freshly prepared running buffer (Table 20). Before 

loading the gel, samples were diluted using Laemmli sample buffer (Table 17) and 

PBS. β-mercaptoethanol was added to a final concentration of 4% and samples were 



Materials and Methods 

97 
 

boiled at 95ºC for 5 min. Samples and the PageRuler™ Plus Prestained Protein Ladder 

were loaded and the electrophoresis run at 30 V for 30 min, followed by 100 V for 2-3 h 

for complete resolution. 

NuPAGE™ 3-8% Tris-acetate precast gels were also used for large molecular weight 

proteins. In this case, samples were diluted with NuPAGE™ LDS sample buffer and 

reducing agent, boiled at 70ºC for 10 min or 95ºC for 5 min before loading into gel and 

run for ~4 h at 200 V in a XCell SureLock™ Mini-Cell electrophoresis system with 

NuPAGE™ Tris-acetate SDS buffer.  

Tris-Glycine 5x   Running buffer (750 ml) 

15.14 g Tris [125 mM] 
71.3 g Glycine [950 mM] 
mqH2O to 1 l 
pH 8.3-8.6 (do not adjust) 

 150 ml Tris-Glycine 5x [25 mM] 
596 ml mqH2O [190 mM] 
3.75 ml 20% SDS [0.1%] 
pH 8.3-8.6 (do not adjust) 

Table 20. Tris-Glycine and running buffer recipes. 

 

12.1.4 Protein transfer 

Transfer sandwiches (from the negative to the positive pole: foam pad, filter paper, 

resolving gel, nitrocellulose membrane, filter paper, foam pad) were assembled using 

gel holder cassettes (Mini Trans-Blot® module or XCell II™ Blot Module) in a tray with 

cold transfer buffer (custom-made or NuPAGE®) (Table 21). For large molecular 

weight proteins, different percentage of methanol and SDS were added to the transfer 

buffer. The assembled transfer cassettes were inserted in the appropriate transfer 

module filled with cold 1x transfer buffer and run at 100 V for 1-4 h at 4ºC or overnight 

at 30 V at 4ºC. 

Transfer buffer (1 l)  Transfer buffer (1 l) – Large protein 

160 ml Tris-Glycine 5x [80%] 
200 ml Methanol [20%] * 
640 ml mqH2O 
 

 

 160 ml Tris-Glycine 5x [80%] 
100 ml Methanol [10%] * 
5 ml SDS 20% [0.1%] 
735 ml mqH2O 
[Transfer buffer adapted for large proteins] 

* Methanol was added just before use. 
Table 21. Custom-made transfer buffer recipe.  

 

12.1.5 Membrane blocking and blotting 

Membranes were blocked for 30 min rolling at room temperature with blocking solution 

(Table 22). Incubations with the primary and secondary antibodies, listed in Table 23, 

were performed either for ≥1 h at room temperature or overnight at 4ºC. After each 

antibody incubation, membranes were washed three times for 5 min rolling at room 

temperature with Tween-TBS washing solution (Table 22).   
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Blocking solution (10 ml)  Antibody solution (10 ml) 

0.5 g Milk powder [5%] 
10 ml PBS 

 2 ml blocking solution [1% milk] 
8 ml PBS 
Diluted antibody 

 

TBS 10x (200 ml)  Tween-TBS 1x (250 ml) 

4.85 g Tris-HCl 
1.12 g Tris  
16 g NaCl 
mqH2O to 200 ml 
pH 7.6 

 25 mL TBS 10x 
225 ml mqH2O  
250 µl Tween-20 
 

Table 22. Recipe of the solutions used for membrane blocking, antibody incubation and washing.  
 
 

Antibody Animal WB 
Dilution 

IFA 
Dilution 

Vendor Ref. 

P
ri

m
a

ry
 

Anti-HSP70-1 Rabbit 1:10,000-
20,000 

- StressMarq 
Biosciences 

SPC-186C 

Anti-HSP70-1, monoclonal Mouse 1:1,000 - Kindly provided by J. Przyborsky 

Anti-HSP70-1, polyclonal Rabbit 1:2,000 - Kindly provided by J. Przyborsky 

Anti-GPA Mouse 1:400 - Sigma G7650 

Anti-3xHA Rat 1:100 1:1,000 Roche 11867423001 

Anti-H3 Rabbit 1:1,000 - Cell Sign 9715 

Anti-GFP Rabbit - 1:1,000 Invitrogen A11122 

S
e

c
o

n
d

a
ry

 Anti-mouse HRP Goat 1:1,000 - Sigma A4416 

Anti-rabbit HRP Goat 1:5,000 - Millipore AP307P 

Anti-rat HRP Goat 1:500 - Invitrogen A10549 

Anti-rabbit Alexa 488 Goat - 1:1,000 Invitrogen A11034 

Anti-rat Alexa 488 Goat - 1:2,000 Invitrogen A11006 

Table 23. Antibodies used for protein detection in western blot (WB) and immunofluorescence assays (IFA).  
 

12.1.6 Signal detection 

Pierce™ ECL Western blotting substrate was used for protein detection, incubating 

membranes for 1 min with the substrate (ratio 1:1 of reagents 1 and 2). Signal 

detection was carried out on ImageQuant LAS4000 (GE Healthcare) or on x-ray film. 

12.1.7 Stripping 

Stripping was performed by incubating membranes for 5 min rocking at 37ºC with 10 ml 

of Pierce™ stripping buffer, followed by incubation for 3 min at room temperature and 

two washes with Tween-TBS for 5 min. Afterwards, membranes were blocked again 

with the blocking solution, as explained above. 

12.2 Immunofluorescence assay 

12.2.1 Cell fixation, permeabilization and blocking 

Smears were prepared and the regions of interest were delimited with a hydrophobic 

pen. All steps were performed by directly adding the solution on top of the slide, except 

for the PBS washes, in which a glass staining jar was used. After fixation with 1% 

paraformaldehyde (PFA) (Table 24) for 10 min, smears were washed twice in PBS for 

10 min shaking (120 rpm) at room temperature. The excess of PBS was decanted and 
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permeabilization of the cells was performed by adding 0.1% Triton X-100 on the slide 

and incubating it for 5 min shaking (60 rpm). After two 5 min washes in PBS, slides 

were blocked shaking (60 rpm) with PBS-3% BSA (Table 24) for 30 min at room 

temperature or overnight at 4ºC. 

Paraformaldehyde  1% (1.2 ml)  PBS-3% BSA (10 ml) 

75 µl PFA 16% 
1125 µl PBS 

 0.45 g BSA 
10 ml PBS 

Table 24. Recipe of the solutions used for cell fixation and blocking.  

 

12.2.2 Antibody incubation 

The primary and secondary antibodies (Table 23) were diluted in PBS-3% BSA and 

centrifuged for 2 min at full speed before using the supernatant. DAPI staining was 

added in the secondary antibody solution to a final concentration of 5 µg/ml. 

Incubations with the primary and secondary antibodies were performed under shaking 

(60 rpm) either for ≥1 h at room temperature or overnight at 4ºC. After each antibody 

incubation, slides were washed five times with PBS for 5 min shaking (120 rpm) at 

room temperature. Slides were maintained in dark conditions from the addition of the 

secondary antibody onwards.   

12.2.3 Signal detection  

The excess of PBS was decanted and a drop of Vectashield solution was added on the 

slide to mount the cover slip, avoiding the appearance of bubbles. The slide and cover 

slip were sealed with nail polish and kept at 4ºC in dark conditions overnight before 

observation. The Olympus IX51 microscope was used to detect signal and take high 

magnification (x1,000) pictures. Images were analysed using Image J software 

(v.50i)348.    

13 WHOLE-GENOME SEQUENCING  

13.1 Library preparation and sequencing 

To sequence the full genome of control and HS-adapted 3D7-A lines, we used PCR-

free whole-genome Illumina sequencing. In brief, RNase-treated gDNA was sheared to 

~150-400 bp fragments using a Covaris S220 ultrasonicator, purified using 2.3x 

AmpurBeadsXP and analysed using an Agilent 2100 Bioanalyzer. For library 

preparation we used the NEBNext DNA Library Prep Master Mix Set for Illumina in a 

final reaction volume of 50 µl, using 1.25 µl of indexed TruSeq Illumina adaptors 

specific for each sample (Table 25). Two purification steps were performed with 1.25x 

AmpurBeadsXP, following manufacturer instructions, and quality was checked by 
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qPCR. A total of >6 million 150 bp paired reads were obtained for each sample using 

an Illumina MiSeq sequencing system at the Functional Genomics Service of IDIBAPS.  

Name TruSeq Illumina index sequence Sample 

Index-2 CGATGT 3D7-A rep.1 

Index-4 TGACCA 3D7-A rep.2 

Index-6 GCCAAT 3D7-A-HS rep.1 

Index-12 CTTGTA 3D7-A-HS rep.2 

Table 25. TruSeq Illumina index sequences used for whole-genome sequencing.  

 

13.2 Data analysis 

Read quality was confirmed using FastQC (v.0.11.2)349 and adaptors were trimmed 

using Cutadapt (v.1.8)350. Sequence reads were mapped to the P. falciparum 3D7 

reference genome version 24 (obtained from PlasmoDB351) using Bowtie2 (v.2.1.0)352. 

For the alignment, default values were used except for using the local alignment (--

local) algorithm and limiting the maximum fragment length for valid paired-end 

alignment to 1,000 (-X 1000). Alignment quality was assessed by Qualimap (v.2.1.1)353. 

Reads from two sequencing rounds were merged using Picard-tools (v.1.138)354. 

Variant calling was performed using GATK-UnifiedGenotyper (Genome Analysis Toolkit 

v.3.4-46355) and following a pipeline based on GATK best practices to identify SNPs 

and small indels. Multiple mapping reads were not excluded of the analysis (-T 

PrintReads --read_filter MappingQualityZero). Variants with low calling quality (Phred 

QUAL<20) and low read depth (DP<10) were filtered out using GATK-VariantFiltration 

(Genome Analysis Toolkit v.3.4-46), and only variants present in both biological 

replicates were considered. Differences in SNP/indel frequency between control and 

HS-adapted lines were calculated for each SNP/indel, and those showing <25% 

difference in any of the two replicates were filtered out. Integrative Genomics Viewer 

(v.2.3.66)356 was used to visualize alignments and variants. 

14 TRANSCRIPTIONAL ANALYSIS  

14.1 Reverse transcription quantitative PCR 

14.1.1 DNAse treatment  

RNA from cultures was obtained using the TRIzol method described above. For each 

P. falciparum sample, 5-20 µg of the purified RNA were treated with DNAse in a 100 µl 

reaction for 10 min at room temperature using the RNAse-free DNAse I kit instructions. 

Afterwards, treated RNAs were purified using the RNeasy MinElute cleanup kit, eluted 

in 16 µl of RNAse-free H2O and stored at -80ºC. P. berghei samples were treated using 



Materials and Methods 

101 
 

DNA-free™ DNAse treatment & Removal reagents following manufacturer instructions, 

and finally stored at -80ºC (Table 26). 

P. falciparum DNAse treatment (100 µl)  P. berghei DNAse treatment (33.4 µl) 

X µl RNA sample 
10 µl RDD buffer 
2.5 µl DNAse I 
X µl RNAse-free H2O to 100 µl 

 30 µl RNA sample 
3.4 µl Buffer 10x 
1 µl DNAse  

+ 3 µl DNAse inactivation reagent 

Table 26. DNAse treatment reactions used for P. falciparum and P. berghei RNA samples. 

 

14.1.2 cDNA synthesis 

For P. falciparum samples, reverse transcription of 500 ng of DNAse-treated RNA was 

performed using the AMV reverse transcription kit, in a final reaction volume of 10 µl 

(Table 27). Prior to reverse transcription, RNAs were incubated for 10 min at 70ºC and 

2 min on ice. Reverse transcription reactions were incubated for 10 min at room 

temperature, 60 min at 42ºC, 5 min at 95ºC and 5 min on ice. A negative control 

reaction without the reverse transcriptase enzyme was included in parallel for each 

sample. Afterwards, samples were diluted in RNAse-free H2O and stored at -20ºC. 

P. falciparum Reverse transcription (10 µl)  P. berghei Reverse transcription (20 µl) 

2 µl MgCl2 25 mM 
1 µl Reverse transcriptase buffer 10x 
1 µl dNTP mixture 10 mM 
0.25 µl Recombinant RNAsin ribonuclease 
inhibitor 
0.3 µl AMV reverse transcriptase (or 0 µl in the 
negative control) 
0.5 µl Mix oligo(dT)15 and random primers 
X µl DNAse-treated RNA sample (500 ng) 
X µl RNAse-free H2O to 10 µl 

 2 µl RT buffer 10x 
2 µl RT random primers 10x 
0.8 µl dNTP mixture 100 mM 25x 
1 µl Multiscribe™ Reverse transcriptase 
1 µl RNase inhibitor 
3.2 µl RNAse-free H2O  
10 µl DNAse-treated RNA sample 
 
 

Table 27. Reverse transcription reactions used for P. falciparum and P. berghei samples.  

 

For P. berghei samples, the High capacity cDNA Reverse transcription kit was used to 

retrotranscribe DNAse-treated RNAs. In this case, 10 µl of DNase-treated RNA was 

mixed with the reverse transcription reaction in a final volume of 20 µl (Table 27) and 

incubated for 10 min at room temperature, 1 h at 37ºC and 5 min at 95ºC. After this, 

samples were diluted in RNAse-free H2O and stored at -20ºC. 

14.1.3 RT-qPCR reaction and thermal cycler conditions 

For qPCR analysis we used the Power SYBR Green master mix (Table 28) or the Light 

Cycler® 480 SYBR Green I master (Table 28) in a final reaction volume of 10 µl or 20 

µl, respectively. The standard curve method was used, using several dilutions (10-

0.001 ng/µl) of 3D7-A gDNA for each primer pair. Primers used for RT-qPCR analysis, 

listed in Table 36, were used at a final concentration of 200 or 400 nM. Reactions were 

placed in 96-well or 384-well reaction plates, sealed with optical adhesive film, vortexed 
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and spun for 1 min at 2,500 x g. The 7900HT fast real-time PCR (Applied Biosystems) 

or the LightCycler® 480 II (Roche) instruments were used for the amplification. 

Fluorescence measurements were taken during the extension phase and melt curves 

were analysed for the presence of multiple amplification peaks or primer dimers.  

Unless otherwise indicated, transcript levels were normalized against serine--tRNA 

ligase (PF3D7_0717700), which shows relatively stable expression throughout the IDC. 

In the case of DTT and H2O2 treatment, actinI (PF3D7_1246200) was used for 

normalization, similar to previous studies126. 

Power SYBR Green master mix 

qPCR reaction (10 µl)  Thermal cycler conditions 

5 µl Power SYBR Green PCR master mix 2x  
0.04 µl Primer forward 50 µM [200 nM] 
0.04 µl Primer reverse 50 µM [200 nM] 
2.92 µl mqH2O  
2 µl cDNA 

 HOLDING         
 
CYCLING 
(x40)    
 
 
 
MELT CURVE                    

95ºC, 10 min 
 
95ºC, 15 s 
57ºC, 30 s 
60ºC, 30 s (measure) 
 
95ºC, 15 s  
60ºC, 1 min 
0.3ºC/min increment (measure) 
95ºC, 15 s (measure)        

 

Light Cycler® 480 SYBR Green I master mix 

qPCR reaction (20 µl)  Thermal cycler conditions 

10 µl Light Cycler® 480 SYBR Green I master 2x  
0.08 µl Primer forward 100 µM [400 nM] 
0.08 µl Primer reverse 100 µM [400 nM] 
8.84 µl mqH2O  
1 µl cDNA 

 HOLDING              
 
CYCLING 
(x40) 
 
 
 
MELT CURVE                   

95ºC, 5 min 
 
95ºC, 10 s 
57ºC, 30 s 
72ºC, 30 s (measure) 
 
95ºC, 5 s 
65ºC, 1 min 
5ºC increment (measure)        
97ºC (measure)  

Table 28. Power SYBR green master mix and Light Cycler® 480 SYBR green I master amplification reaction 
and thermal cycler. 

 

14.2 Microarrays analysis 

14.2.1 Microarray design 

We used two-colour long oligonucleotide-based custom Agilent microarrays. The 

microarray design was based on Agilent design AMADID nº 037237357,358, but we 

modified it by adding new probes for some genes that didn’t have any unique probe, 

and also included probes for some reporter genes (new design AMADID nº 084561). 

The array was also reannotated to exclude probes that, according to blast analysis, 

may not recognize any target or recognized multiple transcripts. 
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14.2.2 cDNA synthesis 

RNA from cultures was obtained using the TRIzol method described above, and 

sample preparation and microarray hybridization were performed essentially as 

described358. In addition to samples, a common reference pool (used to normalize the 

microarray data) was also prepared using equal starting amounts of RNA from rings, 

trophozoites and schizonts obtained from a 3D7-A culture. For reverse transcription, 10 

µg of the purified RNA were mixed with 2 µl of oligo-dT/random primer mix to a final 

volume of 33 µl, incubated at 70ºC for 10 min and kept on ice for 10 min. Afterwards, 

1.5 µl of aa-dUTP/dNTPs 30x custom-made stock, and 9 µl of 5x RT buffer  and 1.5 µl 

of RT enzyme from the RevertAid H Minus M-MuLV reverse transcriptase kit were 

added individually to each reaction and incubated for 2 h at 42ºC. To each reaction, 10 

µl of 0.5 M EDTA pH 8 and 10 µl of 1 M NaOH were added and incubated at 65ºC for 

15 min (Table 29). Afterwards, cDNAs were purified using the MinElute PCR 

purification kit, eluted in 10 µl of EB buffer (Tris-HCl 10 M pH 8.5) and stored at -80ºC.  

Reverse transcription  aa-dUTP/dNTPs 30x (113.33 µl) 

2 µl oligo-dT/random primer mix 
X µl RNA (10 µg) 
RNAse-free H2O to 33 µl 

 dNTP Set 100 mM: 
     34 µl dATP  
     17 µl dTTP  
     17 µl dCTP  
     17 µl dGTP  
17 µl aa-dUTP  
11.33 µl RNAse-free H2O  
[store at -20ºC] 

9 µl 5x RT buffer 
1.5 µl aa-dUTP 30x 
1.5 µl RT enzyme 

 

10 µl of EDTA 0.5 M pH 8 
10 µl of NaOH 1 M 

 

 

Oligo-dT/random primer mix (100 µl) 

26.5 µl oligo-dT 25-mer primer 1 M (200 µg) 
73.5 µl random 9-mer primer 1 M (200 µg) 
[store at -20ºC] 

Table 29. Reagents needed for RNA reverse transcription for microarrays analysis. 
 

14.2.3 cDNA labelling 

For labelling, 1 µg of cDNA/aa-dUTP was used, in which 2 µl of 0.5 M sodium 

bicarbonate pH 9 and RNAse-free H2O were added to a final volume of 10 µl. To this 

reaction, 1 µl of either cyanine dye Cy5 (samples) or Cy3 (reference pool) was added 

and incubated in the dark for 1-4 h at room temperature (Table 30). The labelled 

cDNA/aa-dUTP was purified using MinElute PCR purification kit, eluting in 12 µl 

RNAse-free H2O.  

Labelling reaction (11 µl)  Cyanine dyes (Cy3 or Cy5) 

X µl cDNA/aa-dUTP (1 µg) 
2 µl 0.5 M NaHCO3 pH 9 
RNAse-free H2O to 10 µl 
1 µl Cy3 or Cy5 

 40 nmol Cy3 or Cy5 (one dye pellet) 
12 µl DMSO  

Table 30. Cy3/Cy5 cDNA labelling reaction. 
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14.2.4 Hybridization and washing 

The cDNA/aa-dUTP quantity and Cy3/Cy5 labelling was quantified using Nanodrop. 

Equal amounts of Cy5-labelled (sample) and Cy3-labelled (reference pool) cDNA/aa-

dUTP were combined in a 1.5 ml microcentrifuge tube, such that each channel 

contained 250-1,000 ng of cDNA and 2.5-5 pmol of dye. The total volume was adjusted 

to 22 µl, and 5.5 µl of Agilent 10x GE blocking agent and 27.5 µl of 2x Hi-RPM 

hybridization buffer were added for the hybridization reaction (Table 31). The solution 

was hybridized with an Agilent microarray slide using a silicone Agilent gasket in 

rotation at 12 rpm for ~17 h at 65ºC. 

After this period, microarray slides were separated from the gasket and washed with 

freshly prepared washing buffer A for 1 min, washing buffer B for 1 min and acetonitrile 

for 20 s (Table 31).  

Hybridization reaction (55 µl)  SSPE 20x (1 l) 

X µl Cy5-cDNA/aa-dUTP (sample) 
X µl Cy3-cDNA/aa-dUTP (reference pool) 
mqH2O to 22 µl 
5.5 µl GE blocking agent 10x 
27.5 µl Hi-RPM hybridization buffer 2x  

 175.3 g NaCl 
27.6 g NaH2PO4 
7.4 g EDTA 
mqH2O to 1 l 
pH 7.4 (adjusted with ~24 ml of 10 M NaOH) 
[sterilize and store at room temperature] 

 

Washing buffer A (1 l)  Washing buffer B (1 l) 

300 ml SSPE 20x 
700 ml mqH2O  
0.25 ml 20% N-laurylsarcosine 
[store for two days at room temperature] 

 3 ml SSPE 20x 
997 ml mqH2O  
0.25 ml 20% N-laurylsarcosine 
[store for two days at room temperature] 

Table 31. Hybridization reaction and washing buffers. 
 

14.2.5 Scanning 

Microarray images were obtained using a DNA Microarray Scanner (nº G2505C, 

Agilent Technologies) located in a low ozone area, and initial data processing was 

performed using the GE2 _1105_Oct12 extraction protocol in Agilent Feature 

Extraction 11.5.1.1 software. 

14.2.6 Data analysis 

Agilent microarray data was analysed using Bioconductor in an R environment (R 

version 3.5.3). For each individual microarray, we calculated Cy3 and Cy5 background 

signal as the median of the 100 lowest signal probes for each channel, and probes with 

both Cy3 and Cy5 signals below three times the array background were excluded. 

Gene level log2(Cy5/Cy3) values, statistical estimation of parasite age359 and 

estimation of average fold-change (AFC) expression differences across a time interval 

(for the comparison between parasite lines in the absence of HS) were performed as 
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described156. Expression fold-change (FC) upon HS was calculated by dividing, for 

each gene and time point, the log2(Cy5/Cy3) in the HS-exposed sample by the 

log2(Cy5/Cy3) in the control sample at the same parasite age, calculated using linear 

interpolation in the log2(Cy5/Cy3) vs estimated age plot. Visual inspection was used to 

exclude from further analysis genes with apparent artefacts. Genes missing data for ≥2 

time points (or ≥1 for the comparison across a time interval), or with values within the 

lowest 15th percentile of expression intensity (Cy5 sample channel) in all samples, were 

also excluded from further analysis. 

To assess the level of similarity to a reference nonstressed transcriptome (HB3 line) 

with high temporal resolution58 we calculated the Pearson correlation between each 

sample and the time point with which it has higher similarity. Heatmaps and 

hierarchical clustering based on Spearmann or Pearson correlation where generated 

using Multiple Experiment Viewer (MeV) 4.9360. Expression trend plots for each cluster 

were generated using ggplot2, with LOESS smoothing, and Venn diagrams using the 

eulerr package (both in an R environment). Motif analysis (5 to 8 bp) was performed 

using MEME 5.0.3361 software. Functional enrichment analysis using gene ontology 

(GO) terms annotated in PlasmoDB351 version 43 was performed using Ontologizer 2.1 

software362 with the topology-elim method363. Gene set enrichment analysis (GSEA) 

was performed using GSEA v3.0 Preranked364, using the following gene sets: GO 

terms, MetaCyc and KEGG functional groups as in PlasmoDB351 version 43, Malaria 

Parasite Metabolic Pathways (MPMP)365, gene families156, and other gene lists 

corresponding to the functional groups chaperones311, transcription factors66 and ABC 

transporters366. 

15 ATAC-seq  

15.1 Nuclei preparation 

Tightly synchronized 10E, 10G and 10E_Δpfap2-hs cultures were used to collect ring 

parasites (10-15 hpi) maintained under control conditions, and trophozoites after HS 

exposure (33-38 hpi) or maintained under control conditions. Parallel to ATAC-seq 

sample collection, RNA samples were harvested using TRIzol method. At these 

specific timepoints, parasitemia was determined from Giemsa-stained smears and the 

volume of culture containing 107 (rings) or 5x106 (trophozoites) parasites was 

harvested in a 1.5 ml tube and kept on ice during the whole processing. ATAC-seq 

samples were prepared in collaboration with Dr. Gómez-Díaz’s group, approximately 

as described112,367. Samples were first centrifuged at 564 x g for 3 min in a 
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microcentrifuge, the supernatant was discarded and 10 volumes of saponin 0.15% 

(Table 17) were added to the pellet. After 5 min incubation on ice, it was centrifuged at 

1,700 x g for 3 min at 4ºC, the supernatant was discarded and the remaining pellet was 

washed twice with 1 ml of cold PBS, centrifuging for 5 min at 1,700 x g at 4ºC and 

discarding the supernatant.    

The parasites pellet was resuspended with 50 µl of freshly prepared lysis buffer (Table 

32) and well homogenized to permeabilize membranes. Immediately after lysis, nuclei 

were spun for 10 min at 660 x g at 4ºC and the supernatant was removed.  

ATAC-seq lysis buffer (1 ml) 

5 µl Tris-HCl 2 M pH 7.4 [10 mM] 
2.5 µl NaCl 4 M [10 mM] 
3 µl MgCl2 1 M [3 mM] 
10 µl Igepal CA-630 10% [0.1%] 
979.5 µl mqH2O 

Table 32. ATAC-seq lysis buffer recipe.  
 

15.2 Transposition 

Immediately following the nuclei preparation, the pellet was resuspended in 50 µl of 

transposition reaction mix (Table 33), gently pipetted up and down to resuspend well 

and incubated for 30 min at 37ºC. Directly following transposition, transposed DNA was 

purified using the Qiagen MiniElute kit following manufacturer instructions, eluted in 10 

µl elution buffer and stored at -20ºC. As a control, 50 ng of gDNA were resuspended in 

50 µl of transposition reaction and incubated for 5 min at 55ºC for transposition.  

Transposition reaction (50 µl)  TD buffer 2x (10 ml) 

25 µl TD buffer 2x 
1.25 µl Tn5 transposase 
23.75 µl mqH2O  

 0.2 µl Tris 1 M [20 mM] 
0.1 ml MgCl2 1 M [10 mM] 
1 ml Dymethylformamide [20 %] 
mqH2O to 10 ml 
pH 7.6 (adjust with acetic acid) 
[sterilize and sore at -20ºC for 6 months] 

Table 33. Tn5 transposition reaction.  
 

15.3 Library preparation 

Libraries of transposed DNA fragments were prepared by PCR amplification (PCR-2) 

using KAPA HiFi polymerase and Nextera-indexed primers (Table 37) in a 50 µl 

reaction, approximately as previously described112,367. To reduce GC and size bias in 

PCR, the optimal number of PCR cycles was determined using quantitative PCR 

(qPCR-1). To do this, we amplified the full libraries for 25 cycles in a final volume 

reaction of 10 µl and determined the number of cycles that allowed amplification before 

saturation, equal in all samples. In this experiment, samples and gDNA control libraries 

were amplified for 9 or 6 cycles, respectively. 
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Libraries were then purified using the Qiagen PCR cleanup kit, eluted in 20 µl elution 

buffer (10 mM Tris pH 8) and stored at -20ºC. A small aliquot was run on a 1% agarose 

gel electrophoresis and analysed in a 4200 TapeStation System (Agilent Technologies) 

to confirm the correct concentration and library size, expecting a distribution between 

40 bp to 1 kb with a predominant size of ~120 bp (mononucleosomes), ~260 bp 

(dinucleosomes) and ~390 bp (trinucleosomes). 

qPCR-1 KAPA HiFi hot-start reaction (10 µl)  PCR-2 KAPA HiFi hot-start reaction (50 µl) 

5 µl KAPA HiFi mix hot-start 2x 
1 µl SYBR Green 10x 
0.6 µl Primer forward (Ad_F1) 2.5 µM  
0.6 µl Primer reverse (Ad_R) 2.5 µM  
0.5 µl Transposed DNA 
2.3 µl mqH2O 

 25 µl KAPA HiFi mix hot-start 2x 
1.25 µl Primer forward (Ad_F1) 25 µM 
1.25 µl Primer reverse (Ad_R) 25 µM 
9.5 µl Transposed DNA 
13 µl mqH2O 

 

KAPA HiFi thermal cycle 

DENATURALIZATION              
 
HOT START                             
 
CYCLING  
(x25 or x6-9*) 
 
 
FINAL ELONGATION**             

72ºC, 5 min                                      
 
98ºC, 45 s 
 
98 ºC, 10 s 
63ºC, 30 s  
72ºC, 30 s 
 
72ºC, 1 min 

* In PCR-1, 25 cycles were used; in PCR-2, 6 or 9 cycles were used. 
** Final elongation step was not added in PCR-1. 

Table 34. ATAC-seq library preparation reaction.  
 

15.4 Sequencing and data analysis 

ATAC-seq libraries were sequenced using Illumina HiSeq2000 sequencer at the 

Genomics Unit of CRG and ~30 M of 2 x 50 bp paired-end sequencing reads were 

obtained per sample.  

Data analysis was performed in collaboration with Dr. Gómez-Díaz’s group, as 

previously described112. Birefly, Illumina reads were assessed for quality control using 

FastQC (v.0.11.5)349, trimmed (10 bases from each 3’ end) and aligned to the 

PlasmoDB351 P. falciparum 3D7 reference genome 42 using Bowtie2 (v.2.3.1)352. For 

the alignment, default values were used, but supressing reads that failed the alignment 

(--no-unal), considering only paired alignment (--no-mixed) and restricting fragment 

length to 2,000 (-X 2000). Samtools (v.1.4)368 was used to sort, deduplicate and filter 

read alignments with MAPQ score<10. Qualimap (v.2.2.1)353 was used to confirm the 

quality of alignment and QC ataqv (v.0.9.4)369 and Picard Tools (v.2.2.2)354 to plot the 

distribution of paired-end sequencing fragment sizes.  

To perform the nucleosome-free ATAC-seq analysis, nucleosome-free fragments 

(>130 bp) were extracted using Samtools (v.1.9). We performed a first-round of peak-
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calling for each sample using gDNA (10G gDNA) as control using MACS2 (v2.1.2)370 

software using the module “callpeak” (parameters: -g 2.3e+7 -f BAMPE --nomodel --

extsize 117 --fe-cutoff 1.5 --broad). Differential peaks where called using the same 

module and parameters using one sample as "treatment" and another as "control".  

Only differential peaks overlapping a peak in the first peak-calling round and with 

qval<10 were kept for further analysis. Finally, the identified differential peaks were 

manually curated using Integrative Genomics Viewer (v.2.3.66)356. For visualization, 

samples were normalized by input against gDNA (10G gDNA) using the MACS2 

"callpeak" module (parameters: -g 2.41e7 --keep-dup all -q 0.01 -f BAMPE -B) and 

signal tracks where generated using MACS2 "bdgcmp” module (parmeters: -m ppois). 

16 PRIMERS  

16.1 Primers used for cloning 

ID Name Sequence Use 

C1 ap2hs_sgRNA5’_InF_+885_F TAAGTATATAATATTCATTTCTCAAGAATAA
TGTAGTTTTAGAGCTAGAA 

sgRNA-5’ (ΔPfAP2-HS) 

C2 ap2hs_sgRNA5’_InF_+885_R TTCTAGCTCTAAAACTACATTATTCTTGAGA
AATGAATATTATATACTTA 

sgRNA-5’ (ΔPfAP2-HS) 

C3 ap2hs_sgRNA3’_InF_+11505
_F 

TAAGTATATAATATTGAAAGCTAGCTATTGA
ATACGTTTTAGAGCTAGAA 

sgRNA-3’ (ΔPfAP2-HS) 

C4 ap2hs_sgRNA3’_InF_+11505
_R 

TTCTAGCTCTAAAACGTATTCAATAGCTAG
CTTTCAATATTATATACTTA 

sgRNA-3’ (ΔPfAP2-HS) 

C5 HR1_ap2hs_-2_SpeI_F_ETF tggtgtactagtTAATGCAAAATAAAAGTGAATTC HR1 (ΔPfAP2-HS) 

C6 HR1_ap2hs_+808_AflII_R tggtgtcttaagTAAAGTTTGAGGGATTTAATAG HR1 (ΔPfAP2-HS) & PCR check (eYFP::PfAP2-
HS) 

C7 HR2_ap2hs_+11520_EcoRI_
F 

tggtgtgaattcACAATTAAAGGCTTTCCATCGT HR2 (ΔPfAP2-HS); Sanger sequencing check 
(PfAP2-HS::DD). 

C8 HR2_ap2hs_end_+490_SacII
_NcoI_R 

tggtgtccatggccgcggATTGAGTAAATCAAAATA
AGGACA 

HR2 (ΔPfAP2-HS) 

C9 HR_ap2hs_+9551_NotI_F tggtgtgcggccgcGTAGCGAAAATAAACAGAAC
GC 

HR (PfAP2-HS::DD) 

C10 HR_ap2hs_+11574_XhoI_R tggtgtctcgagTAATTTTTCTGTTTTTTTTTTTAA
ATTAT 

HR (PfAP2-HS::DD) 

C11 ap2hs_sgRNA-
C_InF_+11527_F 

TAAGTATATAATATTGGAAAGGTGGATACA
ATTAAGTTTTAGAGCTAGAA 

sgRNA-C (PfAP2-HS::eYFP & PfAP2-HS::3xHA) 

C12 ap2hs_sgRNA-
C_InF_+11527_R 

TTCTAGCTCTAAAACTTAATTGTATCCACCT
TTCCAATATTATATACTTA 

sgRNA-C (PfAP2-HS::eYFP & PfAP2-HS::3xHA) 

C13 InF_ap2hs_HR1.1_SpeI_+109
63_F 

gcggggaggactagtCGTTTCAAGACACTTATAA
GC 

HR1 (PfAP2-HS::eYFP) 

C14 InF_ap2hs_HR1.1_+11499_s
gRNAMut_R 

TgAgcTGgATCCACCTTTCCctgtattc HR1 (PfAP2-HS::eYFP) 

C15 InF_ap2hs_HR1.2_sgRNAMut
_PAM_3'_mut_BglII_F 

ggtggatCcaGCtCaAGGCaTTtCAcCGaCTcAAc
AAccTAAAgAAgAAgACtGagAAgcTAagatctgca

gcagca 
  

HR1 (PfAP2-HS::eYFP) 

C16 InF_ap2hs_HR1.2_sgRNAMut
_PAM_3'_mut_BglII_R 

tgctgctgcagatctTAgcTTctCaGTcTTcTTcTTTAg
gTTgTTgAGtCGgTGaAAtGCCTtGaGCtgGatcc

acc 

HR1 (PfAP2-HS::eYFP) 

C17 HR2_ap2hs_+11577_XhoI_F ttatcgctcgagAAAAATAATATTATATCTATATA
TAATA 

HR2, endog. term. (PfAP2-HS::eYFP) 

C18 HR2_ap2hs_+12143_AatII_R cgtcaagacgtcTTCTTATTAGTATTATTATCATC
C 

HR2, endog. term. (PfAP2-HS::eYFP) 
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ID Name Sequence Use 

C19 pHHI_inv_x3HA_+5150_BglII_
F 

tggtgtagatctACTAGTCCCGGGCTGCAG 3xHA (PfAP2-HS::3xHA); Sanger sequencing 
check (PfAP2-HS::3xHA) 

C20 pHHI_inv_x3HA_+5254_XhoI
_R 

tggtgtctcgagTTATTAAGCGTAGTC 3xHA (PfAP2-HS::3xHA) 

C21 InF_HR2(EX)_ap2hs_+11789
_EcoRI_F 

catcaaatagaattcCCCACAGACATATAGACATA
T 

HR2, exog. term. (PfAP2-HS::3xHA) 

C22 InF_HR2(EX)_ap2hs_+12143
_AatII_R 

GTGCCACCTgacgtcTTCTTATTAGTATTATTA
TCATCC 

HR2, exog. term. (PfAP2-HS::3xHA) 

C23 InF_sgRNA-
N_ap2hs_F_+73bp 

ttctagctctaaaacTGTCATAGAAATGAATACATa
atattatatactta 

sgRNA-N (eYFP::PfAP2-HS) 

C24 InF_sgRNA-
N_ap2hs_R_+73bp 

taagtatataatattATGTATTCATTTCTATGACAgtt
ttagagctagaa 

sgRNA-N (eYFP::PfAP2-HS) 

C25 HR1_ap2hs_F_-366_SacII tggtgtccgcggTGATGTTAATAAAATTATACATA
G 

HR1 (eYFP::PfAP2-HS); PCR check 
(eYFP::PfAP2-HS) 

C26 HR1_ap2hs_R_0_NcoI tggtgtccatggTATTATATTATTTAAAACTTTTTG
G 

HR1 (eYFP::PfAP2-HS) 

C27 HR2.1_ap2hs_F_+88_Shield
mut 

CCtTGcCATAGAAAcGAgTACATtaataatcaacat
aaaaatg 

HR2 (eYFP::PfAP2-HS) 

C28 HR2.1_ap2hs_R_+767_EcoRI tggtgtgaattcCACCATGTCATGCTTATTTAC HR2 (eYFP::PfAP2-HS) 

C29 HR2.2_ap2hs_F_+3/+90_Shie
ldmut_SpeI 

tggtgtactagtCAAAAcAAgAGTGAgTTtAAtAGT
ACtAAcAGTAAgGAgTTTTATCAAGAcGAgTA
TGAtAAcGTaCCtTGcCATAGAAAcGAgTAC 

HR2 (eYFP::PfAP2-HS) 

C30 HR2.2_ap2hs_R_+767_EcoRI tggtgtgaattcCACCATGTC HR2 (eYFP::PfAP2-HS) 

C31 InF_eYFP_F_+atg TTAAATAATATAATAatgGTGAGCAAGGGCG
AGGAG 

eYFP (eYFP::PfAP2-HS) 

C32 InF_eYFP_R cTCACTcTTgTTTTGCTTGTACAGCTCGTCC
ATGC 

eYFP (eYFP::PfAP2-HS) 

C33 hsp70-1_-2096_F_InF AATGTCGTCCCAGAATTTTCTGTTATAAATA
AGAGGC 

hsp70-1 promoter (0Gbox_TdT, 1Gbox_TdT and 
2Gbox_TdT) 

C34 hsp70-1_-0_R_InF GCCCTTGCTCACCATTTTTTCTTAATTCTTT
TG 

hsp70-1 promoter (0Gbox_TdT, 1Gbox_TdT and 
2Gbox_TdT) 

C35 hsp70-1_-
1109_1Gbox_Rint_InF 

tattaaCATTTCGCCCCTTCTGTTT hsp70-1 promoter (1Gbox_TdT) 

C36 hsp70-1_-
1102_1Gbox_Fint_InF 

GGCGAAATGttaataCATTTTTGGGATTTTTAT
TTGG 

hsp70-1 promoter (1Gbox_TdT) 

C37 hsp70-1_-
1121_0Gbox_Rint_InF 

tattaaCATTTCaatataTCTGTTTTTTTTTTTTCC
TACC 

hsp70-1 promoter (0Gbox_TdT) 

C38 hsp70-1_-
1102_0Gbox_Fint_InF 

attGAAATGttaataCATTTTTGGGATTTTTATTT
GG 

hsp70-1 promoter (0Gbox_TdT) 

C39 Rec166-RecUp ttaataacaacacaactcttacttcatattatgatttaatattccctg
gtccgcctactgcgactataga 

RecUp (Rec166) 

C40 Rec166-RecDown aaataaaaaaaataaaaatattaagaggaaataaataatcc
catagaaatGTAATTCGTGCGCGTCAGagacggc

gtttaaggcgcataacgataccac 

RecDown (Rec166) 

C41 ap2hs_-94_F CAGTTGATGATTACATCTCTG PCR check (ΔPfAP2-HS); Sanger sequencing 
check (eYFP::PfAP2-HS) 

C42 ap2hs_end_+718_R TTCATCACTTGTTAAGCATCC PCR check (ΔPfAP2-HS); Sanger sequencing 
check (PfAP2-HS::3xHA) 

C43 ap2hs_+9284_F TTTTCCCAGTAAATGATTATGG PCR check (ΔPfAP2-HS, PfAP2-HS::DD & PfAP2-
HS::3xHA); Sanger sequencing check (ΔPfAP2-

HS) 

C44 ap2hs_+10399_F AGAAATGAACAAAACATATTGGG PCR check (PfAP2-HS::eYFP) 

C45 ap2hs_end_+233_R ATATGTCTATATGTCTGTGGG PCR check (ΔPfAP2-HS, PfAP2-HS::DD, PfAP2-
HS::eYFP & PfAP2-HS::3xHA); Sanger 

sequencing check (ΔPfAP2-HS, PfAP2-HS::3xHA, 
PfAP2-HS::eYFP) 

  
C46 ap2hs_+11520_F TGGTGTGAATTCACAATTAAAGGCTTTCCA

TCGT 
Sanger sequencing check (PfAP2-HS::DD) 

C47 hsp70-1_-1220 TATAGATACCTATAGAAACATGC Sanger sequencing check (0Gbox_TdT, 
1Gbox_TdT and 2Gbox_TdT) 

C48 LISP1_+5420_F TATTTTATTACAATATACAAATACG PCR check  (0Gbox_TdT, 1Gbox_TdT and 
2Gbox_TdT) 

C49 LISP1_+6006_R AGTATACCCAGGAGTGGATAA PCR check  (0Gbox_TdT, 1Gbox_TdT and 
2Gbox_TdT) 
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ID Name Sequence Use 

C50 rec166_QCR1 tccttgtcctacatctatgggcgt PCR check (Rec166) 

C51 rec166_QCR2 tggttttgaaagagccagagca PCR check (Rec166) 

C52 rec166_GT cccaacaagaaatgggtggtca PCR check (Rec166) 

C53 PbGEM-646603_QCR1 tggcaatagaacacaggaaa PCR check (PbGEM-646603 & PbGEM-060890) 

C54 PbGEM-646603_QCR2 tcgattgaggcatgcttcacgt PCR check (PbGEM-646603 & PbGEM-060890) 

C55 PbGEM-646603_GT tcggacaaagcagacccaaa PCR check (PbGEM-646603 & PbGEM-060890) 

C56 Generic_GW1 catactagccattttatgtg PCR check (Rec166) 

C57 Generic_GW2 ctttggtgacagatactac PCR check (PbGEM-646603 & PbGEM-060890) 

Table 35. Primers used for cloning or to check correct integration in the genome (by PCR amplification or 
Sanger sequencing).  
 

16.2 Primers used for qPCR analysis 

ID Name Sequence 

Q1 hsp70-1_+1155_F TGCAGCTGTACAAGCAGCC 

Q2 hsp70-1_+1315_R GACTCTTTTTAGCAGGTATGG 

Q3 hsp90_+1860_F ATCAGAATTTGGATGGTCCGC 

Q4 hsp90_+1989_R TGATATAATTGGGTGACGAGC 

Q5 hsp110c_+1402_F AAAGGACACATTAAACTTACAGC 

Q6 hsp110c_+1543_R AAAAGGTGGTCATAACGTGGG 

Q7 hsp70-3_+1521_F AGTTACCTTTGATGTTGATGCC 

Q8 hsp70-3_+1640_R TCAATTTCTTCCTTGCTTAAACC 

Q9 pfap2-hs_F_+10399_F AGAAATGAACAAAACATATTGGG 

Q10 pfap2-hs_R_+10510_R TTATATTTGTTATAGGTTCCTCC 

Q11 pfUCE_F * GGTGTTAGTGGCTCACCAATAGGA 

Q12 pfUCE_R * GTACCACCTTCCCATGGAGTA 

Q13 PF3D7_1421800_+217_F GTTGATGATAATGTGAAAAACCG 

Q14 PF3D7_1421800_+350_R TATAACGTGTGAAATTCAATATCC 

Q15 PF3D7_0303600_+49_F ACAGCTGAATACGAAAAGTACG 

Q16 PF3D7_0303600_+190_R CACAGTATTTACACCATGAAGC 

Q17 PF3D7_1469000_+329_F GTGTAGTAGTAGAATGCTTAGC 

Q18 PF3D7_1469000_+467_R ATTTGGAATTTCACCATATCTCC 

Q19 PF3D7_1474700_+1280_F AATGTCTTGAATATGATGAAAAGG 

Q20 PF3D7_1474700_+1436_R TTATTTTGATGTAAATTAGGATTGG 

Q21 PF3D7_0404500_+276_F TACTACGGCAAAAACTCACCC 

Q22 PF3D7_0404500_+413_R TTTAATCTGTTTTCGTTCGTACC 

Q23 PF3D7_0525000_+1107_F GTGTAACCAAGGGAATGAAGC 

Q24 PF3D7_0525000_+1237_R TATTGCTATGCATATTGCTATGC 

Q25 PF3D7_1201100_+2348_F ATAATAATAAAGAATGGATGTGCG 

Q26 PF3D7_1201100_+2514_R TGACATTGGTTCTTTTAATCTCC 

Q27 PF3D7_0702200_+825_F ATTTGTGGGTAATCATTTTCCG 

Q28 PF3D7_0702200_+966_R AATATCTGAAAAGCAAACTGACC 

Q29 PF3D7_0215300_+852_F TGATGACGTATCAAGTGTCCC 

Q30 PF3D7_0215300_+975_R ATTACTTAACATAACACCTTTAGG 

Q31 PF3D7_1246200_+823_F TCCACACAACTACTTTCAACTC 

Q32 PF3D7_1246200_+958_R CATGGTTGATGGTGCAAGGG 

Q33 TdTomato_+726_F TCCGAGGACAACAACATGGC 

Q34 TdTomato_+879_R CTTGGTCACCTTCAGCTTGG 

Q35 PBANKA_0711900_+1138_F GCTGTTGCATATGGTGCTGC 

Q36 PBANKA_0711900_+1273_R ATTTAGTCATAACACCACCTGC 

Q37 PBANKA_0615400_+392_F TGCGAACATGGGGAGAATGC 

Q38 PBANKA_0615400_+510_R ATTTTGTCCATCATTATTGTTACC 

Q39 PF07_0073_F (Serine tRNA ligase)** AAGTAGCAGGTCATCGTGGTT 

Q40 PF07_0073_R (Serine tRNA ligase)** TTCGGCACATTCTTCCATAA 

Q41 RhopH2_P2F ** TGTTGCTGTCCATATTTAGTTTT 

Q42 RhopH2_P2R ** AATATATCGCTACATAACTTCGT 

Q43 PFL2215w_+823_F (actin I) TCCACACAACTACTTTCAACTC 

Q44 PFL2215w_+958_R (actin I) CATGGTTGATGGTGCAAGGG 

* PfUCE primers were previously designed by Aguilar et al. 371. 
** Previously designed by Crowley, V. M. et al338.  
Table 36. Primers used for RT-qPCR transcriptional analysis.  
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16.3 ATAC-seq Nextera-indexed primers 

ID Sequence Use 

Ad_F1 AATGATACGGCGACCACCGAGATCTACACTCGTCGGCAGCGTCAGATGTG All 

Ad_R2.1 CAAGCAGAAGACGGCATACGAGATTCGCCTTAGTCTCGTGGGCTCGGAGATGT 10E-R 

Ad_R2.2 CAAGCAGAAGACGGCATACGAGATCTAGTACGGTCTCGTGGGCTCGGAGATGT 10G-R 

Ad_R2.3 CAAGCAGAAGACGGCATACGAGATTTCTGCCTGTCTCGTGGGCTCGGAGATGT 10E-gDNA 

Ad_R2.4 CAAGCAGAAGACGGCATACGAGATGCTCAGGAGTCTCGTGGGCTCGGAGATGT 10E-N 

Ad_R2.5 CAAGCAGAAGACGGCATACGAGATAGGAGTCCGTCTCGTGGGCTCGGAGATGT 10G-N 

Ad_R2.6 CAAGCAGAAGACGGCATACGAGATCATGCCTAGTCTCGTGGGCTCGGAGATGT EKO-N 

Ad_R2.7 CAAGCAGAAGACGGCATACGAGATGTAGAGAGGTCTCGTGGGCTCGGAGATGT 10E-HS 

Ad_R2.8 CAAGCAGAAGACGGCATACGAGATCCTCTCTGGTCTCGTGGGCTCGGAGATGT 10G-HS 

Ad_R2.9 CAAGCAGAAGACGGCATACGAGATAGCGTAGCGTCTCGTGGGCTCGGAGATGT EKO-HS 

Ad2.10 CAAGCAGAAGACGGCATACGAGATCAGCCTCGGTCTCGTGGGCTCGGAGATGT 10G-gDNA 

Ad2.11 CAAGCAGAAGACGGCATACGAGATTGCCTCTTGTCTCGTGGGCTCGGAGATGT EKO-R 

Table 37. Indexed primers used for ATAC-seq library preparation. 

 

17 GENERAL RECIPES  

CaCl2 2 M (100 ml)  DHA 20 mM (5 ml) 

29.4 g CaCl2  
mqH2O to 100ml 

 28,435 mg DHA 
mqH2O to 5 ml 

 

DTT 1 M (10 ml)  EDTA 0.1 M (100 ml) 

1.5 g DTT 
mqH2O to 10 ml 
[stored at -20ºC] 

 3,772 g EDTA disodium salt dihydrate 
mqH2O to 100 ml 
pH 8 (adjusted with NaOH pellets) 

 

EDTA 0.5 M pH 8 (100 ml)  EGTA 250 mM pH 8 (100 ml) 

18.61 g EDTA disodium salt dihydrate 
mqH2O to 100 ml 
pH 8 (adjusted with ~2 g of NaOH pellets) 

 9,5 g EGTA 
mqH2O to 100ml 
pH 8 (adjusted with NaOH pellets) 

 

H2O2 1 M (10 ml)  Hepes 250 mM/EGTA 20 mMpH 7.6 (100 ml) 

1 ml H2O2 30% w/w 
8.79 ml complete medium 
[freshly prepared before use] 

 5.96 g Hepes  
0.76 g EGTA 
pH 7.6 (adjusted with ~1.4 ml of 10 M KOH) 
mqH2O to 100ml 

 

Hepes 100 mM pH 7.9 (100 ml)  Igepal 10% (10 ml) 

2,383 g Hepes 
pH 7.9 (adjusted with NaOH pellets)  
mqH2O to 100 ml 

 10 ml Igepal CA-630 
90 ml mqH2O 

 

KH2PO4 1 M (100 ml)  K2HPO4/KH2PO4 1 M pH 7.6  (10 ml) 

13.61 g KH2PO4 

mqH2O to 100 ml 
 8.66 ml 1 M K2HPO4  

1.34 ml 1 M KH2PO4  
mqH2O to 10 ml 
pH 7.6 

 

KCl 100 mM (100 ml)  KCl 2 M (100 ml) 

0.745 g KCl 
mqH2O to 100ml 

 14.91 g KCl 
mqH2O to 100ml 

 

1 M K2HPO4/KH2PO4 pH 7.6  (10 ml)  KOH 10 M (10 ml) 

8.66 ml 1 M K2HPO4  
1.34 ml 1 M KH2PO4  
mqH2O to 10 ml 
pH 7.6 

 5.61 g KOH 
mqH2O to 10 ml 

 

MgCl2 1 M (100 ml)  NaAc 3 M pH 5.2 (10 ml) 

9,52 g MgCl2 

mqH2O to 100 ml 
 2.46 g NaAc anhydrous 

mqH2O to 10 ml 
pH 5.2 (adjusted with acetic acid) 
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NaCl 2 M (10 ml)  NaCl 4 M (100 ml) 

1.169 g NaCl 
mqH2O to 10 ml 

 23.376 g NaCl 
mqH2O to 100 ml 

 

NaCl 5 M (100 ml)  NaHCO3 0.5 M pH 9 (100 ml) 

29,22 g NaCl 
mqH2O to 100 ml 

 4.2 g NaHCO3 

mqH2O to 100 ml 
 

NaHCO3 1.2 M (100 ml)  NaOH 10 M (100 ml) 

10,08 g NaHCO3 

mqH2O to 100 ml 
 40 g NaOH 

mqH2O to 100 ml 
 

NaOH 1 M (100 ml)  Rapamycin 4 mg/ml (2.5 ml) 

4 g NaOH 
mqH2O to 100 ml 

 10 mg Rapamycin 
2.5 ml DMA 

 

Rapamycin 100 µM (20 ml)  SDS 18% (10 ml) 

1.83 mg Rapamycin 
20 ml DMSO 

 9 ml 20% SDS 
1 ml mqH2O 

 

Syto11 0.5 mM (2,600 µl)  Tris 1 M (100 ml) 

260 µl SYTO11 1mM 
2,340 µl DMSO 

 12,114 g Tris  
mqH2O to 100 ml 

 

Tris 5 mM pH 8 (50 ml)  Tris-HCl 2 M pH 7.4 (100 ml) 

0,3 g Tris base 
mqH2O to 50 ml 
pH 8 (adjusted with HCl) 

 24.228 g Tris 
mqH2O to 100 ml 
pH 7.4 (adjusted with HCl) 

 

WR99210 20 mM (1 ml) 

8.6232 mg WR99210 
1 ml DMSO 
[stored at -80ºC] 

Table 38. General recipes.  
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1 PREVIOUS RELEVANT RESULTS 

The project presented in this PhD thesis is based on previously published and 

unpublished results, including the generation of 3D7-A lines adapted to HS by Rovira-

Graells et al.156 and the transcriptional analysis of these lines by the Dr. Cortés’ group 

in collaboration with the Dr. Bozdech’s team (unpublished results). Also, in my MSc 

thesis we optimized the HS assay and studied a putative epigenetic mechanism 

mediating the HSR. 

1.1 Adaptation of the 3D7-A line to periodic HS 

In a previous study, Rovira-Graells et al. described two HS-susceptibility phenotypes 

(HS-sensitive or HS-resistant) among P. falciparum 3D7-A subclones156 (Fig. 17a). 

They showed that the 10G subclone was HS-sensitive and the 1.2B subclone was HS-

resistant, and that these phenotypes were maintained after HS exposure (3 h at 

41.5ºC) for five consecutive generations (Fig. 17b-c).  

  
Figure 17. 3D7-A adaptation to periodic HS exposure. a, HS survival of 3D7-A, 10G and 1.2B lines, expressed as 
the percentage (%) respect to their controls maintained at 37ºC. b, Growth of 3D7-A, 10G and 1.2B cultures 
maintained at 37ºC (blue) or exposed to a 3 h-HS for five consecutive generations at the trophozoite stage (red). 
After each cycle, cultures exposed to HS were synchronized, adjusted to 1% parasitemia and split into two identical 
dishes to compare again growth between HS and control (37ºC) conditions. Afterwards, cultures were grown without 
HS in cycles 6-10 and exposed to HS again at cycle 10. The 3D7-A line was able to adapt to HS (3D7-A-HS). c, 
Percentage of growth under HS, relative to normal conditions, calculated from the data in panel b156.  

 
In contrast, after exposing the parental 3D7-A line to periodic HS, a HS-adapted line 

(named 3D7-A-HS) displaying a 1.2B-like HS-resistant phenotype was obtained (Fig. 

17b-c). The ability of the 3D7-A parental line to adapt in only a few cycles and maintain 

c

b

3D7-A-HS

3D7-A

a
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the resistant phenotype for several generations after the exposure suggested that the 

parental parasite population contained a selectable subset of parasites resistant to HS, 

which could have either a genetic or an epigenetic basis.   

1.2 Optimization of the heat shock assay 

Before analysing the molecular basis of this HS adaptation, in my MSc thesis we first 

validated and optimized the HS assay.  For our assays, we also used a short and 

severe HS exposure (3 h at 41.5ºC), as it allowed to study the immediate HSR.  

  
 

Figure 18. Sensitivity to HS throughout the intraerythrocytic cycle. a, Images of “crisis forms” (red arrowheads) 
and pyknotic (black arrowhead) dead parasites typically observed after HS exposure at the trophozoite stage. b, 
Survival of tightly synchronized cultures exposed to HS at different ages (in h post-invasion). Two HS-sensitive (3D7-
A and 10G) and two HS-resistant (3D7-A-HS and 1.2B) lines were tested. The mean and s.e.m. of two independent 
biological replicates are shown.  

 
We also optimized the HS conditions to differentiate the HS-resistant and HS-sensitive 

phenotypes. For this, tightly-synchronized cultures were exposed to HS (3 h at 41.5ºC) 

at different stages of the asexual life cycle: early rings (10-15 hpi), late rings (20-25 

hpi), trophozoites (30-35 hpi), early schizonts (37-42 hpi) or late schizonts (43-48 hpi). 

After HS exposure, “crisis forms” and pyknotic parasites described in previous studies 

were observed, confirming parasite death upon this stress130 (Fig. 18a). Although we 

observed a reduced growth after exposure at all the stages, parasites were not equally 

affected by HS throughout the asexual life cycle. As expected, ring-stage parasites 

were clearly more resistant than late-stage parasites130,231,232. Similarly, late schizonts 

(43-48 hpi) also showed high survival levels, probably because all new merozoites 

were already formed and some scizonts had already burst at the time of HS exposure. 

Maximal differences between sensitive and resistant parasite lines were observed 

when exposing parasites at 30-35 hpi, which corresponds to the trophozoite stage (Fig. 

18b). HS exposure at this time point allowed to clearly identify the sensitive and 

resistant phenotypes, corresponding to <30% and >60% survival, respectively. Thus, 
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30-35 hpi was defined as the best time point to compare HS phenotypes between 

parasite populations and we used it for the following HS analysis.   

1.3 Transcriptional analysis of 3D7-A-HS and 

unselected 3D7-A populations 

The rapid and stable adaptation of 3D7-A to HS suggested that epigenetic variation 

and selection of epigenetic variants may be driving this adaptation. To test this 

hypothesis, a transcriptomic analysis of two independently selected 3D7-A-HS lines 

and non-selected cultures maintained in parallel (3D7-A) was performed by Dr. Cortés’ 

group in collaboration with Dr. Bozdech’s group before I started working in the project. 

Transcriptomic data showed only small differences between 3D7-A and 3D7-A-HS, 

including a total of 33 genes with a >1.5 FC expression (Fig. 19a).  

Transcriptomic data, obtained from Rovira-Graells et al.156, of 3D7-A subclones with 

either a HS-sensitive (10G) or a HS-resistant (1.2B) phenotype was also included in 

the analysis. This was used to identify common features between populations with the 

same HS phenotype. A total of three genes showed higher transcript levels in all HS-

resistant lines (3D7-A-HS r1, 3D7-A-HS r2 and 1.2B) compared to HS-sensitive lines 

(3D7-A r1, 3D7-A r2 and 10G): the cytoadherence linked asexual protein 2 gene 

(clag2, PF3D7_0220800), a var gene (PF3D7_0711700) and a rif pseudogene 

(PF3D7_0632600) (Fig. 19b). All of them are clonally variant genes, such they can 

provide the epigenetic heterogeneity needed for adaptation via bet-hedging strategies. 

var and rif genes encode PfEMP1 and Rifin proteins, respectively, known for their role 

in antigenic variation372 and unlikely to be related with the HS-resistant phenotype. In 

contrast, clag2 is a member of the clag family, composed by 5 genes (clag2, clag3.1, 

clag3.2, clag8 and clag9), some of which are known to play a key role in the formation 

of the plasmodial surface anion channel (PSAC) responsible for solute permeability in 

Plasmodium-infected erythrocytes.  
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Figure 19. Transcriptional analysis of HS-adapted and control lines. a, Microarray comparison of HS-adapted 
and control parasite lines across the intraerythrocytic asexual cycle. Values are the mean-centered log2 of the 
maximum expression fold change (FC) across a time interval corresponding to half the length of the asexual cycle, 
calculated using the adjusted maximum average fold-change (aMAFC) score as previously described156. Genes with 
a >1.5-fold change in expression in two independent 3D7-A-HS-adapted lines (3D7-A-HS r1 and r2) relative to their 
respective controls (3D7-A r1 and r2) are shown. Data for parasite lines 1.2B, 10G and 3D7-A is from Rovira-Graells 
et al.156. b, Time-course expression of genes in panel a that showed a concordant change in expression between 
HS-sensitive or HS-resistant lines.  
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1.4 Assessment of the association between clag2 and 

the heat shock-resistant phenotype 

In my MSc thesis project, we focused our analysis on clag2, hypothesizing that it may 

mediate the HSR by modulating the uptake of chemical chaperones, cellular osmolytes 

that stabilize proteins and help in protein folding373. We first quantified clag2 transcript 

levels of HS-adapted (3D7-A-HS) and control lines (3D7-A), which confirmed the higher 

clag2 expression in 3D7-A-HS observed in the microarray analysis (Fig. 20). Next, we 

analysed a collection of 3D7-A parasite subclones (10G, 4D, 6D, 1.2B, 10E, 1.2B, W4-

2, W4-5, W4-1 and W4-4), from which we also characterized their HS-susceptibility 

phenotype. Contrary to what we expected, some subclones were HS-resistant despite 

having clag2 silenced, whereas some others were HS-sensitive despite having the 

gene in an active state. Thus, no correlation was observed between clag2 expression 

and the HS-susceptibility phenotype, indicating that clag2 expression is neither 

necessary nor sufficient for the HS resistant phenotype (Fig. 20).  

 

 
Figure 20. Expression of clag2 and HS sensitivity. clag2 transcript levels were tested in the HS-adapted lines 
(3D7-A-HS r1 and r2) and their controls (3D7-A r1 and r2) (left panel), and in a collection of 3D7-A subclones (right 
panel). The level of HS-susceptibility of each line is indicated below: S (HS-sensitive) and R (HS-resistant). Values 
are transcript levels of clag2 (normalized against rhoph2) at the schizont stage, determined by reverse transcription-
quantitative PCR (RT-qPCR). Results derived from my MSc thesis project. 
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2 IDENTIFICATION OF THE DETERMINANT OF 

HEAT SHOCK SUSCEPTIBILITY 

Based on the previous results exposed above, we discarded transcriptional differences 

between 3D7-A and 3D7-A-HS as the cause of HS resistance and analysed genetic 

changes as a possible mechanism of HS adaptation in 3D7-A-HS. 

2.1 Whole genome sequencing of 3D7-A and 3D7-A-

HS lines 

In order to analyse whether genomic changes were involved in the HS adaptation of 

3D7-A-HS, full genome sequencing of the 3D7-A-HS and 3D7-A lines (from two 

independent biological selection replicates) was performed. This analysis revealed 22 

genetic differences between the two lines that were consistent in both biological 

replicates (Table 39). Most of them were in non-coding regions and in long AT repeats, 

or were synonymous mutations that didn’t affect the coding sequence. Only a SNP, 

consisting of a C to T mutation predicted to affect a protein sequence was clearly 

predominant in both non-selected 3D7-A lines, but almost absent in the 3D7-A-HS lines 

(Fig. 21a). It was located in chromosome 13, at position 10,249 bp of the 

Pf3D7_1342900 gene, and resulted in a premature stop codon (Q3417X) in the protein 

encoded. We corroborated the presence of this SNP by Sanger sequencing, which 

clearly showed a heterogeneous 3D7-A control population with higher frequency of 

parasites containing the SNP, and a 3D7-A HS-adapted population essentially 

homogeneous for the reference allele (Fig. 21b). Thus, this result showed that 

adaptation to HS involved elimination of parasites expressing truncated 

PF3D7_1342900.   

  
Figure 21. Identification of a single nucleotide polymorphism (SNP) associated with HS sensitivity. a, 
Proportion of Illumina reads with the reference (C) or alternative (T) allele at position 10,249 bp of PF3D7_1342900. 
Data from two independent HS-adapted cultures (3D7-A-HS r1 and r2) and their controls (3D7-A r1 and r2) is shown. 
b, Sanger sequencing of codon 3,417. The mutation produces an amino acid change from glutamine (Gln) to a stop 
codon.  
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2.2 Association of the premature Q3417X mutation in 

PF3D7_1342900 with the heat shock-sensitive 

phenotype 

The analysis of a collection of 3D7-A subclones corroborated that all subclones with 

the Q3417X mutation show a HS-sensitive phenotype, whereas all subclones with the 

wild type allele are HS-resistant (Fig. 22). This result provides strong support to the 

idea that this mutation is the determinant of HS sensitivity in the 3D7-A line. It also 

confirms our hypothesis that the HS-adaptation observed in the 3D7-A-HS line was 

driven by the selection of a HS-resistant subpopulation that did not carry the Q3417X 

mutation. Although only three of our 3D7-A subclones carried this mutation, in the 

global 3D7-A population the proportion of parasites with the Q3417X mutation was 

much higher (~80%) (Fig. 21), explaining the HS-sensitive phenotype of this line. While 

this mutation had a clear deleterious effect for parasites during HS, this was not the 

case under basal conditions. Instead, the appearance and selection of this mutation 

during normal culture maintenance suggest that it may offer an increased fitness under 

such conditions.    

  
Figure 22. Association of the Q3417X mutation with HS sensitivity. HS susceptibility of 3D7-A subclones 
carrying (+) or not (-) the Q3417X mutation. Values correspond to the percentage of survival of HS-exposed cultures 
compared to their controls maintained in parallel at 37ºC. Mean with s.e.m. of two independent biological replicates 
are shown.  

 

2.3 Description of the PF13_42900 gene that carries the 

Q3417X mutation 

As stated above, the Q3417X mutation causes a premature stop codon in the 

Pf3D7_1342900 gene, which encodes an ApiAP2 transcription factor with unknown 

function. Because of the association of this protein with HS survival, we termed it 

PfAP2-HS. PfAP2-HS is a 3,858 aa-length protein, containing three AP2 domains (D1, 

D2 and D3) towards the C-terminal end and a PR domain at the central region. The 

identified Q3417X mutation results in a truncated PfAP2-HS protein missing the last 
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442 aa, which include the AP2 domain D3 (PfAP2-HSΔD3) (Fig. 23). The AP2 domain 

D1 was previously reported to have in vitro specificity for a DNA motif termed G-box 

((A/G)NGGGG(C/A))84, whereas the role of the other domains is unclear. 

  

Figure 23. Schematic of the PfAP2-HS protein. 10E and 1.2B subclones express the wild type PfAP2-HS, which 
contains a pentapeptide repeat-like domain (PR, 1,977-2,104 aa) at the central region and three AP2 domains (D1-3, 
positions 2,363-2,412 aa, 3,066-3,117 aa and 3,789-3,840 aa, respectively). The truncated PfAP2-HS version 
present in the 10G subclone has a premature stop codon at position 3,417, which leads to the lack of AP2 domain 
D3 (PfAP2-HSΔD3).  

 

2.4 Effect of the Q3417X mutation in the the regulation 

of hsp70-1 and hsp90 

The G-box motif is present in the promoter region of more than 500 P. falciparum 

genes, of which only a few carry a tandem G-box (Td-Gbox) (see Results, section 

5.2.1) that increases the affinity of the AP2 domain D1 binding84,102. Among these 

genes with a Td-Gbox are the cytoplasmic hsp70 (hsp70-1, PF3D7_0818900) and 

hsp90 (PF3D7_0708400), which have two identical highly conserved tandem copies in 

opposite strands, separated by 5-6 bp, located within 1.2 kb of the start codon102 (Fig. 

24). Interestingly, in addition to containing this highly conserved Td-Gbox in their 

promoter, both hsp70-1 and hsp90 encode predicted chaperones that are known to 

participate in the HSR in other eukaryotes263, reason why they became candidate 

genes to be regulated by PfAP2-HS during the HSR.  

 
Figure 24. Td-Gbox motifs in the hsp70-1 and hsp90 promoter regions. Schematic of the promoter regions of 
hsp70-1 and hsp90, in which the G-box motifs are highlighted in yellow (sense) or blue (antisense). The positions of 
the G-box motifs are indicated below as bp relative to the ATG of each gene. 

 

We next tested the ability of parasites expressing wild type PfAP2-HS and PfAP2-

HSΔD3 to mount a transcriptional HSR, focusing on hsp70-1 and hsp90 expression. 

D1 D2 D3
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We observed that both hsp70-1 and hsp90 were strongly up-regulated during HS in 

subclones expressing wild type PfAP2-HS (1.2B, 10E and 6D), whereas in subclones 

expressing PfAP2-HSΔD3 (10G, 4D and 1.2F) the response was of much lower 

magnitude and delayed (Fig. 25a). Although the expression pattern upon HS was 

similar between both genes, the induction was stronger in hsp70-1: hsp70-1 showed up 

to 17-fold increased transcript levels, whereas a maximum 8-fold increase was 

reported for hsp90. Altogether, these results indicate that the loss of PfAP2-HS domain 

D3 impairs the ability to normally induce expression of genes predicted to participate in 

the transcriptional response to HS, including hsp70-1 and hsp90. 

 
Figure 25. Induction of hsp70-1 and hsp90 expression during and after HS. a, Transcript levels of hsp70-1 and 
hsp90 (relative to serine--tRNA ligase) during and after HS in 3D7-A subclones carrying (Q3417X: 10G, 1.2F and 4D) 
or not (WT: 1.2B, 6D and 10E) the premature stop codon mutation in the pfap2-hs gene. Values are the mean and 
s.e.m. of three independent assays, each using different subclones. b, Western blot analysis of HSP70-1 protein 
levels in HS-exposed parasites and their controls maintained at 37ºC at the end of the HS (3 h) and after HS (3 h 
post and 6.5 h post), comparing a HS-sensitive (10G) and a HS-resistant (1.2B) subclone. As loading controls, we 
used anti-histone H3 and anti-glycophorin A (GPA), an erythrocyte protein.  

 
We also attempted to analyse HSP70-1 induction at the protein level, expecting that 

the high induction of hsp70-1 transcript levels would lead to higher levels of HSP70-1 

protein upon HS. However, HSP70-1 protein levels were not altered between HS and 

control conditions, or between HS-resistant (1.2B) and HS-sensitive (10G) lines (Fig. 

25b). As a delay between transcription and translation was already described in P. 

falciparum168, we also collected samples up to 6.5 h after the stress, but again we 

observed no difference. To address the possibility that the anti-HSP70-1 antibody may 

be crossreactive, we tried different HSP70-1 antibodies, including commercial and 

custom-made antibodies, as well as monoclonal and polyclonal antibodies. However, 
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we did not observe a correlation between transcript and protein levels with any of the 

antibodies (data not shown). 

Transcript levels of other chaperone-encoding genes containing a single G-box motif 

(but not a Td-Gbox) in their upstream region, such as hsp70-z (PF3D7_0708800) and 

hsp70-3 (PF3D7_1134000), were also analysed. Although an induction of these genes 

was observed upon HS in the HS-resistant lines, the response was variable and 

weaker than in hsp70-1 and hsp90 (Fig. 26). We also followed the expression of pfap2-

hs itself, which showed a similar pattern to hsp70-z and hsp70-3, with a ~2-fold 

induction after 1.5 h of HS (Fig. 26). Parasites carrying the mutation in pfap2-hs had a 

lower and delayed response compared to the HS-resistant lines, suggesting that the 

loss of domain D3 of PfAP2-HS may also impair the up-regulation of these chaperones. 

However, the differences between control and mutant subclones were far smaller than 

in the case of hsp70-1 and hsp90. Ubiquitin-conjugating enzyme (uce, 

PF3D7_0812600) transcript levels were used as a negative control, as its expression 

remains unaffected in response to HS (Fig. 26).  

 
Figure 26. Expression of hsp70-z, hsp70-3 and pfap2-hs during and after HS. Transcript levels of hsp70-z, 
hsp70-3, pfap2-hs and ubiquitin-conjugating enzyme (uce) (relative to serine--tRNA ligase) during and after HS in 
3D7-A subclones carrying (Q3417X) or not (WT) the stop codon mutation in pfap2-hs gene. Subclones are the same 
as in fig. 24a. Values are the mean and s.e.m. of three independent assays, each using different subclones.  
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3 NEW TOOLS TO STUDY PfAP2-HS   

In order to characterize PfAP2-HS localization, activation and functionality, we 

generated a collection of P. falciparum and P. berghei transgenic lines. This collection 

included parasite lines expressing tagged versions of the endogenous protein, as well 

as parasites expressing versions of the protein with inducible degradation or 

mislocalization. Constitutive pfap2-hs-knockout lines were also generated and became 

a key tool for subsequent functional analysis. 

3.1 Generation of ΔPfAP2-HS transgenic lines 

To further characterize the role of PfAP2-HS, we generated PfAP2-HS null mutants 

(Δpfap2-hs) using CRISPR/Cas9 technology. Because of the large size of the gene 

(11,577 bp), we used two separate guide RNAs (Fig. 27a).  

 
Figure 27. Generation of Δpfap2-hs transgenic parasite lines. a, Schematic of the CRISPR/Cas9 strategy used 
to knock pfap2-hs out in the 10E (10E_Δpfap2-hs) and 10G (10G_Δpfap2-hs) lines, using two guide RNAs (sgRNA-
5’ and sgRNA-3’). A hdhfr cassette was used as the selection marker. The position and names of the primers used 
for analytical PCR are indicated by arrowheads and the position of the AP2 domains by blue bars. b, Analytical PCR 
validation of the genetic edition, indicating the expected size of the amplified product in wild type (WT) and correctly 
edited (KO) parasites.  

 

After several unsuccessful attempts at 37ºC (the physiological temperature for P. 

falciparum), we reasoned that PfAP2-HS may play a role in regulating the expression 

of genes involved in proteostasis under basal conditions, in addition to driving the HSR. 

Therefore, we attempted to knock pfap2-hs out in cultures maintained at 35ºC, as mild 

Cas9

hdhfr HR2HR1

Δpfap2-hs

hdhfr

sgRNA-5’ sgRNA-3’

3,816 bp (KO)

12,389 bp (WT)

pL7-pfap2hs_KO_sgRNA5’pDC2_wo/hdhfr_pfap2hs_sgRNA3’

pfap2-hs

a

b

sgRNA-3’

sgRNA-5’

2,526 bp (WT)

C41 C42

C41-C42 C43-C45

C41 C42

C45C43



Results  

128 
 

hypothermia is expected to reduce protein unfolding and facilitate proteome 

integrity374,375. At this temperature, the knockout of pfap2-hs was readily achieved in 

both the HS-resistant subclone 10E and the HS-sensitive subclone 10G (10E_Δpfap2-

hs and 10G_Δpfap2-hs lines, respectively) (Fig. 27b). 

3.2 Generation of transgenic lines with inducible AP2-

HS degradation and mislocalization  

Two methodologies were used to induce PfAP2-HS degradation or PbAP2-HS 

mislocalization. First, we added an FKBP destabilization domain (DD) at the C-terminal 

end of PfAP2-HS in the P. falciparum 1.2B line (PfAP2-HS::DD), a tool that allows to 

induce the degradation of the protein in the absence of the ligand Shield1 (Shld). Two 

correctly edited populations were obtained after subcloning by limiting dilution 

(8A_PfAP2-HS::DD and 12E_PfAP2-HS::DD) (Annex II – Fig. 2b-c). This tool was 

used to control PfAP2-HS degradation or stabilization in the HS assay and, as 

expected, in the absence of Shld parasites could grow normally at 37ºC but showed a 

HS-sensitive phenotype. However, the resistant phenotype couldn’t be rescued by the 

addition of Shld, indicating that the integration of the construct interfered with the 

function of the AP2 domain D3, located only 18 aa from the end of the protein (Annex 

II – Fig. 2d). The impossibility to activate a protective HSR was also observed at the 

transcriptional level, as expression of hsp70-1 was not induced in either of the 

transgenic lines (Annex II – Fig. 2e).  

To induce mislocalization of the PbAP2-HS protein, we used the knocksideways (KS) 

system, by which a wrong localization of the protein is induced with the addition of 

Rapa, which drives oligomerization of domains FKBP and FBR332. Using a background 

line that was previously edited to express FRB fused to a transmembrane protein332, 

we generated a transgenic P. berghei line that expressed the endogenous PbAP2-HS 

tagged with a FKBP domain (PbAP2-HS::KS). This was subsequently subcloned by 

limitind dilution to finally obtain two correctly edited subclones (c2m2_PbAP2-HS::KS 

and c1m3_PbAP2-HS::KS) (Annex II – Fig. 7). Preliminary HS assays were performed 

using the KS line and showed that, despite its close proximity to the AP2 domain D3, 

this tagging did not affect normal PbAP2-HS functionality (see Results, section 6). 
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3.3 Generation of transgenic lines expressing tagged 

PfAP2-HS and PbAP2-HS 

We also generated a collection of transgenic lines expressing diverse versions of 

tagged PfAP2-HS and PbAP2-HS. First, we tagged PfAP2-HS with eYFP at the C-

terminal end (PfAP2-HS::eYFP), but we observed again that this bulky C-terminal tag 

also impaired HS survival, resulting in a HS-sensitive phenotype similar to the effect 

caused by the DD tagging (Annex II – Fig. 3). These observations are consistent with 

interference of the tag with the function of the third AP2 domain located in close 

proximity to the C-terminus and corroborate the important role of domain D3 in the 

regulation of the HSR. To avoid disrupting the D3 function, we attempted other tagging 

strategies, including a smaller tag (3xHA) at C-terminal (PfAP2-HS::3xHA) (Annex II – 

Fig. 4) and an eYFP at N-terminal (eYFP::PfAP2-HS) (Annex II – Fig. 5). Although 

these tags didn’t interfere with PfAP2-HS function, the protein could not be detected in 

any of the assays using anti-3xHA or anti-GFP antibodies. On the one hand, we used 

Western blot (WB) analysis optimized for large molecular weight protein detection. On 

the other hand, immunofluorescence assays (IFA) were also performed, but the weak 

signal observed in the transgenic lines was not specific, as it was also observed in the 

wild type lines.  

In collaboration with Dr. Oliver Bilker’s group, we also generated a P. berghei line 

expressing the ortholog of PfAP2-HS (PbAP2-HS, PBANKA_1356000) fused to a 3xHA 

tag in the C-terminal end (PbAP2-HS::3xHA) (Annex II – Fig. 8). However, it was also 

impossible to detect the protein by WB or IFA and consequently we couldn’t perform 

the ChIP-seq, proteomics and phosphoproteomics analysis initially planned.   
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4 CHARACTERIZATION OF THE INVOLVEMENT 

OF PfAP2-HS IN PARASITE DEVELOPMENT 

The impossibility to obtain the Δpfap2-hs lines at 37ºC, together with the detection of 

several growth defects under standard culture maintenance at 35ºC, made us think of 

an important role for PfAP2-HS during asexual growth. Thus, we decided to further 

characterize the IDC defects of the knockout lines in the absence of HS, both from a 

phenotypic and a transcriptional point of view.  

 

4.1 Functional characterization of PfAP2-HS under 

basal conditions 

First, we analysed the growth rate of the knockout (10E_ Δpfap2-hs and 10G_Δpfap2-

hs) and their parental (10E and 10G) lines by measuring the increase in parasitemia 

between consecutive cycles at different temperatures. A severe temperature 

dependence was observed in the two Δpfap2-hs lines, such that growth was slightly 

lower than in the parental lines at 35ºC but markedly reduced to less than 50% at 37ºC 

or 37.5ºC (Fig. 28a). In contrast, both parental lines had similar growth rates at the 

three temperatures tested, indicating that the Q3417X mutation in the 10G line did not 

affect parasite asexual growth.  

 
Figure 28. Characterization of the growth of parasite lines lacking PfAP2-HS at different nonstress 
temperatures. a, Growth rate of Δpfap2-hs (10E_ Δpfap2-hs and 10G_ Δpfap2-hs) and parental lines (10E and 
10G) at different temperatures (35ºC, 37ºC and 37.5ºC). Values are the mean and s.e.m. of four biological replicates. 
b, Number of merozoites per schizont at different temperatures, obtained from 100 schizonts for each parasite line 
and condition. Boxes are median and quartiles, whereas whiskers are the 10th and 90th percentiles.   

 

We also analysed the number of merozoites formed in each schizont at the three 

temperatures tested, observing that both Δpfap2-hs lines had a smaller number of 

merozoites per schizont at 35ºC compared to their parental lines and that this number 

decreased at higher temperatures (37ºC and 37.5ºC) (Fig. 28b). In contrast, the 
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number of merozoites per schizont was similar at the three temperatures in the 

parental lines. These results may partly explain the Δpfap2-hs reduced growth rates at 

37 or 37.5ºC. 

 
Figure 29. Characterization of the IDC of parasite lines lacking PfAP2-HS under nonstress conditions. a, 
Representative microscopy images of different intraerythrocytic stages, comparing the 10E_Δpfap2-hs and 10E lines. 
ER, early ring; LR, late ring; ET, early trophozoite; LT, late trophozoite, ES, early schizont; LS, late schizont. b, 
Asexual blood cycle duration of populations lacking PfAP2-HS (10E_Δpfap2-hs and 10G_ Δpfap2-hs) and their 
parental lines (10E and 10G), estimated from the time when 50% of the newly formed ring-stage parasites appear. 
The cumulative percentage of new rings formed at each time point is shown. Values are the mean and s.e.m. of two 
biological replicates, fitted to a sigmoidal dose-response curve. 

 

Following Δpfap2-hs parasites during the asexual cycle, we observed that they could 

progress through all the intraerythrocytic stages, showing normal morphology for each 

stage except for schizonts, which had fewer merozoites than normal (Fig. 29a). We 

also observed slower progression in both Δpfap2-hs lines compared to their parental 

lines. Using an assay to accurately analyse asexual cycle progression335, we found that 

the duration of the IDC was ~4.5 h longer in both Δpfap2-hs lines (Fig. 29b) compared 

to the parental 10E and 10G lines, even at the permissive temperature (35ºC). This 

lower temperature also affected the cycle length of the parental lines, delaying it ~4 h 

from the usual 48 h-long P. falciparum IDC.  
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4.2 PfAP2-HS-dependent transcriptional regulation 

under basal conditions 

In order to identify differences in gene expression that could explain the developmental 

defects of 10E_Δpfap2-hs, microarray analysis was used to study the transcriptome of 

these parasites under nonstress conditions (35ºC), compared to the parental 10E line. 

We estimated the AFC expression of each gene during a certain period of time (27-

30.6 hpi). This analysis revealed a reduced list of genes with an AFC>2 between 10E 

and 10E_Δpfap2-hs lines, some of which were also differentially expressed in 10G 

compared to 10E (Fig. 30a). These transcriptional differences between 10E and 10G 

may correspond to the typical epigenetic variation observed between subclones, rather 

than being attributable to the PfAP2-HS truncation in 10G. One of the main alterations 

was a stevor (PF3D7_0832600), known to be a clonally variant gene.    

As expected, pfap2-hs and hdhfr were the most differently expressed genes between 

10E and 10E_Δpfap2-hs strains, as they had been deleted or added in the knockout 

parasites, respectively. Both hsp70-1 and hsp90 showed reduced expression in 

10E_Δpfap2-hs, although in the case of hsp90 the fold-difference (~1.6-fold) was below 

the cut-off (Fig. 30b). Indeed, gene set enrichment analysis (GSEA) identified protein 

folding and response to heat as functional groups with reduced expression in the 

knockout line, including genes of the T-complex, Pfj4, thioredoxin peroxidase 1, cpn10 

or hsp70-3, among others. These results suggest that PfAP2-HS may play a role in 

protein homeostasis maintenance under nonstress conditions (Fig. 31).  

Many ribosome-related genes were down-regulated in the knockout line, such that 5 

rRNAs and RNA-binding proteins showed more than 2-fold lower expression in this 

line. GSEA analysis corroborated that translation and ribosome formation were highly 

affected by the PfAP2-HS deletion. The knockout line also showed reduced transcript 

levels for genes involved in other processes, including merozoite invasion and several 

metabolic pathways, which could explain the delayed IDC progression and lower 

growth rate phenotypes observed in the Δpfap2-hs lines (Fig. 31). In contrast, GSEA 

revealed higher expression of genes encoding exported proteins, as well as 

phospholipid and polyamine metabolism-related proteins. While some of these 

transcriptional alterations may be directly related to the pfap2-hs deletion, others may 

correspond to clonal stochastic epigenetic switches and thus may be independent of 

PfAP2-HS regulation. 
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Figure 30.  Transcriptional changes associated with the absence of PfAP2-HS under basal conditions (35ºC). 
a, Alterations in transcript levels in the absence of HS (35ºC) for genes with an average fold-change (AFC) 
expression >2 between 10E_Δpfap2-hs and 10E. Values are the log2 of the AFC expression relative to 10E across 
the time period compared (~27-30.5 hpi). Genes edited in the knockout line, which serve as positive and negative 
controls, are shown at the bottom in grey letters (their values are out of the range displayed). b, Expression plots of 
selected genes under basal conditions. Expression values are plotted against statistically-estimated parasite age, 
expressed in h post-invasion (hpi). Grey shadow highlights the interval used to calculate the AFC expression. 
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Figure 31.  Gene set enrichment analysis (GSEA) of the comparative transcriptomic analysis between 10E 
and 10E_Δpfap2-hs lines under basal conditions. Genes were ranked based on the fold difference in expression 
between the Δpfap2-hs and the parental line, and GSEA pre-ranked was used to identify groups of genes 
differentially expressed between the two parasite lines. Categories were manually grouped by function (invasion and 
surface, ribosome and translation, metabolism, stress response, exported and other). Only processes showing a 
significantly enrichment (P<0.05) are shown. The P value for each term is shown as -log10(P value). 
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5 CHARACTERIZATION OF THE ROLE OF 

PfAP2-HS IN THE HEAT SHOCK RESPONSE 

In order to characterize the role of PfAP2-HS in the HSR, we took advantage of the 

generated transgenic line lacking PfAP2-HS (10E_Δpfap2-hs). We not only analysed 

the HS susceptibility phenotype, but also the HS-induced transcriptional response in 

this line compared to wild type and Q3417X-carrying lines. 

5.1 Essentiality of PfAP2-HS under heat shock 

As expected, the 10E_Δpfap2-hs line had a HS-sensitive phenotype, such that its HS 

survival rate was 15-fold lower than in the parental line 10E, confirming that PfAP2-HS 

is necessary to drive a protective HSR. This HS-sensitive phenotype of 10E_Δpfap2-hs 

was even more severe than in parasites with the Q3417X mutation (10G) (Fig. 32), 

which suggests that PfAP2-HSΔD3 still had residual activity in the HSR. However, it 

may also indicate that 10E_Δpfap2-hs parasites have lower basal proteostasis 

capacity, such that they may already be at the edge of proteostasis collapse under 

basal conditions and any additional proteostatic damage (e.g. HS exposure) may have 

a larger impact. 

 
Figure 32.  HS survival of parasite lines lacking PfAP2-HS. HS survival analysis, expressed as the percentage of 
parasitemia in HS-exposed cultures compared to their control cultures maintained at 35ºC. Populations expressing 
different versions of PfAP2-HS were used, including 10E (wild type PfAP2-HS), 10G (PfAP2-HSΔD3) and 
10E_Δpfap2-hs. Values are the mean and s.e.m. of five independent biological replicates. 
 

5.2 Transcriptomic analysis of the heat shock response 

To further analyse the PfAP2-HS-dependent and independent HSR, we conducted a 

time-course transcriptomic analysis. Two-colour microarrays were used to compare the 

expression patterns of the 10E, 10G and 10E_Δpfap2-hs lines before, during and after 

HS. Control cultures were always maintained at 35ºC. This data was further validated 

analysing the transcript levels of eleven selected genes by RT-qPCR, using samples 

from an independent biological replicate (Annex III – Fig. 1).  
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Comparing our data to a reference transcriptome58, we estimated the average parasite 

age of each sample and its IDC progression during the assay using a statistical 

likelihood-based method previously described359. This global transcriptional analysis 

revealed that HS results in delayed IDC progression and even growth arrest at the 

recovery phase, which was more pronounced in 10G and 10E_Δpfap2-hs lines (Fig. 

33a). In these lines, parasites completely stopped progressing throughout the IDC, 

possibly as a consequence of the high damage they suffer upon HS exposure, 

whereas 10E parasites kept progressing during and after HS (Fig. 33a). Interestingly, 

HS-exposed 10E parasites progressed faster than cultures under control conditions 

and this was maintained until the recovery phase, when the development almost 

stopped resulting in an overall delayed growth.  

 
Figure 33. Effect of HS on age progression and on the global transcriptome. a, Age progression of wild type 
(10E), PfAP2-HSΔD3 (10G) and ΔPfAP2-HS (10E_Δpfap2-hs) cultures during the HS assay, comparing HS-exposed 
and control (35ºC) populations. Parasite age was statistically estimated from the transcriptomic data. b, Pearson 
correlation of the genome-wide transcript levels of each culture compared to the most similar time point of a high-
density time-course reference transcriptome. Control cultures maintained at 35ºC (continuous line) and HS-exposed 
(dashed line) cultures are shown. 

 

Using this analysis, we could also corroborate that under nonstress conditions the 

10E_Δpfap2-hs line had slower IDC progression, consistent with the phenotypic 

analysis described before. We also showed that HS-exposed parasites were less 

similar to the reference transcriptome than control parasites (as defined by a lower 

correlation value) (Fig. 33b). In both HS-sensitive lines (10G and 10E_ Δpfap2-hs), this 

correlation sharply decreased after 3 h of HS and remained highly divergent during the 

recovery phase, supporting the idea that they are highly damaged during and after HS. 

In contrast, the alteration was less pronounced in 10E parasites during HS and it 

approached a basal state during the recovery phase, showing that 10E parasites can 

recover well from the stress. The patterns observed clearly reflected the HS survival 
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was associated with lower survival, whereas the transcriptomic recovery observed in 

the HS-resistant line results in HS survival. 

Fold change expression between HS-exposed and control cultures was calculated for 

each gene. From the 5,024 total genes analysed, only 361 showed a differential fold 

change expression greater than four (FC>4) at any time point. Globally, there was a 

larger number of genes with altered (either up- or down-regulated) transcript levels 

during HS in 10G and 10E_Δpfap2-hs compared to 10E (253, 240 and 75 genes, 

respectively) (Fig. 34), indicating that the HS-sensitive lines were undergoing a 

stronger general damage.  

 
Figure 34. Venn diagrams of the genes with altered expression upon HS. Venn diagrams of genes with a fold 
change expression between HS-exposed and control conditions above 4 (FC>4) for each of the three lines (10E, 
10G and 10E_Δpfap2-hs). Values indicate the number of genes corresponding to the specific section or intersection.      

 

We performed hierarchical clustering of genes with transcript levels FC>4. Clustering 

was based on changes in transcript levels relative to control cultures during and after 

HS. This clustering revealed a total of six clusters, which could be grouped in three 

general transcriptional patterns. (Fig. 35). Cluster I corresponded to the PfAP2-HS-

dependent HSR and included genes that only show increased expression during HS in 

10E. Clusters II-VI include genes that participate in the PfAP2-HS-independent HSR, 

showing either down-regulation (clusters II-III) or up-regulation (clusters IV-VI) in all 

parasite lines. 
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Figure 35. Global transcriptional alterations upon HS. a, Hierarchical clustering showing the log2 expression fold-change (FC) 
of HS-exposed vs. control cultures during HS (1.5 and 3 h) and 2 h after HS (2 h post). Genes with altered transcript levels (≥4 
FC at any of the time points analysed) are shown. A total of 13 genes had values out of the range displayed (actual range: -4.78 
to +4.93). For each cluster, the trend of the alteration upon HS in each parasite line (with 95% confidence interval), the 
representative enriched GO terms and the 8-mers motifs enriched in the promoter regions are also shown. Columns at the left 
indicate annotation as chaperone311, presence of the G-box84 or tandem G-box (Td-Gbox) (described in fig. 37) in the upstream 
region, and log2 FC during HS determined in a previous study130 (Oakley).    
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5.2.1 PfAP2-HS-dependent heat shock response 

Cluster I corresponded to a small cluster of three genes that show a rapid increase in 

transcript levels upon HS only in parasites expressing complete PfAP2-HS. This cluster 

includes a gene of unknown function (PF3D7_1421800), hsp70-1 (PF3D7_0818900) 

and hsp90 (PF3D7_0708400) (Fig. 36). All of them show a high induction of 

expression after 3 h of HS (i.e. ~16-fold induction in hsp70-1) and a rapid recovery 

once the stress has ceased. This pattern, observed only in PfAP2-HS wild type 

parasites, indicates that these genes are part of the PfAP2-HS-dependent response.  

 
Figure 36. Genes regulated by PfAP2-HS during HS. a, Enlarged view of cluster I from fig. 35. Log2 expression 
fold-change (FC) of HS-exposed vs control cultures during HS (1.5 and 3 h) and after HS (2 h post) is shown for the 
genes included in this cluster. b, Changes in log2 expression of the three genes identified in cluster I 
(PF3D7_1421800, hsp90 and hsp70-1). Data from the three tested populations under control (35ºC) or HS conditions 
are shown.  
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mutagenesis-based screen376 and showed expression at early and late trophozoites156, 

as well as in gametocytes and ookinetes377. Thus, so far, we could not predict its 

function in the mechanism of HSR, although its presumed essentiality indicates that it 

may play a key role in the IDC under basal conditions. 

As expected, a motif resembling the G-box was found to be enriched in the promoter 

sequences of genes in cluster I (Fig. 35), as both hsp70-1 and hsp90 contain a highly 

conserved Td-Gbox in their regulatory region (Fig. 24). In contrast, the other genes 

containing a similar (but less conserved) Td-Gbox in their promoter did not show a 

PfAP2-HS-dependent transcriptional alteration (Fig. 37). 

 
Figure 37. Transcriptional changes in genes containing a Td-Gbox in their promoter region. P. falciparum 
genes that contain a tandem arrangement of the G-box [(A/G)NGGGG(C/A)] motif (separated by maximum 9 bp) in 
their promoter region (defined as the 2 kb upstream of the start codon or until the previous gene when it is closer). 
The sequence identified as the G-box is highlighted in blue, and the level of concordance with the consensus G-box 
motif is expressed as the P value of the match (determined using the FIMO v5.0.5 function in the MEME suite). The 
log2 expression fold-change (FC) of HS-exposed vs control cultures during HS (1.5 and 3 h) and after HS (2 h post) 
for these genes is shown. 
  

5.2.2 PfAP2-HS-independent heat shock response 

The vast majority of genes in other clusters (II-VI) showed PfAP2-HS-independent 

alterations in expression, involving either down-regulation (clusters II and III) or up-

regulation (clusters IV-VI) upon HS. Functional analysis showed an enrichment of 

genes involved in ribosomal formation, lipid and fatty acid metabolism, protein 

glycosylation and apicoplast location in clusters II-III, whereas clusters V-VI were 
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probably due to its transcriptional variability and small size. Motifs such as TTTCC or 

CACA, which resemble the predicted target motifs of other ApiAP284, were enriched in 

some of these clusters (Fig. 35).  

Transcriptional alteration in the expression of these genes (clusters II-VI) was observed 

in all the strains, but specially in parasites lacking a complete functional PfAP2-HS, in 

which changes persist during the recovery phase (2 h after HS) (Fig. 35). Instead, 10E 

parasites recovered normal transcript levels for many of these genes during the 

recovery phase. This indicates that the sustained alteration of these genes in the HS-

sensitive lines was related with their low HS survival and may reflect cell damage or 

death. In addition to genes reflecting cell damage, clusters II-VI likely included genes 

that participate in the PfAP2-HS-independent damage response, such as some 

chaperone-encoding genes (Fig. 35). Apart from hsp70-1 and hsp90 from cluster I, 

only cpn10, cpn20 and PF3D7_0920100 encoding a J domain protein showed lower 

expression in the defective pfap2-hs populations (Fig. 38). However, these genes 

seem to play a role in the recovery from stress rather than during HS, which suggest a 

regulation downstream of the PfAP2-HS-dependent response. In general, the 

expression of most chaperones and chaperonins was not altered by HS and the few 

alterations observed (e.g. KAHsp40 or RESA-like J domain protein) were PfAP2-HS-

independent (Fig. 38). In fact, activation of these genes was higher in PfAP2-HS-

defective lines, likely reflecting the most severe damage that they suffer. Increased 

expression of pfap2-hs itself was also observed, although at very low levels (maximum 

FC~1.8 after 3 h of HS in the 10E line and ~1.4 at 2 h post-HS in the 10G line), 

suggesting a possible positive feedback loop that may enhance the HSR.  
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Figure 38. Transcript level changes upon HS in chaperone-encoding genes. Log2 expression fold-change (FC) 
(HS relative to control conditions), as in fig. 35, for all chaperone-encoding genes described by Pavithra et al.311. 
Columns at the left indicate presence of the G-box84 or tandem G-box (Td-Gbox) (described in fig. 37) in the 
upstream region, and log2 FC expression of genes reported to vary during HS in a previous study130 (Oakley).   
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activated or repressed either early or late in the HSR, or take part in the recovery 

phase.  

Our transcriptional analysis corroborated many of the findings previously described by 

Oakley et al.130 (Fig. 39), despite using different culture synchronization, HS exposure 

and time point analysis. On the one hand, we observed up-regulation of genes involved 

in protein folding and stress response during HS, but also in the recovery phase. 

Among these altered genes, hsp70-1 and hsp90 were the most affected, but other 

members also showed transcriptional alterations, such as HSP70s, HSP40 co-

chaperones (RESA-like and DnaJ domain proteins), chaperone co-activators, 

prefoldins, etc (Fig. 38). Similar to Oakley et al., we found that not all chaperones and 

chaperonins were affected by HS. Genes related with signal transduction and 

phosphorylation, mainly members of the calcium-dependent or FIKK serine/threonine 

kinase families, were also up-regulated during and after HS, suggesting that they play 

a role in the HSR. Genes involved in rRNA processing and cytoskeletal proteins were 

also up-regulated (e.g. alpha tubulin II, actin-like and actin-related proteins). Many 

metabolic pathways were affected, but in several cases genes from the same pathways 

were found to be altered in opposite directions, except for gluconeogenesis and 

phospholipid metabolism pathways, which were clearly up-regulated.  

On the other hand, genes involved in protein translation and PTMs (e.g. protein 

glycosylation and signal peptide processing), and several components of the ubiquitin-

dependent protein catabolic system, were down-regulated. As hypothesized by Oakley 

et al., this result might indicate a slowdown of protein synthesis and turnover, to either 

increase protein half-life or to conserve energy during stress. Also, lower expression 

was observed for genes involved in transmembrane transport and protein trafficking.  

Contrary to Oakley et al. data, we found that expression of genes that participate in 

antigenic variation and cytoadherence, including rifin and var genes, was reduced upon 

HS. We also found down-regulation of genes involved in cell redox homeostasis and 

with oxidoreductase and antioxidant activity. 
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Figure 39. Transcriptomic characterization of the HSR in parasites expressing wild type PfAP2-HS. Hierarchical clustering 
of genes with a fold change ≥2 in the 10E line at any of the time points analysed. Log2 expression fold-change (FC) (HS relative 
to control conditions) during (1.5 h and 3 h) and after (2 h post) the HS exposure in the 10E line is shown. The trend of the 
alteration upon HS (with 95% confidence interval) and representative enriched GO terms are shown for each cluster. Columns at 
the left indicate log2 FC expression of genes reported to vary during HS in a previous study130 (Oakley), and annotation as 
chaperone311. 10 genes had values out of the range displayed (actual range: -3.98 to +4.03).   
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5.3 PfAP2HS DNA-binding motifs involved in the heat 

shock response 

In order to study the DNA motifs recognized by PfAP2-HS and to identify its direct 

targets, we first planned to use the transgenic lines expressing tagged PfAP2-HS to 

perform ChIP-seq analysis. The impossibility to detect the protein suggested that 

PfAP2-HS abundance is too low for this analysis. Hence, we decided to study it from 

another perspective, using the ATAC-seq technology to identify chromatin open 

regions. Also, we used a modified hsp70-1 promoter driving the expression of Td-

Tomato to focus on the role of the G-box motif in the HSR. 

5.3.1 ATAC-seq analysis of the chromatin open regions under basal 

conditions 

Instead of identifying the sequences directly bound by the protein of interest, the 

ATAC-seq technique allows the identification of open regions of chromatin, which are 

free of nucleosomes and often correspond to intergenic sequences where transcription 

factors are bound367 (Fig. 40a).  

  
Figure 40. Typical ATAC-seq peak and variations found in the analysis. a, ATAC-seq peak located in the 
promoter of the PF3D7_1355100 gene. Peaks are also commonly found in the coding sequence (CDS). b, Examples 
of common or differential peaks found between 10E, 10G and 10E_Δpfap2-hs strains: equal peak (left), peak 
reduced in both HS-sensitive strains (middle left); peak reduced only in 10E_Δpfap2-hs (middle right) or peak 
increased only in 10E_Δpfap2-hs (right). These peaks are all located in the CDS or promoter regions of the genes 
specified below. Values correspond to the number of reads in each position, normalized by input against genomic 
DNA. 
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Thus, by comparing lines expressing ΔPfAP2-HS, PfAP2-HSΔD3 and wild type PfAP2-

HS both under control and HS conditions, we expected to be able to identify the 

differential peaks of open chromatin that could be attributable to the lack of functional 

PfAP2-HS. This was a preliminary and exploratory experiment, and consequently 

further analysis and replicates must be done to make conclusions from this assay. 

The ATAC-seq data was first used to compare the control (not exposed to HS) 

populations, with the aim to identify differences that could support the phenotypes 

observed under nonstress conditions. In this case, differential peak calling analysis 

revealed 39 differential peaks among the three populations tested (Table 40). 

However, contrary to what we expected, we did not identify any peak completely 

absent in the 10E_Δpfap2-hs line. In the case of hsp70-1, for instance, the peak 

located in the upstream Td-Gbox was present in the 10E, 10G and 10E_Δpfap2-hs, 

suggesting that it may not correspond to PfAP2-HS binding. Similarly, other peaks 

were present in all the lines tested and the difference between strains relied on the 

magnitude of the peak, which was either reduced or increased compared to 10E. This 

result suggests that the peaks were not only the consequence of PfAP2-HS binding, 

but also correspond to attachment of other factors or complexes.  

The majority of differential peaks were reduced in both HS-sensitive lines. Some 

examples were the peaks located in the upstream region of the ATP-dependent 

protease ATPase subunit ClpY (PF3D7_0907400), an ApiAP2 transcription factor 

(PF3D7_1239200) (Fig. 40b) or the thioredoxin 1 (PF3D7_1457200). In contrast, one 

peak was found to be significantly reduced only in the 10E_Δpfap2-hs line, located in 

the promoter region of a var gene (PF3D7_1373500) (Fig.40b), which can be 

explained by its clonally variant expression profile. We also found some peaks that 

increased in the 10E_Δpfap2-hs line, such as the peak located in the promoter region 

of the DNA/RNA-binding protein Alba1 (PF3D7_0814200) (Fig. 40b). Although the 

identified differential peaks were mainly located in 3’ or 5’ regulatory regions, 

suggesting a putative role in regulating gene expression, no clear correlation was found 

between the data derived from ATAC-seq and microarray analysis (Table 40). For 

instance, reduced ATAC-seq peaks were not associated with reduction of transcript 

levels, and vice versa. This observation contrasts with previous studies in which 

chromatin accessibility can predict transcript levels111,112 and raises questions on 

whether our assay needs more optimization. 
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Chrom. Start End Closest gene Annotation Loc.

PF3D7_0105300 conserved protein, unknown function 3'

PF3D7_0105400 conserved Plasmodium protein, unknown function 5'

PF3D7_0604100 AP2 domain transcription factor 5'

PF3D7_0604200 mitochondrial ribosomal protein L41, putative 5'

PF3D7_0607600 spindle assembly abnormal protein 6, putative 5'

PF3D7_0607700 conserved Plasmodium protein, unknown function 5'

PF3D7_0616400 conserved Plasmodium protein, unknown function 3'

PF3D7_0616500 TRAP-like protein 5'

PF3D7_0725600 18S ribosomal RNA CDS

PF3D7_0725700 unspecified product CDS

8 96438 96587 PF3D7_0801100 28S ribosomal RNA CDS

PF3D7_0907400 ATP-dependent protease ATPase subunit ClpY 5'

PF3D7_0907500 conserved protein, unknown function 3'

PF3D7_1023900 chromodomain-helicase-DNA-binding protein 1 homolog, putative 5'

PF3D7_1024000 conserved Plasmodium protein, unknown function 5'

PF3D7_1035600 merozoite surface protein 3'

PF3D7_1035700 duffy binding-like merozoite surface protein 5'

PF3D7_1128700 GPI-anchor transamidase, putative 3'

PF3D7_1128900 conserved protein, unknown function 5'

PF3D7_1139600 conserved Plasmodium protein, unknown function 3'

PF3D7_1139700 adrenodoxin reductase, putative 3'

PF3D7_1206700 eukaryotic translation initiation factor 5, putative 5'

PF3D7_1206800 conserved Plasmodium protein, unknown function 5'

12 929892 929989 PF3D7_1223100 cAMP-dependent protein kinase regulatory subunit CDS

PF3D7_1232500 CG2-related protein, putative 5'
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PF3D7_1239100 mitochondrial ribosomal protein L23 precursor, putative 3'
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PF3D7_1334800 MSP7-like protein 5'
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PF3D7_1354900 conserved Plasmodium protein, unknown function 3'

PF3D7_1355100 DNA replication licensing factor MCM6 5'
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Apic. 9121 9465 PF3D7_API02900 elongation factor Tu CDS
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Table 40. Differential ATAC-seq peaks between 10E, 10G and 10E_Δpfap2-hs strains under nonstress 
conditions. List of the differential ATAC-seq peaks between 10E, 10G and 10E_Δpfap2-hs lines under nonstress 
conditions (maintained at 35ºC). Peaks are classified as reduced (a) or increased (b) versus the control 10E line. 
Start and end position is indicated for each peak. The annotation of the closest gene for each peak is provided, as 
well as their position relative to the gene (5’ or 3’): upstream (5’), downstream (3’) or coding sequence (CDS). The 
heatmap at the right shows the log2 of the average expression fold-change (AFC) for each gene relative to 10E, as 
determined in the microarray analysis. Arrowheads indicate the genes that are mentioned in the main text. Chrom., 
chromosome; Loc., location relative to gene. 
 

5.3.2 ATAC-seq analysis of the chromatin open regions upon heat shock 

Peak calling analysis comparing HS-exposed vs control cultures revealed similar 

patterns for all the lines and identified a total of 65 differential peaks (Table 41).  

Although some peaks were equally affected in all the lines, either being increased or 

reduced upon HS, we could identify differential peaks that were only altered in specific 

lines. For instance, we found a 2.8-fold increase of the peak located in the hsp70-1 

coding sequence only in the 10E line upon HS, but not in either of the HS-sensitive 

strains (Fig. 41). Instead of being related to transcription factor binding, this peak may 

correspond to a high quantity of Pol II molecules attached to this locus and being highly 

active upon HS, which correlates with the increased transcription also found in the 

microarray analysis. In contrast, we observed a clear ATAC-seq peak that coincided 

with the position of the Td-Gbox, but it showed no alteration upon HS in the wild type 

10E line, and it was only slightly reduced in 10G and 10E_Δpfap2-hs. A similar pattern 

was observed in hsp90, where the upstream Td-Gbox peak decreased only in the HS-

sensitive strains upon HS, but not in the 10E line (Fig. 41). Thus, contrary to what we 

initially expected, there was not increased binding in the Td-Gbox region upon HS in 

the wild type, but instead we observed reduced binding in the HS-sensitive lines. We 

still cannot explain this paradoxical result, although it may probably indicate that the 

observed peak does not correspond to PfAP2-HS binding only, and other factors bind 

Chrom. Start End Closest gene Annotation Loc.

7 1086528 1088370 PF3D7_0726000 28S ribosomal RNA CDS

PF3D7_0814100 conserved Plasmodium protein, unknown function 5'

PF3D7_0814200 DNA/RNA-binding protein Alba 1 5'

PF3D7_1442300 adrenodoxin reductase, putative 3'

PF3D7_1442400 conserved Plasmodium protein, unknown function 5'

Increased in 10G and 10E_Δpfap2-hs

Increased in 10G

8 685145 685233

14 1716385 1716485
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to the same regions and contribute to generating the open chromatin region around the 

Td-Gbox. 

 
Figure 41. Nucleosome-free regions identified by ATAC-seq analysis of the hsp70-1 and hsp90 loci. Peaks 
corresponding to the chromatin open regions found in hsp70-1 (up) and hsp90 (down) ORF and promoter, comparing 
HS-exposed and control (35ºC) cultures. The Td-Gbox and the coding sequence are highlighted in both genes by a 
yellow/blue and grey lines, respectively, and introns are represented by a thinner line. The sequences corresponding 
to the Td-Gbox are displayed below. Values correspond to the number of reads in each position, normalized by input 
against genomic DNA. 

 

Similar to hsp70-1 and hsp90, other peaks were found to be specifically reduced in the 

HS-sensitive lines (10G and 10E_Δpfap2-hs), such as the peak in the 5’ region of 

pfap2-exp (PF3D7_1466400). Other peaks were increased in these two lines, including 

the ones located in the promoter regions of the heat shock protein 101 (PF3D7_ 

1116800) or the RESA-like protein (PF3D7_1201100). We could also identify some 

alterations specifically found in 10E_Δpfap2-hs parasites. Some examples are the 

peaks located in the transcription initiation factor TFIIB (PF3D7_0110800) 5’ region or 

in the 28S rRNA (PF3D7_0532000) coding sequence, which were increased or 

reduced only in 10E_Δpfap2-hs, respectively (Fig. 42 and Table 41).  
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Although in some cases the presence of a higher peak was associated with induction 

of transcript levels upon HS (e.g. hsp70-1, PF3D7_1201100 or PF3D7_1252400), a 

general correlation could not be established between ATAC-seq and microarrays data. 

Again, this discrepancy highlights the limitations of this analysis and the need of further 

optimization and replicates to understand the real scenario.   

 
Figure 42. Relevant nucleosome-free regions identified by ATAC-seq analysis. Peaks corresponding to the 
chromatin open regions found in PF3D7_1466400, PD3D7_1201100, PF3D7_1116800, PF3D7_0110800 promoters 
and PF3D7_0532000 coding sequence are shown, comparing HS-exposed and control (35ºC) cultures. Values 
correspond to the number of reads in each position, normalized by input against  genomic DNA. 
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Chrom. Start End Closest gene Annotation Loc.

PF3D7_1035600 merozoite surface protein 3'

PF3D7_1035700 duffy binding-like merozoite surface protein 5'

PF3D7_1239100 mitochondrial ribosomal protein L23 precursor, putative 5'

PF3D7_1239200 AP2 domain transcription factor, putative 5'

12 929894 929987 PF3D7_1223100 cAMP-dependent protein kinase regulatory subunit CDS

Apic. 1026 1943
PF3D7_API00500-

PF3D7_API01300

unspecified product/tRNA Methionine/tRNA Tyrosine/tRNA 

Serine/tRNA Aspartic acid/tRNA Lysine/tRNA Lysine/tRNA 

Proline/50S ribosomal protein L4, putative

CDS

Apic. 8503 8725 PF3D7_API02900 elongation factor Tu CDS

PF3D7_API03900 tRNA Serine CDS

PF3D7_API04000 hypothetical chloroplast reading frame 93 CDS

Apic. 17561 17684 PF3D7_API04300 DNA-directed RNA polymerase subunit beta', putative CDS

Apic. 22963 23371 PF3D7_API04700 FeS cluster assembly protein SufB CDS

PF3D7_0108100 conserved protein, unknown function 3'

PF3D7_0108300 conserved Plasmodium protein, unknown function 5'

PF3D7_0301700 Plasmodium exported protein, unknown function 3'

PF3D7_0301800 Plasmodium exported protein, unknown function 5'

PF3D7_0526500 conserved Plasmodium protein, unknown function 3'

PF3D7_0526600 conserved Plasmodium protein, unknown function 5'

5 1295895 1296046 PF3D7_0532000 28S ribosomal RNA CDS

PF3D7_0708300 EKC-KEOPS complex subunit BUD32 3'

PF3D7_0708400 heat shock protein 90 5'

PF3D7_0717600 conserved Plasmodium protein, unknown function 5'

PF3D7_0717700 serine--tRNA ligase, putative 3'

7 1084360 1084617 PF3D7_0725600 18S ribosomal RNA CDS

7 1085445 1085892 PF3D7_0725600 18S ribosomal RNA CDS

PF3D7_0819700 conserved Plasmodium protein, unknown function 5'

PF3D7_0819800 conserved Plasmodium protein, unknown function 3'

PF3D7_1013100 U3 small nucleolar RNA-associated protein 13, putative 5'

PF3D7_1013200 conserved Plasmodium protein, unknown function 5'

11 1461324 1461528 PF3D7_1137000 U2 spliceosomal RNA CDS

14 782076 782386 PF3D7_1418800 signal recognition particle RNA CDS

14 1889407 1889535 PF3D7_1446000 U5 spliceosomal RNA CDS

PF3D7_1428900 conserved Plasmodium protein, unknown function 5'

PF3D7_1429000 protein archease, putative 3'

PF3D7_1466400 AP2 domain transcription factor AP2-EXP 3'

PF3D7_1466500 conserved Plasmodium protein, unknown function 5'

PF3D7_0206200 pantothenate transporter 3'

PF3D7_0206300 pentafunctional AROM polypeptide, putative, pseudogene 5'

5 1292512 1293703 PF3D7_0532000 28S ribosomal RNA CDS

5 1294038 1294202 PF3D7_0532000 28S ribosomal RNA CDS

PF3D7_0814100 conserved Plasmodium protein, unknown function 5'

PF3D7_0814200 DNARNA-binding protein Alba 1 5'

PF3D7_0726000 28S ribosomal RNA 3'

PF3D7_0726100 Plasmodium exported protein, unknown function 3'

PF3D7_1007700 AP2 domain transcription factor AP2-I 5'

PF3D7_1007800 conserved Plasmodium protein, unknown function 3'

PF3D7_1023900 chromodomain-helicase-DNA-binding protein 1 homolog, putative 5'

PF3D7_1024000 conserved Plasmodium protein, unknown function 5'

PF3D7_1039200 Plasmodium exported protein, unknown function, pseudogene 5'

PF3D7_1039400 erythrocyte membrane protein 1 (PfEMP1), pseudogene 3'

PF3D7_1139600 conserved Plasmodium protein, unknown function 3'

PF3D7_1139700 adrenodoxin reductase, putative 3'

PF3D7_1206700 eukaryotic translation initiation factor 5, putative 5'

PF3D7_1206800 conserved Plasmodium protein, unknown function 5'

PF3D7_1210000 50S ribosomal protein L1, apicoplast, putative 3'

PF3D7_1210100 syntaxin, Qa-SNARE family 3'

12 1857773 1857947 PF3D7_1244300 ACEA small nucleolar RNA U3 CDS

PF3D7_1334800 MSP7-like protein 5'

PF3D7_1334900 MSP7-like protein, fragment, pseudogene 3'

PF3D7_1354900 conserved Plasmodium protein, unknown function 3'

PF3D7_1355100 DNA replication licensing factor MCM6 5'

14 1889356 1889517 PF3D7_1446000 U5 spliceosomal RNA CDS

PF3D7_1457200 thioredoxin 1 5'

PF3D7_1457300 MA3 domain-containing protein, putative 3'

Apic. 12082 12328 PF3D7_API03600 chaperone protein ClpM CDS

Apic. 19213 19299 PF3D7_API04400 DNA-directed RNA polymerase subunit beta, putative CDS

Reduced in 10E

Reduced in 10G and 10E_Δpfap2-hs

Reduced in 10E_Δpfap2-hs

Reduced in all

14 2344507 2344609

13 1414242 1414331

13 2186812 2186918

12 306632 306736

12 454306 454393

10 1583469 1583563

11 1582798 1583081

7 1092307 1092645

10 307603 307710

10 1012032 1012131

2 251622 251738

8 685142 685241

14 1139939 1140024

14 2721240 2721384

8 890782 890886

10 508787 508882

7 380673 380756

7 763755 763855

1 336224 336318

3 101846 101952

5 1099865 1099970

10 1412503 1412607

12 1630439 1630530

Apic. 13253 13349
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Table 41. Differential ATAC-seq peaks between HS-exposed and control populations. List of the differential 
ATAC-seq peaks with a fold change above 1.5 identified between HS-exposed and control parasites from 10E, 10G 
and 10E_Δpfap2-hs cultures. Peaks are classified as reduced (a) or increased (b) upon HS exposure, indicating in 
which line the peak was altered. Start and end position are indicated for each peak. The annotation of the closest 
gene for each peak is provided, as well as their position relative to the gene (5’ or 3’): upstream (5’), downstream (3’) 
or coding sequence (CDS). The heatmap at the right shows the log2 of the fold-change (FC) expression values of 
different time points during the heat shock assay in the three populations, as determined in the microarray analysis. 
Arrowheads indicate the genes that are mentioned in the main text. Chrom., chromosome; Loc., location relative to 
gene. 
 

 

 

Chrom. Start End Closest gene Annotation Loc.

8 860355 862384 PF3D7_0818900 heat shock protein 70 CDS

PF3D7_1107800 AP2 domain transcription factor, putative 5'

PF3D7_1107900 mechanosensitive ion channel protein, putative 3'

PF3D7_1201100 RESA-like protein with PHIST and DnaJ domains 5'

PF3D7_1201200 Plasmodium exported protein (PHISTa-like), unknown function 3'

8 503221 503318 PF3D7_0809800 conserved Plasmodium protein, unknown function CDS

PF3D7_1116800 heat shock protein 101 5'

PF3D7_1116900 conserved protein, unknown function 3'

PF3D7_1252400 reticulocyte binding protein homologue 3, pseudogene 5'

PF3D7_1252300 conserved Plasmodium protein, unknown function 5'

PF3D7_API03900 tRNA Serine CDS

PF3D7_API04000 hypothetical chloroplast reading frame 93 CDS

Apic. 1863 1939 PF3D7_API01300 50S ribosomal protein L4, putative CDS

Apic. 20232 20328 PF3D7_API04400 DNA-directed RNA polymerase subunit beta, putative CDS

PF3D7_0110700 chromatin assembly factor 1 protein WD40 domain, putative 5'

PF3D7_0110800 transcription initiation factor TFIIB, putative 5'

PF3D7_0611900 lsm12, putative 5'

PF3D7_0611800 conserved Plasmodium protein, unknown function 5'

PF3D7_0824900 conserved Plasmodium protein, unknown function 5'

PF3D7_0825000 conserved Plasmodium protein, unknown function 5'

8 1185140 1185232 PF3D7_0827400 conserved Plasmodium protein, unknown function CDS

PF3D7_0830500 sporozoite and liver stage tryptophan-rich protein, putative 5'

PF3D7_0830600 Plasmodium exported protein (PHISTc), unknown function 5'

PF3D7_1140700 conserved Plasmodium protein, unknown function 5'

PF3D7_1140800 conserved Plasmodium protein, unknown function 5'

PF3D7_1236200 conserved Plasmodium protein, unknown function 5'

PF3D7_1236300 conserved protein, unknown function 5'

PF3D7_1346000 dynactin subunit 2, putative 5'

PF3D7_1346100 protein transport protein SEC61 subunit alpha 5'

Apic. 8503 8725 PF3D7_API02900 elongation factor Tu CDS

Apic. 22963 23371 PF3D7_API04700 FeS cluster assembly protein SufB CDS

Apic. 7669 7867 PF3D7_API02700 apicoplast ribosomal protein S12 CDS

Apic. 16639 16718 PF3D7_API04200 DNA-directed RNA polymerase subunit beta'', putative CDS

PF3D7_API05800 tRNA Isoleucine CDS

PF3D7_API05900 small subunit ribosomal RNA 3'

PF3D7_1442300 tRNA import protein tRIP 5'

PF3D7_1442400 conserved Plasmodium protein, unknown function 5'

2 703735 703840 PF3D7_0217000 conserved Plasmodium membrane protein, unknown function CDS

Increased in 10G and 10E_Δpfap2-hs

Increased in 10E_Δpfap2-hs

Increased in 10E and 10G

Increased in all

Increased in 10E

14 1716387 1716485

13 1841212 1841305

Apic. 29002 29188

11 1632726 1632818

12 1518623 1518703

8 1083992 1084072

8 1299621 1299775

Apic. 13253 13349

1 416725 416818

6 504454 504550

11 642022 642102

12 2130571 2130660

11 342495 342932

12 85404 85500
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5.3.3 Analysis of the role of the Td-Gbox in hsp70-1 induction upon heat 

shock 

As the ATAC-seq analysis didn’t reveal any conclusive results about the motifs bound 

by PfAP2-HS, we focused on the role of the G-box motif, previously shown to be 

recognized by PfAP2-HS84. The approach used for this purpose was based on 

transgenic parasite lines with an exogenous hsp70-1 promoter driving the expression 

of a Td-Tomato fluorescent marker. This promoter was previously modified, such that 

the Td-Gbox motif was either maintained or disrupted by changing a single or both G-

boxes (Fig. 43a). The construct was integrated in the liver specific protein 1 (lisp1, 

PF3D7_1418100) locus, which is not essential in the asexual intraerythrocytic stages.  

We obtained two correctly edited transgenic lines (10E_2Gbox_TdT and 

10E_1Gbox_TdT), validated by PCR and Sanger sequencing of the G-box-containing 

region (Fig. 43b). However, PCR analysis of the 10E_0Gbox_TdT line revealed an 

unexpected PCR double band, although the integrated promoter had the edited 

sequence instead of the Td-Gbox. We reasoned that it may be due to a recombination 

event in the Td-Tomato promoter region and, although we used it in our analysis, we 

took it into account for the interpretation of the results. 

  
Figure 43. Generation of transgenic lines expressing Td-Tomato driven by a hsp70-1 promoter containing 0, 
1 or 2 G-boxes. Schematic of the CRISPR/Cas9 strategy used to integrate a modified hsp70-1 promoter driving Td-
Tomato expression in the liver specific protein 1 (lisp1, PF3D7_1418100) locus. For the promoter, the 2 kb upstream 
of the ATG from hsp70-1 were used, which include the Td-Gbox (dark green lines). We also generated two other 
constructs, in which the Td-Gbox was modified by changing a single G-box or both G-boxes for other sequences (red 
lines). The position of the primers used for analytical PCR is indicated by arrowheads. The electrophoresis image at 
the right shows the analytical PCR validation of the genetic edition, indicating the expected size of the amplified 
product in wild type (3D7-A) and correctly edited (10E_0Gbox_TdT; 10E_1Gbox_TdT and 10E_2Gbox_TdT) 
parasites.  
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Figure 44. Td-Tomato expression driven by the hsp70-1 promoter containing 0, 1 or 2 G-boxes. a-b, FACS 
analysis at the trophozoite stage showing the Td-Tomato signal from three transgenic lines that contain an 
exogenous hsp70-1 promoter with the Td-Gbox (10E_2Gbox_TdT), a single G-box (10E_1Gbox_TdT) or both G-
boxes totally disrupted (10E_0Gbox_TdT). Data is represented by histogram plots of Td-Tomato signal showing the 
overlapped data from HS-exposed (red) or control (37ºC, green) populations (a), or by dot plots of Td-Tomato and 
Syto11 signal of each sample (b). c, Transcript levels of hsp70-1 and Td-Tomato (relative to serine--tRNA ligase) 
after HS in the three transgenic lines. HS-resistant (10E) and HS-sensitive (10G) lines were used as non-edited 
controls. uRBCs: uninfected RBCs. 
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The transgenic lines generated were used to quantify the Td-Tomato fluorescence 

levels by flow cytometry under both nonstress and HS conditions. However, we 

observed no difference in Td-Tomato fluorescence between HS and control conditions 

in any of the three different combinations of Td-Gbox (Fig. 44a-b). To confirm that this 

result was not due to signal saturation, we analysed the expression of Td-Tomato by 

RT-qPCR. In this case, Td-tomato transcript levels did show an increase upon HS (Fig. 

44c). However, this induction was driven by all the modified promoters tested, 

suggesting that the Td-Gbox is not necessary to regulate hsp70-1 expression upon HS. 

Before concluding anything from this unexpected result, some aspects must be 

considered. First, Td-Tomato transcript levels observed under normal conditions were 

much lower than the levels for the endogenous hsp70-1, indicating that the 

endogenous and exogenous hsp70-1 promoters were not driving the same level of 

expression. Similarly, the increase in Td-Tomato transcripts upon HS was lower than 

the FC observed for endogenous hsp70-1, suggesting again that the promoter used in 

these transgenic lines does not have the same activity as the endogenous one. This 

could be due to the need for a longer hsp70-1 promoter or a specific 3’ region that 

include more regulatory sequences, a previously described for hsp90102. Also, the 

chromatin environment in the edited loci may also influence Td-Tomato expression. 

Finally, while equal Td-Tomato signal was detected by flow cytometry in all samples 

(control and HS-exposed), different transcript levels were observed between these 

conditions. This effect indicates either that Td-Tomato signal was saturated in all 

samples or that a delayed translation was taking place, and thus the Td-Tomato signal 

that we were detecting was not the HS-induced but the background levels.  

Altogether, our ATAC-seq and gene reporter experiments neither corroborated nor 

discarded the function of the tandem and single G-box in PfAP2-HS target gene 

regulation. Further optimization and generation of more transgenic lines is needed to 

obtain conclusive results from these experimental approaches. 

5.4 Analysis of the role of PfAP2-HS in other types of 

stress 

Protein folding was identified as one of the pathways affected by pfap2-hs deletion 

under nonstress conditions (see Results, section 4.2), likely resulting in a lower 

capacity for protein homeostasis (proteostasis) maintenance. The ability of Δpfap2-hs 

parasites to grow at 35ºC but not at 37ºC also suggests that PfAP2-HS is necessary for 

normal proteostasis. Consequently, stress affecting proteostasis was predicted to have 
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a higher impact on the Δpfap2-hs line. To test this hypothesis, we determined the 

sensitivity to a panel of compounds known to induce different types of stress that lead 

to a proteotoxic situation, including DTT and H2O2, which induce ER-stress and 

oxidative stress, respectively. Additionally, we added in this analysis the drug DHA, 

which kills parasites by impairing proteostasis. 

5.4.1 Analysis of the role of PfAP2-HS in stress induced by DTT and H2O2 

We tested the effect of a range of concentrations of different stress-inducing 

compounds (DTT and H2O2) in trophozoite-stage parasites, comparing populations 

expressing the wild type (1.2B or 10E lines) or PfAP2-HSΔD3 (10G line) version of 

PfAP2-HS.  

 
Figure 45. Parasite survival to H2O2 and DTT-induced stress. a, HS-sensitive (10G) and HS-resistant (1.2B) 
populations were exposed for 30 min, 1 h or 3 h to several concentrations of either H2O2 (0.1 – 100 mM) or DTT (0.2 
– 4 mM). Values indicate the survival percentage (%) of stress-exposed cultures versus their controls maintained 
under nonstress conditions. b, Transcript levels of hsp70-1 (normalized by actin I, as in previous studies126) of 10G 
and 1.2B cultures after being exposed to 50 mM H2O2 for 30 min or 3 h.   

In the case of DTT and H2O2 exposure, only small differences unlikely to have 

biological relevance were found between the HS-sensitive and the HS-resistant 

populations at the tested conditions (Fig. 45a). In the case of H2O2, concentrations 

higher than 100 mM were also tested, but all resulted in high damage to RBCs viability, 

rather than affecting the parasite itself. Also, the high non-specific damage produced by 

DTT may mask the effect of PfAP2-HS in assisting survival in front of this challenge. 

Thus, we analysed hsp70-1 expression as a proxy of PfAP2-HS activity. We selected 

the 50 mM H2O2 condition, which showed the biggest difference at both 30 min and 3 h 
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exposure. In this case, the exposure to H2O2 increase in hsp70-1 expression in the 10G 

line after 30 min and 3 h, but not in the wild type 1.2B. Thus, this analysis provided no 

evidence of PfAP2-HS-dependent response to DTT or H2O2 induced stress (Fig. 45b). 

However, these are just preliminary experiments in which a limited number of drug 

concentrations and parasite strains were used. New assays should include the 

10E_Δpfap2-hs transgenic line as a key tool to determine the implication of PfAP2-HS 

in the response to these other types of cellular stress.   

5.4.2 Analysis of the role of PfAP2-HS in stress induced by DHA 

We also studied sensitivity to DHA, the main antimalarial drug currently known to 

impair proteostasis378. In this case, we characterized the DHA half maximal inhibitory 

concentration (IC50) in the Δpfap2-hs line compared to 10E and 10G at either the ring 

or trophozoite stage. Interestingly, the 10E_Δpfap2-hs line showed a >2-fold lower IC50 

than its parental 10E line both at the ring and trophozoite stages (Fig. 46). This higher 

sensitivity may be explained both by the low basal proteostasis maintenance capacity 

and the lack of a PfAP2-HS-dependent protective response in the knockout parasites.  

 

 

Figure 46. Dihydroartemisinin sensitivity of parasite lines expressing different versions of PfAP2-HS. Survival 
(%) after a 3 h pulse of different dihydroartemisinin (DHA) concentrations (2.5 – 20 nM). Parasites were exposed to 
DHA either at the ring (upper panel) or trophozoite stages (lower panel). Values are the mean and s.e.m. of three 
biological replicates, fitted to a sigmoidal dose-response curve. IC50 and significant P values (P<0.05), calculated 
using a two-tailed paired t-test, are shown. All cultures were maintained at 35ºC. Troph., trophozoites. 
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trophozoites, whereas at the ring stage both lines showed similar DHA sensitivity, 

similar to the pattern of HS survival (Fig. 46).  

Altogether these results suggest that a directed response driven by PfAP2-HS may 

also play a role in the stress response to DHA, highlighting its importance in stress 

conditions beyond HS.  
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6 PRELIMINARY CHARACTERIZATION OF THE 

P. BERGHEI  ORTHOLOG OF PfAP2-HS  

AP2-HS is highly conserved among Plasmodium species, suggesting that its functions 

throughout the IDC may be also conserved. Thus, we used the rodent-infective species 

P. berghei to test a possible role of the PfAP2-HS ortholog (PbAP2-HS, 

PBANKA_1356000) as a housekeeping and HSR regulator.   

We generated a construct to reproduce in P. berghei the stop codon mutation Q3417X 

found to be associated with HS sensitivity in P. falciparum (Annex II – Fig. 9). After 2 

attempts, we could not obtain PbAP2-HSΔD3 lines. Genetic edition in P. berghei is 

much more efficient than in P. falciparum, such that the impossibility to obtain a specific 

transgenic line indicates that such edited parasites are not viable. Thus, we concluded 

that parasites carrying the premature stop codon mutation were not viable in vivo, 

consequently suggesting that a fully functional PbAP2-HS is essential in P. berghei. 

We didn’t try to obtain the full knockout of pbap2-hs, as previous studies already 

reported its essentiality in P. berghei and P. yoelii 85,90,379.  

In order to study the role of PbAP2-HS in vivo, we used the c2m2_PbAP2-HS::KS 

transgenic line, in which PbAP2-HS mislocalization can be induced by the addition of 

Rapa (Annex II – Fig. 7). We first attempted to study its essentiality in vivo by directly 

injecting Rapa to mice, but the results obtained were not consistent nor conclusive, and 

it was not possible to perform more replicates due to technical and logistic issues.  

We also used this transgenic line to study the implication of PbAP2-HS in the HSR in 

P. berghei in vivo infections. As mice do not experience fever in response to 

Plasmodium infection, we exposed parasites to HS ex vivo, adding or not Rapa to the 

culture, and afterwards we injected the resultant HS-exposed parasites to mice to 

follow the evolution of the infection in vivo. Apart from ensuring the same HS episode in 

all conditions, this design also allowed us to overcome the obstacle of PbAP2-HS 

essentiality in vivo and to specifically test its role during HS stress. The temperature of 

HS was also adapted, as we observed that a 3 h at 41.5ºC HS resulted in ~30% 

survival in the wild type P. berghei cl15cy1 line (Fig. 47a), reason why we decided to 

use a lower temperature (40ºC) for the P. berghei HS assay that resulted in ~90% 

survival. Doing this assay, we observed that addition of Rapa during the HS had an 

effect on the HSR, such that parasites showed ~20% less survival than their controls 

maintained without Rapa or the wild type line (PbANKA cl15cy1) (Fig. 47b). Moreover, 

while the two controls (c2m2_PbAP2-HS::KS without Rapa and PbANKA cl15cy1) 
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showed a modest induction of hsp70-1 transcript levels after the 3 h of HS, the 

population treated with Rapa was unable to induce this response (Fig. 47c). 

Altogether, our results suggest that the role of AP2-HS may be conserved in P. 

berghei, such that a functional PbAP2-HS is needed for the activation of the protective 

HSR, including the correct induction of hsp70-1 upon HS. It is still unclear whether the 

housekeeping role of PbAP2-HS is also conserved, although its predicted essentiality 

in vivo is suggestive of key role for this transcription factor under basal conditions. 

Although our results are promising, these are only exploratory experiments and further 

replicates using more mice and optimized protocols are needed to overcome the high 

variability observed between mice and replicates. 

 

 
Figure 47. Role of PbAP2-HS during HS in P. berghei. a, Survival to HS (performed either at 40ºC or 41.5ºC) of 
the wild type PbANKA cl15cy1 clone, expressed as the percentage of parasitemia of HS-exposed cultures versus 
their controls maintained at 37ºC. b, HS survival of the c2m2_PbAP2-HS::KS line maintained with (+Rapa) or without 
(-Rapa) Rapamycin during the HS stress. The wild type PbANKA cl15cy1 line was used as control. Values are 
expressed as the mean and s.e.m. of two independent biological replicates. c, hsp70-1 transcript levels (normalized 
against serine--tRNA ligase) either under nonstress (37ºC) or HS conditions, immediately after the stress. Values 
were obtained by RT-qPCR, and correspond to the mean and s.e.m of two independent biological replicates.  
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1 P. FALCIPARUM PARASITES CAN RESPOND 

TO HEAT STRESS 

In this thesis, we have characterized the whole transcriptional alteration occurring in P. 

falciparum parasites upon heat stress, discerning the alterations that reflect the 

protective response from the ones related with cell damage. We identified PfAP2-HS, a 

transcription factor of the ApiAP2 family, as the key regulator of the P. falciparum 

protective HSR.  The PfAP2-HS-dependent HSR is largely restricted to a rapid 

activation of hsp70-1 and hsp90. Moreover, we observed that PfAP2-HS was also 

involved in the maintenance of proteostasis and in parasite growth under basal 

conditions, as well as in the response to other types of stress such as the induced by 

DHA. This is the first identification of a transcription factor that drives a protective 

transcriptional response to an environmental condition in P. falciparum blood stages. 

This finding not only corroborates the ability of malaria parasites to induce directed 

responses, but also provides a much-needed system to study such type of 

transcriptional responses in Plasmodium sp.  

1.1 P. falciparum can activate directed transcriptional 

responses 

Directed responses play a key role in eukaryotes, driving the induction of a transient 

transcriptional change with the final aim of ensuring survival to a specific external 

condition. However, as we explained in the introduction chapter, there is an ongoing 

controversy about the capacity of P. falciparum to drive such directed responses to 

fluctuating conditions in its environment114 (Fig. 48). Previous studies reported 

transcriptional alterations upon different types of stress, although these changes were 

of low magnitude, sometimes non-reproducible and mainly consequence of cell 

damage or direct inhibition of a specific pathway, rather than part of a protective 

response115–119. Based on these results, the hypothesis that Plasmodium sp. have a 

hard-wired transcriptome was proposed115.  

Contrary to this idea, we characterized in detail the transcriptional changes occurring 

upon HS and identified the main regulator of the protective HSR (PfAP2-HS), analogue 

to the conserved eukaryotic transcription factor HSF1. Other responses to fluctuating 

conditions have been reported in P. falciparum123–130. Among them, two recent studies 

are especially relevant and corroborate the capacity of malaria parasites to sense 

stress. First, the KIN kinase was found to act as a nutrient sensor and initiate a 

response before a nutrient starvation133. Second, LysoPC depletion induces sexual 
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commitment and changes in the expression of metabolic enzymes (ethanolamine 

kinase and methyl transferase)134,380. While in both examples are a proof of concept of 

stress sensing in Plasmodium, the factor responsible for the transcriptional response 

was not identified. Hence, PfAP2-HS is the first transcription factor identified in P. 

falciparum asexual stages involved in a response to external cues, corroborating the 

capacity of the parasites to both sense an external change and drive a specific 

transcriptional response. However, the mechanism of HS sensing that leads to PfAP2-

HS activation is still unclear. By similarity to other model eukaryotes, we propose some 

sensing mechanisms that are discussed below, mainly based on the sensing of 

unfolded proteins by chaperones and the subsequent PfAP2-HS activation by several 

post-translational modifications. Nevertheless, further studies should focus on this 

aspect to determine the mechanisms involved in HS sensing and HSR activation. 

 
Figure 48. Schematic of a putative directed stress response. The accumulation of cellular damage or specific 
signals trigger the specific stress response, characterized by a sensing mechanism, signalling transduction and 
specific transcription factor (STF) activation, which finally leads to regulation of target genes expression that mediate 
survival under the new condition.  

 

1.2 Heat shock induces global transcriptional alterations 

Similar to the HSR in mammals, in P. falciparum the number of down-regulated genes 

was higher than the number of up-regulated genes261,263,267. We found that HS mainly 

activated genes involved in protein folding, cytoskeleton, signalling pathways and rRNA 

processing, whereas it inhibited translation, ribosomal formation, metabolism, transport, 

protein degradation and antigenic variation. This overall response observed in P. 

falciparum shares some similarities with the global transcriptional alteration reported in 

other organisms. Mammalian HSR, for instance, mainly includes chaperone up-
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as down-regulation of genes related with cell cycle, metabolism, protein synthesis, 
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mRNA processing and transport261 (see Discussion, section 1.3.3). In yeast, HS 

induces up-regulation of genes involved protein folding and degradation, respiration 

and glycolysis, and down-regulation of genes related with ribosomal formation, rRNA 

processing, protein synthesis and metabolism131,381,382. Thus, up-regulation of genes 

involved in protein folding and down-regulation of protein synthesis genes are 

conserved between humans, yeast and P. falciparum. 

Oakley et al. also described the global transcriptional alterations occurring in P. 

falciparum upon HS exposure130. However, our approach provides some advantages 

such as the time-course instead of a single time point sample collection, as well as the 

use of tightly synchronous populations rather than asynchronous cultures. Despite the 

experimental differences, we observed that the effect of HS on the parasites was 

generally consistent between the two studies. Thus, our study not only validated many 

of their results, but also provided higher accuracy and allowed the identification of a 

higher number of genes altered upon heat stress, in addition to distinguishing between 

PfAP2-HS-dependent and -independent targets. A similar detailed transcriptional 

response has not been characterized in other Apicomplexa, in which the heat stress is 

mainly studied as the initiator of specific developmental steps rather than as a 

threatening environmental change383–385. 

The most characteristic altered genes of the HSR are chaperones and hsp genes, 

which are highly and continuously up-regulated during HS261. Although this regulation is 

reported to be extremely rapid in mammals (<2 min)261, our approach did not have such 

high temporal resolution, but instead we analysed the effect of HS both during the HS 

and at the recovery phase. We observed that HS highly induces transcription of 

specific hsps immediately and persistently in P. falciparum, whereas expression 

decreases to basal levels in the recovery phase.  

1.3 Different mechanisms are involved in the heat 

shock response  

Although a HS-induced transcriptional alteration was already described in Plasmodium 

parasites, the mechanism driving this response was still unknown. To study the 

mechanism associated with survival during HS, we took advantage of the 3D7-A line, 

which showed low survival to HS, and the HS-adapted 3D7-A line.  
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1.3.1 CLAG2 is neither necessary nor sufficient for heat shock survival  

We first identified clag2 as a candidate gene to be necessary for survival during HS. 

On the one hand, it is a clonally variant gene, such that it is either in an active or 

silenced transcriptional state in different individual parasites163. This characteristic 

offers the transcriptional heterogeneity needed for a bet-hedging adaptation 

strategy52,157. On the other hand, its role in the PSAC formation suggested that it may 

mediate the entrance of osmolytes (e.g. glycerol, proline or trehalose) that behave as 

chemical chaperones. For instance, some osmolytes have been shown to control 

protein stability and supress protein aggregation in yeast386, as well as to stabilize 

molecular chaperones in bacteria387,388. Malaria parasites may take advantage of a 

similar clag2-driven channel for the uptake of circulating host metabolites with the final 

aim to help protein stabilization under heat stress.  

However, this hypothesis was later discarded, as clag2 expression appeared to be 

neither necessary nor sufficient for HS resistance. Thus, the selection of parasites with 

active clag2 expression in 3D7-A-HS observed in the two independent biological 

replicates may be explained by other reasons, such as stochasticity (a random event) 

or co-selection with other HS-resistance markers during HS adaptation.  

1.3.2 PfAP2-HS is essential to drive the protective heat shock response 

Our results indicate that resistance to high temperature is driven by the PfAP2-HS 

transcription factor, which regulates the expression of key stress response genes 

during HS to ensure parasite survival. Its role in the HSR was demonstrated in two 

ways. First, the identification of a premature stop codon mutation (Q3417X) in pfap2-hs 

present in the HS-sensitive lines and its high association with HS sensitivity in all 

subclones analysed indicated a need of a fully functional PfAP2-HS for survival during 

HS. Second, we generated Δpfap2-hs parasite lines that directly proved the essentiality 

of this gene to mount a protective HSR and survive the HS. 

The identification of PfAP2-HS as the main regulator of the HSR opens a new window 

of study regarding the role of ApiAP2s in the adaptation to changes in the environment. 

It is expected that other ApiAP2s may drive protective responses, as it is the most 

expanded family of transcription factors in Plasmodium78. The homologous AP2 

proteins from plants have also been implicated in response to stress such as heat, salt, 

cold and drought389, in addition to regulate developmental processes. Although most of 

the ApiAP2s characterized so far in Plasmodium sp. have been related to several steps 

of parasite life cycle progression, our data shows that ApiAP2 transcription factors are 
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not only involved in development, but also in stress response mechanisms, similar to 

plants. This raises the question of whether PfAP2-HS is the only that can respond to 

stress or other ApiAP2s may also play a role in stress responses, each of them being 

specialized in a specific response.  

Moreover, our results suggest that different roles may be driven by a single ApiAP2 

member, as PfAP2-HS plays a role during the normal IDC progression and under heat 

stress. This capacity, together with the combinatorial mode of gene regulation 

proposed in P. falciparum74, may explain the paucity of STFs observed in malaria 

parasites. Thus, only a few transcription factors may be enough to drive all the 

transcriptional changes needed during the parasite life cycle progression. 

1.3.3 Other transcription factors may drive the PfAP2-HS-independent 

response 

Among the global alterations occurring upon HS, we could discern the immediate 

protective transcriptional response driven by PfAP2-HS from the rest of alterations 

related with cell damage and later responses. In fact, we observed that only a reduced 

number of genes were regulated by PfAP2-HS during the HSR, whereas the vast 

majority of transcriptional alterations were independent from this factor. Similarly, the 

eukaryotic HSF1 transcription factor only drives 10-13% of the global transcriptional 

changes occurring upon HS131,261, and in the case of mammals only a subset of nine 

genes were described as HSF1-dependent263. The PfAP2-HS-independent alterations 

were mainly related with cell damage and death, and mostly found in HS-sensitive 

parasites due to the enhanced heat-induced proteotoxic effect consequence of the 

absence of a fully functional PfAP2-HS. A similar phenotype was also reported in 

HSF1-/- mammalian cells, where the HS had a higher damaging effect than in wild type 

cells263.  

In addition to reflecting damage, some of the PfAP2-HS-independent transcriptional 

alterations may play a protective role. These responses are likely regulated by diverse 

transcription factors upon HS. In yeast, for instance, Msn2/4 transcription factors 

contribute to the regulation of heat-induced transcription, although they are more 

related with long-term HS exposure264,265. In mammals, transcription factors such as 

SRF or NFE2L2 regulate the specific pathways of  the HSR, which mainly involve 

transient and delayed induction of cytoskeletal and apoptotic genes261 (Fig. 49). Our 

analysis showed some enriched motifs (mainly CACA- and TTTCC-based sequences) 

in genes involved in the PfAP2-HS-independent HSR. These enriched sequences 

match with the cognate DNA binding motif of other ApiAP2 transcription factors, such 
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as PF3D7_0420300 and PF3D7_0802100, both essential during the IDC, or 

PF3D7_1456000, also expressed in the asexual stages but not essential. Other factors 

recognizing these motifs are PF3D7_1305200 and PF3D7_0730300, although due to 

their time of expression (stage V gametocytes and liver stages, respectively) they 

probably have no association with the HSR. Thus, although the protective HSR driven 

by PfAP2-HS is essential, as shown by the phenotype of PfAP2-HS-defficient lines, we 

can speculate that other ApiAP2s may take part in the response, driving parallel 

mechanisms of HSR similar to the situation in mammals (Fig. 49). Hence, a tightly 

controlled ApiAP2 network may be in charge of the survival and recovery to stress. In a 

previous study, a putative network including PfAP2-HS and PF3D7_0420300 was 

previously proposed for DTT-induced stress based on bioinformatics predictions, 

although it was not experimentally confirmed126. However, we found that the DTT 

concentration used in this study was lethal, and consequently the results shown may 

reflect cell death, rather than a protective response to DTT.   

 
Figure 49. Transcription factors that drive HS-induced transcriptional changes. PfAP2-HS plays an equivalent 
role to HSF1 from mammals, by mainly inducing hsp genes expression. We predict that the other transcriptional 
changes observed upon HS in P. falciparum may be attributable to other transcription factors (TFs), such as other 
ApiAP2 members, with a similar role to mammalian SRF or NEF2L2. Adapted from Mahat et al.261. 

 
A major confounder to study transcriptional responses to stress is that transcription is 

highly deregulated upon any type of stress. By comparing the response in wild type 

versus Δpfap2-hs parasites, we could start to disentangle protective alterations from 

alterations reflecting cell damage or death. Nevertheless, it is still unclear which of the 

PfAP2-HS-independent transcriptional changes are part of a parallel protective 

response and which are part of the damaging effect induced by HS. 
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2 PfAP2-HS IS ANALOGOUS TO THE 

EUKARYOTIC HSF1 

2.1 PfAP2-HS is structurally different from HSF1  

In most eukaryotic organisms, the chaperone-based branch of the protective HSR is 

mainly activated by the transcription factor HSF1. However, comparative genomic 

analysis couldn’t find any apicomplexan protein structurally similar to HSF1, except for 

E. histolytica71,320, suggesting that malaria parasites either do not activate the HSR o 

possess a non-canonical regulatory mechanism. The identification of PfAP2-HS as the 

transcription factor analogous to HSF1 and its essential role in the protective HSR 

show that Plasmodium parasites also activate the HSR, similar to other eukaryotes. 

This result highlights the limitations derived from using only sequence similarity to 

identify conserved features between Plasmodium species and model eukaryotes and 

the need of new approaches based on protein functionality rather than sequence or 

structure characteristics. 

2.1.1 Comparison of the structural features between HSF1 and PfAP2-HS  

In terms of structure, PfAP2-HS and HSF1 proteins are highly divergent. Indeed, 

structural variability is also observed between HSF1s from different species, although 

they all maintain a high degree of conservation at the DNA-binding domain. For 

instance, mammalian HSF1 contains an N-terminal DNA-binding domain (DBD), a 

central regulatory domain (RD) and a C-terminal transcriptional activation domain 

(TAD), as well as three heptad repeats (HR) oligomerization domains (Fig. 50b). In 

addition to the DNA-binding domain and the oligomerization domain, S. cerevisiae 

HSF1 (ScHSF1) also contains two transcriptional activation domains (AR1 and AR2) 

that are only needed for stress response activation, a unique heptapeptide domain 

(CE2) that represses HSF1 activity, and a C-terminal modulator domain (CTM) needed 

for HSF1 binding to atypical HSEs and for regulation of CE2275 (Fig. 50c).  

In contrast, PfAP2-HS is an ApiAP2 protein containing three AP2 domains towards the 

C-terminal end and a pentapeptide repeat-like (PR) domain at the central region (Fig. 

50a). Moreover, we could identify two transmembrane (TM) domains located between 

domains D1-D2 and D2-D3. These TM domains are not predicted by the TMHMM 

algorithm used by PlasmoDB, but many other algorithms identified them (e.g. SPLIT, 

PHOBIUS, OCTOPUS, TMMOD and TOPCONS), although they have not been 
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functionally validated. The presence of two potential TM domains in a transcription 

factor is intriguing, as they may play important regulatory roles.  

 
Figure 50. Schematic of PfAP2-HS and the HSF1 from mammals and yeast. a, PfAP2-HS. The pentapeptide-like 
repeat (PR), the three AP2 domains (D1, D2 and D3) and the predicted transmembrane regions (TM) are shown. b,  
Mammalian HSF1 in which the DNA-binding domain (DBD), the heptad repeat domains (HR-A/B and HR-C), the 
regulatory domain (RD) and the transactivation domain (TAD) are shown. c, Yeast HSF1 (from S. cerevisiae). The 
transcriptional activation domains (AR1 and AR2), the DBD, the HR-A/B, the negative regulatory domain conserved 
element 2 (CE2) and the C-terminal modulator domain (CTM) are shown.  

AP2 domains are typically related with DNA and protein binding, and proteins 

containing these domains are known to be involved in stress response and 

development in plants76,390,391. As protein binding microarrays analysis did not find any 

DNA-binding sequence for AP2 domains D2 and D384, we suggest that these domains 

may rather be related with protein-protein interaction or PfAP2-HS activation. Thus, 

although PfAP2-HS and HSF1 are structurally different, some features could be 

maintained between proteins. For instance, the AP2 domain D1 may be analogous to 

the DBD domain, whereas domains D2 and D3 could play a similar role to domains 

AR1 and AR2 of ScHSF1, only acting during the HSR. Moreover, based on the 

essential role of domain D3 in the HS survival, we suggest that this domain could also 

play an analogous role to the CTM domain of ScHSF1, regulating specific DNA-binding 

(see Discussion, section 2.5.2), or to the HR-A/B domains, mediating protein 

oligomerization only under HS.  

Lastly, although no specific function has been described for the PfAP2-HS PR domain, 

tandem repeats are assumed to facilitate transient protein-protein interactions and 

associate with functional domains, by which they are often involved in adaptation and 

tolerance to environmental conditions392. Hence, the PR domain may be involved in 

complex formation or oligomerization of PfAP2-HS. It may also play a similar function 

to the heptapeptide CE2 domain of ScHSF1393, acting as a negative regulator of 

PfAP2-HS activity. We are aware that these functions are speculative, and biochemical 
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and genetic analysis will be needed to establish the role of the different PfAP2-HS 

domains. 

2.1.2 PfAP2-HS AP2 domain D3 plays a key role in the heat shock response  

PfAP2-HS is characterized by its large size (3,858 aa), the second largest ApiAP2 

protein in P. falciparum. It contains three AP2 domains towards the C-terminal end (D1-

3) and a central PR domain. While domain D1 is predicted to bind to the G-box motif84, 

the role of the other domains (D2 and D3) is completely unknown. By homology to the 

analogous AP2 domains from plants, domains D2 and D3 are also expected to interact 

with DNA or with other proteins, although no DNA-binding motif was identified using 

protein binding microarrays analysis84. However, the identification of a premature stop 

codon mutation (Q3417X) before the AP2 domain D3, which leads to a truncated 

protein that lacks the third AP2 domain (PfAP2-HSΔD3), allowed us to study the role of 

this domain under nonstress and stress conditions. 

This mutation appeared spontaneously and was selected during culture maintenance 

(raising to a ~80% frequency in 3D7-A), suggesting that the lack of D3 offers a fitness 

advantage. Although we couldn’t identify any apparent advantage, we demonstrated 

that D3 is not essential during the IDC under nonstress conditions, as PfAP2-HSΔD3 

parasites can grow and progress throughout the asexual cycle equally to wild types 

with no apparent defect. In contrast, the ΔPfAP2-HS parasite line has lower 

proteostasis capacity, such that they cannot grow efficiently under basal physiological 

conditions. 

However, parasites lacking D3 were more sensitive to heat stress and could not 

activate the protective transcriptional response, indicating that this domain is needed to 

mount a protective response to this stress situation. We observed these phenotypes 

not only in the PfAP2-HSΔD3 lines, but also in the transgenic lines where PfAP2-HS 

was tagged at the C-terminal end. In these cases, bulky tags did not have an effect on 

normal growth under basal conditions, but severely affected HS survival, indicating that 

the proximity of the tag to domain D3 was impairing its role during the HSR. Domain D3 

was also needed for normal survival upon DHA-induced stress at the trophozoite stage, 

when the HSR appears to be mounted. This suggests that parasites can produce a 

PfAP2-HS-dependent protective response to DHA, an antimalarial drug known to 

impair proteostasis378. In contrast, domain D3 played no role in other stress conditions 

induced by compounds such as DTT or H2O2, which lead to ER stress and oxidative 

stress, respectively126,394.  
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Figure 51. Putative roles of the AP2 domain D3 of PfAP2-HS in the HSR. Domain D3 may be involved either in 
DNA-binding (a) or protein-binding (b-d). In this latter case, it could mediate PfAP2-HS oligomerization either directly 
(top) or indirectly (bottom) (b), binding to other activating factors (c) or binding to the core promoter (d). In both 
scenarios c and d PfAP2-HS may play its role either in a dimeric or monomeric manner. PfAP2-HS domain PR (blue 
box) and AP2 domains (yellow circles, numbers stand for D1, D2 and D3) are indicated.  

 

Although our data indicates that the AP2 domain D3 is essential for the stress 

response but dispensable for the basal proteostasis maintenance, the mechanism by 

which it participates in the activation of the HSR still remains unclear. One possibility 

relies on the capacity to bind specific DNA motifs, needed to correctly drive PfAP2-HS 

to its target genes upon HS (Fig. 51a). However, the presence of a Td-Gbox in the 

promoter of the PfAP2-HS-dependent genes suggests that domain D1, rather than D3, 

is mainly involved in the DNA-binding. Another hypothesis is that domain D3 is needed 

for protein-protein interactions during HS (Fig. 51b-d). For instance, it could mediate 

PfAP2-HS dimerization upon HS, either being the oligomerization domain itself or 

helping the interaction of other oligomerization domains. It could also mediate PfAP2-

HS activation by interacting with activator proteins (e.g. kinases) or induce the 

transcriptional enhancer or repressor activity by interacting with factors of the core 

promoter. However, the molecular mechanism by which domain D3 activates 

transcription has not been studied in detail, as this was beyond the objective of this 

thesis and should be subject of future investigations. New transgenic lines with the 

specific deletion of this domain may be used in ChIP-seq analysis to study DNA-

binding defects compared to the wild type. Also, interactions with DNA or other proteins 

may be explored by using recombinant domain D3 in PBMs, electrophoretic mobility 

shift assays (EMSA) or affinity chromatography. 

2.2 Genetic variations in pfap2-hs  

Only a few SNPs have been identified in the human hsf1. Some of the non-

synonymous SNPs are predicted to impair HSF1 structure and function395, whereas 
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others located in intergenic regions such as introns or the 3’ UTR were shown to be 

associated with thermotolerance396.  

Some synonymous and non-synonymous mutations are also described in the pfap2-hs 

gene, as well as in other ApiAP2 family members. Claessens et al. identified three 

premature stop codon mutations that spontaneously appeared in vitro during culture 

adaptation of field samples397. Intriguingly, in this case, the truncation of the protein by 

more than half of its length and a consequent loss of all three AP2 domains similarly to 

our ΔPfAP2-HS line, did not have a growth effect and was even predicted to confer a 

growth advantage during culture adaptation. This result differs from our observations, 

as we showed that ΔPfAP2-HS parasites cannot grow at standard temperature. One 

possible explanation would be that the culture conditions in that study differ from our 

standard conditions (i.e. the actual temperature of the incubators may be below 37ºC), 

but we cannot rule out other possible explanations involving the genetic background of 

the parasites. Future studies with these culture-adapted parasite lines will shed light on 

this apparent discrepancy. 

Regarding the in vivo variability, a study working with a single field isolate from a febrile 

patient found 8 non-synonymous and 1 synonymous modifications in the PfAP2-HS P. 

vivax ortholog (PVX_083040), only one of them affecting an AP2 domain398. However, 

these numbers are not exceptional compared to other genes and can be explained by 

its large size (11,550 bp in the P. vivax ortholog). In fact, in the same study, the AP2 

family of transcription factors presented a variability rate of 3.4 SNPs/kb, lower than 

other polymorphic families such as the SERA family (15.3 SNPs/kb), but higher than 

the median variability of all P. vivax genes (1.5 SNPs/kb)399. In P. falciparum, the 

analysis of the genome of more than 3,000 field isolates (MalariaGEN400) revealed 

more than 200 synonymous and 800 non-synonymous SNPs in PfAP2-HS, although 

many of them have low quality or low frequency within the infection. From these, only 

one of the 3,000 isolates carried a relevant non-sense mutation (C3168X) in a P. 

falciparum infected patient, also resulting in a truncated PfAP2-HS at the C-terminal 

end that lacks D3. The very low frequency of non-sense mutations in PfAP2-HS in the 

field suggest that the fully functional PfAP2-HS may be essential in human infections 

and that this specific C3168X mutation reported in a single patient may correspond to a 

dead-end infection. Although no information is available about this specific patient, the 

presence of such mutation in vivo could be explained if this patient was be afebrile, in 

which case the lack of the AP2 domain D3 is not essential under nonstress conditions. 

However, further characterization of the role of PfAP2-HS in vivo is needed. 



Discussion  

176 
 

The genetic alteration of ApiAP2 transcription factors could result in increased 

expression to new downstream targets, such as drug resistance genes, being a 

possible mechanism of evolution to offer new responses to environmental stress 

conditions. Although the Q3417X mutation had the opposite effect on the parasite, 

impairing the protective HSR, it offered an advantageous phenotype under normal 

conditions, as it was selected during culture maintenance. Other mutations leading to 

increased PfAP2-HS function, for instance, may be relevant regarding DHA and HS 

resistance. Variability in the pfap2-hs coding sequence or regulatory regions should be 

studied in the field to determine if they confer increased PfAP2-HS functionality, and 

thus provide drug resistance markers. 

2.3 PfAP2-HS and HSF1 play a similar role under basal 

and stress conditions 

Despite the structural differences, convergent evolution would have led to an 

analogous role for both PfAP2-HS and HSF1 under stress and nonstress conditions 

(Fig. 52). The transcriptional program driven under each condition is distinct, although 

some target genes may be shared.  

 
Figure 52. Dual role of HSF1 and PfAP2-HS. Comparison of the functions driven by PfAP2-HS in P. falciparum and 
by the HSF1 in mammals261,263 (blue dot), yeast263,276,401 (green dot) and C. elegans273 (red dot). Both roles under 
basal (left) and HS (right) conditions are shown.  
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2.3.1 PfAP2-HS is essential for the HSR 

As regulators of the HSR, both HSF1 and PfAP2-HS induce a transcriptional response 

mainly involving chaperone expression. In mammals, a total of nine genes are 

regulated in an HSF1-dependent manner during the HSR263. These include four 

members of the HSP70 family, an HSP90, three co-chaperones (HSP40 and others) 

and a non-chaperone gene. In S. cerevisiae, most of the ScHSF1 target genes induced 

by HS are also stress response genes, including the orthologs of HSP70, HSP90 and 

small HSPs264,285 (Fig. 52). 

This reduced transcriptional program matches with the response that we reported in P. 

falciparum, where only three genes showed PfAP2-HS-dependent regulations. HSP70 

and HSP90 family members are also represented in the P. falciparum HSR, as well as 

another non-chaperone gene (PF3D7_1421800) (Fig. 52). From these genes, hsp70-1 

showed the highest level of induction, reaching transcript levels up to 17-fold higher 

upon HS than under basal conditions. However, this induction was not detected at the 

protein level during HS or up to 6.5 h after the stress. This discrepancy between mRNA 

and protein levels after heat stress had been already described for HSP70 and HSP90 

in other eukaryotes402,403, although the reason is still not fully understood. Some studies 

proposed that the high hsp70-1 mRNA levels are translated only when the stress is life 

threatening402, while others suggest that mRNA degradation and protein instability is 

accelerated in HS-exposed cells322,404. However, we cannot exclude the possibility that 

this lack of HSP70-1 increased levels may be due to technical issues. 

2.3.2 PfAP2-HS plays a role in other types of stress 

In eukaryotic organisms, HS induces a proteotoxic effect in the cytoplasm, which is the 

signal to activate the HSR. Similar to HS, other types of stress causing a cytoplasmic 

proteotoxic effect also trigger an HSF1-dependent response262. Although it has not 

been described in P. falciparum, the mechanism of stress sensing may be conserved in 

this apicomplexan parasite. Thus, other types of stress affecting Plasmodium 

proteostasis, such as DHA-induced stress, may also involve a PfAP2-HS-dependent 

response. In this sense, we observed that PfAP2-HS is needed to deal with DHA-

induced stress, as parasites lacking a functional PfAP2-HS have lower survival to this 

drug. Whether this transcription factor activates the protective transcriptional HSR 

under DHA stress or it only contributes to a basal proteostasis maintenance is still 

unknown. The increased DHA sensitivity observed in parasites carrying the Q3417X 

mutation in pfap2-hs suggests that the HSR mechanism is also activated in DHA-

induced stress, whereas the high sensitivity of the knockout line suggest that this line 
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was at the edge of proteostasis collapse under basal conditions and any further 

damage was lethal. 

However, we could observe that PfAP2-HS was not associated with survival to other 

types of stress, induced by DTT or H2O2 exposure. One possibility is that DHA and HS 

specifically affect parasite proteome integrity, whereas DTT and H2O2 may also induce 

a severe effect on the erythrocyte. Thus, at low doses they may have a minimal 

proteotoxic effect, whereas at high doses they destroy the erythrocytes infected by 

parasites carrying either wild type or mutated PfAP2-HS, reason why we cannot 

distinguish a PfAP2-HS-dependent response. Another possible explanation relies on 

the type of stress, which is mostly oxidative stress in the case of H2O2 and ER stress in 

the case of DTT, rather than being a cytoplasmic proteotoxic stress such as the 

induced by HS. In fact, DTT is known to activate the UPR in other organisms, which 

differs from the HSR, although they share some components405–407.  

2.3.3 PfAP2-HS is needed for proteostasis maintenance and development 

during the asexual cycle 

In the absence of stress, HSF1 is involved in many other processes related with 

proteostasis, growth, development and metabolism (Fig. 52). In all these cases, the 

transcriptional program activated by HSF1 is different form the one regulated upon HS. 

For instance, HSF1 plays an important role in protein homeostasis maintenance by 

driving basal gene expression of chaperones and proteins involved in ubiquitination 

and proteolysis285. In S. cerevisiae, where ScHSF1 is essential for growth and viability 

under basal conditions, its main essential function relies on the regulation of hsp70 and 

hsp90263,273.  

P. berghei studies attempted without success to disrupt pbap2-hs and reported a 

potential essentiality of this transcription factor for asexual blood stage growth in vivo85. 

Interestingly, we could generate PfAP2-HS knockout parasite lines in vitro, which also 

presented lower expression levels of both hsp70-1 and hsp90, as well as other genes 

related with stress response and protein folding, indicating that the HSF1 role in 

proteostasis maintenance is conserved in PfAP2-HS. In yeast, a comparable 

phenotype was also observed after ScHSF1 inactivation, which led to decreased 

expression of chaperones, followed by proteostasis collapse and cell death at basal 

conditions263. Our Δpfap2-hs lines were also highly thermosensitive, such that standard 

temperature conditions (37ºC) induced lower growth and multiplication, whereas lower 

temperature (35ºC) rescued the normal growth phenotype. This is consistent with a key 

role for PfAP2-HS in regulating proteostasis under basal conditions. 



Discussion 

179 
 

In addition to protein folding, eukaryotic HSF1 participates in development, metabolism 

and protein biogenesis273,285,408. Similarly, we found that PfAP2-HS is involved in 

parasite intraerythrocytic development, impairing normal merozoite formation in the 

mature schizont stages and delaying the asexual cycle. A lower expression of genes 

involved in invasion, metabolism, ribosome formation and translation was found in the 

Δpfap2-hs line, corroborating the important role of PfAP2-HS in the IDC progression. 

This developmental role was also observed in a previous study, where a 50% 

attenuated growth was reported  in parasites presenting a piggyBac transposon-based 

disruption of pfap2-hs409. A similar growth phenotype was described in PfSir2A 

overexpressing parasites, which causes down-regulation of rRNA transcripts linked to a 

decreased growth rate and a lower number of merozoites per schizont410. Interestingly, 

genes involved in ribosomal formation were one of the main affected groups in Δpfap2-

hs parasites.  

PfAP2-HS expression in stage V gametocytes377 and sporozoite-stage parasites 

suggests other roles for this protein beyond the asexual cycle. In P. yoelii, expression 

of the pfap2-hs orthologue was also shown to be up-regulated in salivary gland 

sporozoites and liver stages78. This high expression in sporozoites could be linked to 

the HSR role, as at this stage parasites suffer a dramatic thermal change of more than 

10ºC when they are inoculated in the mammalian host. Nevertheless, the role of 

PfAP2-HS at these stages awaits experimental characterization. 

2.4 Possible mechanisms of PfAP2-HS regulation 

analogous to HSF1  

Although our data shows that PfAP2-HS plays a fundamental role in the HSR, the HS 

sensing mechanism and the downstream events that lead to PfAP2-HS activation are 

still unknown. We can hypothesize that some of the regulatory mechanisms that control 

HSF1 activation may also control PfAP2-HS, but further analyses are needed to 

determine if these mechanisms are conserved in malaria parasites. 

2.4.1 Possible mechanisms of PfAP2-HS activation  

Under nonstress conditions, inhibitory chaperones maintain HSF1 in its inactive 

monomeric form and only a low proportion can trimerize, bind to degenerated HSE 

motifs and drive expression of housekeeping genes273,294. In contrast, increasing 

numbers of denatured proteins induced by heat stress compete with HSF1 for binding 

to inhibitory chaperones, releasing HSF1 and inducing high levels of HSF1 

trimerization. This protein-based mechanism permits to measure all deviations from 
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physiological conditions and acts as a very sensitive and integrative thermometer 

itself411. Upon stress, HSF1 also undergoes several activating PTMs and translocation 

to the nucleus to bind to the canonical HSE and regulate transcription of stress-

response genes. Another model has been proposed in S. cerevisiae. In this case, a 

high proportion of ScHSF1 is constitutively trimeric and bound to DNA279,280, whereas 

HS mainly induces its hyperphosphorylation and change of conformation that lead to a 

more efficient interaction of the factor with other components of the transcriptional 

machinery.  

 

Figure 53. Proposed mechanisms of PfAP2-HS activation upon HS. Based on model eukaryotes, different 
mechanisms could mediate PfAP2-HS activation upon HS. The PfAP2-HS domain PR (blue box) and AP2 domains 
(yellow circles, numbers stand for D1, D2 and D3) are indicated. a, PfAP2-HS may be maintained as a repressed 
form in the cytoplasm (C), and upon HS accumulate in the nucleus (N) and be activated by dimerization and several 
post-translational modifications (PTM) and co-activator factors. b, PfAP2-HS may be constitutively bound to the 
promoter region and activated by PTMs, a conformational change or co-activators. c, PfAP2-HS may be attached in 
the endoplasmic reticulum (ER) membrane by its transmembrane domains. A protease (e.g. S2P) may sense stress 
and cut PfAP2-HS, such that an activated form containing either domain D1 or domain D3 may be released.  

 
In P. falciparum we could not characterize the activation and localization of PfAP2-HS 

due to the impossibility to detect the protein. However, the presence of a nuclear 

localization signal80 corroborates its transcriptional function, although it does not clarify 

whether PfAP2-HS is constitutively located in the nucleus or only translocates to the 

nucleus after activation. Consequently, both yeast and mammalian HSF1 activation 

mechanisms, as well as other unrelated mechanisms, are plausible for PfAP2-HS 

activation. On the one hand, the presence of an upstream identical inverted Td-Gbox 

motif conserved in both hsp70-1 and hsp90 suggests that a dimerization step may be 

involved in the activation of PfAP2-HS, similar to mammal HSF1 trimerization (Fig. 

53a). On the other hand, ATAC-seq data revealed the presence of peaks in the G-box-

containing regions upstream of hsp70-1 and hsp90 under nonstress conditions, 

suggesting that PfAP2-HS may be already bound there, similar to ScHSF1 (Fig. 53b). 

However, these peaks were also observed in the knockout line, indicating that they 
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may not only correspond to PfAP2-HS, but also to other factors attached to these 

promoter regions. As in other eukaryotes, interaction with co-activators, as well as 

phosphorylation and other PTMs may also be involved in the mechanism of PfAP2-HS 

activation. In this sense, a phosphorylation step is also needed to activate the 

constitutive AP2/ERF proteins, the ApiAP2 homologue family in plants412. 

The large size of the PfAP2-HS protein and the prediction of two TM domains located 

between the AP2 domains D1-D2 and D2-D3 also suggest that cleavage may be 

another possible activation mechanism (Fig. 53c). In fact, a previous study proposed 

PfAP2-HS as a putative target protein of the Site-2 protease (S2P, PF3D7_1305600), 

which drives cleavage of membrane-bound transcription factors of the ER413. There is 

not a consensus sequence described for S2P-driven cleavage, but it is known that its 

cleavage site resides inside or near the TM region414. In PfAP2-HS, this cleavage may 

occur in either of the two TM domains. If the protein is cut in the first TM domain, the N-

terminal region of PfAP2-HS would be released, containing the nuclear localization 

signal, the PR and the AP2 domain D1. Instead, if cleavage occurred after the second 

TM domain, only the C-terminal region, containing the AP2 domain D3, would be 

released. In eukaryotes, a similar activation mechanism is observed for ATF6, a 

transcription factor involved in the UPR that is activated by S2P-driven cleavage when 

unfolded proteins accumulate in the ER415,416. Nevertheless, none of the proposed 

activation mechanisms could be studied in our project. 

2.4.2 Proposed mechanisms of PfAP2-HS inhibition 

Different mechanisms inhibit HSF1 under nonstress conditions or during recovery from 

stress. These mechanisms mostly include repression by HSP90 and HSP70, both of 

which are target genes of HSF1284,417. While HSP90 inhibition relies on the ability to 

interact with the HSF1 monomers, HSP70 binds to the TAD domain of HSF1418,419. 

PfAP2-HS also drives expression of hsp70-1 and hsp90, which suggest that a similar 

regulatory mechanism may occur in P. falciparum.  

Another inhibitory mechanism is driven by HSBP1, which interacts with HSP70 and 

also with the trimerization motif HR-A/B of HSF1, thereby negatively regulating 

HSF1288. HSBP1 has been identified in the genome of every organism studied so far, 

except for S. cerevisiae, in which HSF1 is mainly bound to DNA under nonstress 

conditions289. The ortholog of HSBP1 has also been identified in P. falciparum 

(PfHSBP), sharing a 28% sequence identity with the human321. Similar to other 

species, PfHSBP also interacts with HSP70-1 in the cytoplasm321. However, the 
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relevance of HSBP1 in regulating HSF1 activity remains unclear, and a possible role of 

PfHSBP in the regulation of PfAP2-HS has not been studied. 

2.5 DNA-binding motifs that recruit PfAP2-HS under 

basal and heat shock conditions   

Our transcriptional analysis revealed a small subset of genes regulated by PfAP2-HS 

under nonstress or heat stress conditions, although the cis-acting sequence that 

recruits PfAP2-HS in each situation still remains poorly understood.  

2.5.1 Role of the G-box in the heat shock response 

Previous studies identified the G-box motif as the DNA-binding sequence of the AP2 

domain D1 of PfAP2-HS84, and this motif was found to be enriched in the promoter of 

hsp genes using in silico approaches102. Gene reporter assays with the hsp90 promoter 

also suggested an important role for this sequence102. The G-box motif is present in the 

promoter region of more than 500 genes in P. falciparum, including ten chaperones 

and chaperonins. However, our microarray data did not reveal a consistent expression 

pattern of these G-box-containing genes upon HS. While some of them were up-

regulated in a PfAP2-HS-independent manner, others were down-regulated or even not 

altered upon heat stress. Thus, we concluded that the single G-box motif is unlikely to 

act as the DNA-binding motif of PfAP2-HS during HS. 

In model eukaryotes, trimerized HSF1 binds to a conserved triple inverted nGAAn 

sequence268,269. Similarly, in P. falciparum, the fact that a perfect inverted Td-Gbox is 

found upstream of both hsp70-1 and hsp90 genes suggests that this tandem sequence 

may be needed for PfAP2-HS regulation during HS. In contrast, other genes containing 

a similar but less conserved upstream Td-Gbox motif did not show relevant 

transcriptional alterations upon HS, indicating that a highly conserved Td-Gbox motif is 

needed for such regulation. However, we could not directly confirm its essentiality for 

recruiting PfAP2-HS to the promoters of its target genes, as our approach using the Td-

Tomato gene reporter expression driven by hsp70-1 promoter was not successful. 

Despite the impossibility to continue the study in this direction, several lines of 

evidence lead us to propose that the Td-Gbox may play a key role in the HSR. First, 

the presence of a tandem resembles to the architecture of the HSF1 binding sequence, 

formed by three inverted nGAAn motifs268–270. Second, the two only genes in the P. 

falciparum genome with a perfect Td-Gbox are among the PfAP2-HS-induced genes 

upon HS. Third, the AP2 domain D1 preferentially interacts with Td-Gbox, whereas the 

binding affinity substantially decreases in the presence of a single G-box copy in vitro84. 
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Finally, gene reporter assays suggest that both the promoter (containing the Td-Gbox) 

and the 3’ regions of hsp90 are necessary for its expression102. Apart from the Td-

Gbox, PfAP2-HS binding and target gene transcriptional activation may also involve 

other regulatory mechanisms. For instance, further sequences either at the promoter 

region or at the 3’ UTR, as well as the epigenetic context or the subnuclear localization, 

may influence on PfAP2-HS activity. 

2.5.2 Differential DNA-binding under basal or heat shock conditions 

As explained above, HSF1 can perform distinct functions and regulate different 

transcriptional programs under basal and heat stress conditions. In C. elegans, this 

specificity is mainly established by the architecture of the promoter region, in which the 

presence of co-activators (e.g. E2F/DP) and specific HSEs modulate the intrinsic 

affinity of HSF1. In the absence of stress, trimerized HSF1 preferentially binds to 

promoters that have a degenerated HSE and adjacent binding sites for co-activators273. 

In contrast, under HS, HSF1 trimers bind to consensus HSEs in the promoter (Fig. 54). 

 
Figure 54. Proposed PfAP2-HS-binding motifs under basal and HS conditions compared to HSF1-binding 
motifs in C. elegans and S. cerevisiae. Different architectures of the heat shock element (HSE) are described in C. 
elegans and S. cerevisiae and show different affinity to HSF1 under basal and HS conditions. In P. falciparum, the 
single or tandem conformation of the G-box motif may be a regulation layer of PfAP2-HS binding to DNA. The 
tandem G-box motif showed corresponds to the highly conserved sequence found in hsp70-1 and hsp90 promoter 
regions. The conserved GAA and G-box motifs are underlined. R, A or G; N, A or C or G or T. 
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(Fig. 54). Perfect HSEs are high affinity-binding sites for ScHSF1 and are related with 

the constitutive ScHSF1 binding. In contrast, both gap- and step-types are low affinity-

binding motifs, and ScHSF1 is only recruited there when the transcriptional activation 

of the gene is needed. While step-type HSEs are involved in basal constitutive 

transcription and low-level activation, gap-type HSEs are involved in moderate stress-

induced transcription420. ScHSF1 transcriptional activity is induced differently 

depending on the HSE architecture, a process that is regulated by domains AR1 and 
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AR2. Both domains can induce gene expression upon HS when ScHSF1 is bound to a 

perfect HSE upstream, whereas only AR2 can induce the expression of genes with the 

gap-type HSE, such as the hsp90 orthologs277. In addition to the AR2 domain, the CTM 

domain is also needed to mount the HSR, as it regulates the transcriptional activator 

function of ScHSF1 when it is specifically bound to a gap-type HSE. Interestingly, 

alterations in the CTM impair growth at 38ºC but not at lower temperature (28ºC), 

similar to our observations when the AP2 domain D3 of PfAP2-HS is truncated. This 

similitude suggests that D3 may play a regulatory role similar to the CTM domain.  

In Plasmodium, we could not determine the binding specificity for each condition. 

However, our microarray data showed that the PfAP2-HS-regulated genes during HS 

contain an upstream Td-Gbox motif, suggesting that it is needed for the HSR. Based 

on mechanisms described in the other organisms, we suggest that the C-terminal AP2 

domain D3 modulates PfAP2-HS activation (e.g. mediating dimerization) or interaction 

with other proteins (e.g. co-activator or core promoter factors) specifically upon HS. 

However, these models are speculative and based on the HSF1 mode of action. 

Hence, further experimental analyses are needed to decipher the mechanism of gene 

activation by PfAP2-HS under different conditions. For instance, the generation of new 

transgenic lines expressing different PfAP2-HS versions (e.g. lacking domain D2 or 

domain D1) could be used to functionally validate the role of each AP2 domain in the 

HSR. ChIP-seq analysis would be especially valuable to elucidate the differential DNA-

binding specificity among the diverse conditions.  

2.6 Conservation of the role of PfAP2-HS in other 

Plasmodium species 

The PfAP2-HS protein sequence is highly conserved among Plasmodium species, 

suggesting that its function in development and in the HSR may also be maintained. 

We tested this hypothesis in P. berghei, a Plasmodium species infecting rodent.  

Previous studies reported that the ortholog of PfAP2-HS in P. berghei (PbAP2-HS, 

PBANKA_1356000) and P. yoelii (PY17X_1361700) are likely essential in vivo85,90,379, 

consistent with an important role during life cycle progression. We also tried to study 

the role of PbAP2-HS in vivo. Our preliminary results showed that the AP2 domain D3 

may be essential, indicating that a fully functional PbAP2-HS protein is needed in P. 

berghei in vivo infections. This result is in contrast with our P. falciparum in vitro data, 

where the lack of this PfAP2-HS domain was not detrimental and even may confer a 

fitness advantage. While this may reflect difference between Plasmodium species, it 
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may also reflect difference between in vivo and in vitro models, as parasites are 

probably more exposed to environmental variability and stress in vivo than in culture 

conditions. 

Interestingly, P. berghei infection in rats and mice is associated with a fall of body 

temperature (hypothermia) instead of fever421,422. Despite the absence of fever in 

infected mice, the role of PbAP2-HS in regulating the HSR may be maintained as a 

strategy to induce a protective response to other proteotoxic stress conditions. Our 

preliminary data showed that PbAP2-HS mislocalization may result in lower HS survival 

and impaired induction of hsp70-1 expression, indicating that PbAP2-HS is needed to 

drive a protective HSR.  

Despite the high variability observed in these assays, our preliminary results suggest 

that the PfAP2-HS developmental role in the asexual life cycle and its role as the 

regulator of the HSR may be conserved in P. berghei. Further analysis and careful 

optimization of the assays should be performed to determine in detail the role of 

PbAP2-HS in vivo.  
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3 UNANSWERED QUESTIONS AND FUTURE 

PERSPECTIVES 

In this project we have described the mechanism of response to heat stress, a new 

adaptive strategy of Plasmodium parasites that relies on the role of an ApiAP2 

transcription factor to drive the protective transcriptional response. As expected, after 

identifying the first malaria transcription factor driving a directed protective response, 

many new questions about the mechanism of response have arisen. Although we have 

already mentioned many of them, there are still some burning questions and 

unexpected results that remain unclear. Here we summarize the main unanswered 

questions that were beyond the objective of this PhD thesis. 

- Characterization of the role of the domains described in PfAP2-HS. 

Not much is known about the PfAP2-HS mechanism of action. The AP2 domain 

D1 is the only one described to bind to DNA, but the role of the rest of domains is 

poorly understood. Our data shows that domain D3 is essential to drive a 

protective HSR, and some hypotheses have arisen about its putative role. 

However, further analysis focused on the functional characterization of either of the 

AP2 or PR domains must be performed to understand the whole mechanism of 

PfAP2-HS-mediated gene regulation.  

- PfAP2-HS protein detection. 

Despite generating several transgenic lines expressing tagged versions of PfAP2-

HS and PbAP2-HS and using different protein detection strategies, we could not 

detect the proteins. This has been a big obstacle, as it was needed to perform 

many of the planned assays (e.g. IFAs, ChIP-seq, proteomics…). We still unknow 

the reason why we could not detect the proteins. The impossibility to detect them 

in WB analysis could be due to the large size of the protein (~456 kDa). A low 

protein abundance may also explain the impossibility to detect it and may require 

more sensitive methods of protein detection. 

- Mechanism of sensing and PfAP2-HS activation.  

This includes the HS sensing mechanism and the signalling cascade that regulate 

the active or repressed state of PfAP2-HS. Our aim was to perform IFAs to 

analyse putative changes in the subcellular location of PfAP2-HS upon HS. Also, 

we wanted to perform proteomic and phosphoproteomic analysis to identify protein 

interactions and phosphorylation sites involved in PfAP2-HS activation. However, 
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the impossibility to detect the PfAP2-HS protein was a major obstacle for these 

assays.  

- Direct targets of PfAP2-HS and DNA motif. 

We used two different approaches to study the binding of PfAP2-HS to DNA under 

basal and stress conditions. On the one hand, comparative ATAC-seq was used to 

link a chromatin accessibility pattern to the presence of functional PfAP2-HS. 

However, our analysis were only preliminary and new replicates are needed to be 

performed. On the other hand, an approach with transgenic parasites was also 

used to study the role of the inverted Td-Gbox in driving hsp70-1 expression. In 

this case, technical issues affected the normal activity of the hsp70-1 modified 

promoter, entangling the interpretation of the results. Altogether, new experiments 

should be performed to identify the cis-acting element recognized by PfAP2-HS in 

vivo, both under nonstress and stress conditions. Ideally, ChIP-seq and PBMs 

analysis could be used to determine the specific PfAP2-HS DNA binding sites, 

although theses analyses depend on the ability to detect the protein, which has 

been impossible so far.  

- Interaction of PfAP2-HS with the core promoter and characterization of its 

enhancer or repressor activity. 

The molecular changes occurring in the hsp70 promoter driven by HSF1 have 

been characterized in model eukaryotes. In this thesis we have not studied this 

mechanism, although the characterization of the interaction between PfAP2-HS 

and the target core promoter during the HSR will be key to understand the whole 

mechanisms of transcriptional activation during the stress response. 

- Heat shock response at a protein level. 

Although a high transcriptional induction was observed for hsp70-1 upon HS, we 

could not detect an equivalent induction of the HSP70-1 protein. Further analysis 

must be focused on this and determine whether it is due to a technical issue or is a 

characteristic trait of the P. falciparum HSR.  

- Role of PfAP2-HS in other types of stress. 

The role of this transcription factor in the response to stress other than HS is 

unclear. While we determined a link between PfAP2-HS and DHA-induced stress 

resistance, no association was found with DTT or H2O2 resistance. New research 

must determine the types of stress to which PfAP2-HS activates a protective 
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response, as well as the putative link to other known protective mechanisms (e.g. 

UPR). 

- Role of PfAP2-HS in P. berghei. 

All the experiments with P. berghei were performed during a short stay in Dr. 

Billker’s group. The difficulties that arose during transgenic generation and 

adaptation of the HS assay and the impossibility of the team to continue the 

experiments after the stay were a big obstacle to perform all the experiments and 

replicates needed to obtain conclusive results. Thus, more replicates must be 

performed to determine if the role of PfAP2-HS is conserved in P. berghei. Other 

Plasmodium species that induce fever during the could also be studied, such as P. 

knowlesi, which causes malaria in monkeys. 

- Role of PfAP2-HS during human infections. 

We have hypothesized about the importance of the role of PfAP2-HS in field 

infections, highlighting its association with fever and DHA sensitivity. Thus, it would 

be worth to study in more detail the presence of PfAP2-HS mutations in vivo in 

symptomatic patients with fever and under DHA treatment, and to analyse their 

effect in the stress response mechanism.  
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The following conclusions are derived from this doctoral thesis:  

• P. falciparum has an intrinsic capacity to sense heat stress and activate a 

specific transcriptional response similar to other eukaryotes.  

• The eukaryotic HSR is mediated by the transcription factor HSF1, which is 

absent in malaria parasites. In contrast, the P. falciparum HSR is driven by the 

transcription factor PfAP2-HS, a member of the ApiAP2 family. Although it 

structurally differs from the eukaryotic HSF1, they both have an analogous role 

during the HSR.  

• The lack of a fully functional PfAP2-HS impairs the protective HSR and leads to 

a HS-sensitive phenotype characterized by cell growth arrest and death upon 

HS. 

• The PfAP2-HS-dependent HSR includes a small subset of genes (hsp70-1, 

hsp90 and Pf3D7_1421800), for which expression is highly and rapidly induced 

upon HS. Both HSP70-1 and HSP90 are mainly related with protein folding and 

stress response and contain a conserved Td-Gbox motif in their promoter 

region. 

• Heat stress induces a broad range of PfAP2-HS-independent transcriptional 

alterations. Other transcription factors may take part in this HSR, mediating 

parallel mechanisms to PfAP2-HS. Nevertheless, many of the observed 

alterations are associated with cell damage or death, rather than to a protective 

response, and are exacerbated in the absence of a functional PfAP2-HS.  

• PfAP2-HS is also needed for survival to DHA exposure, the frontline 

antimalarial drug.  

• Similar to HSF1, PfAP2-HS plays a basal role under nonstress conditions in 

IDC progression, being essential for the correct parasite development. Its basal 

function is mainly related with proteostasis maintenance, ribosome formation, 

translation, invasion and metabolism. Parasites lacking PfAP2-HS can grow 

efficiently at 35ºC but not at 37ºC, consistent with a key role for PfAP2-HS in 

maintaining proteostasis. 

• The third AP2 domain (D3) of PfAP2-HS is essential for the HSR but 

dispensable for growth under nonstress conditions. 
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• The Td-Gbox motif may be associated with PfAP2-HS DNA binding upon HS, 

although we could not confirm the direct association between the presence of 

the motif and the induction of the target gene expression. The DNA motif of 

PfAP2-HS under basal conditions remains unclear. 

• The dual role of PfAP2-HS in the normal IDC progression and in the HSR may 

be conserved in other Plasmodium species.  
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ANNEX – I: Product references 

Name Complete product name Vendor Reference 

aa-dUTP  AA-dUTP (5-Aminoallyl-dUTP), lyophilized powder, 1mg 
(Biotium) 

Labnet Biotecnica BT-40020-1 

Acetonitrile  Acetonitrile LC-MS Ultra ChromaSolv FLUKA (Sigma) 14261-1L 

Acrylamide 40% Acrylamide/Bis Solution, 37.5:1, 500ml BioRad 161-0148 

Agarose Low EEO agarose (D1) 250g Conda 1070801022 

Agilent gasket  Hybridization Gasket Slide Kit (5) - 8 microarrays per slide Agilent G2534-60014 

Agilent microarray slide Microarrays HD-CGH custom-made  (8X15K), AMADID 
085763 

Agilent G4427A 

Alsever’s Solution Alsever’s Solution Sigma-Aldrich A3551 

Ampicillin Ampicillin sodium salt Sigma-Aldrich A9518-5G 

AMPure XP® Beads Agencourt AMPure XP Beckman Coulter A63880 

AMV reverse transcription kit Reverse Transcription System (100 reactions) Promega A3500 

Anti-3xHA antibody Anti-HA High Affinity, from rat IgG1 Roche 11867423001 

Anti-GFP antibody GFP Polyclonal Antibody Invitrogen A-11122 

Anti-GPA antibody Monoclonal Anti-Glycophorin A,B (α,δ) antibody produced 
in mouse 

Sigma-Aldrich G7650 

Anti-H3 antibody Histone H3 Antibody Cell Signaling 
Technology 

9715 

Anti-HSP70-1 antibody HSP70 (P. falciparum) Antibody StressMarq 
Biosciences 

SPC-186C 

Anti-HSP70-1, monoclonal antibody Anti-HSP70-1 (P. falciparum), monoclonal Kindly provided by J. Przyborsky 

Anti-HSP70-1, polyclonal antibody Anti-HSP70-1 (P. falciparum), polyclonal Kindly provided by J. Przyborsky 

Anti-mouse HRP antibody Anti-Mouse IgG (whole molecule)–Peroxidase antibody 
produced in goat 

Sigma-Aldrich A4416 

Anti-rabbit Alexa 488 antibody Goat anti-Rabbit IgG (H+L) Highly Cross-Adsorbed 
Secondary Antibody, Alexa Fluor 488 

Invitrogen A11034 

Anti-rabbit HRP antibody Goat Anti-Rabbit IgG Antibody, (H+L) HRP conjugate Millipore AP307P 

Anti-rat Alexa 488 antibody Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary 
Antibody, Alexa Fluor 488 

Invitrogen A11006 

Anti-rat HRP antibody Goat anti-Rat IgG (H+L) Cross-Adsorbed Secondary 
Antibody, HRP 

Invitrogen A10549 

APS 10 g, ammonium persulfate (APS) catalyst BioRad 161-0700 

Bromophenol blue Bromophenol Blue sodium salt Sigma-Aldrich B5525  

BSA Bovin serum albumin (BSA), Biowest, 100G Labclinics P6154-100G 

CaCl2 · 2 H2O Calcium chloride dihydrate, for molecular biology, ≥99.0% Sigma-Aldrich C3306 

Carbenicillin Carbenicillin disodium salt (250 mg) Sigma-Aldrich C1389-250MG 

Chloroform Chloroform, contains 100-200 ppm amylenes as stabilizer, 
≥99.5%.  

Sigma-Aldrich C2432-500ML 

Cy3 and Cy5 CyDye Post-Labeling Reactive Dye Pack GE Healthcare RPN5661 

DAPI DAPI, Applichem lifescience AppliChem A4099.0005 

DH5α MAX Efficiency® DH5α™ Competent Cells LifeTechnologies 18258012 

DHA Dihydroartemisinin mixture of α and β isomers, 50mg Sigma-Aldrich D7439-50MG 

DMA N,N-Dimethylacetamide, ReagentPlus®, ≥99% Sigma-Aldrich 185884 

DMF N,N-Dimethylformamide, anhydrous, 99.8% Sigma-Aldrich 227056  

DMSO Dimethyl sulfoxide Sigma-Aldrich D8418-50ML 

DNA-free Kit, DNAse treatment & 
Removal Reagents 

DNA-free™ DNA Removal Kit Invitrogen AM1906 

DNeasy Blood & Tissue Kit DNeasy Blood and Tissue Kit (50) Qiagen 69504 

dNTP mix (for Taq Pol) Deoxynucleotide (dNTP) Solution Mix, 10 mM each NEB N0447S 

dNTP Set (for microarrays) dNTP Set (100 mM) Life Technologies 10297018 

DTT DL-Dithiothreitol, ≥98% (HPLC), ≥99.0% (titration) Sigma-Aldrich D0632-5G 

EDTA EDTA (Acido Etilendiaminotetraacético) PA-ACS, 500g Panreac 131026.1210 

EGTA EGTA for molecular biology Sigma-Aldrich E3889-10G 

Electroporation cuvettes Gene Pulser®/MicroPulser™ Electroporation Cuvettes, 0.2 
cm gap (50 units)  

BioRad 1652086 

Ethanol Ethanol absolute for analysis EMSURE® ACS, ISO, Reag. 
Ph. Eur. (HDPE plastic bottle)  

Merck 1.00983.1011 

Fetal bovine serum (FBS)  Bovine Serum, heat inactivated, New Zealand origin Gibco/Life 26170035 
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GE blocking agent Gene Expression Hybridization Kit Agilent 5188-5242 

GeneRuler DNA Ladder Mix GeneRuler DNA Ladder Mix Life Technologies SM0331 

GFX PCR DNA & gel band 
purification kit 

ILLUSTRA GFX, PCR-DNA AND GEL-BAND 
PURIFICATION KIT, 100 

GE Healthcare 28-9034-70 

Giemsa Azur-eosina-azul de metileno según Giemsa en solución, 
500ml 

Sigma-Aldrich 1092040500 

Glucose D-(+)-Glucose,100g Sigma-Aldrich G8270-100G 

Glutamine L-Glutamine 200mM 100ml Life Technologies 25030024 

Glycerol Glycerol for molecular biology, ≥99%, 500ml Sigma-Aldrich G5516-500ML 

Glycine Glycine, BioUltra for molecular biology, 250g Sigma-Aldrich 50046-250G 

GoTaq GoTaq® Green Master Mix, 1000 Reactions Promega M7123 

H2O2 Hydrogen Peroxide 30% EMSURE® ISO for analysis 
500ml  

Merck Millipore 1.07209.0500 

HCl Hydrochloric acid 37% PA-ACS-ISO Panreac 471020.1611 

Heparin Heparin sodium salt from porcine intestinal mucosa, ≥180 
USP units/mg 

Sigma-Aldrich H4784-1G  

Hepes  HEPES ≥ 99,5% Sigma-Aldrich H3375-250G 

High Capacity cDNA Reverse 
Transcription Kit  

High Capacity cDNA Reverse Transcription Kit  Applied Biosystems 4368814 

Hi-RPM hybridization buffer Gene Expression Hybridization Kit Agilent 5188-5242 

Hydrophobic pen Super PAP Pen, Small Electron Microscopy 
Sciences 

71312 

Igepal CA-630 Igepal® CA-630 for molecular biology Sigma I8896  

Incubator chamber Modular Incubator Chamber Billups-Rothenberg 
Inc 

MIC-101 

In-Fusion In-Fusion® HD Cloning Kit w/Competent Cells Takara 639642 

Isopropanol 2-Propanol, BioReagent, for molecular biology, ≥99% 
(Sigma), 500ml 

Sigma-Aldrich I9516-500ML 

K2HPO4  Potassium phosphate dibasic (K2HPO4) anhydrous for 
molecular biology, BioUltra, ≥99.0% (T) 

Sigma-Aldrich 60353-250G 

KAPA HiFi polymerase KAPA HiFi HotStart ReadyMix Roche KR0370 

KCl Potassium chloride for molecular biology ≥99.0%, 500g Sigma-Aldrich P9541-500G 

Ketamine Anesketin inj. (cd sch 2) 
 

905525  

KH2PO4  Potassium phosphate monobasic, BioUltra, for molecular 
biology, anhydrous, ≥99.5% (T) 

Sigma-Aldrich 60218-100G 

KHCO3  Potassium bicarbonate, ACS reagent, 99.7%, powder, 
crystals or granules 

Sigma-Aldrich 237205 

LA Taq Polymerase LA Taq® DNA Polymerase (125u) Takara RR002A 

LB agar LB agar (Lennox) Conda 1083 

LB broth LB Broth (Lennox) Conda 1231 

LightCycler® 480 SYBR Green I 
Master 

LightCycler® 480 SYBR Green I Master Roche 4707516001 

Maxiprep Qiagen EndoFree Plasmid Maxi Kit (10) Qiagen 50912362 

ß-Mercaptoethanol ß-Mercaptoethanol for molecular biology, 100ml Vidrafoc A1108.0100 

Methanol Methanol (Reag. Ph. Eur.) PA-ACS-ISO, 5l Vidrafoc 131091.1214 

MgCl2·6 H2O Magnesium chloride hexahydrate, ACS reagent, 99.0-
102.0% 

Sigma-Aldrich M9272 

Mice BALB/c mice and Theiler’s original mice Harlan Laboratories, 
UK 

 

Milk powder Milk powder Sveltesse - 600g Nestle 8410100002378 

MinElute PCR purification kit MinElute PCR Purification Kit (250), Qiagen Qiagen 28006 

Mini Trans-Blot® module Mini-PROTEAN Tetra cell with Mini Trans-Blot module BioRad 165-8029SP 

Miniprep QIAprep Spin Miniprep Kit Qiagen (250) Qiagen 27106 

Mini-PROTEAN®  Tetra cell Mini-PROTEAN Tetra cell with Mini Trans-Blot module BioRad 165-8029SP 

Na2EDTA Ethylenediaminetetraacetic acid disodium salt dihydrate, for 
electrophoresis, for molecular biology, 99.0-101.0% 
(titration) 

Sigma-Aldrich E5134 

Na2HPO4 Sodium phosphate dibasic Sigma-Aldrich 71636-250G 

NaAc Sodium acetate anhydrous (DNase, RNase, protease, 
none detected) 

Sigma-Aldrich S2889-250G 

NaCl Sodium chloride, ≥98% (titration), 1kg  Sigma-Aldrich S3014-1KG  
NaH2PO4 Sodium phosphate monobasic, BioReagent, for molecular 

biology, anhydrous, ≥98%  

Sigma-Aldrich S3139-250G 

NaHCO3 Sodium bicarbonate, powder, BioReagent, for molecular Sigma-Aldrich S5761 
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biology, suitable for cell culture 

NaOH Sodium hydroxide, ACS reagent, ≥97.0%, pellets, 500g Sigma-Aldrich 221465-500G 

NEB2 buffer NEBuffer™ 2 NEB B7002S 

NEBNext DNA Library Prep Master 
Mix Set  

NEBNext® DNA Library Prep Master Mix Set for Illumina® NEB E6040S 

Nextera-indexed primers For primer sequences, see Table 37. IDT n/a 

NH4Cl  Ammonium chloride, for molecular biology, suitable for cell 
culture, ≥99.5% 

Sigma-Aldrich A9434  

N-laurylsarcosine N-Lauroylsarcosine sodium salt solution Sigma-Aldrich L7414-10ML 

Nucleocuvette™ Strip 16-well  Inspection Equipment 4D-NucleofectorTM 16-well Strip Lonza AXP-1004 

NuPAGE® Transfer Buffer NuPAGE™ Transfer Buffer (20X) Invitrogen NP00061 

NuPAGE™ 3-8% Tris-acetate precast 
gels  

NuPAGE™ 3-8% Tris-Acetate Protein Gels, 1.0 mm, 10-
well 

Invitrogen EA0375BOX 

NuPAGE™ LDS Sample Buffer  NuPAGE™ LDS Sample Buffer (4X) Invitrogen NP0007 

NuPAGE™ Sample Reducing Agent NuPAGE™ Sample Reducing Agent (10X) Invitrogen NP0004 

NuPAGE™ Tris-Acetate SDS 
Running Buffer  

NuPAGE™ Tris-Acetate SDS Running Buffer (20X) Invitrogen LA0041 

Nycodenz Histodenz, nonionic density gradient medium Sigma-Aldrich  D2158-100G 

Oligo-dT 25-mer primer  n/a IDT n/a 

Optical adhesive film MicroAmp® Optical Adhesive Covers, 100/Pkg Life Technologies 4311971 

Orange G Orange G Sigma-Aldrich O3756-25G 

P3 Primary Cell 4D-Nucleofector  P3 Primary Cell 4D-NucleofectorTM X Kit S Lonza V4XP-3032 

PageRuler Plus™ Prestained Protein 
Ladder 

PageRuler Plus™ Prestained Protein Ladder, Pierce, 2x 
250ul 

Thermo Scientific 26619 

PBS 10x PBS, 10X, pH 7.4 (500ml) Invitrogen 70011036 

PBS 1x PBS DULBECCO'S W/O CA MG 1X (10x500ml) Life Technologies 14190169 

Penicillin/Streptomycin  Penicillin-Streptomycin (10,000 U/mL) Gibco/Life 
Technologies 

1514-0122 

Percoll Percoll 1000ml  GE Healthcare 17-0891-01 

PES 0.22 filters Syringe-driven filters. 30 mm, PES membrane, 0.22µm, 
sterile. 

Jet Biofil FPE-204-030 

PFA (Paraformaldehyde) 16% Paraformaldehyde (formaldehyde) aqueous solution, 
Electron Microscopy Sciences. 10x10ml 

ANAME 
Instrumentación 
Científica 

RT15710  

Phenol:chloroform Phenol:Chloroform pH 6.7/8.0 premixed with isoamyl 
alcohol (25:24:1) 

Amresco 0883-100ML 

Protease inhibitor cocktail Protease inhibitor cocktail for plant, cell and tissuse 
extracts  

Sigma-Aldrich P9599-1ML 

Pierce™ ECL Western Blotting 
Substrate  

Pierce™ ECL Western Blotting Substrate Thermo Scientific 32109 

Plasmodipur Filters Plasmodipur Filters EuroProxima 8011Filter25u    

Polyethylene glycol (MW 400) Polyethylene glycol 400 for synthesis. CAS 25322-68-3, pH 
5 - 7 (100 g/l, H₂O, 20 °C) 

Sigma-Aldrich 8.07485 

Primers For primer sequences see Tables 35 and 36. IDT n/a 

PVDF 0.22 filters Filtration unit Millex-GV; 0,22 µm, PVDF, 13 mm, sterile. Merck Millipore SLGV013SL  

Pyrimethamine Pyrimethamine VETRANAL™, analytical standard Supelco 46706 

Qiagen MiniElute Kit  MinElute Reaction Cleanup kit (50) Qiagen Qiagen 28204 

Qiagen PCR Cleanup Kit MinElute PCR Purification Kit (250), Qiagen Qiagen 28006 

qPCR reaction plates 384-well  MicroAmp® Optical 384-Well Reaction Plate with Barcode, 
Applied Biosystems (50 u) 

Life Technologies 4309849 

qPCR reaction plates 96-well  LightCycler® 480 Multiwell Plate 96 Roche 4729692001 

Random 9-mer primer  n/a IDT n/a 

Rapamycin Rapamycin from Streptomyces hygroscopicus, ≥95% 
(HPLC), powder 

Sigma-Aldrich R0395 

Restriction enzymes NEB AatII, BbsI, BtgZI, EagI, NotI and PvuI restriction enzymes NEB n/a 

Restriction enzymes Takara AflII, BglII, EcoRI, NcoI, NotI, SacII, SalI, SpeI and XhoI 
restriction enzymes 

Clontech n/a 

RevertAid H Minus M-MuLV Reverse 
Transcriptase kit  

RevertAid H Minus Reverse Transcriptase (200 U/µL), 
(Fermentas) 5 x 10,000 units 

Life Technologies EP0452 

RNAse-free DNAse I kit  RNase-Free DNase Set (50) Qiagen Qiagen 79254 

RNAse-free H2O UltraPure DEPC-treated water (4x100ml) Invitrogen 750024 

RNeasy MinElute cleanup kit RNeasy MinElute Cleanup Kit (50) Qiagen Qiagen 74204 

RPMI RPMI 1640 Med Powder 10 litres Life Technologies 51800035 

Custom made RPMI-Albumax RPMI [+]AlbuMAX®-II (041-91762A) Invitrogen 041-91762A 
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RPMI-1640 (25 mM Hepes) RPMI-1640 Medium, with HEPES Sigma-Aldrich 52400-025  

Saponin  Saponin from quillaja bark Sigma-Aldrich S7900-25G 

SDS SDS, 20% Solution, Ambion® molecular biology grade, 
250ml 

Invitrogen AM9820 

Shield1 AquaShield-1 Cheminpharma CIP-AS1-0001 

Sorbitol D-Sorbitol 500g Sigma-Aldrich S3889-500G 

Stellar cells In-Fusion® HD Cloning Kit w/Competent Cells Takara 639642 

Stripping solution Pierce Restore Western blot stripping reagent, 500 ml Thermo Scientific 21059 

SYBR Green Master Mix  Power SYBR® Green PCR Master Mix, 10-Pack (10 x 5 
mL) 

Life Technologies 4368708 

SYBR Safe Sybr Safe DNA gel stain 400 μl Life Technologies S33102 

SYTO11 SYTO® 11 green fluorescent nucleic acid stain - 5 mM 
solution in DMSO 

Fisher Scientific S7573 

T4 ligase T4 DNA Ligase 100U (Roche) Sigma-Aldrich 10481220001 

Taq Polymerase Taq DNA Polymerase (500u) Invitrogen 10342020 

TE Used from "Qiagen EndoFree Plasmid Maxi Kit" Qiagen 50912362 

TEMED N,N,N′,N′-Tetramethylethylenediamine, BioReagent, 
suitable for electrophoresis, ~99% 

Sigma-Aldrich T9281-25ML 

Tn5 Nextera DNA library prep kit Illumina 20018704 

Tris Trizma base, Biotechnology Performance Certified, 
≥99.9% (titration), 1Kg 

Sigma-Aldrich T6066-1KG 

Tris-HCl Trizma® hydrochloride. BioPerformance Certified, cell 
culture tested, ≥99.0% (titration) 

Sigma-Aldrich T5941-100G 

Triton X-100 Triton X-100 non-ionic, viscous liquid Roche 10789704001 

TRIzol Trizol reagent 200ml Invitrogen 15596-018 

Tween-20 Tween 20 for molecular biology Panreac A4974.0250 

Vectashield Vectashield mounting medium, 10ml, Vector Labs. Palex Medical H 1000 

WR99210 WR99210 Jacobus 
Pharmaceuticals 

 

XCell II™ Blot Module XCell II™ Blot Module Invitrogen EI9051 

XCell SureLock™ Mini-Cell 
Electrophoresis System 

XCell SureLock™ Mini-Cell Invitrogen EI0001 

Xylazine Xylacare 2& inj.    1442 

Annex I - Table 1. List of products and reagents used in the thesis. 
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ANNEX – II: Generation and characterization of P. falciparum and P. berghei transgenic lines 

• P. falciparum transgenic lines 

 

 
Annex II - Figure 1. Constructs used to generate Δpfap2-hs lines. Maps of the donor plasmid (pL7-
pfap2hs_KO_sgRNA5’) and the Cas9-containing plasmid (pDC2_wo/hdhfr_pfap2hs_sgRNA3’) used for the deletion 
of pfap2-hs.  

 

 

pDC2_wo/hdhfr_pfap2hs_sgRNA3’pL7-pfap2hs_KO_sgRNA5’
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Annex II - Figure 2. Generation and characterization of transgenic parasite lines expressing an endogenous 
pfap2-hs tagged by a destabilization FKBP domain. a, Map of the pfap2hs_HA-ddFKBP vector used for the C-
terminal tagging of the endogenous PfAP2-HS with a 3xHA epitope and a FKBP destabilization domain (ddFKBP, 
DD). b, Schematic of the single homologous recombination strategy used in the 1.2B background, generating the 
8A_PfAP2-HS::DD and 12E_PfAP2-HS::DD subclones. Primers used for PCR validation are shown by arrowheads. 
c, Analytical PCR validating edition in 8A_PfAP2-HS::DD and 12E_PfAP2-HS::DD. It shows a mixture of parasites 
with correct plasmid integration and wild type parasites in subclone 8A, and correct integration in subclone 12E. d, 
HS survival of the transgenic subclones cultured in the presence (+Shld) or absence (-Shld) of Shield1, using HS-
resistant (1.2B) and HS-sensitive (10G) subclones as controls. e, Transcript levels of hsp70-1 (normalized by serine--
tRNA ligase) after HS exposure or control (37ºC) conditions of the transgenic lines and its controls cultured in 
presence or absence of Shield1. 
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Annex II - Figure 3. Generation and characterization of transgenic parasite lines expressing an endogenous 
pfap2-hs tagged by eYFP at the C-terminal end. a, Map of the Cas9-containing plasmid (pDC2_pfap2hs_sgRNA-
C) and the donor plasmid (pHR-C_pfap2hs_eYFP) used for the eYFP C-terminal tagging of the endogenous PfAP2-
HS. b, Schematic of the CRISPR/Cas9 edition strategy used in the 10E background, generating the 10E_ PfAP2-
HS::eYFP transgenic line. The position of primers used for PCR validation are indicated by arrowheads. c, Analytical 
PCR validating the correct and clean edition of the resultant 10E_PfAP2-HS::eYFP transgenic line. d, HS survival of 
the transgenic line, together with a HS-resistant (10E) and a HS-sensitive (10G) line as controls. e, 
Immunofluorescence assay images detecting the eYFP tag (green) and DNA (DAPI, blue) both in the transgenic and 
parental lines. Bright field (BF) images are also shown. 
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Annex II - Figure 4. Generation and characterization of transgenic parasite lines expressing an endogenous 
pfap2-hs tagged with 3xHA at the C-terminal end. a, Map of the Cas9-containing plasmid 
(pDC2_pfap2hs_sgRNA-C) and the donor plasmid (pHR-C_pfap2hs_3xHA_hsp90-3’) used for the 3xHA C-terminal 
tagging of the endogenous PfAP2-HS. b, Schematic of the CRISPR/Cas9 edition strategy used in the 10E 
background, generating the 10E_ PfAP2-HS::3xHA transgenic line. The position of primers used for PCR validation 
are indicated by arrowheads. c, Analytical PCR validating the correct and clean edition of the resultant 10E_PfAP2-
HS::3xHA transgenic line. d, HS survival of the transgenic line, together with a HS-resistant (10E) and a HS-sensitive 
(10G) lines as controls. e, Transcript levels of hsp70-1 (normalized by serine--tRNA ligase) after HS exposure or 
control (37ºC) conditions of the transgenic line and its controls. e, Immunofluorescence assay images detecting the 
3xHA tag (green) and DNA (DAPI, blue) both in the transgenic and parental lines. Bright field (BF) images are also 
shown. 
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Annex II - Figure 5. Generation and characterization of transgenic parasite lines expressing an endogenous 
pfap2-hs tagged with eYFP at the N-terminal end. a, Map of the Cas9-containing plasmid 
(pDC2_pfap2hs_sgRNA-N) and the donor plasmid (pfap2hs_HR-N_eYFP) used for the eYFP N-terminal tagging of 
the endogenous PfAP2-HS. a, Schematic of the CRISPR/Cas9 edition strategy used in the 10E background, 
generating the 10E_eYFP::PfAP2-HS transgenic line. The position of primers used for PCR validation are indicated 
by arrowheads. b, Analytical PCR validating the correct and clean edition of the resultant 10E_eYFP::PfAP2-HS 
transgenic line. c, HS survival of the transgenic line, together with a HS-resistant (10E) and a HS-sensitive (10G) 
lines as controls. d, Immunofluorescence assay images detecting the eYFP tag (green) and DNA (DAPI, blue) both 
in the transgenic and parental lines. Bright field (BF) images are also shown. 

 

eYFP::pfap2-hs

1,900 bp

Cas9 hdhfr

yfcu

b 

sgRNA-N

eYFP HR2HR1

eYFP

pDC2_pfap2hs_sgRNA-Npfap2hs_HR-N_eYFP
c 

d 

10E_eYFP::PfAP2-HS

10E

e 
α-eYFP DAPI merged BF

1,186 bp

sgRNA-N

10
E

10
G
 

10
E_e

Y
FP::P

fA
P2-

H
S

0

20

40

60

80

100

S
u
rv

iv
a
l H

S
/3

7
ºC

 (
%

)

pDC2_pfap2hs_sgRNA-N pfap2hs_HR-N_eYFPa 

C25 C6

C25 C6

C25/C6



Annex  

238 
 

 
Annex II - Figure 6. Constructs used to generate transgenic lines expressing Td-Tomato under the control of 
different versions of the hsp70-1 promoter. Map of the Cas9-containing plasmid (pDC2_Cas9-hDHFRyFCU-lisp1) 
and the donor plasmid (0/1/2Gbox_hsp70-1_TdT_lisp1) vectors used to integrate the Td-Tomato gene under the 
expression of the hsp70-1 promoter in the lisp1 locus. Different versions of the hsp70-1 promoter were used, either 
containing the wild type tandem Gbox (2Gbox_hsp70-1_TdT_lisp1), only a single G-box of the tandem 
(1Gbox_hsp70-1_TdT_lisp1) or none of them (0Gbox_hsp70-1_TdT_lisp1). Sequences below indicate the presence 
(green) or disruption (red) of each motif of the tandem. 
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• P. berghei  transgenic lines 

 

 
Annex II - Figure 7. Generation and characterization of a knocksideways transgenic parasite line for pbap2-
hs. a, Schematic of the C-terminal FKBP and 3xHA tagging of the endogenous PfAP2-HS in the PbANKA cl15cy1 
clone using a double recombination strategy. The FKBP domain drives the mislocalization of the protein in absence 
of Rapamycin ligand (knocksideways system, KS). The position of primers used for PCR validation is indicated by 
arrowheads. b-c, Analytical PCR validating the edition of the resultant PbAP2-HS::KS transgenic line before (b) or 
after (c) subcloning (subclones c2m2 and c1m3 are shown). C53/C54 primers were used to determine the presence 
of wild type and edited parasites, and C55/C57 primers were used to identify only edited parasites. 
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Annex II - Figure 8. Generation and characterization of transgenic parasite lines expressing an endogenous 
PbAP2-HS tagged with 3xHA at the C-terminal end in P.berghei parasites. a, Schematic of the C-terminal 
tagging of the endogenous PfAP2-HS in the PbANKA cl15cy1 clone using a double recombination strategy. The 
position of primers used for PCR validation is indicated by arrowheads. b, Analytical PCR validating the correct and 
clean edition of the resultant PbAP2-HS::3xHA transgenic line. C53/C54 primers were used to check for wild type 
and edited parasites, and C55/C57 primers were used to check edited parasites.  
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Annex II - Figure 9. Strategy used to obtain transgenic parasites expressing a truncated PbAP2-HS tagged 
with 3xHA at the C-terminal end in P.berghei parasites. a, Schematic of the PlasmoGEM-based cloning strategy 
used to obtain the desired vector. Rec166-RecUp and Rec166-RecDown primers are represented. b, Schematic of 
the transfection vector used to truncate the PbAP2-HS protein (simuating the Q3714X mutation identified in P. 
falciparum) and tag it with a 3xHA, using a double recombination approach in the PbANKA cl15cy1 parasite 
background. The position of primers designed for PCR validation is indicated by arrowheads. 
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ANNEX – III: RT-qPCR validation of microarray analysis 
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Annex III – Figure 1. Reverse transcription-quantitative PCR (RT-qPCR) validation of the transcriptomic 
analysis of the HSR. a, RT-qPCR analysis of transcript levels (normalized against serine--tRNA ligase) of the genes 
in panel a, using biological samples independent from the samples used for microarray analysis. Values are the 
average of triplicate reactions. b, Log2 expression fold-change (FC) (HS relative to control conditions) as determined 
by microarray analysis (Fig. 35) of the genes selected for validation. Two genes had values out of the range 
displayed (actual range: -3.1 to +4.93). 
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ANNEX – IV: Published and unpublished work 

• Work directly derived from the thesis results (unpublished) 

Tintó-Font E., Michel-Todó L., Bozdech Z., Cortés A. An ApiAP2 transcription factor 

drives protection from febrile temperatures in malaria parasites. [Under review] 

• Work not directly derived from the thesis results 

Llorà-Batlle O., Tintó-Font E., Cortés A. Transcriptional variation in malaria parasites: 

why and how. Brief Funct Genomics. 2019 May 22. doi: 10.1093/bfgp/elz009. [Epub 

ahead of print] 

 

Mira-Martínez S., Pickford A. K., Rovira-Graells N., Guetens P., Tintó-Font E., Cortés 
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their uptake by Plasmodium falciparum-infected erythrocytes. Antimicrob Agents 
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Rovira-Graells N., Aguilera-Simón S., Tintó-Font E., Cortés A. New Assays to 

Characterise Growth-related phenotypes of Plasmodium falciparum reveal variation in 

density-dependent growth inhibition between parasite lines. PLoS One. 2016 Oct 
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