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Sumário 

A malária, uma doença causada por protozoários do género Plasmodium, constitui ainda um 

sério problema de saúde no mundo, sendo a causa directa de mais de 650000 mortes todos os 

anos. Após transmissão através da picada de um mosquito Anopheles infectado, os parasitas 

migram da derme do hospedeiro até ao fígado através da circulação sanguínea e, uma vez no 

fígado, atravessam vários hepatócitos antes de infectarem aquele que se tornará a célula 

hospedeira. No interior da célula infectada, cada parasita irá originar dezenas de milhares de 

novos parasitas. A infecção do fígado do hospedeiro vertebrado precede a manifestação 

clínica da doença e é uma etapa obrigatória para o estabelecimento da infecção sanguínea. As 

interacções moleculares entre parasita e hospedeiro têm um papel determinante no 

estabelecimento da susceptibilidade à infecção e, portanto, a identificação de factores do 

hospedeiro relevantes para o desenrolar da infecção é essencial numa perspectiva de 

desenvolvimento de novas estratégias anti-maláricas. 

 

O conhecimento actual sobre a natureza dos factores do hospedeiro que influenciam a 

infecção hepática é ainda rudimentar, apesar do interesse que esta fase da doença tem 

suscitado. Diversos estudos demonstraram que tanto o parasita como o hospedeiro alteram os 

seus perfis de expressão genética durante a fase hepática da infecção. Mais especificamente, a 

expressão de genes envolvidos no metabolismo de lípidos e na síntese de ácidos gordos 

encontra-se aumentada na célula hospedeira e parasita, respectivamente.  Por esta razão, 

colocámos a hipótese de que a infecção hepática poderá alterar substancialmente o perfil 

lipídico da célula hospedeira. 

 

De forma a testar esta hipótese, procedemos à extracção e caracterização por espectroscopia 

de massa do conteúdo lipídico de células infectadas e não-infectadas, previamente separadas 

com base na fluorescência da proteína “green fluorescence protein” expressa pelo parasita 

transgénico P. berghei. Esta análise permitiu identificar alterações consistentes com um 

aumento no metabolismo de armazenamento de lípidos (triglicéridos, esteres de colesterol) e 

síntese de lípidos estruturais (fosfatidilcolina, esfingolípidos, ceramida, esfingomielina) nas 

células infectadas. A fosfatidilcolina destaca-se nesta análise por ser o único fosfolípido que 

não se encontra sub-representado nas células infectadas. O perfil lipídico patente nas células 
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infectadas sugere que os processos de lipogénese, biosíntese de fosfatidilcolina e lipólise são 

essenciais durante a fase hepática da infecção por Plasmodium. Hipoteticamente, estas 

alterações poderão ser mediadas pela célula hospedeira ou pelo parasita, uma vez que este 

possui vias biosintéticas compatíveis com o perfil lipídico observado.  

 

Numa tentativa de discriminar entre estas duas possibilidades, procedemos ao silenciamento 

da expressão de diversos genes necessários para os processos de lipogénese, síntese de 

fosfatidilcolina e catabolismo de lípidos na célula hospedeira. Esta análise demonstrou que a 

biosíntese de novo de fosfatidilcolina é essencial para o desenrolar da infecção hepática, uma 

vez que o silenciamento das enzimas “CTP:phosphocholine cytidylyltransferase 1 alpha 

(PCTY1a)” e “phosphatidylethanolamine N-methyltransferase (PEMT)” reduz drasticamente 

a infecção. Em paralelo, foi possível observar a transferência de análogos de colina e 

fosfatidilcolina da célula hospedeira para o parasita, o que sugere que o parasita utiliza 

fosfatidilcolina sintetizada pela célula hepática. O silenciamento da enzima lipolítica 

“adipose triglyceride lipase (ATGL)” e do seu co-activador “αβ-hydrolase domain containing 

protein 5 (ABDH5/CGI-5)”, bem como da enzima “stearoyl-coenzyme A desaturase 1 (SCD-

1)”, necessária para o processo de lipogénese, tem como consequência uma redução da 

infecção hepática por P. berghei. 

 

Este estudo caracteriza pela primeira vez o repertório lipídico da célula hospedeira durante a 

fase hepática da infecção por Plasmodium e estabelece uma correlação entre diversas vias do 

metabolismo hepático de lípidos e a viabilidade do parasita na célula hospedeira.  
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Summary 

Malaria, a vector-borne disease caused by members of the apicomplexa parasites of the genus 

Plasmodium, continues to pose serious threat to global health whereby it is responsible for 

the death of over 650000 people from about 216 million infections each year (WHO World 

Malaria Report 2011). Upon transmission to the mammalian host by an infected Anopheles 

mosquito, Plasmodium sporozoites exit the dermis of the skin into the blood stream and 

travel to the liver where they traverse several hepatocytes before eventually invading a final 

one. Within the hepatocytes, the parasite undergoes an exponential replication generating tens 

of thousands of blood stage-infectious merozoites. Though clinically silent, a successful liver 

stage infection is the first obligatory step for the onset of a blood stage infection which is 

associated with the clinical manifestations of the disease. A better understanding of the 

molecular mechanisms involved in the establishment of liver stage infection is crucial for 

rational design of vaccines and drugs against the disease.  

Despite intense interest over several decades in studying Plasmodium liver stage infection, 

our knowledge of the role of host factors during this stage of the parasite´s life cycle is 

rudimentary. Previous studies using rodent malaria parasites have revealed that both parasite 

and host genes are transcriptionally modulated during intracellular replication of Plasmodium 

species in hepatocytes (Albuquerque et al., 2009, Tarun et al., 2008). Specifically, a subset of 

genes involved in lipid metabolism in the host (Albuquerque et al, 2009) or fatty acid 

synthesis enzymes of the parasite (Tarun et al, 2008) are up-regulated during infection. Taken 

together, we hypothesized that the lipid repertoire of Plasmodium infected hepatocytes would 

change during infection. 

To address this, total cellular lipids was extracted from Green Fluorescence Protein (GFP)-

expressing P. berghei-infected and non-infected cells that were sorted by Fluorescence 

Activated Cell Sorting (FACS) at different time points after infection. The lipids were 

subjected to shotgun mass spectrometry to identify or monitor which lipid classes change as 

infection progressed. Our analysis revealed enrichment in infected cells of lipid classes that 

represent a typical signature of storage and structural membrane lipid biosynthesis. This 

includes triglycerides (TAG), cholesterol esters (CE), phosphatidylcholine (PC) and the 

sphingolipids; ceramide (Cer) and sphingomyeline (SM). Concomitant with enrichment in 

PC, the levels of all the other major phospholipids are decreased at all time points examined. 
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The lipidomic profile of infected cells is suggestive of an engagement of key elements of 

lipid metabolism such as lipogenesis, PC biosynthesis, and lipolysis. These changes could be 

mediated by the host or P. berghei parasites which do express several enzymes involved in 

lipid biosynthesis.  

In order to decipher the functional relevance of the host cell lipid biosynthetic machinery, as 

indicated by our lipidomic data, to the establishment of a successful infection, we performed 

targeted silencing of host genes involved in lipogenesis, PC synthesis, and lipolytic 

breakdown of stored fat in Huh7 cells. Interestingly, our data shows that upon knockdown of 

host CTP: phosphocholine cytidylyltransferase 1 alpha (PCTY1α) and 

phosphatidylethanolamine methyltransferase (PEMT), key enzymes in de novo PC synthesis 

via the Kennedy pathway and trimethylation of PE to PC, respectively, severely abrogates 

infection. In addition, a possible utilisation of host-derived PC during infection was 

demonstrated using an analogue of choline or PC. Also, knockdown of host lipolytic enzyme 

adipose triglyceride lipase (ATGL) and its co-activator αβ-hydrolase domain-containing 

protein 5 (ABHD5) or comparative gene identification 5 (CGI-5), and lipogenic enzyme 

stearoyl-CoA desaturase 1 (SCD1) greatly impacts P. berghei infection in Huh7 cells.  

This study provides not only the first global picture of the lipid repertoire of Plasmodium 

infected cells but also novel evidence for a connection between different arms of host cell 

lipid metabolic pathways and the establishment of a successful liver stage infection.    
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1. Malaria disease 

Malaria continues to be a leading cause of illness and death globally. In humans, malaria is 

caused by four Plasmodium species; Plasmodium falciparum, P. vivax, P. malariae and P. 

ovale. More recent reports indicate that, P. knowlesi, a species that was known to infect only 

monkeys is now known to infect human populations in South East Asia (Cox-Singh et al. 

2008, Jongwutiwes et al. 2011, Putaporntip et al. 2009). Majority of malaria infections are 

caused by P. falciparum and P. vivax. P. falciparum infections are responsible for most 

severe cases and deaths due to malaria and are localised in tropical regions such as Sub-  

Saharan Africa, South East Asia, and around the Amazon rainforest in South America 

(Gething et al. 2011, Hay et al. 2009) (Figure 1).  

 

 

On the other hand, infections due to P. vivax are common in south East Asia and most 

endemic countries in the Americas. P. malariae infections usually occur in areas endemic to 

P. falciparum but with very low incidence. (RPM report 2011). Globally, an estimated 3.3 

billion people, spanning about 106 countries, were at risk of malaria in 2010, with about 2.1 

billion living in regions of low risk and 1.2 billion at high risk. Of these, an estimated 216 

million episodes of malaria were recorded during this period globally with the Africa region 

bearing the brunt of the disease; of the over 650000 deaths reported annually worldwide, 

about 91% occur in the Africa region, with most of the cases occurring in children under the 

age of 5 (WHO world malaria report, 2011). However, these reports have been challenged 

very recently by a study conducted by Murray and colleagues, 2012, suggesting about a two-

Figure 1. Global spatial distribution of P falciparum malaria endemicity. P. falciparum annual mean parasite rate 

(PfPR)-proportion of individuals infected at a given time, within stable transmission. Endemicity is confined mainly to 

Sub-saharan Africa.  Adapted from Gething et al, 2011. 
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fold increase in the number of deaths due to malaria globally and a similar factor of increase 

in those registered in Africa. Their report also stated that adults and children above 5 years 

are also badly affected by the disease (Murray et al. 2012).  

Despite being home to the bulk of stable transmission, there exist huge disparities in 

epidemiological settings and control strategies among African countries, thus resulting in 

different stable transmission dynamics across the continent; low stable transmission in the 

east to high stable transmission in west and central regions. Noteworthy is the fact that most 

countries in the West Africa sub-region have the highest malaria transmission rates in the 

Africa region (Figure 1). 

As an example to illustrate malaria endemicity and impact of the disease in west/central 

Africa sub-region, a recent report released in 2011 for 2010 by Cameroon´s National Malaria 

Control Programme (NMCP).  

 

 

 

 

 

 

 

 

Malaria was responsible for 36% of medical consultations with 62.2% of malaria cases being 

uncomplicated, with 38% morbidity among pregnant women and 24% of death recorded in 

hospitals, 67% of these occurring in children under the age of 5. This was recently echoed by 

WHO world malaria report for 2011, indicating that of a total population of around 20 million 

people, the entire country is at risk of malaria, with nearly three quarters at high stable 

transmission risk and the remaining at low stable transmission risk with Plasmodium 

falciparum as the main parasite (Figure 2).  

Figure 2. Malaria transmission 

pattern in Cameroon. More than 

three-third of the population are at 

high stable risk of transmission. 

Infections occur all-year round. 

Adapted from WHO World 

Malaria country Report, 2011. 
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1.1 Symptoms and diagnosis 

The main common symptoms associated with malaria involve periodic fever and chills, 

cerebral convulsions due to cerebral malaria, severe anemia, loss of foetus due to stillbirths 

(Miller et al. 1994). 

The standard malaria diagnostic test involves staining of blood films with diluted Giemsa 

solution. In addition, other microscopy techniques utilise fluorescence dyes such as acridine 

orange (AO) and benzothiocarboxypurine (BCP), both of which have high affinity for nucleic 

acid in the parasite nucleus and would emit fluorescence upon excitation at 490nm.  

However, in recent years, other non-microscope techniques have been developed such as 

PCR-based amplification of parasite antigen, or immunochromatographic rapid diagnostic 

tests (RDT) to detect abundant parasite proteins from blood (reviewed in (Moody 2002). 

 

1.2 Treatment and prevention 

Following the emergence and spread of chloroquine-resistant P. falciparum in the eighties 

and nineties, the WHO recommended first-line of treatment for uncomplicated malaria are 

Artesunate plus amodiaquine and Artemether or Quinine are used for severe malaria. In most 

endemic regions of, of the entire population that are risk to Plasmodium infections, only 

about 40% that get sick are potentially treated with Artemisinin-based combination therapy 

(ACT) alone, and the majority with other antimalarial medicines. 

The main intervention strategies in controlling the disease involve the use of insecticide 

treated bed nets (ITN)/Long Lasting Insecticide Treated Nets (LLINs), Indoor Residual 

Spraying (IRS), and Intermittent Preventive Treatment for pregnancy (IPTp). It is important 

to emphasize here that, the major strides made in reducing the incidence of malaria in 

endemic regions has been hugely attributed to the implementation of one or a combination of 

these control strategies, thanks to enormous financial support from donor countries and other 

international funding agencies. 

In addition, other preventive measures in place involve the use of chemoprophylaxis to 

interfere with blood and liver stages of Plasmodium infections. The main prophylaxes include 

atovaquone-proguanil, chloroquine, mefloquine, doxycycline, and primaquine. Of these, only 
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primaquine and atovaquone-proguanil acts on hepatic schizonts of all human malaria species. 

In addition, primaquine is uniquely active in killing dormant forms (hypnozoites) of P. ovale 

and P. vivax, which can relapse and cause onset of second round of clinical malaria. Together 

with mefloquine, doxycycline, and chloroquine, atovaquone-proguanil also acts on the blood 

stage schizonts of all species, thus preventing clinical onset of disease (Freedman 2008).  

Despite the discovery of the causative agent of malaria over a hundred years ago, dreams for 

an efficacious vaccine against this deadly disease have only been recently rekindled after a 

recent report of an efficacy of over 45% protection against severe malaria from phase 3 trials 

of a recombinant vaccine, RTS,S/AS01, in Africa children (Agnandji et al. 2011). 

 

In the human host, the life cycle of Plasmodium species, the causative agent of malaria is 

characterised by two stages: an intra-hepatocytic stage in the liver and blood stage in red 

blood cells (RBC). All the clinical signs and symptoms associated with the disease occur in 

the blood stage while the liver stage is asymptomatic. A better understanding of the 

molecular mechanisms of pathogenesis is necessary for the development of drugs and 

vaccines against this disease. Below, I present an overview of the peculiarities of the 

Plasmodium life cycle which involves vertebrate and invertebrate hosts. 

 

2. Plasmodium species, vectors, and their life cycle 

Apicomplexan parasites belonging to the genus Plasmodium are of great medical significance 

as they are known to pose serious threat to public health systems globally (Greenwood et al. 

2005). Of the over 5000 Plasmodium species that exist, only five are known to cause 

infections in humans (see section 1.1). However, our knowledge on the basic biology of the 

disease has been obtained mainly from the use of rodent malaria parasites- P. berghei, P. 

chabaudi and P. yoelii- and avian- P gallinaecium, whose entire life cycles can be 

recapitulated in the laboratory. 

Malaria parasites are transmitted from one individual to another by arthropods belonging to 

the genus Anopheles. Of the over 45 Anopheles species that exist across Africa and many 

other malaria endemic regions, 14 of them are known to be capable of transmitting malaria, 



Introduction 

12 

 

with the most common and efficient vector species being Anopheles gambiae, Anopheles 

arabiensis, Anopheles funestus, Anopheles nili and Anopheles moucheti (Fontenille and 

Simard 2004). Because of disparities in eco-systems across the region, differences may exist 

in the type of species that are predominant in transmitting the disease in different localities 

(Antonio-Nkondjio et al. 2005, Bigoga et al. 2007, Tanga et al. 2010, Wanji et al. 2003). 

Plasmodium parasites exhibit a characteristic life cycle involving vertebrate and mosquito 

hosts, each harbouring very distinct transformation stages crucial in the pathogenesis and 

transmission of the disease, respectively. In the mammalian host, the life cycle is composed 

of an exo-erythrocytic liver stage and an erythrocytic stage occurring in RBCs (Figure 3).  

 

 

 

 

Figure 3. Schematic representation of Plasmodium life cycle. (A): Deposition of salivary gland sporozoites into the 

dermis. (B): sporozoites exit the dermis into the blood stream and travel to the liver sinusoid. (C): Sporozote traverses 

several hepatocytes before arresting in a final host cell. (D): Parasite differentiates into tens of thousands of merozoites. 

(E): merozoites are released into the blood stream as merozomes. (F): merozoites infect red blood cells and replicate to 

generate 10-30 daughter merozoites. (G): some merozoites differentiate into sexual forms, gametes. (H): Sexual forms 

are ingested by a mosquito during a blood meal and undergo fertilisation in the midgut. (I): after sporulation, sporozoites 

are ready to be ingested into a new host during the next blood meal.     
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Though clinically silent, a successful liver stage infection is a pre-requisite for the 

establishment of symptomatic blood stage infection (Prudencio et al. 2006). Following 

injection of Plasmodium sporozoites into mammalian hosts by an infected female Anopheles 

mosquito during a blood meal, the sporozoites travel through the blood stream to the liver 

where they traverse several hepatocytes before eventually invading the final one with the 

formation of a parasitophorous vacuole (PV) (Mota et al. 2001). Within the target cell, the 

parasite undergoes extensive replication; producing tens of thousands of infectious 

merozoites, which when released from the host cell will initiate a blood stage infection. Upon 

invasion of an erythrocyte by a merozoite, the parasite undergoes replication producing 10-30 

merozoites, which upon rupture of the infected cell, are released into the blood stream. These, 

go on to re-invade other RBC. After several cycles of replication in RBCs, some merozoites 

can differentiate and undergo gamtogenesis to produce sexual forms. These are released into 

the blood circulation upon rupture of infected cells and can be ingested by a female 

Anopheline mosquito during a blood meal. The remaining segment of the parasite´s life cycle 

occurs within the mosquito host; fertilisation of gametes and subsequent developments within 

the mosquito results in the production of infectious sporozoites which when present in the 

salivary glands are ready for injection/transmission to an individual during the mosquito´s 

subsequent blood meal (Figure 3). 

                                                     

2.1 Erythrocytic infection 

2.1.1 Host cell invasion and intracellular development 

Upon completion of liver stage infection, merozoites are released into the blood stream to 

initiate RBC infection. Infection of RBCs by Plasmodium merozoites occurs through a tightly 

regulated process common to members of the phylum Apicomplexan. Binding of merozoites 

to erythrocyte is mediated by a wide range of ligands on the merozoite surface, mainly 

proteins belonging to Duffy Binding-like (DBL) and reticulocyte binding homolog (Rh) 

families, with several proteins on RBCs, reviewed in (Cowman and Crabb 2006, Kappe et al. 

2010). Upon binding, invasion of host cell is mediated by proteins that are stored in apical 

organelles, hence the name Apicomplexan. The process proceeds as follows: (1) attachment 

of merozoites to the surface of RBCs via parasite surface protein, MSPs, in a low-affinity 

reversible binding, (2) re-orientation and apical attachment with the erythrocyte membrane 
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through the involvement of a micronemal protein, AMA1 (Triglia et al. 2000), (3) apical 

discharge of secretory organelles and tight junction formation between the parasite and host 

cell plasma membrane. Once formed, the tight junction moves from the apical to the posterior 

end through actin-myosin machinery. This movement propels the parasite forward into host 

cell leading to the formation of a parasitophorous vacuole (PV), (reviewed in (Carruthers and 

Blackman 2005, Cowman and Crabb 2006).  

Upon entry into the cell, in order to develop, the parasite initiates an extensive remodelling of 

the host cell, which is void of any protein synthesis machinery, into a convenient 

environment suitable for survival and replication, culminating in the generation of 10-30 

merozoites at the end of schizogony over a very short time. Asexual development in 

erythrocytes involves several stages: rings, trophozoites, and schizonts. A key feature of host 

cell remodelling includes the formation of Maurer´s cleft. This connects the parasitophorous 

vacuole/parasitophorous vacuole membrane to the erythrocyte surface and plays a major role 

in protein trafficking and the appearance of tiny protrusions called knobs, which mediate 

adherence of infected cells to the vascular endothelium (Crabb et al. 1997). Infected cells-

vascular endothelium interaction in the brain is the hallmark of cerebral malaria, which is the 

leading cause of death in children. The main proteins in Knobs are knobs associated 

histidine-rich proteins (KHARP) and erythrocyte membrane protein 1 (EMP1) with the later 

exhibiting high antigenic variability (Crabb et al. 1997) and highly implicated in the 

pathogenesis of the disease. Also, an important characteristic of asexual development in 

erythrocytes is the catabolism of haemoglobin in the food vacuole of the parasite in order to 

generate amino acids which its uses for protein synthesis, with a resultant release of a toxic 

metabolic product, heme (reviewed in (Tilley et al. 2011)). Heme is converted into an inert 

crystalline product called hemozoin which gets sequestered in the food vacuole (reviewed in 

(Hanscheid et al. 2007). 

 

2.1.2 Host cell Egress 

An intra-erythrocytic merozoite undergoes several rounds of mitotic replication to generate 

10-30 merozoites per infected erythrocyte. For progression of blood stage infection to occur, 

mature merozoites must be released from infected cells to continue the cell. Earlier studies by 

(Wickham et al. 2003), showed that rupture of infected cells proceeds through a two step 
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process, starting with the rupture of the PVM and followed by the rupture of the host cell 

plasma membrane. More specifically, (Yeoh et al. 2007), further showed that a parasite-

encoded serine protease called PfSUB1 (Plasmodium falciparum subtilisin 1) was highly 

expressed at late blood schizogony and was released into the PV just prior to PV and 

erythrocyte membrane rupture. PfSUB1-mediated PV and PVM rupture occurred via 

activation of SERA proteins (Yeoh et al. 2007). Upon release from host cells, the merozoites 

re-invade other red blood cells. After several rounds of replication in erythrocytes, some of 

the merozoites differentiate into sexual forms called gametocytes. 

 

2.2 Mosquito stages: where the mix happens 

During a blood meal from an infected individual, gametocytes are ingested alongside blood 

into the mosquito midgut lumen where they are activated to form male and female gametes 

(Figure 4A) which undergo fertilisation to produce zygotes (Figure 4B). The resultant zygote 

undergoes further transformation to form ookinete (Figure 4C). This is the first motile and 

invasive stage of the parasite in the mosquito, with invasion and migratory capabilities akin 

to those observed during cell transmigration in liver stage infection with sporozoites. The 

ookinete traverses several epithelial cells and eventually forms an oocyst (Figure 4D) which 

becomes immobile in the extracellular lumen. This then undergoes extensive replication 

within the lumen, usually 10-14 days, leading to the production of thousands of sporozoites. 

Upon egress from the oocyst, the sporozoites are transported in the hemolymph to the 

salivary glands where they attach and invade through the basal lining of the salivary glands 

(Figure 4E). Upon arrival at the salivary gland, sporozoites reside in salivary cavities where a 

good proportion of them have been shown to display three patterns of locomotion; back-and-

forth, without change in displacement, circular manner, and straight (Frischknecht et al. 

2004). Upon colonization of the salivary duct during salivating, a great proportion of the 

sporozoites also display characteristic motility patterns (Frischknecht et al. 2004), and are 

ready to be injected to the mammalian host (reviewed in (Aly et al. 2009). While in the 

salivary glands, very recent data has shown that Plasmodium sporozoites are held in a 

developmentally quiescent state by Pumilio-2(Puf2), a member of the RNA binding protein 

family PUF. In the absence of Puf2, salivary glands sporozoites undergo morphological and 

transcriptional changes akin to early intra-hepatic EEFs (Gomes-Santos et al. 2011). 
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2.3 Deposition in the skin and migration to the liver 

Transmission of malaria to vertebrate host is initiated at the skin during a blood meal of an 

infected Anopheline mosquito which contains sporozoites in the salivary glands (Ponnudurai 

et al, 1991).  Several decades ago, it was only known that upon injection of sporozoites into 

the skin, the sporozoites would travel through the blood circulation to the liver where they 

infect hepatocytes and differentiate into blood-infectious form. Recent advances in imaging 

technologies and availability of a suitable rodent malaria models, have aided greatly in the 

description of events that occur after inoculation of sporozoites into the dermis. It has been 

previously demonstrated that sporozoites injected into the skin remain at the injection site for 

at least 5 minutes before migrating to the blood vessels to enter the blood stream and journey 

to the liver (Matsuoka et al. 2002, Sidjanski and Vanderberg 1997). More recent intravital 

Figure 4. Fertilisation and differentiation of malaria parasites in the mosquito host. Gametes (A) ingested with a 

blood meal from an infected individual undergo fertilisation in the midgut to form zygotes (B). The zygotes undergo 

meiosis and form ookinetes (C). The Ookinetes go through the peritrophic matrix of the midgut, enter the apical end of 

the epithelium and traverses several epithelia cells before arriving at the basal epithelial surface. Here, they form oocysts 

(D) which undergo sporogony to form thousands of sporozoites, which upon egress from the sporoplast travel in the 

hemolymph to reach the salivary gland. (E): Sporozoites attach to acinar cells and traverse into the salivary gland ducts 

where they´re ready to be transmitted to an individual during a subsequent blood meal (F). Adapted from Aly, AS et al, 

2009. 
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microscopy studies elegantly demonstrated that sporozoites injected into the dermis can glide 

and migrate through the dermis (Vanderberg and Frevert 2004), and can also traverse skin 

cells (Amino et al. 2008), before exiting into the blood stream, with a significant number of 

them leaving after 30 minutes of inoculation (Figure 5).  

 

 

 

 

 

 

 

 

Detailed quantification revealed that of the bulk of sporozoites that are inoculated into the 

dermis, about half of them remain in the bite-site, one-third eventually reaches the liver to 

undergo exo-erythrocytic developments in hepatocytes, and roughly about 15% end up in the 

lymph nodes where they are eliminated (Amino et al. 2006). Furthermore, of the residual 

sporozoites at the bite-site, some can invade skin cells and undergo complete development 

into merozoites as it occurs in the liver (Gueirard et al. 2010). Still, these parasites do not 

seem to be able to initiate malaria infection (Voza et al. 2012). Visualisation of EEFs in the 

skin of infected mice seems to be re-echoing the consideration of a `skin stage`in the malaria 

life cycle, as was previously suggested by Matsuoka and colleagues, 2002.     

Once sporozoites enter the peripheral blood circulation at the inoculation site, they travel 

within a few minutes to reach the liver where they invade their target cells, hepatocytes (Shin 

et al. 1982) and replicate into tens of thousands of blood-stage infectious merozoites. The 

liver architecture as shown in Figure 6 is composed of a sinusoidal cell layer which is made 

up of endothelial and Kupffer cells and is separated from the hepatocytes by the Space of 

Disse. Following the report by Shin and colleagues (Shin et al. 1982), it was generally 

believed that Plasmodium sporozoites directly infect liver hepatocytes once they reach the 

liver. However, subsequent studies over the last two decades have elegantly demonstrated 

that is not the case. In fact, upon arrival at the liver, the sporozoites are initially arrested at the 

Figure 5. Deposition of sporozoites into the 

dermis of the vertebrate host. During a blood 

meal, an infected Anopheline mosquito injects 

sporozoites (in green) into the dermis of the skin. 

The sporozoites migrate in the dermis and exit into 

the blood capillaries, wherein they travel to the 

liver sinusoids. Adapted from Prudencio et al, 

2006. 
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sinusoids via specific interactions of parasite surface proteins; circumsporozoite protein 

(CSP) and thrombospondin-related adhesive proteins (TRAP) with heparin sulfate 

proteoglycans (HSPG) of the liver cells (Coppi et al. 2007, Frevert et al. 1993, Robson et al. 

1995), with differences in the degree of binding to kupffer cells, stellate cells and hepatocytes 

(Pradel et al. 2002). The degree of binding of TRAP and CS is highest for hepatocytes 

because they are enriched in HSPG than the other cell types in the liver.  Binding of CS is 

mediated via specific interaction of a conserved a domain on the carboxyl terminal named 

region II-plus with sulfated residues on HSPGs (Sinnis et al. 1994). Subsequent studies by 

Coppi and colleagues have demonstrated that the binding of HPSGs on hepatocytes to 

Plasmodium sporozoites signals the parasite to switch from a `migratory mode` to an 

`invasive mode`. Switching involves proteolytic cleavage of CSP and exposure of a 

thromspondin-spanning region (TSR) (Coppi et al. 2005, Coppi et al. 2007, Coppi et al. 

2011) and induction of parasite calcium-dependent protein kinase signalling. Once arrested at 

the liver sinusoids the sporozoite glide over and transmigrate through Kupffer cells 

(stationary liver professional macrophages), sometimes with the formation of a non-fusogenic 

vacuole (Pradel and Frevert 2001) before invading a final target hepatocyte (Figure 6).      

                          

 

 

 

 

 

 

 

 

 

2.4 Invasion of hepatocytes 
Figure 6. Attachment and traversal of sinusoidal layer by sporozoites. Sporozoites travel in the blood and arrive at 

liver sinusoid. They attach to heparin sulphate proteoglycans (HSPG) extending from hepatocytes and stellate cells, and 

transmigrate through kupffer cells in the Space of Disc before invading hepatocytes. Adapted from Prudencio and Mota, 

2007. 

SPACE OF DISSE 
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Upon exit from Kupffer cells and the Space of Disse, Plasmodium sporozoites traverse on 

average 4-5 hepatocytes, sometimes resulting in damage and leakage of the plasma 

membrane of traversed cells (Mota et al. 2001). Subsequent studies by Mota and colleagues 

(2002), suggested that cell-traversal activates sporozoites, thus preparing them for final host 

cell invasion. However, this hypothesis was later challenged by studies conducted by Ishino 

and colleagues (Ishino et al. 2004) using P. berghei sporozoites deficient in a micronemal 

protein named Sporozoites microneme protein essential for cell traversal (SPECT). SPECT-

deficient sporozoites lack cell traversal ability but still invade hepatocytes normally in vitro 

like the wild-type. In addition, SPECT-mutants exhibit greatly reduced infectivity in vivo. 

However, this defect could be reverted to wild type levels upon depletion of kupffer cells, 

thus suggesting that traversal is required for passage through Kupffer cells in liver stage 

infection by Plasmodium species. In addition to SPECT mutants, Kariu and colleagues (Kariu 

et al. 2006), have also described another micronemal protein, cell traversal protein of 

Plasmodium ookinetes and sporozoites (CelTOS), to be essential for liver stage infectivity 

and ookinete migration through the midgut epithelium. That notwithstanding, very recent 

studies by Coppi and colleagues (Coppi et al. 2011), supports the notion of activation of 

sporozoites by migration but alludes this activation to processing of CSP by a protease whose 

activity exposes the TSR domain of CSP thereby causing sporozoites to stop migrating and 

invade a target cell.  

Invasion of hepatocytes by Plasmodium sporozoites occurs via invagination of host plasma 

membrane, which results in the formation of a parasitophorous vacuole whose membrane, the 

PVM, is host cell-derived (Lingelbach and Joiner 1998). Previous studies by (Carrolo et al. 

2003, Leiriao et al. 2005), showed that migration of sporozoites through hepatocytes induces 

the release of hepatocyte growth factor (HGF) from traversed cells which renders 

neighbouring cells susceptible to infection and protects them from undergoing apoptosis; 

through activation of a HGF/MET signalling cascade in the host cells. However, a recent 

follow-up study conducted by Kaushansky and Kappe (Kaushansky and Kappe 2011) 

cautions against generalisation of the effect of HGF/MET signalling on liver stage infection 

across Plasmodium species; HGF/MET signalling was observed to be crucial only for P. 

berghei infection but not for P. yoelii nor P. falciparum infections. In addition, infected cells 

are also reported to over-express heme oxygenase 1(HO-1), an anti-inflammatory enzyme, 

which serves to protect them from inflammatory insults (Epiphanio et al. 2008). On the other 
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hand, Torgler and colleagues (Torgler et al. 2008), showed that cytosolic factors that are 

released from traversed cells activate NF-κB expression in neighbouring cells and controls 

infection via apoptosis. NF-κB is the main host regulator of inflammatory response 

controlling the transcription of several genes involved in processes such as apoptosis and 

survival. However, like other protozoan parasites such as Trypanosoma cruzi, the causative 

agent of chegas disease (Monteiro et al. 2001), P. berghei parasites express a cysteine 

protease inhibitor named PbICP (P. berghei inhibitor of cystein protease) (Rennenberg et al. 

2010). PbICP is released by sporozoite during invasion of hepatocytes, accumulates within 

the PV, and is released during late liver stage at which point its acts as a potent inhibitor of 

cathepsin-like cysteine proteases of the host and parasite, thus preventing premature apoptotic 

programmed host cell death (Rennenberg et al. 2010).  

Efforts during the last decade have identified two key molecules on the surface of 

hepatocytes, namely tetraspanin `cluster of differentiation` 81 (CD81) and scavenger receptor 

B1 (SR-B1), that regulate permissiveness of hepatocytes to Plasmodium sporozoites, though 

no direct binding between these molecules and sporozoites has been yet observed (Rodrigues 

et al. 2008, Silvie et al. 2003, Yalaoui et al. 2008). While SR-B1 mediates cellular uptake of 

cholesterol ester from high-density lipoproteins, CD81 aggregates into proteo-lipidic 

membrane micro-domains that associates with cholesterol to enhance the function of surface 

proteins. Thus, SR-B1  availability indirectly affects CD81 levels on the surface of 

hepatocytes (Yalaoui et al. 2008).   

                                  

2.4. Intra-hepatocytic development, merozoite formation, and release.   

Upon residence in host hepatocytes, Plasmodium parasites undergo extensive replication 

generating tens of thousands of RBC-infective merozoites from a single salivary gland 

infective sporozoite (reviewed in (Prudencio et al. 2006). This multiplication step stakes 2-16 

days, depending on the Plasmodium species, before appearing in blood circulation. For 

example, in the case of rodent malaria, this pre-patent period takes 2 days after inoculation of 

sporozoites. 

Intra-hepatocytic development is accompanied by huge morphological transformations 

(reviewed in (Graewe et al. 2012) (Figure 7) as follows: Stage A: trophozoite: 0- 20 hours 
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after infection, the parasite maintains a single nucleus, with a single apicoplast and 

mitochondrion. Stage B: schizont: soon after the trophozoite stage, the parasite undergoes 

extensive rounds of nuclei division generating tens of thousands of merozoites with a 

concomitant rapid increase in size, paralleled by highly intertwined branched structures of the 

apicoplast and the mitochondrion. Stage C: cytomere: at the end of nuclei division, the 

plasma membrane of the parasite invaginates partitioning the cytoplasm into several spherical 

units. Stage D: at the end of apicoplast and mitochondria fission, merozoites are formed and 

are released into the host cell upon disintegration of the PVM. Towards the end of PVM 

breakdown, the parasite induces host cell death and detachment (Figure 7). 
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Figure 7. Intracellular development and organelle differentiation of sporozoites in hepatocytes. Upon host cell 

invasion, Plasmodium parasites differentiate to generate tens of thousands of merozoites from a single infected cell. Main 

stages of differentiation include A: Trophozoite (0-20hpi), B: Schizont (20-36hpi), C: Cytomere (40-44hpi), D: PVM 

breakdown and release of merozoites into the cytoplasm. Sequence of morphological changes: A: parasite possesses a 

single apicoplast and mitochondria, B: extensive replication of apicoplast and mitochondria, C: Apicoplast and 

mitochondria disintergration and partitioning to individual merozoites. Adapted from Graewe et al, 2011. 
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PVM breakdown, subsequent release of merozoites into the host cell cytoplasm, and eventual 

induction of host cell death and detachment from the substratum or neighboring cells is 

mediated by the action of cystein proteases. In fact, this sequence of events in infected cells 

can be inhibited by treatment with a well characterised cystein protease inhibitor, E64 (Sturm 

et al. 2006). At the end of EEF development, the merozoites are packaged into membrane-

bound structures called merosomes. These bud off from the detached cell into the liver 

sinusoid cell layer where they remain intact for a while before entering the blood circulation 

(Baer et al. 2007, Sturm et al. 2006). The merosomal membrane disintegrates upon arrival at 

the lungs before the release of merozoites which go on to initiate the asexual blood stage life 

cycle of Plasmodium parasites (Baer et al. 2007). 

For some time now, there has been renewed interest in unravelling parasite or host factors 

necessary for successful liver stage development by Plasmodium species. Two parasite 

proteins, p36p and p52, involved in PVM formation after invasion, have been shown to be 

critical for infective sporozoites to successfully establish in hepatocytes. P36p and p52 are 

glycosylphosphatidylinositol (GPI)-anchored proteins on the sporozoite membrane. Genetic 

disruption of p36p in P berghei led to the generation of sporozoites that abort infection 

abruptly in hepatocytes, though exhibit same levels of invasion, cell traversal, gliding 

motility, ookinete production like the wild type sporozoites (Ishino et al. 2005, van Dijk et al. 

2005). Similarly, disruption of an ortholog of p36p in P. falciparum, p52, attenuates liver 

stage infection in human primary hepatocytes (van Schaijk et al. 2008). In addition, double 

disruption of p36p and p52 (p36p/p52) in P. yoelii yielded sporozoites that are completely 

unable to form PV in vitro and in vivo in hepatocytes. Like the P. berghei p36p-deficient 

sporozoites, p36p/p52 parasites progress through blood and mosquito stages normally, have 

same gliding motility, cell traversal, and cell invasion abilities like wild type sporozoites 

(Labaied et al. 2007). Also, studies by Mueller colleagues (Mueller et al. 2005a, Mueller et 

al. 2005b) showed that UIS3 and UIS4 (upregulated in infective sporozoites gene 3 and 4), 

PVM-resident proteins, are essential for early liver stage development (Mueller et al. 2005a, 

Mueller et al. 2005b). UIS3 and UIS4 knockout sporozoites invade hepatocytes normally but 

are unable to progress beyond trophozoite stage nor cause blood stage infection. Subsequent 

studies showed that UIS3 interacts with liver fatty acid binding protein (L-FABP) and 

phospholipid, phosphatidylcholine (PE), thus suggesting that UIS3 might be serving as a 

conduit for uptake and transport of lipids from host cell cytoplasm into the EEF (Mikolajczak 
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et al. 2007, Sharma et al. 2008). Further elucidation of the significance of L-FABP-UIS3 

interaction showed that knockdown of host cell liver fatty acid binding protein impaired liver  

stage infection (Mikolajczak et al. 2007). Furthermore, targeted disruption of asparagine-rich 

proteins; SLARP (sporozoite and liver asparagine-rich protein) and SAP1 (sporozoite 

asparagine-rich protein 1) in P. berghei and P. yoelii, respectively, generated mutants that 

were defective in initiating a complete liver stage development in vitro and in vivo (Aly et al. 

2008, Silvie et al. 2008). This also correlates with decreased abundance of UIS genes such as 

UIS3, UIS4, and p52; thus suggesting their post-transcriptional regulation by SLARP/SAP1 

(Aly et al. 2008, Silvie et al. 2008). 

On the other hand, several Plasmodium knockout parasites have been described to show 

normal liver stage development, as opposed to early stage arrest for those described above, 

but are impaired at very late developmental stages essential for liver-blood stage transition. 

Indeed, disruption of fatty acid synthesis enzymes of the FASII system of the parasite, FabI,  

FabB/Z and FabF, generated parasites that develop normally but are impaired in late liver-

blood stage transition step (Vaughan et al. 2009, Yu et al. 2008). Similarly, pyruvate 

dehydrogenase (PDH)-deficient parasites failed to form blood stage infective merozoites, 

even though they showed normal early stage development and no apparent effect on blood 

and mosquito stage development (Pei et al. 2010). In addition, other parasite lines with 

disruption of proteins that are normally expressed exclusively or abundantly during late liver 

stage infection have been reported to exhibit impairment in late liver stage development or 

transition to blood stage. This includes liver-specific protein 1 (LISP1) and Plasmodium-

specific apicoplast protein for liver merozoite formation (PALM) (Haussig et al. 2011, Ishino 

et al. 2009). While LISP1-deficient parasites are defective in PVM rupture, PALM-deficient 

parasites seem to be defective in merozoite segregation, even though host membrane-bound 

structures (merosomes) prepared from both lines are still able to cause blood stage infection 

(Haussig et al. 2011, Ishino et al. 2009). Also, P. berghei sporozoites deficient in cGMP-

dependent protein kinase were reported to be blocked at late liver stage development and 

failed to release merozoites into the medium (Falae et al. 2010). Liver specific antigen 1 

(LSA-1)-deficient P. falciparum parasites are also severely impaired in differentiating into 

mature merozoites at late liver stages (Mikolajczak et al. 2011). 
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3. Lipid metabolism             

3.1 Lipid metabolism in hepatocytes 

3.1.1 Fatty acid synthesis 

Fatty acid biosynthesis in adipose and non-adipose tissues in mammals is mediated by a fatty 

acid synthase I (FASI) system. FASI system shares a lot of similarities in terms of the 

reactions and the enzymes thereof with the FASII system (reviewed below)  found in 

Plasmodium, plants, and bacteria but differ in a number of ways : (1) FASII system has a 

multifunctional polypeptide performing the same enzymatic reactions and using the same 

intermediates as in FASII. In fact, it is believed that FASI systems have evolved from FASII 

system through gene fusion processes that led to the formation of multifunction protein 

complex. (II). FabD in FASI system has both Malonyl and Acetyl-CoA transacylase acyl 

carrier protein (ACP) function for loading units on to ACP unlike the FASII system where 

these processes are performed by FabH and FabD (Figure 9). (III). FASI systems use a 

dedicated set of thioesterases that cleave acyl chains from ACP and liberates them freely into 

the cytosol as free FA. On the contrary, FASII systems use specific enzymes that transfer 

acyl chains from ACP and incorporate directly into biological membranes (reviewed in (Chan 

and Vogel 2010). After several rounds of elongations, the main products from FASI systems 

are saturated fatty acids with 16 or 18 carbons, palmitic and stearic acids, respectively, which 

are then modified according to the need of the cell and for maintenance of homeostasis. 

 

3.1.2 Fatty acid modification: Role of Stearoyl-CoA desaturases (SCD). 

The main fatty acids derived from diet or from de novo fatty acid synthesis by FASI are 

palmitic and  oleic acid, C16:0 and C18:1, respectively. Once synthesized or taken up by the 

cell, the fatty acids are immediately activated by long chain acyl-CoA synthetases to generate 

the corresponding saturated or unsaturated acyl-CoA chains, palmitoyl-CoA and oleoyl-CoA 

(Li L. O. et al. 2010). A key family of enzymes that regulate cellular levels of saturated and 

unsaturated acyl-CoA is stearoyl-CoA desaturases (SCD). There are four SCD isoforms in 

mouse (SCD1, SCD2, SCD3 and SCD4) and two in humans; SCD1 and SCD5. While SCD1 

is the main isoform that is ubiquitously expressed in all tissues, SCD5 is a pseuodgene whose 

expression is restricted to the brain (reviewed in (Paton and Ntambi 2009). Stearoyl-CoA 
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desaturases catalyse the rate-limiting step converting long chain saturated acyl-CoAs to 

monounsaturated acyl-CoAs through the introduction of ∆9-cis double bond in acyl chains 

((Enoch et al. 1976). The preferred substrates for SCD are palmitoyl-CoA (C16:0) and 

stearoyl-CoA (C18:0), to yield palmitoleoyl-CoA (C16:1) and Oleoyl-CoA (C18:1), 

respectively. Palmitoleate and oleate are highly preferred substrates for cholesterol esters 

(CE), triglycerides (TG), and phosphatidylcholine (PC) biosyntheses, (reviewed in (Paton and 

Ntambi 2009). 

The existence of mice with a natural mutation in SCD-1 expression (asebia mice) or the 

generation of SCD-/- knockout mice have aided greatly in enhancing our understanding of 

the role of SCD-1 in lipid homeostasis. SCD-/- knockout mice are deficient in triglycerides, 

choleseterol esters, and wax esters synthesis. They are also characterised by decreased levels 

of palmitoleate and oleate acid in plasma and tissue lipids and increased palmitate and oleate 

(Miyazaki et al. 2001, Miyazaki et al. 2000). More importantly, hepatic-specific disruption of 

SCD-1 expression in mice greatly impaired levels of palmitoleate and oleate acids in TG 

(Miyazaki et al. 2007). In addition, the ratio of SAFA/MUFAs in membrane phospholipids 

must be tightly regulated; disruption of this balance can have consequences on membrane 

fluidity and cellular function (Ariyama et al. 2010, Collins et al. 2010, Miyazaki et al. 2001). 

Thus, SCD1 seems to regulate cellular homeostasis of cholesterol esters (CE), triglycerides 

(TG) and phosphosphatidylcholine (PC). 

Generally, SCD-1 expression can be modulated by a number of factors such as sterol 

regulatory element binding proteins 1c (SREBP-1c) transcription factors. Upon maturation, 

SREBP-1c can translocate into the nucleus and induce SCD1 expression by binding to the 

sterol regulatory element (SRE) transcription binding site on SCD1 promoter region. In 

addition, SCD-1 expression can also be regulated by two nuclear receptor transcription 

factors LXRs, PPARs and the hormonal nuclear estrogen receptor (reviewed in (Paton and 

Ntambi 2009).    

 

3.1.3 Lipogenesis and Glycerophospholipid biosynthesis   

Following fatty acid synthesis and modification, and depending on the cellular and 

homeostatic requirements of the cell, both saturated and monounsaturated or polyunsaturated 
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Once taken up by hepatocytes, they are phosphorylated by choline kinase and ethanolamine 

kinase to yield choline-phosphate and ethanolamine-phosphate respectively. Subsequently, 

choline phosphate and ethanolamine phosphate are activated by CTP:phosphocholine 

cytylydyltransferase (CCT) and CTP:phosphoethanolamine cytylydyltransferase (ECT) to 

yield CDP-Choline and CDP-ethanolamine, respectively. CCT and ECT are the rate limiting 

enzymes in the synthesis of these phospholipids because they determine or regulate the 

amount of their product that would be available for use in the last step of the Kennedy 

pathway (reviewed in (Gibellini and Smith 2010) (Figure 9).  

In humans CCT exists as two isoforms: CCTα (PCYT1α) and CCTβ (PCYT1β). PCYT1α is 

exclusively expressed in the liver where it is responsible for the bulk of PC that is synthesized 

in this tissue. It activity can be regulated by three main factors (1) the cellular level of PC, (2) 

calmodulin, (3) diacylgylcerol, and (4) fatty acids (Chen and Mallampalli 2007, Pelech and 

Vance 1982, Utal et al. 1991). In addition PC can also be synthesized from the trimethylation 

of phosphatidylethanolamine (PE) by phosphatidylethanolamine methytransferase (PEMT) 

(Ridgway and Vance 1987). PEMT is mainly expressed in the liver where it helps stabilise 

levels of PC. It contributes to about 30% of total PC synthesis in the liver. In addition, PE can 

be synthesized from the decarboxylation of phosphatidylserine (PS) by phosphatidylserine 

decarboxylase (PSD) or undergo a base exchange of ethanolamine for serine (reviewed in 

(Vance and Vance 2009). PC and PE constitute the major phospholipid of biological 

membranes and as such are classified as structural phospholipids. Maintenance of a proper 

PC/PE ratio on the plasma membranes is essential for membrane integrity and function (Li Z. 

et al. 2006). Though present on membranes, the other phospholipids play minor roles.  

 

3.1.5 Catabolism of Fat: Role of Adipose triglyceride lipase (ATGL) and Comparative 

gene identification protein 58 (CGI-58)/ab-hydrolase domain-containing protein 5 

(ABHD5).  

During periods of increased lipogenesis, excess fatty acids are stored in lipid droplets (LDs) 

in the form of triglycerides (TAG) and cholesterol esters (CE). While the storage of fatty acid 

in LDs is considered to protect the cell from lipotoxicity (Listenberger et al. 2003), catabolic 

breakdown of these molecules serves as an essential source of ATP through β-oxidation of 

FA, membrane phospholipid biosynthesis precursors, or signalling molecules. During periods 
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Upon phosphorylation of Peri A, CGI-58 dissociates from Peri A, interacts by protein-protein 

interactions with ATGL and stimulates its TAG hydrolase activity on LDs (Reviewed in 

(Ducharme and Bickel 2008, Lass et al. 2006) (Figure 10). ATGL becomes activated at least 

by 20-fold after interaction with CGI-58. There are naturally occurring mutations in ATGL 

and CGI-58 in a disease referred to as Chanarin-Dorfmann Syndrome (CDS). CDS patients 

are characterised by massive accumulation of TAG in multiple tissues. While CGI-58 

knockout mice die shortly after death due to skin barrier defects, ATGL deficient mice die 

after about 2 months due to cardiac failure.  

 

3.2 Basic functions of lipids 

Lipids perform three general functions in cells. Firstly, they serve as energy storage in the 

form of triacylglycerol and steryl esters in lipid droplets. Upon hydrolysis of TAGs in LD, 

the freed fatty acids function in various capacities (reviewed in (Zimmermann et al. 2009). 

The fatty acids can undergo oxidation to generate cellular ATP. Other than energy 

production, they can be used to synthesize biological membranes, act directly or indirectly as 

ligands for nuclear receptors whereby they regulate gene expression, regulate functions of 

proteins by acylating them post-transcriptionally, can serve as signalling molecules (reviewed 

in (Zechner et al. 2012). In addition, because of their polar and amphipathic nature, 

glycerolipids can spontaneously form membranes. This is also essential in the formation of 

intracellular organelles. Moreover, membranes serve as a platform for protein to aggregate 

and perform their particular functions. 

Importantly, phospholipids and sphingolipids can be induced by signals to undergo 

hydrolysis in order to generate a wide variety of messenger lipids eg, 

lysophosphatidylcholine (LPC), lysophosphatidic acid (LPA), phosphorylated 

phosphatidylinositols, and DAG. While DAG and PIPs remain in the membrane and can 

recruit cystolosic proteins to effect their functions, LPC readily leave membranes and signal 

through membrane receptors (Fernandis and Wenk 2007, Meyer zu Heringdorf and Jakobs 

2007), Fernandis and Wenk, 2007, reviewed in (van Meer et al. 2008). 
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3.3 Lipids and infection 

The role of host-derived lipids or its analogues during intracellular replication of pathogens 

has been widely studied in a wide range of pathogens including bacteria, viruses, and other 

related Apicomplexans. The virulence of the facultative intracellular pathogen Brucella 

abortus is highly dependent on de novo synthesis of PC and PE from analogues derived from 

the host (Bukata et al. 2008, Comerci et al. 2006). Also, efficient phagocytosis of E. coli by 

macrophages requires active host cell lipolytic machinery, as phagocytosis is greatly reduced 

in macrophages derived from ATGL knockout mice (Chandak et al. 2010). In addition, 

infection of Hela cells with Chlamydia trachomatis results in association of host lipid 

droplets around bacteria-containing vacuole and translocation of lipid droplets into the lumen 

of the vacuole through interaction with inclusion membrane protein IncA (Cocchiaro et al. 

2008, Kumar et al. 2006). Interestingly, another hepatotropic agent, Hepatitis C virus (HCV), 

associates with LDs via it capsid protein (core) to enhance production of infectious viruses 

(Miyanari et al. 2007). Unlike Plasmodium species whereby FASII system knockout parasites 

are still able to develop normally within the hepatocytes, albeit failures to progress to blood 

stage, T. gondii FASII parasites are severely impaired in growth despite the existence of 

FASI system (Mazumdar et al. 2006). 

 

3.4 Plasmodium infection and Lipid metabolism 

The complex life cycle of Plasmodium within the vertebrate host involves invasion and 

replication of infectious forms, sporozoites and merozoites, in hepatocytes and erythrocytes, 

respectively. While hepatocytes are the most privileged cell type for lipid metabolism, 

erythrocytes are anucleated and incapable of nucleic acid, protein or lipid biosynthesis, yet 

produce 16-32 merozoites per infected cell. Questions on whether or not the parasite 

synthesizes or uses lipids from the host cell have been dealt with extensively mainly during 

the blood stage of infection because of its ease to handle and the huge quantity of material 

that can be obtained for such studies at a particular time. Very little is known about the 

parasite lipid requirements within the hepatocytes and the contribution of the host to this 

process, even though the parasite undergoes an unprecedented replication during liver stage 

infection that would necessitate intense membrane biosynthesis. This is due mainly to the 

difficulty inherent in the system, especially, the amount of infected cells that can be obtained. 
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Below, I present an overview of our current knowledge of lipid biosynthetic pathways in 

Plasmodium parasites and their role thereof during blood stage and liver stage infections.  

 

3.4.1 De novo lipid biosynthesis in Plasmodium and blood stage infection 

The ability of Plasmodium parasites to synthesize lipids de novo has been determined mainly 

during the blood stage of infection; using P. falciparum parasites. Fatty acid and lipid 

metabolism during this stage of infection are discussed below. 

3.4.1.1 Fatty acid synthesis and modification 

Prior to the discovery of the apicoplast in Plasmodium parasites (McFadden et al. 1996) and 

the sequencing of the Plasmodium genome (Gardner et al. 2002), the long held notion was 

that the parasites depended solely on the host for fatty acids that they require for 

glycerophospholipid biosynthesis. Indeed, Plasmodium parasites posses a fatty acid synthase 

II (FASII) pathway that is relict of plastids and bacteria and is comprised of four individual 

polypeptides: β-oxoacyl synthase (FabH), β-oxoacyl reductase (FabG), β-hydroxyacyl 

dehydratases (FabZ) or (FabA) and enoyl reductase (FabI) (Fig. 9). The primary step in 

FASII pathway is the initial condensation of two acetyl-CoA molecules by acetyl-CoA 

carboxylase (ACC) to yield Malonyl-CoA which is then transferred by Malonyl-CoA-ACP 

transacylase (FabD) to an acyl carrier protein (ACP) to form Malonyl-ACP. Malonyl-ACP 

then undergoes an elongation, reduction, dehydration, and reduction reactions catalysed by 

FabH, FabG, FabZ and FabI, respectively, to produce an acyl chain of two carbons long, and 

thus set the stage for fatty acid synthesis (reviewed in (Dechamps et al. 2010a, Surolia et al. 

2004). However, prior to entry into the FASII system, acetyl-CoA must be produced from 

pyruvate by the action of a multi-enzyme pyruvate dehydrogenase complex (PDH) with four 

subunits E1α, E1β, E2, and E3. PDH has also been localised in the apicoplast. Despite the 

expression of these enzymes in all intraerythrocytic stages of Plasmodium infection, 

knockout of FabI, FabB/F, and FabZ for FASII and E1α and E3 for PDH did not have any 

effect on intraerythrocytic, mosquito, and early liver stage development of the parasites (Pei 

et al. 2010, Vaughan et al. 2009, Yu et al. 2008). Taken together, these data suggest that 

during intraerythrocytic development, de novo fatty acid synthesis machinery of the parasite 

is dispensable as they can uptake FA from serum.  
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Once synthesized, fatty acids are activated by conjugation to CoA as in mammalian cells 

before they can be used for glycerophospholipid biosynthesis. Acyl-CoA synthethase 

enzymes are transcribed in blood stage but no data exist on whether or not they are essential. 

In addition, recent metabolic studies revealed that Plasmodium species can generate 

monounsaturated fatty acids from saturated fatty acids. Specifically, stearic acid (C18:0) can 

be converted to Oleic acid (C18:1) by the action of stearoyl-CoA desaturase (PfSCD). This 

enzyme appears to be essential because knockout parasite failed to develop in blood and as 

such could not be tested for other stages of the parasite life cycle (Gratraud et al. 2009). 

                           

                   

 

 

 

 

 

 

 

 

 

 

 

3.4.1.2 Glycerophospholipid synthesis in Plasmodium 

As shown in Figure 12, Plasmodium parasites have the inherent ability to synthesize all the 

major glycerophospholipids in the same manner like in all eukaryotic cells starting from the 

key precursor glycerol-3-phosphate (G-3-P), to generate DAG and CDP-DAG which 

arecrucial intermediates for de novo synthesis of phospholipids.  G-3-P is mainly obtained 

Figure 11. FASII fatty acid biosynthesis in Plasmodium. (1) Two acetyl-CoA molecules are condensed by Actyl-CoA 

decarboxylation (ACC) to Malonyl-CoA (2) which is then transferred to ACP by FabD t form Malonyl-ACP (3). Malonyl-

ACP condenses with another molecule of acetyl-CoA by FabH to form β-oxoacyl-ACP (4) which is then reduced by β-

oxoacyl ACP reductase (FabG) to form β- hydroxylacyl-ACP (5). This is then dehydrated by β-hydroxyacyl ACP 

dehydratase (FabZ/FabA) to form enoyl-ACP (6). For synthesis of saturated fatty acids, enoyl-ACP is reduced by enoyl-

ACP reductase (FabI) to form butyryl-ACP (7). For synthesis of unsaturated acyl chains, the FabA continues the reaction 

until the action of FabB. FabB/F catalyses the elongation of the acyl chain by two carbons and the cycle continues again. 

Adapted from Surolia et al, 2004. 
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from glycolytic breakdown of glucose which is uptaken into the parasite from the medium 

through the hexose transporter (HT). The availability of such a transport system in 

Plasmodium seems very essential for intraerythrocytic development. Indeed, recent studies by 

Slavic and colleagues showed that PfHT and PbHT were indispensable for erythrocytic stage 

of P. falciparum and P. berghei (Slavic et al. 2010). Thus, this highlights the importance of 

glucose uptake and glycerol-3-phosphate in intracellular growth of the parasite. 

                

 

 

 

Phosphatidylcholine (PC) and phosphatidylethanolamine (PE) are the major phospholipids in 

eukaryotic membranes. PC and PE are synthesized mainly through the Kennedy pathway 

from choline and ethanolamine, respectively (see section 3.1.4). Whereas choline has been 

reported to be uptaken actively via a choline transporter that is present on the parasite plasma 

membrane, ethanolamine enters the parasite by passive diffusion. Moreover, in P. falciparum, 

PC can also be obtained from PE by Phosphoethanolamine N-methyltransferase (PEMT) 

activity. In turn, PE can also be obtained from decarboxylation of serine of 

phosphatidylserine by phosphatidylserine decarboxylased (PSD) reviewed in (Dechamps et 

al. 2010a). However, recently, Dechamps and colleagues reported that both PEMT and PSD 

are absent in rodent malaria parasite, P. berghei and P. yoelii, thus highlighting a major 

Figure 12. Schematic representation of glycerophospholipid (GPL) biosynthesis pathways in Plasmodium-infected 

red blood cells. Precusors that are uptaken from serum are indicated by white circles, eg choline and ethanolamine. 

Choline is uptaken by active transport via transporters on RBC membrane and possibly on parasite plasma membrane. 

Ethanolamine uptake occurs by passive diffusion. Once uptaken by the parasite they are utilised in the Kennedy pathway 

for phosphatidylcholine (PC) and phosphatidylethanolamine (PE) biosynthesis. Major GPL are PC, PE, 

phosphatidylinositol (PI), phosphatidylserine (PS), Phosphatidylglycerol (PG), cardiolipin (CL), and PA represent a very 

minute percentage of total GPL. No cholesterol biosynthesis exists. Unidentified or uncertain pathways are indicated by a 

question sign. Adapted from Dechamps, S. et al., 2010.  
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difference in phospholipid biosynthesis from the human malaria parasite (Dechamps et al. 

2010c). In addition, another report from the same group in the same year demonstrated that 

enzymes of the Kennedy pathway in P. berghei are refractory to genetic disruption. This 

strongly emphasizes the need of de novo PE and PC synthesis by the parasite (Dechamps et 

al. 2010b).   

 

3.4.2 Lipids and Plasmodium liver stage infection 

Plasmodium parasites posses a type II fatty acid biosynthetic system localised in the 

apicoplast, a relict plant-like chloroplast organelle, with the ability to synthesize fatty acids, 

haem, and isoprenoid (Ralph et al. 2004). Previous studies using Plasmodium parasites 

deficient in key FASII system enzymes, FabI (in P. berghei, P falciparum) or FabB/F, FabZ 

(in P. yoelii) exhibited normal early liver stage development but failed to progress through 

late liver-blood stage transition step of merozoite formation (Vaughan et al. 2009, Yu et al. 

2008). Similarly, deletion of E1α and E3 proteins of the pyruvate dehydrogenase (PDH) 

complex, a key enzyme that catalyses the conversion of pyruvate to acetyl-CoA; a vital 

precursor for tricarboxylic acid (TCA) cycle and FASII system, generated parasites that 

failed to form blood-stage infective merozoites, even though they also showed normal early 

liver stage development and no apparent effect on blood and mosquito stages (Pei et al. 

2010). Evidence for aborted late liver stage development is shown by the absence of MSPI 

for EEFs at later time points after infection (Pei et al. 2010, Vaughan et al. 2009, Yu et al. 

2008). Thus, in spite the inherent ability to synthesize fatty acids de novo, key enzymes of 

apicoplast-resident FASII system and the pyruvate dehydrogenase complex only seem to be 

essential for late liver stage development, raising the possibility that the parasite must be 

depending on its host for lipids during part or the entire life cycle. In fact, this is supported by 

studies implicating liver fatty acid binding protein (L-FABP) as an important host cell 

molecule needed for a successful liver stage infection, possibly through it interaction with a 

PVM-resident parasite protein, UIS3, which extends into the host cell cytoplasm 

(Mikolajczak et al, 2007). Subsequent studies by Sharma et al, 2008, showed, in vitro, that 

UIS3 interacts with phosphatidylethanolamine (PE). This suggested that the UIS3-L-FABP 

interaction could be serving as a vehicle for the transport of host derived lipids into the PV 

(Pei et al. 2010, Vaughan et al. 2009, Yu et al. 2008), even though previous transcriptomic 
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data revealed that FASII enzymes were among the most enriched metabolic pathways 

enzymes during intracellular replication of Plasmodium parasites in hepatocytes (Tarun et al. 

2008). On the other hand, recent transciptomic analysis by Albuquerque and colleagues 

(2009) showed that host cell genes involved in lipid metabolism are actively engaged during 

intra-hepatocytic development of the parasite (Albuquerque et al. 2009). 

Also, though there is no sterol biosynthetic pathway in Plasmodium spp. Recent studies by 

Labaied and colleagues (2011) showed that Plasmodium parasites can salvage cholesterol 

from the host that has been either internalised via the LDL receptor or de novo synthesized. 

Even though inhibition of either source for cholesterol results in decreases in the content of 

cholesterol in merozoites, liver stage development was not affected (Labaied et al. 2011). 

In summary, while lipids play very important roles and have been implicated in the 

establishment of Plasmodium liver stage infection, the specific role of host-derived lipids and 

their pathways thereof have never been studied, despite the general understanding that 

hepatocytes have an inherent capacity to generate all lipids and regulate their homeostasis.  
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The rapid intracellular development of Plasmodium parasites in hepatocytes necessitates the 

need for intense lipid biosynthesis necessary to support membrane biogenesis. As has been 

reviewed above, hepatocytes are highly privileged cell type for lipid synthesis. This raises the 

possibility of speculating that Plasmodium parasites are hepatotropic on the basis of this. In 

recent years, the main question has been how is the parasite able to meet up its rapid 

replication in the liver that leads to the release of tens of thousands of  merozoites as opposed 

to what occurs in infected erythrocyte? Specifically, how does the parasite meets up with it 

lipids requirement which, unarguably, would be required for membrane neogenesis for the 

developing parasitophorous vacuole membrane (PVM) and membrane surrounding daughter 

merozoites? These and many other intriguing questions have also been expressed by other 

authors and still begging to be answered (Jayabalasingham et al. 2010, Tarun et al. 2009). 

Studies conducted with rodent and human Plasmodium parasites deficient in key enzymes of 

the fatty acid synthesis in FASII system and PDH complex strongly suggest the dependence 

of part or the entire liver stage infection on host lipid biosynthetic machinery. Apart of L-

FABP, what other host factors or host cell de novo synthesized lipids are required for a 

successful liver stage infection? In order to better understand the role of host cell lipid 

metabolism during the complex interplay that occurs during intracellular replication of 

Plasmodium parasites in hepatocytes, this project is designed to address the following 

objectives, which undoubtedly would shed more light on our understanding of key host 

molecules required for a successful liver stage infection by Plasmodium parasites.  

    

Specific objectives 

1.  To establish a global lipidome of Plasmodium-infected versus non-infected hepatoma cells 

in order to identify key lipid molecules that are correlates or particular signature of infection. 

To achieve this, we planned to: 

(a) Infect Huh7 cells with GFP-expressing P. berghei ANKA sporozoites that were obtained 

from infected Anopheles stephensi mosquitoes. 

(b) Trypsinize cells and sort P. berghei-infected from non-infected cells at 24, 35, 45 hpi by 

fluorescence activated cell sorter (FACS) 
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(c) Extract total cellular lipids by chloroform-methanol technique and analyze the lipid 

repertoire of infected and non-infected cells by shotgun electron spray ionization mass 

spectrometry (ESI-MS) 

2. To functionally characterize host cell lipid biosynthetic pathways whose product(s) would 

be modified in (1) above. This involves assessing their role in the establishment of a 

successful liver stage infection. To achieve this, we planned to: 

(a) Knockdown key lipid biosynthetic enzymes by siRNA (short interfering RNA) and assess 

the effect of knockdown on Plasmodium infection.  

3. To assess whether or not parasite uptakes host-derived lipids/fatty acids into the 

developing parasitophorous vacuole. 

This would involve labeling or pre-labeling of hepatoma cells with tagged lipid analogues 

prior to or after infection with Plasmodium sporozoites followed by the application of click 

detection technique to assess their cellular distribution in relation to the parasitophorous 

vacuole and its surrounding membrane, PVM.   

The proposed study is the first of its kind to be conducted in detailing the lipid profiles of 

infected cells throughout infection. The lipidomic data and subsequent molecular dissection 

of potential pathways would be very significant in enabling our understanding of which lipids 

could be involved in the rapid liver stage development.     
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3. RESULTS 

 

 

 

 

 

 

 

 

All the work presented in this thesis was performed by Maurice Ayamba Itoe except for the 

mass spectrometry data that were acquired by Julio Sampaio, at MPI-CBG, Dresden, 

Germany, but were jointly analysed.    
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Plasmodium infection Alters the Lipid Composition of infected cells  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Plasmodium sporozoites are the motile forms of malaria parasites that are deposited 

in the skin of mammalian host. Sporozoites migrate to the liver where they undergo 

extensive replication to generate tens of thousands of red blood cell infectious 

merozoites. Previous studies have indicated that both host cell and parasite lipid 

biosynthetic genes are actively engaged during the replication of the parasite within a 

liver cell. Thus, we hypothesized that the lipid composition of the infected cell would 

change during infection. Here, we show that the lipid repertoire of P. berghei-infected 

hepatocytes changes during infection towards a typical signature of storage and 

structural lipids biosyntheses. 
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Apicomplexan parasites of the genus Plasmodium pose a serious public health threat 

accounting globally for over 250 million malaria infections and about 650000 deaths 

annually, with children under the age of 5 being the most vulnerable (WHO world Malaria 

report, 2011). Five Plasmodia species are known to infect humans including P. falciparum, 

P. vivax, P. ovale, P. malariae, and P. knowlesi (Cox-Singh et al. 2008, Jongwutiwes et al. 

2011, Putaporntip et al. 2009). P. falciparum is the most lethal of Plasmodia species causing 

uncomplicated and severe malaria in infected individuals. The burden of the disease on the 

economy is felt mainly by resource-deficient countries in sub Saharan Africa whose under-

funded public health budget is already stretched by threats posed by other infectious diseases 

such as HIV-AIDS and tuberculosis (Miller and Greenwood 2002, Snow et al. 2005). Though 

efforts geared towards reducing the impact of the disease on human health has yielded some 

results, the emergence of Plasmodium variants resistant to main anti-malarias is still of major 

public health concern. As such, an in depth understanding of the basic mechanisms of how 

the parasite circumvents its host environment to sustain infection would be vital for the 

development of strategies aimed at reducing the impact of the disease.  

Plasmodium infection is initiated by inoculation of salivary gland sporozoites into the dermis 

of an individual during a blood meal by an infected female Anopheline mosquito. Within a 

few minutes after deposition, the sporozoites glide, migrate through the dermis, enter the 

blood circulation and travel to the liver (Amino et al. 2006, Matsuoka et al. 2002, Sidjanski 

and Vanderberg 1997, Vanderberg and Frevert 2004) where they migrate through several 

hepatocytes before invading a final one (Mota et al. 2001). During intrahepatocytic 

development, a single sporozoite undergoes extensive rounds of replication generating tens of 

thousands of blood stage-infectious merozoites (reviewed in (Prudencio et al. 2006)). Studies 

by Mikolajczak and colleagues showed that liver fatty acid binding protein (L-FABP) is an 

essential host molecule for intracellular development of Plasmodium parasites in hepatocytes 

possibly by interacting with UIS3, a parasitophorous vacuole membrane (PVM)-resident 

protein that extends into the host cell cytoplasm (Mikolajczak et al. 2007). Subsequently, 

Sharma and colleagues showed that UIS3 interacts with lipids, thus suggesting that UIS3 

could be acting as a conduit for the transfer of lipids into the parasitophorous vacuole 

(Sharma et al. 2008). Furthermore, despite the expression of fatty acid synthase II (FASII) 

enzymes by the Plasmodium parasite during intracellular development in hepatocytes (Tarun 

et al. 2008), studies from knockout parasites have showed that the FASII system is essential 



Results 

47 

 

only for late liver stage development (Vaughan et al. 2009, Yu et al. 2008). These data 

suggest that at least during part or the entire liver stage development, the parasite must be 

dependent on the host cell for lipids in order to generate thousands of merozoites. 

Previous transcriptomic data from our labarotory revealed that host genes involved in lipid 

metabolism are up-regulated during intracellular development of Plasmodium parasites in 

hepatoma cells (Albuquerque et al. 2009). In order to understand host cell lipid metabolism-

Plasmodium interactions and to identify key host lipid metabolic pathways that are essential 

for liver stage infection, we have performed shotgun mass spectrometry analysis of the total 

cellular lipidome of major lipid classes in P. berghei-infected versus non-infected cells as 

controls at different points after infection. The analysis revealed an altered lipid composition 

in P. berghei-infected cells, typical of storage and membrane biogenesis lipids. Molecular 

dissection by RNAi experiments revealed that host cell de novo synthesis of 

phosphatidylcholine (PC), a major structural membrane phoshoplipid, is required for the 

establishment of a successful liver stage infection by Plasmodium parasites. 

 

The lipid composition of P. berghei-infected hepatocytes is altered at 

different time points after infection. 

Intracellular development of P. berghei in hepatocytes is accompanied by transcriptional 

changes in host cell genes involved in lipid metabolism and transport, and genes of FASII 

enzymes involved in de novo fatty acid synthesis by the parasite (Albuquerque et al. 2009, 

Tarun et al. 2008). Thus, we sought to assess whether changes in gene expression in the host 

and the parasite correlate with changes in the total lipidome of hepatocytes upon infection 

with Plasmodium sporozoites. To address this, we infected human hepatoma cell line Huh7 

with GFP-expressing P. berghei sporozoites (Franke-Fayard et al. 2004) and isolated P. 

berghei-infected cells by fluorescence activated cell sorting (FACS) (Prudencio et al. 2008) 

at 25, 35, 45 hours post-infection in order to purify the infected from the non-infected 

population (Figure 13). Initially, we sought to determine the minimum number of cells that 

would be required to obtain a quantifiable amount of major lipid classes. Total cell lipid 

extraction was performed as previously described (Sampaio et al. 2011). Interestingly, while 

our data shows that the amount of lipid extracted is proportional to the number of cells used 
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Next, we extracted total cell lipid with internal standards from P. berghei-infected and non-

infected cells and subjected the extract to quantitative shotgun mass spectrometry analysis for 

major lipid classes. For such analyses, due to the difficulties and limitations in the number of 

infected cells that one can obtain from liver stage infections as opposed to blood stage 

infections, the number of P. berghei-infected cells used in this study ranged from 45000-

90000 and 300000 for non-infected cells FACS-sorted from the same population at the 
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Figure 14. Determination of the minimum number of cells required for optimal lipid mass spectrometry analysis 

of major lipids in Huh7. FACS-sorted non-infected Huh7 cells of known cell count were aliquoted to obtain 10000, 

30000, 100000, and 300000 cells in separate tubes. Total cellular lipid was extracted as in Materials and Methods 

including known standards.  (A) Total amount of lipids obtained is plotted against cell number. (B): shotgun mass 

spectrometry analysis for major lipid classes. Values represent an average (av) of technical duplicates. As few as 10000 

cells could be used for analysis. 
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various same time points examined viz: 25, 35, and 45 hours post-infection (hpi). The relative 

amount of each lipid class obtained was expressed as molar percentage of total lipidome at 

any given time. Strikingly, we observed profound changes in the lipidome of P. berghei-

infected cells during infection (Figure 15). 
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Figure 15. Major lipid classes in P. berghei-infected and non-infected human hepatoma cells, Huh7, at different 

time points after infection. GFP-expressing P. berghei-infected and non-infected cells were FACS-sorted at 24, 35, and 

45 hpi (a representative plot is shown for a pre-sort gating of infected cells at 45 hpi in Figure 13).  Both infected and 

non-infected cells were subjected to lipid extraction and shotgun mass spectrometry (MS) analysis of major lipid classes 

as described in Materials and Methods. Data represents mean of biological triplicate counts per lipid class. Error bars 

represents SDs. 
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For sphingolipids, there was also a significant reduction in the levels of ceramide at 25 and 

35 hours after infection with a modest increase of sphingomyeline at 25hpi (Figure 15).  

Alternatively, the averages of the entire lipidomes from infected and non-infected cells for 

each lipid class at each time point were plotted in a heatmap format by analyzing 

log2(infected/non-infected cells) and bar-coded with red indicating high abundance and blue 

low abundance. Grey indicates an average relative abundance (Figure 18).   

 

                                          

                                                                                                      

 

 

 

The analysis also indicates profound abundances of storage lipids, cholesterol, sphingolipids 

and phosphatidylcholine throughout infection. Interestingly, phosphatidylglycerol, a major 

mitochondria phospholipid is highly enriched in infected cells at 45 hpi. 

Figure 18. Heatmap representation of the lipidome of P. berghei infected and non-infected human hepatomal cells, 

Huh7, at different time points after infection. (A) Heatmaps were generated from log2 (infected/non-infected) of 

relative abundance values (in mol% in Figure 1 above) and color coded: red: enrichment; blue: low abundance, grey: 

average(B) Acyl chain composition of DAG, PC, and PE is shown in terms of the presence of and the number of double 

bonds present per lipid class.TAG: triacylglycerol PC: Phosphatidylcholine; PE: Phosphatidylethanolamine; PI: 

Phosphatidylinositol; PG: Phosphatidylglycerol; DAG: Diacylglycerol, CE: Choloesterol ester; Chol:cholesterol; PA: 

Phosphatidic acid, Cer: ceramide; SM: sphingomyeline.  
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Similarly, the relative abundance of acyl chains present in DAG, PC, and PE were also 

analyzed and plotted in a heatmap format as in Figure 18. We observed that the enriched 

lipids were also accompanied by enrichment in saturated and unsaturated fatty acid with the 

total number of double bonds present in a lipid species reaching 6 (Figure 19).  

 

                                 

                                                                                                      

 

 

 

In all, the lipidomic profiling of Plasmodium-infected cells has revealed outstanding features 

which hitherto had not been shown during liver stage infection. So far, the data seem to 

suggest an active engagement of key aspects of lipid metabolism such as lipogenesis, lipid 

storage and breakdown, and modulation of phospholipid biosynthesis. The remaining section 

of this chapter deals with the further characterization of how these components of lipid 

metabolism could be playing a role during Plasmodium infection of hepatocytes. 

Figure 19. Heatmap representation of the acyl chain composition of DAG, PC, and PE from P. berghei-infected and 

non-infected cells at different time points after infection. A heatmap of the acyl chain composition of DAG, PC, and 

PE was generated from infected and non-infected cells as log2 (infected/non-infected) of relative abundance values (in 

mol% in Figure 3 above) and color coded: red: enrichment; blue: low abundance, grey: average. Acyl chain composition 

of DAG, PC, and PE is shown in terms of the presence of and the number of double bonds present per lipid class. DAG: 

Diacylglycerol, PC: phosphatidylcholine, PE: phosphatidylethanolamine 
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Summary: 

 Infection of Huh7 cells by P. berghei parasites induces an alteration in the lipid 

repertoire throughout infection. 

 Storage lipids- TAGs and CE- are highly abundant in infected cells 

 Structural lipid- PC is the only glycerolipid that is enriched in infected cells with 

a concomitant decrease of the other phospholipid over time. 

 Sphingolipid- ceramide, is enriched at 25 and 35 hpi but not at 45 hpi 

 Increases of DAG and PC in infected cells correlates with increases in the 

abundance of saturated and unsaturated acyl chains.  
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Plasmodium liver stage infection requires host cell de novo PC biosynthesis 

for intracellular survival of parasite  

 

 

 

Several thousands of merozoites develop from a single infective sporozoite in 

hepatocytes. It has been thought that a large amount of membrane lipids would be 

required to support membrane biogenesis of newly formed merozoites. Our recent 

lipidomic studies shows that phosphatidylcholine is the only membrane phospholipid 

that is enriched in infected cells at different time points after infection. In this study, we 

show that during intracellular development Plasmodium parasite take up 

phosphatidylcholine from the host cell into the parasitophorous vacuole (PV). 

Furthermore, inhibition of de novo PC biogenesis directly via the Kennedy and PEMT 

pathways severely abrogates infection of hepatoma cells by P. berghei parasites.  
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The biogenesis of biological membranes in prokaryotes and eukaryotes is highly dependent 

on de novo synthesis of major membrane phospholipids, PC and PE. PC and PE are 

synthesized de novo from their precursors; choline and ethanolamine, respectively, via the 

Kennedy pathway (Kennedy and Weiss 1956). In addition, PC can be synthesized by two 

additional pathways, the Lands cycle; which involves acylation of lyso-PC to PC by lyso-

phosphatidylcholine acyltransferase (LPCAT) (Lands 1958) or by trimethylation of PE by 

phosphatidylethanolamine methyltransferase (PEMT) (Ridgway and Vance 1987). The 

essential role of de novo synthesis of these major membrane phospholipids in intracellular 

pathogens has been studied in a wide range of pathogens including bacteria and 

apicomplexans. The ability of the facultative intracellular pathogen, Brucella abortus, to 

cause disease relies on de novo synthesis of PC and PE from analogues derived from the host 

(Bukata et al. 2008, Comerci et al. 2006). 

It is well established that Plasmodium parasites possess all the enzymes for de novo synthesis 

of PC and PE via the Kennedy pathway but these enzymes are refractory to genetic 

manipulation, and as such no studies could be conducted on assessing the contribution of 

parasite-mediated de novo synthesis of PC and PE during liver stage infection (reviewed in 

(Dechamps et al. 2010a, Dechamps et al. 2010b). Further studies by the same group also 

showed that the rodent parasites, P. yoelii and P. berghei seem not to posses any 

phosphatidylethanolamine (PEMT) enzyme as it has been reported for P. falciparum during 

blood stage infection (Dechamps et al. 2010c).  

While there is a paucity of knowledge on the role of host cell de novo synthesized PC and PE 

during liver stage infection, recent studies by Graewe and colleagues (2011), showed that the 

membrane surrounding merosomes is host cell derived. However, they did not reveal any 

details of the phospholipid nature of the membrane. In this study, we demonstrate that 

Plasmodium parasites take up PC from the host cell throughout intracellular development and 

that de novo synthesis of PC by the host cell is required for the establishment of a successful 

infection. 
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Exo-erythrocytic forms (EEFs) of P. berghei take up choline-containing molecules or 

phosphatidylcholine from host cell during intracellular development. 

Microscopically, P. falciparum has been shown to uptake major lipid synthesis precursors or 

lipids from culture medium during in vitro growth in red blood cells (Grellier et al. 1991, 

Haldar et al. 1989). Indeed, by the use of 1-palmitoyl-2-[6-[(7-nitro-2-1,3-benzoxadiazole-4-

yl)amino]caproyl] phosphatidylcholine (NBD-PC) either as vesicle formulation or adsorbed 

onto HDL, both studies revealed that NBD-PC is internalised into the parasite throughout 

intraerythrocytic life cycle stages through a nonendocytic transbilayer lipid flip-flop (Grellier 

et al. 1991, Haldar et al. 1989).  However, not too long ago, it has been shown that depending 

on which fluorophore probe is present on a lipid molecule, the complex may exhibit different 

cellular behaviours from the naturally occurring molecule. For example, NBD-Cholesterol 

and Bodipy-cholesterol exhibit different esterification status in cells (Holtta-Vuori et al. 

2008, Lada et al. 2004). For this reason, we employed Click detection technique to study 

cellular usage and distribution of phosphatidylcholine in exo-erythrocytic forms at different 

time points after infection. Click reaction is a cycloaddition copper (I)-catalysed 

bioorthogonal reaction between an alkyne and an azido group that can easily be tagged to 

either a lipid analogue or a reporter (Kolb et al. 2001). Both alkyne and azido groups are very 

small and stable in living biological systems without major interference with the 

physiological behaviour of the molecule under study. Indeed, this has been used very recently 

to image phospholipids in vivo without any apparent effects on other lipids (Jao et al. 2009). 

In this study, Huh7 cells were pre-labeled with propargylcholine (alkyne-tagged choline) for 

8 hours, rinsed in fresh medium and chased for 1-2 hours. The cells were infected with RFP-

expressing P. berghei sporozoites and fixed at different time points after infection. Click 

chemistry and confocal microscopy of propargylcholine pre-labelled cells revealed that EFFs 

take up choline-containing products at very early time points after infection (Figure 20, top 

panel 17hpi). As shown in Figure 20 (top panel), we observed a distinct staining pattern of 

the PVM, which appears to colocalise with UIS4 that extends into the cytoplasm. Also, the 

parasite also appears to take up these product(s) into its cytoplasm. This staining pattern 

became very pronounced at later time points, 40-48 hpi. Strikingly, we observed lipid rich 

domains at 40hpi and their number increased at 48hpi (Figure 20, third and bottom panels). 

While this suggest that the parasite is utilising choline-containing products from the host cell, 

it is possible that the parasite may be taking up free choline that may have been hydrolysed fr 
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25hpi 
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48hpi 

UIS4 

Figure 20. Click detection of the distribution of propargylcholine products in P. berghei-infected cells. Huh7 

cells were pre-labeled with propargylcholine for 8 hours, rinsed twice with fresh complete medium, and re-

incubated and chased for 1 hour in fresh medium. The cells were infected with RFF-expreessing P. berghei 

sporozoites and incubated at 37°C. At different time points after infection, cells were fixed with 3.7% PFA for 20 

minutes and click detection was performed as described in Materials and Methods. Parasite was stained with a 

rabbit anti-UIS4 antibody which was further conjugated to Alexa fluor-594 secondary antibody. Nuclei were stained 

with DAPI. Images were captured with a laser scanning confocal microscope. Scale bar = 10µm. UIS4 is a marker 

for the PVM. 
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om choline-containing products. Indeed, propargylcholine is utilised to generate 

phosphatidylcholine, ether-lysophosphatidylcholine and lyso-phosphatidylcholine (lyso-PC). 

In order to be sure that the staining we observed is indeed a phosphatidylcholine molecule 

and not free choline, cells were pre-labelled with non-hydrolysable ether-lyso-PC as above 

and infected with RFP-expressing parasites. Cells were fixed and Click detection was 

performed as above. In addition, at 63hpi, parasites were also stained with anti-MSP1 

antibodies to assess whether or not the staining ends up in merozoites or their membranes. 

Noticeably, host-derived phosphatidylcholine stained the PVM, cytomere and accumulated 

within lipid rich domains void of nuclei within the EEF (Figure 21, top panel) as in 

propargylcholine-labelled cells. These lipid rich domains are absent at 63hpi possibly because 

they are being used for merozoite membrane synthesis.  PC staining also associates with 

individual merozoites (63hpi) where it seems not to be associating so well with merozoite 

surface protein 1 (MSP1) (Figure 21, bottom panel). 

 

               

               

 

 

 

DAPI Merged PC 

48hpi 

63hpi 

Figure 21. P. berghei EEF uptake phosphatidylcholine from host cell during intracellular development.  Huh7 cells 

were pre-labeled with ether-lyso-phosphatidylcholine for 8 hours, rinsed with fresh culture and chased for 1 hour. The 

cells were infected with RFP-expressing P. berghei sporozoites. Coverslips were fixed at 48 and 63 hpi with 3.7% PFA 

for 20minutes. Parasite was stained with anti-CSP (at 48 hpi) or anti-MSP1 (63hpi) primary antibodies. Alexa 594 

secondary antibodies were used for detection. Click chemistry reaction was performed for 1 hour in the presence of Cu2+ 

to detect phosphatidylcholine with azido-bodipy. Confocal images were obtained with LSM510 confocal microscope. 

Nuclei are stained blue with DAPI. Representative images are shown. Scale bar: 10µm 
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Taken together, our imaging studies strongly indicate that P. berghei parasites take up 

phosphatidylcholine from the host cell and incorporates it into parasite structures such as the 

PVM. 

However, the fact that the parasite takes up PC from the host cell does not directly implicate 

that this process may be required for parasite replication and development. The relevance of 

this process to infection was investigated by dissecting the role of key pathways for PC 

biosynthesis.  

 

De novo PC biosynthesis is required for a successful liver stage infection 

Phospholipids, particularly phosphatidylcholine and phosphatidylethanolamine constitute the 

major phospholipids in eukaryotic cells. Interestingly, phosphatidylcholine (PC), a major 

membrane phospholipid was the only phospholipid that was enriched in infected cells at all 

time points with a concomitant decrease in PE levels (Figure 15, Figure 17, and Figure 18). 

In addition, our click labeling studies revealed that P. berghei parasites take up 

phosphatidylcholine from host cell during their intracellular development (Figure 20 and 21). 

While a small proportion of PC can be derived from PE by phosphatidylethanolamine 

methyltransferase (PEMT) which is expressed mainly in hepatocytes, the bulk of PC, just like 

PE, in eukaryotic cells is synthesized by the Kennedy pathway.  PCYT1α (CCTα) is the rate-

limiting enzyme for PC biosynthesis via the Kennedy pathway. We next sought to assess the 

effect of a targeted knockdown of host genes involved in de novo PC synthesis on P. berghei 

infection. Very strikingly, down-regulation of host cell PCYT1α and PEMT greatly impacts 

infection of P. berghei in hepatocytes (Figure 22A), with the effect of PCYT1α being more 

pronounced than that of PEMT. Furthermore, we assessed whether the effect on infection is 

due to impairment in invasion or development. Notably, inhibition of host cell PCYT1α 

significantly affects host cell invasion and intracellular development of P. berghei (Figure 

22B, 22C). The impact on development was further confirmed by automated quantification of 

EEF areas by microscopy in negative control- and PCYT1α siRNA-treated cells (Figure 22D 

and Figure 22E). 
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Figure 22. Host cell PCYT1α expression is required during P. berghei infection of human hepatoma cells, Huh7. 

HuH7 cells were reverse-transfected with target specific siRNA against PCYT1α and PEMT and incubated for 48hours. 

(A) Cells were infected for 48 hours with luciferase-expressing P. berghei sporozoites and then lysed to determine the 

Luminescence as described in Materials and Methods section. This was expressed as a percentage of negative siRNA 

control treated cells. (B): Reverse-transfection and seeding of cells was done on cover-slips and followed by infection 

with GFP-expressing P. berghei sporozoites. Immunofluorescence was performed against parasite Hsp70 (2E6) as 

described in Materials and Methods section. Infection was quantified by automated imaging of mean EEF area in 

triplicate per treatment. (C and D). A representative images of  EEFs are shown in (F). Transfected cells were infected 

with GFP-expressing P. berghei ANKA and analysed by FACS to assess the effect on invasion at 2hpi (D) and 

development at 48hpi (C). Scale bar= 10µm 
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Next, we determined the lipid composition of Huh7 cells after PCYT1α and PEMT 

knockdown.  
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Figure 23. Lipidomic analysis of Huh7 cells after knockdown of PCYT1α. Huh7 cells were reverse transfected with 

negative control or PCYT1α siRNAs for 48hrs. The cells were trypsinized and total lipid was extracted as described in 

Materials and Methods. The lipid composition was analysed by shotgun mass spectrometry. 
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Surprisingly, PCYT1α knockdown had no apparent effect on total cellular PC levels, except 

for increased levels in cholesterol esters (Figure 23A) and minor decreases in palmitate-oleate 

containing PC species or dioleyl-PC species (data not shown). However, PCYT1α results in 

significant accumulation of diacylglycerol species (34:1, 36:2) unique intermediates of the 

synthesis of the PC species described above (Figure 23B and 23C). PEMT knockdown cells 

showed an enriched amount of PE as expected (Figure 23A). The level of RNA remaining at 

the time of infection was analyzed by RT-PCR (Figure 22F). A knockdown of over 70% was 

obtained for each siRNA sequence. 

Altogether, the data suggest that de novo host cell PC biosynthesis via the Kennedy pathway 

and the PEMT pathway seems to be critical for Plasmodium infection of hepatocytes albeit  

the ability of the parasite to synthesize PC from choline that can be scavenged from the host 

cell or culture medium. 
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Summary: 

 During intracellular development, P. berghei parasites take up 

phosphatidylcholine from the host cell. 

 Inhibition of host cell PCYT1α and PEMT greatly impacts infection of Huh7 

cells by P. berghei parasites. 

 The effect of Knockdown of PCYT1α on infection correlates with an increase in 

DAG levels in Huh7 cells. 
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Host cell lipogenic and lipolytic processes are required during intracellular 

survival of Plasmodium parasite  

 

 

 

Previous transcriptomic data from our laboratory revealed that host cell genes involved 

in fatty acid metabolism are up-regulated during liver stage infection. The role of host 

cell lipogenic and lipolytic machineries during Plasmodium liver stage infection remains 

elusive. Our data demonstrates that inhibition of host cell stearoyl-CoA desaturase, a 

key enzyme in lipogenesis strongly abrogates infection. Similarly, inhibition of key 

enzymes involved in the lipolytic breakdown of fat greatly impacts infection of P. 

berghei in human hepatocytes. 
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During the establishment of Plasmodium liver stage infection, the host cell responds by 

altering the expression of genes necessary to maintain host cell survival or homeostatic 

balance (Albuquerque et al. 2009). More specifically, fatty acid biosynthesis and lipid 

metabolism genes are actively engaged during this process. In addition, transcriptomic 

studies of genes of the fatty acid synthesis system type II (FASII) of P. berghei and P. yoelii 

showed that these are up-regulated during liver stage infection. Accordingly, during periods 

of heightened lipogenesis, excess saturated fatty acids, which otherwise will be deleterious to 

the cell, are stored in intracellular lipid stores in the form of triacylglycerol and cholesterol 

esters in structures called lipid droplets (LD). A key enzyme that mediates modification of 

saturated fatty acids is stearoyl- CoA desaturase A (SCD); converts saturated fatty acids to 

monounsaturated fatty acid by introducing a double bond between carbon 9 and 10 of the 

acyl chain (Paton and Ntambi 2009). SCD products are highly preferred substrates for TAG 

synthesis. On the other hand, during periods of high energy demand as would be expected 

during the establishment of an infection or ATP production, stored fat is mobilised by the 

action of specific enzymes to release by-products that are essential in driving several cellular 

processes (reviewed in (Zechner et al. 2012). 

In this part of the thesis, I investigated whether or not an active host cell lipogenic or lipolytic 

machinery is essential for the establishment of a successful liver stage infection. Our data 

strongly suggest that both lipid metabolic machineries from the host are crucial during 

infection, despite the expression of modifying or lipolytic enzymes by the parasite.  
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SiRNA-mediated knockdown of the host cell stearoyl-CoA desaturase (SCD1) enzyme 

severely abrogates P. berghei sporozoite infection of human hepatoma cells, Huh7. 

The huge abundance of saturated and unsaturated fatty acids, especially for unsaturated fatty 

acids at later time points in PC and DAG (Figure 19), is suggestive of an active lipogenic 

process during infection.  A key enzyme coordinating lipogenesis in adipose and non-adipose 

tissues is Stearoyl-CoA desaturase 1 (SCD1). Expression of SCD1 changes during different 

metabolic conditions. Interestingly, a stearoyl CoA desaturase activity was recently described 

in Plasmodium species, albeit with different substrate specificity; with PfSCD only able to 

convert stearic acid to oleic acid and not palmitic to palmitoleic acid as it occurs in the human 

or mouse counterparts (Gratraud et al. 2009). In order to assess the contribution of host cell 

SCD1 to intra-hepatocytic development of Plasmodium sporozoites, human hepatoma cells, 

Huh7, were reversed-transfected with hSCD1-specific and negative control siRNAs for 48 

hours and infected with luciferase- expressing P. berghei sporozoites for 48 hours. Parasite 

load (luminescence, as percentage of negative control) was determined at 48 hpi (Figure 

24A). Further dissection of the stage at which SCD1 knockdown affects infection was determ 

ined by FACS analysis of GFP-expressing P. berghei-infected cells at 2 hpi (% invaded cells) 

and 48hpi (geometric mean of GFP+ve cells). Our data indicates that SCD1 affects 

development and not the invasion process (Figure 24B and 24C). Additionally, infection was 

also determined by automated fluorescence imaging after staining of parasites with anti-

Hsp70 antibody (Figure 24D). Strikingly, our data demonstrates that knockdown of host cell 

SCD1 severely abrogates P. berghei development, as shown by representative images in 

Figure 24E. The degree of knockdown at the time of P. berghei infection was determined by 

quantitative reverse transcriptase polymerase chain reaction (RT-PCR) (Figure 24F). 
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Figure 24. Inhibition of host cell stearoyl-CoA desaturase 1 (SCD1) impairs P. berghei development in hepatocytes. 

Host cell SCD1 was silenced with target specific siRNAs or control siRNA for 48 hours and then infected with 

luciferase- or GFP-expression P. berghei ANKA sporozoites for 48 hours. (A) Effect on infection was assayed by 

luminescence (parasite load, expressed as percentage of control) using luciferase expressing sporozoites. (B) and (C) 

Effect on infection was assessed by FACS at 2hpi and 48hpi using GFP-expressing P. berghei sporozoites   (D) Parasite 

load was assessed by automated quantification of EEF area after immunofluorescence staining of parasites with anti-

Hsp70 antibody. Representative confocal images of EEFs after knockdown of SCD1 is shown in (E) 
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In order to obtain a deeper inside of the lipid status of the cells at the time of infection, 

shotgun lipid mass spectrometry analysis was performed for major lipid classes and the acyl 

composition of the lipid classes present. Interestingly, SCD1 knockdown decreased levels of 

TAG, DAG and PA in Huh7 cells very profoundly (Figure 25A). Next, we determined the 

desaturase index (MUFAs/SAFAs) in CE and TAG. As expected, SCD1 knockdown 

significantly reduces the desaturase index compared to control siRNA treated cells, thus 

suggesting an increase in saturated fatty acyl chains (SAFAs) as opposed to MUFAs (Figure 

25B and Figure 25C) in these lipids. Also, we observed enrichment in free cholesterol. 
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Figure 25. Major lipid classes and desaturase index in CE and TAG after knockdown of SCD1 in Huh7 cells. (A) 

Huh7 cells were reverse transfected with SCD1 siRNA for 48hrs and subjected to lipid mass spectrometry analysis of 

major lipid classes (B) and (C) Desaturase activities in cholesterol esters (CE) and triacylglycerol (TAG) are shown, 

respectively, after SCD knockdown for 48 hours. 
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Oleic acid is the main fatty acids rich in diet and is taken up into cells via fatty acid transport 

proteins (FATPs) on the plasma membrane to add to the intracellular de novo synthesized 

pool. Once taken up or de novo synthesized, and depending on the need of the cell, oleic acid 

enters the glycerolipid pathway where it is highly preferred for esterification at the sn-2 

position of the glycerol backbone. Next, we assessed whether P.berghei EEFs can utilize 

oleic acid or oleic acid-containing molecules by incubating infected cells with azido-tagged 

oleic acid followed by a click reaction with alkyne bodipy. Confocal microscopy reveals that 

azido-oleic is taken up by the parasite either directly or indirectly (Figure 26A). 
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Figure 26. Utilisation of exogenously provided fatty acid by Plasmodium exoerythrocytic forms in hepatocytes. Huh7 

cells were seeded on coverslips in 24 well plates or in 96 well plates and infected either RFP-expressing or luciferase-

expressing P. berghei sporozoites, and then incubated for 48hrs. (A) Uptake oleic acid or oleic acid-containing molecules 

from extracellular medium/host cell during intracellular development. At 48hpi, cells were fed with azido-oleate for 2-4 

hours, rinsed and then chased for 1 hour in fresh medium. Cells were fixed with 3.7 % PFA for 20minutes at room 

temperature. Parasite was stained with anti-CSP antibody at 1/300 dilution and click-labelled with alkyne-bodipy. Images 

were captured with LSM 510 confocal microscope. Scale bar: 10µm (B) Differing effects of saturated and unsaturated 

fatty acids on P. berghei infection in Huh7 cells. Cells were infected with luciferase-expressing P. berghei sporozoites for 

2 hours.  Infected cells were then supplemented with complete medium containing normal FBS (CM-FBS), delipidated FBS 

(CM-DL-FBS), or CM-DL-FBS supplemented with different concentrations of saturated and unsaturated fatty acids for 44 

hours. Medium was changed every 24 hours. The cells were lysed and luminescence was determined as a measure of parasite 

growth (expressed as % of negative control).  
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Furthermore, we went ahead to test the contribution of the lipid component in serum and the 

effect of different type of fatty acids to the intracellular development of the parasite.  In order 

to achieve this, infected cells were fed with either complete medium containing normal FBS 

or FBS delipidated and supplemented with saturated or monounsaturated fatty acids for 48 

hours. Our data shows that infection was inhibited by about 30% in cells treated with medium 

containing delipidated FBS and this growth could be recovered by both saturated and 

unsaturated fatty acids. For saturated fatty acids, palmitic acid and not stearic acid supported 

growth. All monounsaturated (oleic, C18:1 and palmitoleic, C16:1) and polyunsaturated 

(linoleic, C18:2) fatty acids tested enhanced growth to normal control levels. (Figure 26B). 

 

Inhibition of lipid droplet associated-triglyceride hydrolysis impairs infection of human 

hepatoma cells by P. berghei sporozoites.   

Hydrolysis of LD-associated TAG by host cell hydrolytic enzymes serves as a source of 

substrates for a wide number of processes such as membrane biogenesis, intracellular 

signalling, and ATP production via β-oxidation of long chain fatty acids (Zimmermann et al. 

2009). Our lipidomic analysis reveals a sustained abundance of storage lipids (TAG and CE) 

in infected cells (see Figure 15, Figure 16, and Figure 18 above), though with a gradual 

decline in the intensity at much later time points.  First, we examined if inhibition of major 

enzymes in TAG synthesis has an effect on infection. Surprisingly, inhibition of the two 

diacylglycerolacyltransferases (DGATS) isoforms, Dgat1 or Dgat2, had no effect on P. 

berghei infection in Huh7 (Figure 27A). Due to the relative decline in TAGs levels over time, 

we hypothesized that hydrolysis of TAGs in P. berghei-infected cells would serve as a source 

of substrates for PC synthesis and other processes, needed for the establishment of a  

successful liver stage infection, in which case inhibition of this process would have serious 

consequences on parasite survival. We performed targeted knockdown of host cell adipose 

triglyceride lipase (ATGL) and ABHD5 genes in Huh7 cells followed by infection with 

luciferase expressing P. berghei sporozoites. ATGL is the rate-limiting enzyme that catalyses 

the initial and committed step in TAG hydrolysis leading to the generation of free fatty acid 

and diacylglycerol (DAG) (Zimmermann et al. 2004), the latter being a key intermediate in 

phospholipid biosynthesis.  
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Figure 27. Host cell mediated TAG hydrolysis is important for invasion and development of P. berghei sporozoites 

in Huh7 cells. Huh7 cells were reverse-transfected with negative control, ATGL, ABHD5, Dgat1 or Dgat2 siRNAs as 

described in the Materials and Methods. (A) and (B) Effect of knockdown of Dgat1, Dgat2, ATGL, and ABHD5 on P. 

berghei infection (expressed as % of negative control) was assessed at 48 hpi using luciferase-expressing sporozoites. In 

(C) ATGL and ABHD5 knockdown cells were infected with GFP-expressing P. berghei sporozoites, incubated for 48 hrs 

at 37°C and fixed with 3.7% PFA at room temperature for 20 minutes. Immuno-labelling was performed with anti-Hsp70 

(2E6) mouse monoclonal antibodies as described in Materials and Methods. EEF area was quantified by automated 

imaging. (D) and (E): Effect on infection at 2hpi (invasion) or 48hpi (development) was analysed with GFP-expressing 

parasites by FACS analysis. (F) The efficiency of siRNA knockdown at the time of infection was determined by 

quantitative RT-PCR. Dgat: diacylglycerol acyltransferase; SR-B1: scavenger receptor binding protein 1 (was used a 

positive control); ATGL: adipose triglyceride lipase; ABHD5: αβ-hydrolase domain containing protein 5. HSL: 

hormone-sensitive lipase. Peri A: perilipin A. MGL: monoacylglycerol lipase.  
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During periods of high energy demand, ATGL is activated by LD-resident protein αβ-

hydrolase domain containing protein 5 (ABHD5) or comparative gene identification protein 

58 (CGI-58) to initiate TAG hydrolysis (Lass et al. 2006). Our analysis reveals a severe 

impairment of P. berghei infection of human hepatoma cells upon ATGL or ABHD5 

knockdown (Figure 27B, Figure 27C, and Figure 27E). Next, we assessed whether the effect 

on infection is occurring at or limited to initial or later stages of infection. To this end, the 

percentage of cells that were successfully invaded 2 hours after addition of sporozoites was 

determined by fluorescence activated cell sorting (FACS). Surprisingly, knockdown of 

ATGL significantly impaired invasion (Figure 27D) of Huh7 cells by P. berghei sporozoites. 

ATGL or ABHD5 deficiency causes massive accumulation of lipids in multiple tissues, 

characteristic of neutral lipid storage disease in humans (Brown et al. 2010, Lass et al. 2006). 

As expected, knockdown of ATGL and ABHD5 caused an increase in cellular lipid droplet 

content and size (Figure 28A and Figure 28C). In order to ascertain the relative amount of 

TAG and CE in the total neutral content, we performed shotgun mass spectrometry for major 

lipid classes after knockdown of ATGL and ABHD5 in Huh7 cells. Surprisingly, in addition 

to enhanced TAG levels that were expected, cholesterol ester levels were also enriched 

(Figure 28B). The efficiency of knockdown was confirmed at the time of infection by 

quantitative real time PCR analysis (Figure 27f). Taken together, these results suggest that 

host cell lipolytic breakdown of cellular fat is essential for intracellular survival of P. berghei 

in Huh7.  
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Figure 28. The effect of the inhibition of ATGL or ABHD5 expression on P. berghei survival correlates with an 

accumulation of neutral lipid content in Huh7 cells. Reverse transfection of Huh7 cells with negative control, ATGL, 

and ABHD5 siRNAs was performed as described in Materials and Methods.  (A) After 48 hours of siRNA treatment, 

cells were infected with GFP expressing P. berghei sporozoites and incubated for 48 hours. Cells were then incubated 

with 1/2000 dilution of LD540 (neutral lipid dye) for 15 minutes at 37°C. LD540 was detected with 561 filters (PE). 

Cellular LD content was normalised to the area of the cell. Green line indicates geometric mean of GFP+ve cells. (B) 

Shotgun mass spectrometry Analaysis of major lipid classes after treatment of Huh7 cells with Neg, ATGL, and ABHD5 

siRNA.(C) For microscopy, transfection of cells was done on coverslips, infected with GFP-expressing sporozoites, and 

fixed in 3.7% PFA for 20 minutes.  EEFs were stained with an anti-Hsp70 (2E6) mouse monoclonal antibody, followed 

by incubation with Alexa-488 anti-mouse secondary antibody. Lipid droplets were stained with 0.2% Oil Red O (grey). 

Representative images showing LD content and EFF size in negative control, ATGL, and ABHD5 siRNA treated cells 

are shown. Scale bar: 10µm. 
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Summary: 

 Knockdown of host cell SCD1 severely abrogates infection of Huh7 cells by P. 

berghei parasites 

 SCD1 knockdown causes a decrease in the levels of TAGs, DAG, and PA in 

Huh7 cells 

 TAG lipolysis but not anabolism is essential for P. berghei development in Huh7 

cells 
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4. General discussion 
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How Plasmodium parasites modulate their host cell environment to generate large number of 

merozoites during liver stage infection is still very poorly understood. It is generally thought 

that large amounts of lipids must be required to support membrane neogenesis of the 

developing merozoites. Despite the expression of key enzymes involved in fatty acid 

biosynthesis by the parasite during liver stage infection, studies using FabI or FabH/Z, and 

PDH knockout parasite lines revealed that de novo fatty acid synthesis by the parasite is only 

essential during late liver-blood stage transition, as these parasites are able to develop 

normally but fail to complete liver stage infection (Pei et al. 2010, Vaughan et al. 2009, Yu et 

al. 2008). These studies suggest that the parasite must be dependent on the host for lipids for 

at least part or the entire liver stage infection. Not so long ago, liver fatty acid binding protein 

1 (L-FABP-1) was proposed to be an essential host factor necessary for a successful infection 

in hepatocytes, possibly through it interaction with UIS3 (Mikolajczak et al. 2007), which 

may serve as a conduit for the transfer of lipids into the parasitophorous vacuole (Sharma et 

al. 2008). Yet, the extent of the contribution of host-derived lipid molecules or the nature of 

pathways that are essential for a successful liver stage infection are elusive. In this study, we 

undertook a quantitative determination of the lipid composition of P. berghei-infected cells at 

different time points after infection by shotgun lipid mass spectrometry with the ultimate goal 

to track and identify which major lipid classes change over time as infection progresses. 

Together with other lipids that are the hallmark of lipid droplet and membrane biogenesis, 

phosphatidylcholine (PC) was the only phospholipid enriched in infected cells with a 

concomitant decline in the abundance of phosphatidylethanolamine (PE), phosphatidylserine 

(PS), phosphatidic acid (PA), and phosphatidylinositol (PI). Further molecular dissection by 

siRNA and the use of click chemistry revealed that host cell de novo PC biosynthesis is 

essential for the establishment of a successful infection. In addition, our studies also show 

that inhibition of host-cell lipolytic machinery, mainly the neutral cytoplasmic lipase ATGL 

or its co-activator CGI-58 (ABHD5) and the key enzyme in lipogenesis, SCD1, greatly 

impacts P. berghei liver stage infection (Figure 29). 

Albeit possession of a bacterial-/plant-like type II fatty acid biosynthesis system, which is 

unlike the mammalian counterpart (reviewed in(Chan and Vogel 2010)), Plasmodium 

parasites have similar phospholipid biosynthetic pathways to that of eukaryotic cells. PC and 

PE constitute the bulk of eukaryotic membranes and are synthesized de novo from their 
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2010c). Enrichment in PC levels during infection is not surprising if one considers that PC 

constitutes the major structural phospholipid and that newly synthesized membrane will be 

required during merozoite formation. In fact, during erythrocytic infection, PC is increased 

by about 6-fold when compared to non-infected erythrocytes (ref in (Dechamps et al. 

2010a)), though host cell is void of any protein synthesis machinery and it is mainly parasite 

driven. In infected hepatocytes, enrichment in PC levels could as well be a host cell response 

in order to maintain homeostasis as the parasite actively replicates (Albuquerque et al. 2009). 

At the moment, the contribution of parasite-driven PC synthesis during liver stage infection 

cannot be assessed because enzymes of the Kennedy pathway in P. berghei parasites have 

been shown to be refractory to genetic disruptions (Dechamps et al. 2010b). 

The hepatocyte is highly privileged for phospholipid synthesis. A possible involvement of 

host-derived PC during intracellular development of the parasite was suggested 

microscopically by the click labelling approach. P. berghei EEFs uptake and use host-derived 

PC throughout infection (Figure 20 and 21). The taking up of PC into EEFs may be mediated 

through interaction of PC with PVM-resident proteins such as UIS3 or other proteins as has 

been demonstrated for PE-UIS3 interaction in vitro (Sharma et al. 2008). This could as well 

be mediated through a possible involvement of L-FABP, as this has been reported to interact 

with UIS3 and thus may serve as a conduit for the transfer of lipids. The possibility of an 

involvement of a phospholipid transfer protein such as phosphatidylcholine transfer protein 

(PC-TP) during liver stage infection was explored. PC-TP mediates inter-membrane transfer 

of PC in cells. Knockdown of PC-TP did not have any effect on infection (data not shown) 

and as such may not be implicated in the uptake process that we observe. Uptake may be 

thought to also occur through passive diffusion through the PVM, but this may not be case if 

one considers the bulkiness of a PC molecule. Confocal images revealed phospholipid-rich 

domains within late EEFs which disappear as merozoites are formed (Figure 20 and Figure 

21). Each individual merozoite becomes clearly stained with host derived PC. It is tempting 

to speculate that the parasite starts to accumulate lipids within these lipid-rich domains at 

early-late schizogony in preparation for cytomere and late liver stage development. Previous 

studies in P. falciparum-infected erythrocytes have also observed a rapid uptake of NBD-PC 

into the parasite throughout infection (Haldar et al. 1989). However, pulse-chase experiments 

in the same study revealed that there is an increase in the incorporation of radioactively 

labelled PC into the parasite from 24
th

-38
th

 hour of blood stage cycle, thus mirroring our 
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observation in liver stage infection. Taken together, the uptake of PC from host hepatocytes 

may be an essential survival strategy of the parasite that is common to both pre-erythrocytic 

and erythrocytic stages of infection.   

To buttress our hypothesis of the possible role of host-derived PC in parasite survival in 

hepatocytes, siRNA-mediated inhibition of host cell PCYT1α, the rate-limiting enzyme for 

PC biosynthesis via the Kennedy pathway, greatly impacted host cell invasion and parasite 

development (Figure 22). Also, we observed impairment in Plasmodium infection in PEMT 

knockdown cells, comparable to the extent of the contribution of PEMT activity to total 

cellular PC in hepatocytes. The effect of knockdown of PCYT1α on host cell invasion 

(Figure 22C) can be explained in terms of the biophysical properties of PC and the 

consequence of its absence on plasma membrane architecture. PC and PE are distributed 

asymmetrically on the plasma membrane; with the majority of PC on the outer leaflet and PE 

mainly in the inner leaflet. Whereas PC has a larger head group and is cylindrical in nature, 

PE is smaller and conical in shape. Absence of PC on the outer leaflet may have led to the 

translocation of PE onto the outer monolayer of the plasma membrane, thus resulting in 

membranes that are poorly packed compared to what occurs with a cylindrically shaped PC 

(Li Z. et al. 2006). Consequently, knockdown in PC may have compromised the plasma 

membrane integrity and parasites may traverse cells more and invade less (Figure 22C, cell 

traversal data not shown). Moreover, mass spectrometry analysis of PCYTα knockdown 

Huh7 cells shows very modest but not significant decline in total PC levels compared to cells 

treated with negative control siRNA (Figure 23), together with a modest decrease in 

palmitate-oleate- or dioleate-containing PC species (POPC or DOPC species). These species 

are the most common on the plasma membrane and thus their apparent low total cellular 

levels may also contribute to a possible defect in membrane intergrity and thus effect on 

invasion. This is also corroborated by an increase in diacylglycerol species containing 

palmitate and oleate or dioleate (Figure 23). To further support this data, it would be 

necessary to fractionate cells and analyse the PC composition in the plasma membrane 

fractions from control and knockdown cells.  

The defect in parasite development upon PCYT1α knockdown could be multi-factorial. There 

might be impairment in intracellular trafficking for the delivery of cargo and nutrients to the 

parasite due to an aberrant availability of PC, which in combination with other lipids provides 

biological membranes with the potential for budding and fission (van Meer and Sprong 
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2004). Also, knockdown of PCYT1α in the Kennedy pathway or LPCAT1 and LPCAT2 in 

the Lands cycle have recently been shown to lead to an increase in lipid droplet size 

(Krahmer et al. 2011, Moessinger et al. 2011) as a consequence of LD coalescence due to 

reduced cellular levels of PC (Krahmer et al. 2011). The increase in LDs size may be 

corroborated by the slight increase in the levels of CE that we have observed from our mass 

spectrometry data of cells with a knockdown of PCYT1α (Figure 23A). Furthermore, the 

absence of PCYT1α may be compensated for by the other PC synthesis pathways; PEMT and 

Lands cycle, but possibly of different acyl chain composition. Interestingly, PEMT 

knockdown cells show a significant increase in PE levels compared to control. PC is the main 

phospholipid that forms a monolayer on LD surface surrounding a core of neutral lipids, 

mainly TAGs and CE (Tauchi-Sato et al. 2002). LD-associated PC has a distinct acyl chain 

composition from PC from the ER (Tauchi-Sato et al. 2002), very much like the species that 

are absent upon PCYT1α knockdown in our data. The PC monolayer forms a platform on 

which the various enzymes involved in lipolysis are anchored onto. This leaves one to think 

that there could be impairment in lipolysis as a consequence of this, thus resulting in 

increased CE levels and LD size. In fact, previous in vivo studies using liver specific CTα 

knockout mice revealed that contrary to reduced levels of PC in females, TAG levels are 

increased in hepatic tissues. This also correlates with reduced TAG levels in plasma as a 

consequence of impaired vLDL secretion (Jacobs et al. 2004). The levels of PC in male mice 

were unaltered and females show about a 20% decrease. 

The effect of SCD1 knockdown in Huh7 cells on parasite survival (Figure 24A and24B) 

highlights the significance of host cell de novo lipogenesis during the intracellular survival of 

Plasmodium parasites in the liver; a tissue with a phenomenal lipid metabolic capacity. 

Plasmodium parasites express a SCD enzyme, although it differs in substrate specificity to 

that of humans and was found to be essential for parasite survival during blood stages of 

infection (Gratraud et al. 2009). SCD1 is a key regulatory enzyme in the biosynthesis of 

monounsaturated fatty acids, palmitoleic and oleic acids, both being highly preferred 

substrate for TAGs, CE, and phospholipid biosynthesis (Paton and Ntambi 2009, Shimomura 

et al. 1998). Our mass spectrometry data from cells in which SCD1 has been down-regulated 

is in agreement with previous studies whereby knockdown of SCD1 greatly impairs levels of 

triglycerides and cholesterol esters in hepatic tissues (Miyazaki et al. 2000). Though we 

observed a significant increase in CE upon SCD1 knockdown, there is impairment in the G-
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3-P pathway for TAG synthesis. This is evidenced by reduced levels of key intermediates; 

phosphatidic acid (PA) and DAG (Figure 25A). SCD1 is considered a master regulator of 

intracellular saturated fatty acid pool for storage in LDs as CE or TAGs. Evidently, this is 

supported by the increase in CE, most of which are enriched in saturated fatty acids (Figure 

25B) which may be protecting the cells from SAFA-induced cell death. The decrease in TAG 

also strongly affirms previous studies by Man and colleagues (Man et al. 2006) which show 

that SCD1 colocalises with Dgat2 in the ER membrane where it serves in channelling 

monounsaturated fatty acids to Dgat2 for TAG biosynthesis.  Thus, the effect on Plasmodium 

development may be explained in terms of the apparent low levels of these precursors for de 

novo phospholipid biosynthesis through the Kennedy pathway, and the dependence on 

endogenously synthesized monounsaturated fatty acids to be used in this process. Even 

though we do not see any differences in PC levels in these cells compared to negative siRNA-

treated cells, the acyl composition of both TAG and CE are hugely affected; with decreased 

monounsaturated fatty acids and increased saturated fatty acids  (Figure 25B and Figure 

25C). The significance of endogenously synthesized MUFAs for parasite survival is 

buttressed by our data in, Figure 26B, whereby exogenously provided MUFAs and SAFAs 

may account only for about 30% of parasite survival in Huh7 cells. In addition, the effect of 

knockdown of host cell SCD1 on parasite survival could not be reversed by supplementation 

with exogenously provided oleic acid (data not shown). Indeed, previous in vivo studies by 

Miyazaki and colleagues (Miyazaki et al. 2001, Miyazaki et al. 2000) showed that increases 

in dietary palmitoleic and oleic acids or lipogenic diet could not reverse the phenotype of 

decreased TAGs and CEs levels in SCD1 knockout mice to control levels, thus highlighting 

the dependence of TAGs and CEs syntheses on endogenously synthesized MUFAs. 

Though functioning as a buffer to prevent the toxic effect of lipid overload on cells, TAG 

stores serve as a source of energy during periods of limited cellular fuel through β-oxidation 

of free FA or as a reservoir that supplies substrates for phospholipid biosynthesis (reviewed 

in (Zechner et al. 2012)). Surprisingly, inhibition of TAG biosynthesis by knockdown of 

DGAT enzymes in Huh7 cells did not affect parasite survival (Figure 27A). This is unlike 

what has been described for HCV infections whereby knockdown of host cell Dgat1 but not 

Dgat2 greatly impacts infectious virion production (Herker et al. 2010).  

The effect of knockdown of host cell lipolytic enzyme, ATGL or its co-activator CGI-58 on 

infection (Figure 27B and Figure 28A, 28C) strongly reinforces the idea of the dependence of 
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current mass spectrometry data shows there is a defect in the synthesis of POPC or DOPC 

species , concomitant with an increase in their corresponding DAGs as was observed in 

PCYT1α knockdown cells. Altogether, the data from Dgat1/2 and ATGL/CGI-58 

experiments suggest that intracellular survival of the parasite hugely depends on by-products 

of TAG breakdown rather than the use of TAG molecule as a whole. Indeed, on a parallel 

collaborative project in the lab, we have observed that host cell LD size decreases during 

infection and lipophagy is thought to be a key pathway by which this decrease is mediated.   

Taken together, the possible levels of interaction of the products of host cell SCD1, 

ATGL/ABHD5, and PCYT1α during intracellular replication of Plasmodium parasites are 

summarised in Figure 18. Possible routes by which these products are utilised by the parasite 

are indicated by broken lines: (i) oleate acid might be used directly or indirectly from TAG 

and DAG, (ii) the products of TAG breakdown- free fatty acids and DAG may be used 

directly or their main products such as PC, and (iii) PC can be derived by the parasite directly 

from the host cell cytoplasm.    

During the asexual erythrocytic stage of Plasmodium infection, a single merozoite undergoes 

replication within a red blood cell (RBC) to generate 10-36 merozoites. RBCs are void of 

nuclei and any protein synthesis machinery, and as such any lipid metabolic processes 

observed during erythrocytic infection are parasite-driven especially as Plasmodia species are 

known to posses all the key enzymes of glycerphospholipid biosynthesis (Dechamps et al. 

2010a). On the other hand, exo-erythrocytic stage Plasmodium infection that generates tens 

of thousands of blood stage infectious merozoites occurs in a cell type with a phenomenal 

capacity to support lipid metabolism and homeostasis. So far, our studies have identified 

check-points of host lipid metabolism that are crucial for the establishment of Plasmodium 

infection of hepatocytes. Based on these findings, the ultimate question now becomes what is 

their relevance in the fight against this deadly disease? These findings may guide the rational 

design of inhibitors that are specific to these pathways in order to minimize the proliferative 

potential of the parasite during exo-erythrocytic stage infection. However, due to the 

similarity in the mode of actions of these enzymes, the inhibitors or drugs could be acting on 

the parasite or the host. Interestingly, studies by Gratraud and colleagues, (2009) showed that 

a specific ∆9-desaturase inhibitor analogue, methyl sterculate, inhibited oleic acid synthesis 

in parasite lysate and infected erythrocytes (Gratraud et al. 2009). This and other enzyme 

inhibitors could be designed to screen for their effects on Plasmodium liver stage infection. 
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Plasmodium sporozoites infect liver hepatocytes as the first obligatory step for the 

establishment of a malaria disease in the mammalian host. Within hepatocytes, the parasite 

attains an astonishing replication statute generating thousand of hepatocyte-borne merozoites 

that pinch off from host cell in membrane-bound structures termed merosomes. Prior to this 

study, our knowledge on the contribution of the host lipid metabolic machineries to this 

process has been rudimentary.  

The data obtained from lipidomic analyses of P. berghei-infected cells drew our attention to a 

few aspects of lipid metabolism, namely lipogensis, lipolysis and PC biosynthesis. We have 

systematically investigated the contribution of each of these arms of host lipid metabolism to 

the infection process and have identified PCYT1α, PEMT, SCD1, ATGL and ABHD5 as 

important host molecules in the establishment of a successful infection. On the basis of these 

data, we are convinced that the host cell lipid metabolic machinery plays an integral part in 

Plasmodium infection despite the inherent capacity of the parasite to synthesize a plethora of 

lipids. These studies have also reinforced the idea of the dependence of Plasmodium parasites 

on host machinery as have been echoed before by others.         

So far, these studies have been conducted in in vitro conditions. In order to explore the 

relevance of our results in vivo, we have established several collaborations with researchers 

who have generated transgenic mice deficient for enzymes of the pathways we have now 

described as critical for Plasmodium infection of hepatocytes. In the near future, we aim to 

challenge these mice with P. berghei sporozoites to establish the role of the identified 

molecules in a natural in vivo infection. 
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6.1 Chemicals 

RPMI 1640, DMEM, PBS pH 7.4, Tryspin, OptiMEM, and Lipofectamine RNAiMAX were 

purchased from Gibco Invitrogen. siRNAs were purchased from Ambion. All other chemicals, except 

specified were obtained from Sigma or invitrogen. The lipid droplet dye, LD540, propargylcholine, 

and ether-lyso-phosphatidylcholine were synthesized and provided by Prof. Christoph Thiele, Life 

and Medical Sciences institute, University of Bonn, Germany.  

 

6.2 Culturing of Huh7 cells 

Human hepatoma cells, Huh7, were cultured in RPMI 1640 medium supplemented with 10% 

heat-activated Fetal Bovine Serum (FBS), 1% penicillin/Streptomycin solution, 1% HEPES, 

1% Non-essential amino acids, and 1% Glutamine, in a 5% CO2 humidified incubator at 

37°C. Culture medium was changed after every 48 hours. For experimental setups, cells were 

detached with trypsin solution for 5minutes at 37°C. The action of trypsin was stopped by re-

suspending the cells in an appropriate volume of complete medium. Cells were recovered by 

centrifugation at 1200 revolutions per minutes (rpm) for 5 minutes in a bench top centrifuge 

with a swing out rotor (eppendorf centrifuge 5810R). Cell count was determined using a 

Neubuear counting chamber. An appropriate number of cells was seeded in appropriate 

dishes/plates (12, 24, 96 wells, TPP transparent) and further incubated in a 5% CO2, 37°C 

incubator. 

 

6.3 Reverse transfection of hepatoma cells, Huh7, with Oligonucleotide sequences. 

Human hepatoma cells, Huh7, were transfected with target specific or negative siRNA 

sequences purchased from Ambion. The sequences of each siRNA used are provided in table 

2. According to the manufacturers´ instructions, 5nM powder of oligonucleotide sequence 

was re-constituted with 100μl of Nuclease-free RNase-free H2O to obtain 50μM stock 

solution. This was aliquoted into eppendorf tubes and stored at -80
◦
C until when required. A 

working concentration of 2μM was prepared from a 50μM stock solution by adding an 

appropriate amount of Nuclease-free RNase-free H2O. For 96 well plate transfection 

experiments, 1.5ul of target specific or control siRNA was pre-diluted with 8.5ul of 

OptiMEM in separate wells. This was followed by the addition of 10μl of a pre-diluted mix 
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of Lipofectamine RNAi MAX in OptiMEM. To every 9.8ul of OptiMEM, 0.2μl of 

Lipofectamine RNAiMAX was added and mixed before being added to the siRNA-

OptiMEM mix. The 1:1 siRNA pre-dilution and Lipofectamine RNAi MAX pre-dilution 

were mixed well and incubated for 20 minutes at room temperature. The 20µl of 

siRNA/Lipofectamine complex was transferred to a new 96 well plate for cell culture. This 

was followed by the addition of 6000 cells per well in a final volume of 100µl of RPMI 1640 

supplemented with 10% FBS, 1% L-Glutamine, 1% Non-Essential Amino Acids (NEAA) 

and 1% HEPES without antibiotics. Unused edge wells were filled with H2O or PBS and the 

cells were incubated at 37
◦
C in 5% CO2 incubator for 48 hours. The siRNA sequences used 

are listed in Table 1. For a 24 well plate, 7.5ul of target specific or control siRNA was pre-

diluted with 42.5µl of OptiMEM and mixed in 1:1 ratio with a Lipofectamine RNAi MAX-

OptiMEM mix that was prepared by pre-diluting 1µl of Lipofectamine RNAi MAX with 49ul 

of OptiMEM. The siRNA/Lipofetamine mix was transferred to a new 24 well plate and 

35000-40000 cells were added in 400µl of RPMI 1640 complete medium without penincillin-

streptomycin. The cells were incubated for 30-48 hours and infected with P. berghei 

sporozoites as previously described. 

 

6.4 Isolation of transgenic P. berghei sporozoites from infected Anopheles stephensi 

mosquitoes 

Anopheles stephensi mosquitoes that had blood meal from mice that were infected with either 

GFP, RFP, or luciferase expressing transgenic P. berghei parasites were housed in 

appropriate cages in humidified incubators in strict compliance to the guidelines of the ethics 

committee of the institute. At about day 24 post-feeding, and depending on the type of 

experiment, P. berghei-infected salivary glands were dissected from infected mosquitoes into 

an appropriate volume of DMEM medium in a 1.5ml eppendor tube. These were smashed 

and passed through a cell strainer. The number of sporozoites from each dissection was 

counted in a Neubuear chamber. 
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6.5 Infection of Huh7 cells with P. berghei sporozoites 

Depending on the experimental design, GFP-, RFP-, luc-expressing P. berghei sporozoites 

that were dissected from salivary glands of infected Anopheles stephensi mosquitoes were re-

suspended in an appropriate volume of RPMI 1640 complete medium supplemented with 

0,02% Fungizone. An appropriate amount of sporozoites was added to cells and centrifuged 

at 3000 rpm for 5 minutes. The cultures were incubated at 37°C until an appropriate period of 

time. Culture medium, supplemented with 0.02% Fungizone, was changed after every 24 

hours. 

 

6.6 Quantification of infection. 

6.6.1 In vitro luminescence measurement of P. berghei infection 

Upon infection of Huh7 cells with luciferase-expressing transgenic P. berghei sporozoites 

and further incubation for 48 hours, the parasite load was assessed according to Ploemen and 

colleagues (Ploemen et al. 2009) using a Firefly Luciferase Assay kit (Biotium Inc.). Briefly, 

10,000 transgenic PbGFP-Luccon sporozoites obtained from infected mosquitoes were used to 

infect cells as described in section 6.4 above. Depending on the nature of the experiment, the 

confluency of the cells was determined by Alamar Blue fluorescence method. Briefly, cells 

were incubated with 1/20 dilution of Alama Blue in complete RPMI 1640 medium for about 

2 hours and the fluorescence was measured at 595nm in a microplate reader (Tecan). 

Following the determination of cell confluency, cells were rinsed briefly with phosphate 

buffered saline solution. Seventy-five microlitres of 1X reconstituted Firefly Lucifrease Lysis 

buffer was added to each well and the plate was agitated for 12 minutes at 400 rpm at room 

temperature. Furthermore, the plates were centrifuged at 1000 rpm for 5minutes in order to 

pellet cellular debris. Thirty microlitres of lysate from each well was transferred into a well in 

a white 96 well plate (Corning), followed by the addition of 50ul of 0.2mg/ml of D-luciferin. 

The plate was agitated for 4seconds and luminescence intensity was measured in a microplate 

plate reader (Tecan) for 100ms at an excitation and emission wavelengths of 530nm and 

590nm respectively. 
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6.6.2 Fluorescence activated cell sorting (FACS) analysis of P. berghei infection. 

FACS analysis of in vitro P. berghei infection takes advantage of the availability of a 

transgenic PbGFP parasite line (Franke-Fayard et al. 2004) and according to Prudencio and 

colleagues (Prudencio et al. 2008). This technique offers the possibility of further dissecting 

the infection process in terms of (i) percentage of cells invaded, (ii) percentage of cells 

traversed; dextran assay (Mota et al. 2001) and (iii) intracellular development of the parasite. 

Based on the experimental design, Huh7 cells that had been previously seeded in 24 well 

plates (TPP Inc.) were infected with 25000-40000 GFP-expressing P. berghei sporozoites in 

the presence of 0, 02% fungizone and or without 0,5mg/ml of dextran as above.  The plates 

were further incubated for 2 hours or 48 hours. In order to assess percentage of invasion, 

infection was stopped at 2 hpi. The culture medium was removed and the cells were rinsed 

twice with phosphate buffered saline solution. An appropriate volume of 0.05% trypsin was 

added to cells and incubated for 5 minutes at 37
◦
C. The cells were re-suspended in an 

appropriate volume of 10% fetal bovine serum-supplemented PBS in order to inhibit the 

action of trypsin. Cells were collected into FACS tubes and centrifuged for 3-5minutes at 

2000 rpm. Supernatant was removed and the cells were re-suspended in about 250ul of 2% 

fetal bovine serum-supplemented PBS for FACS analysis using a 488 lasers and appropriate 

gating of cells. 

6.6.3 Automatic exo-erythrocytic forms (EEFs) quantification by wide field fluorescence 

microscopy 

In addition to assessing P. berghei infection by luminescence and fluorescence intensity 

measurements from using luciferase-expressing and GFP-expressing sporozoites, 

respectively, infection was also assayed by combining immune-labeling of a parasite specific 

protein with an automated fluorescence imaging using in-house written journal that alternates 

between the two fluorescence excitation wavelengths for nuclei and EEFs. Immuno-

fluorescence labeling for parasite protein was done as described in immuno-labeling protocol 

section below. About 64 images were automatically and randomly taken per cover slip and 

the number of nuclei and EFF areas were determined with appropriate macros using Image J 

software.  
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6.7 Immunofluorescence detection of P. berghei and lipid droplet staining in Huh7 cells. 

For intracellular localisation of P. berghei in Huh7 cells by immunofluorescence, P. berghei-

infected cells on glass cover slips that were either transfected with siRNA or subjected to 

drug treatments were rinsed briefly with 1 x PBS and fixed immediately with 3.7% Para-

Formladehyde (PFA) for 20 minutes at room temperature. The cells were washed trice for 5 

minutes on a shaker and then incubated in 0,1M glycine for 10 minutes to quench cellular 

auto-fluorescence. This was followed by incubation in 0.1% saponin for 20 minutes at room 

temperature, three washes with PBS and further incubation in blocking solution, 1-2% 

Bovine serum albumin (BSA) with 0.05 % saponin for 1-2 hours at room temperature. P. 

berghei parasites were stained with a parasite specific anti-Hsp70 (2E6) antibody at a 1:300 

dilution for 1 hour at room temperature. The cells were subjected to three washes with 

blocking solution and further incubated in a 1:400 dilution of an anti-mouse Alexa 488 or 

Alexa 594 secondary antibody. Lipid droplets were stained with either Oil Red O (Sigma 

Aldrich) or LD540. Briefly, fixed cells were incubated with either 0.2% Oil Red O in 60% 

isopropanol for 15-30 minutes or in a 1 in 5000 dilution of LD540 in blocking solution for 5 

minutes all at room temperature. Further three washes were carried out with blocking solution 

in the presence of a 1:1000 dilution of 4´, 6-diamidino-2-phenylindole (DAPI) for nuclei 

staining. Cover slips were mounted on microscope slides with fluoremount. 

Confocal images were acquired using LSM 510 META confocal microscope with the 

following parameters: excitation with 405nm, Band Pass (BP): 420nm-480nm, excitation 

with 488nm, BP: 505nm-530nm, excitation with 594nm: Long Pass (LP): 615nm. Images 

were processed with Image J software. 

 

6.8 RNA extraction and quantification 

RNA was extracted from cultured cells using High Pure RNA Isolation kit (Roche) or Trizol   

Reagent (Invitrogen) according to the manufacturers´ instruction. With High Pure RNA 

isolation kit, cells were rinsed briefly with RNase-free PBS and resuspended in two-third 

volume of lysis/-binding buffer and one-third volume of PBS. The sample was transferred to 

a High Pure filter tube and inserted in a collection tube. The assembly was centrifuged for 15 

seconds at 8,000 x g. The flow-through liquid was discarded and the High Pure Filter tube 
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was re-inserted in the collection tube. One hundred microlitres of DNase 1 in DNase 

incubation buffer was added to each Filter tube and incubated for 15minutes at room 

temperature. The column was washed once with 500μl of Wash Buffer I by centrifuging at 

8000 x g for 15 seconds and twice with 500μl and 200μl of Wash Buffer II by centrifuging at 

8000 x g for 15 seconds and 2 minutes respectively. The RNA was eluted with an appropriate 

volume of Elution Buffer by centrifuging at 8000 x g for 1 minute.  

In isolating RNA from cells with Trizol reagent, cells were homogenised with an appropriate 

volume of Trizol reagent and incubated for 5 minutes at room temperature to allow the 

complete dissociation of nucleoproteins. An appropriate volume of chloroform was added to 

the homogenate and the tubes were shaken vigorously with hand for 15 seconds. For every ml 

of Trizol used, 0,2ml of chloroform was added. The Trizol-chloroform mixture was incubated 

for 2-3 minutes at room temperature and centrifuged at 13000 rpm for 15 minutes at 4-8
◦
C. 

The resultant colourless upper aqueous phase was transferred to a fresh eppendorf tube. In 

order to precipitate the RNA from the aqueous phase, an appropriate volume of isopropanol 

was added, mixed thoroughly, incubated for 10 minutes at room temperature, and centrifuged 

for 10 minutes at 13000 rpm at 2-8
◦
C. For every 1ml of Trizol, 0,5ml of isopropanol was used 

for RNA precipitation. The supernatant was removed and the pellet was mixed with 1 ml of 

75% ethanol, votexed and centrifuged at 7500 x g for 5 minutes at 2-8
◦
C. The supernatant 

was removed and the pellet was redissolved in an appropriate volume of RNase-free water 

and incubated at 55-60
◦
C for 10 minutes to inactivate RNase. RNase-free sealable eppendor 

tubes were used for this purpose. RNA was quantified in a NanoDrop® ND-1000 

Spectrophotometer machine using 1μl of sample. 

 

6.9 cDNA synthesis and quantitative RT-PCR 

cDNA was synthesized using the Roche cDNA synthesis kit. Briefly, 200-500ng of RNA was 

used in each reaction. The Cdna synthesis protocol was carried out in a Bio-rad machine as 

follows: 25
◦
C for 10 minutes, 55

◦
C for 30 minutes, and 85

◦
C for 5 minutes. Quantitative real 

time reverse transcription polymerase chain reaction (qRT-PCR) was performed in a 7500 

Fast Applied Bioscience (AB) machine using SBGR kit as follows: 50
◦
C for 2 minutes, 95

◦
C 

for 10 minutes, 40 cycles at 95
◦
C for 15 seconds and 60

◦
C for 1 minute, melting stage was 

done at 95◦C for 15 seconds, 60◦C for 1 minute, and 95
◦
C for 30 seconds. HPRT primers 
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were used for normalisation as a house keeping gene in all experiments. The primers used in 

the study are provided on table 1. 

 

6.10 FACS-Sorting of P. berghei-infected and non-infected cells for lipid mass 

spectrometry analysis.  

Human hepatomal cells, Huh7, were seeded in 24 or 12 wells plates and incubated overnight 

in a 37°C incubator with 5% CO2 level. The cells were subsequently infected with GFP-

expressing P.berghei sporozoites as described in 6.4 above. At different time points post 

infection; 25, 35, and 45hpi, the cells were trypsinized for 5minutes at 37°C and resuspended 

in an appropriate volume of 10% FBS supplemented PBS. The cells were pelleted by 

centrifugation at 1200 rpm for 5 minutes and further resuspended in an appropriate volume of 

2% FBS-supplemented PBS. Non-infected and GFP-expressing P. berghei-infected cells 

were gated on the basis of their different fluorescence intensity as previously established 

(Albuquerque et al. 2009, Prudencio et al. 2008). Cells were collected sequentially; starting 

with about 200000-300000 non-infected cells and followed by collection of the entire 

infected population present in the sample. Immediately after FACS-sorting, the cells were 

pelleted and washed once with 150 mM ammonium bicarbonate solution by centriguation. 

The resultant pellet was snap-frozen in liquid nitrogen and stored at -80°C until the samples 

were analysed. 

 

6.10 Delipidation of FBS 

The protocol to delipidate FBS was provided by Christoph Thiele lab. Briefly, for 100 

millilitres (ml) of heat in-activated FBS, a mix of 80 ml of diisopropylether and 40 ml of n-

butanol was added to it. This was stirred on a magnetic stirrer for 3 minutes, followed by 

centrifugation at 4000g for 15 minutes until the phases were separated. The upper phase was 

discarded and the lower phase was transferred to a fresh beaker with a glass pipette. One 

hundred millilitres of diisopropylether was added to the beaker and stirred for a further 30 

minutes and centrifuged as above. Gently collected the lower phase and blew a stream of 

nitrogen over it surface. This was then dialyzed in PBS three times overnight at 4
◦
C using a 

dialysis membrane of molecular weight cut off (MWCO): 12-14000 (Medicell International 
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Ltd, London, UK). After dialysis, the delipidated FBS was aliquoted and stored at -20
◦
C and 

thawed when needed. 

 

6.11 Metabolic labelling and imaging of phospholipids (phosphatidylcholine) in P. 

berghei-infected hepatocytes. 

The distribution of the phospholipid, PC, in infected cells was conducted by pre-labeling cells 

metabolically with propargylcholine, ether-lyso-phosphatidylcholine or Lyso-

phosphatidylcholine prior to infection, followed by fixation and detection with the 

appropriate click reagents. For pre-labeling experiments, cells that had been previously 

seeded on glass cover slips were incubated with 1mM or 10μM of propargylcholine or ether-

lyso-phosphatidycholine, respectively, in complete RPMI 1640 for 8 hours, rinsed 

thoroughly, and chased for 1 hour in complete RPMI 1640 culture medium. The cells were 

then infected with RFP expressing-expressing P. berghei ANKA sporozoites as previously 

described in section 6.5. At different time points post-infection, infected cells were fixed with 

3.7% PFA for 20 minutes at room temperature. This was followed by three successive washes 

with PBS for 10 minute. Immuno-staining of parasitophorous vacuole membrane-resident 

proteins, CSP and UIS4, or the merozoite protein- MSP1, was performed by incubating cells 

in a 1:400 dilution of mouse anti-CSP or anti-MSP1 antibody in blocking solution for 1 hour 

at room temperature, followed by 3 x 5 minutes washes with blocking solution. Further 

incubation in anti-mouse Alexa-488 or -594 secondary antibodies was done for 45 minutes at 

room temperature. After three successive washes with blocking solution, the cells were 

incubated in click labelling mix; composed of Cu
2+

, click labelling buffer, additives buffer 

and Sulfo-Azido-Bodipy, for 1 hour at room temperature. The cells were rinsed briefly with 

PBS and subsequently washed 3 x 10minutes with blocking solution on a shaker. Cell nuclei 

were stained with DAPI. The cover slips were mounted on microscope slides with 

fluoromount (SouthernBiotech) and confocal images were acquired using LSM 510 META 

confocal microscope with a X63 Oil objective using the parameters described in section 6.7. 
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Supplementary materials and Methods performed by Julio Sampaio 

6.12 Total lipid extraction and quantitative mass spectrometry analysis. 

Total cellular lipid was extracted from sorted cells as previously described (Sampaio et al. 

2011). Briefly, the sample was dissolved in 200 μL of 150 mM of ammonium bicarbonate. 

Samples were spiked with 10 μL of internal standard lipid mixture. 10 μL of an internal lipid 

standard mixture provide a total spike of 20 pmol DAG 17:0–17:0, 20 pmol phosphatidic acid 

(PA) 17:0–17:0, 50 pmol PE 17:0–17:0, 10 pmol phosphatidylglycerol (PG) 17:0–17:0, 40 

pmol phosphatidylserine (PS) 17:0–17:0, 40 pmol phosphatidylcholine (PC) 18:3–18:3, 50 

pmol phosphatidylinositol (PI) 17:0–17:0, 20 pmol ceramide (Cer) 18:1;2/17:0;0, 40 pmol 

SM 18:1;2/17:0, 20 pmol galactosylceramide (GalCer) 18:1;2/12:0, 20 pmol lactosylceramide 

(LacCer) 18:1;2/12:0, 10 pmol Triacylglyceride (TAG) 12:0/12:0/12:0, 90 pmol Cholesterol-

ester (CE) 17:0, 50 pmol Cholesterol-d7 (Chol). 265 µL of methanol were added to the 

mixture and shaken for 10 minutes for homogenization. 730 µL of chloroform were added to 

the mixture and shaken for 1 h. The lower organic phase was collected and evaporated in a 

speedvac. Lipid extracts were dissolved in 100 μL of chloroform-methanol [1:2 (vol/vol)] 

and subjected to quantitative lipid analysis an LTQ-Orbitrap instrument (Thermo Fisher 

Scientific). Samples were infused with a TriVersa NanoMate robotic nanoflow ion source 

(Advion Biosciences, Inc.). DAG, PA, PS, PE, PI, and PG species were quantified by 

negative ion mode Fourier transform (FT) MS analysis on an LTQ-Orbitrap instrument 

multiple; PC, SM, ceramide, hexosylceramide, dihexosylceramide  species were quantified 

by positive ion mode FT MS analysis on an LTQ-Orbitrap instrument as described elsewhere 

(Sampaio et al. 2011). Cholesterol was determined as described elsewhere (Liebisch et al. 

2006). 

Statistical analysis 

Statistical analysis were performed using GraphPad Prism 5 software.  Student t-test was 

used for significance of differences observed for negative and target specific siRNA. * p < 

0.05, ** p < 0.01 and *** p < 0.001 
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Table 1: Primers used in RT-CPR experiments  

Gene 

name 

Reverse Forward 

SCD1 GACGATGAGCTCCTGCTGTT CTCTGCTACACTTGGGAGCC 

ATGL CAACGCCACGCACATCTA ACCTCAATGAACTTGGCACC 

ABHD5 CAGTCCACAGTGTCGCAGAT TATTCTTGGGGCAGGACATT 

PCYT1α ATCTTCTTCTGTTGCCCCGT GCGCCACCTCAGAAGATAAA 

PEMT GGAAGTTCAGGAGCAGGATG  CCTTCAATCCGCTCTACTGG 

DGAT1 CCACCAGGATGCCATACTTG GGATCTGAGGTGCCATCGT 

DGAT2 TAG ATG GGA ACC AGG TCA GC CAA AGA ATG GGA GTG GCA 

AT 

hHPRT CAAGACATTCTTTCCAGTTAAAGTTG TTTGCTGACCTGCTGGATTAC 

 

Gene name 

and # in 

experiment 

SiRNA 

ID# 

Sequence, sense 

5´-3´ 

Seguence, antisense 

5´-3´ 

ATGL 

(PNPLA2) 

122218 GACGGCGAGAAUGUCAUUAtt UAAUGACAUUCUCGCCGUCtg 

ABHD5 23632 GGACCCUUUGGUUUAAGUCtt GACUUAAACCAAAGGGUCCtg 

Dgat1 #1 111783 GCAAUGCCCGGUUAUUUCUtt AGAAAUAACCGGGCAUUGCtc 

Dgat1 #2 111784 CCUUGUGCUACGAGCUCAAtt UUGAGCUCGUAGCACAAGGtg 

SCD1#1 15733 GGAGAUAAGUUGGAGACGAtt UCGUCUCCAACUUAUCUCCtc 

SCD1#2 15828 GGAUAAGGAAGGCCCAAGCtt GCUUGGGCCUUCCUUAUCCtt 

PCYT1α 15618 GGCUUCACGGUGAUGAACGtt CGUUCAUCACCGUGAAGCCtt 

PEMT 43023 CCUUCAAUCCGCUCUACUGtt CAGUAGAGCGGAUUGAAGGtg 

Table 2: siRNA sequences 
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Figure 15 

 

Figure 16 

 

 

Non-infected 

cells (NIC)

P. berghei -

infected cells (IC)
Av. 25pi_NIC Stdev_25hpi_NIC

25hpi_Sample 1 25h_Sample 2 25h_Sample 3
25h_Sample 

1GFP+ve

25hpi_Samp

le 2GFP+ve
25hpi_Sample 3

TAG 9,376192971 11,25445225 11,91872507 16,01645478 18,18607037 15,00923312 10,84979009 1,318685314

CE 8,134358334 12,48110337 9,106046547 33,60979649 19,30475508 11,66936698 9,907169417 2,281424225

DAG 1,295066822 1,804910991 1,184184846 4,224719572 4,612714907 2,750212308 1,42805422 0,331043008

PC 22,96151531 28,04563761 17,6089386 35,00742506 34,31865317 27,74021825 22,87203051 5,218924908

PE 25,58828651 22,60430014 29,95826146 7,433127834 15,31179832 22,52450353 26,05028271 3,698684513

PS 5,301083379 4,71974406 6,174720649 1,972676218 3,098425566 4,083457817 5,398516029 0,732365387

PA 3,678667412 2,128416525 2,76182355 1,090020609 1,281266066 1,959239178 2,856302496 0,779431945

PG 0,372433209 0,356129101 0,336729959 0,138884343 0,276546055 0,29735413 0,355097423 0,017873969

PI 15,3950072 13,38360367 14,24114934 6,114494342 8,972374032 12,29167068 14,33992007 1,009332841

Cer 0,439623137 0,476973424 0,471873579 0,87926018 0,623081901 0,710051115 0,46282338 0,020253162

SM 3,258879546 3,606142262 4,122948201 5,638762572 4,170278626 3,58152169 3,66265667 0,434797733

Chol 21,70943747 22,87414221 23,13936982 37,50062927 27,33486136 24,0617713 22,5743165 0,760656441

35h_Sample 

1_GFP-ve

35hpi_Sampl

e 2_GFP-ve

35hpi_Sample 

3

35hpi_Sample 

1_GFP+ve

35hpi_Samp

le 2_GFP+ve
35hpi_Sample 3 Av. 35pi_NIC Stdev_35hpi_NIC

TAG 11,19918526 10,23610935 6,25872752 13,11116948 9,734951409 10,21350782 9,23134071 2,619007577

CE 11,35294309 11,48819007 4,130576752 11,04553958 5,756586671 5,43935814 8,990569972 4,209420804

DAG 1,044458996 1,304570624 0,457273102 2,728220983 1,345941674 0,622445135 0,935434241 0,434042706

PC 16,2283676 14,72747907 36,13974221 27,83001575 38,84810009 38,56578956 22,36519629 11,95268811

PE 31,36016918 38,17111928 23,40916525 21,91197264 16,57395238 18,5307812 30,98015124 7,388310492

PS 6,594441906 6,119976668 4,765185479 3,971317681 3,329581957 3,404435537 5,826534684 0,949276523

PA 1,575891856 2,190168987 1,446450015 0,634777368 0,540835181 0,724186306 1,737503619 0,397326376

PG 0,402536367 0,338583918 0,294414987 0,288774265 0,232413117 0,297710314 0,345178424 0,054361511

PI 16,08092298 14,89840964 13,23376564 13,12764454 10,55290653 11,40557928 14,73769942 1,430366059

Cer 0,355247653 0,362692655 0,304315602 0,597067648 0,796944764 0,564565052 0,34075197 0,031773632

SM 2,498035282 2,191329848 1,797697667 3,531702442 2,386340721 2,281534921 2,162354266 0,351066778

Chol 23,85992818 19,69566931 18,15199005 25,37850668 25,39298359 23,60297269 20,56919584 2,952528726

45hpi_Sample 1
45hpi_Sampl

e 2
45hpi_Sample 1

45hpi_Samp

le 2
Av. 45pi_NIC Stdev_45hpi_NIC

TAG 8,948975124 9,153117036 11,30714476 9,771291507 9,05104608 0,14435013

CE 4,744648052 6,392886631 6,193222447 8,091535253 5,568767342 1,165480676

DAG 1,015055245 1,165146546 1,456433411 1,417851953 1,090100896 0,106130576

PC 19,20814788 20,71084398 27,26732535 26,89790447 19,95949593 1,062566601

PE 22,25021765 22,35953047 21,9465087 21,57220257 22,30487406 0,077295836

PS 6,228886141 7,005076071 3,832293297 4,410184645 6,616981106 0,548849163

PA 2,633102101 1,86851741 1,464526983 1,230866412 2,250809756 0,54064302

PG 0,274227298 0,26714462 0,670779908 0,45457228 0,270685959 0,005008209

PI 19,33131709 17,26011237 12,10531935 11,56792348 18,29571473 1,464562902

Cer 0,305672978 0,247274027 0,311256859 0,24165498 0,276473502 0,041294294

SM 2,910908951 3,08565856 3,696429615 3,753207548 2,998283756 0,123566633

Chol 25,84246466 26,03069594 27,24912653 28,45363166 25,9365803 0,133099616

25 hpi_non-infected cells 25hpi_Infected cells 35hpi_non-infected cells 35hpi_infected cells 45hpi_non-infected cells 45hpi_P. berghei

TAG 10,26035125 16,40391942 9,23134071 11,01987624 8,948975124 10,53921813

CE 9,198044984 21,52797285 8,990569972 7,41382813 4,744648052 7,14237885

Chol 22,22836489 29,63242064 20,56919584 24,79148765 25,84246466 27,8513791

glycerolipids 73,81694601 65,166594 76,92769792 71,8224605 70,94095341 68,1473464

Sphingolipids 3,954689103 5,200985361 2,503106236 3,38605185 3,216581929 4,001274501
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Figure 17 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Lipids
Time after 

infection

Non Infected; 

Sample 1

Non Infected; 

Sample 2

Non Infected; 

Sample 3

Average Non-

infected samples

StDev Non-

infected

Infected; 

Sample 1

Infected; 

Sample 2

Infected; 

Sample 3 Average Infected

StDEV 

infected

PC 25h 22,96151531 28,04563761 17,6089386 22,87203051 5,218924908 35,00742506 34,31865317 27,74021825 32,35543216 4,011701788

PE 25h 25,58828651 22,60430014 29,95826146 26,05028271 3,698684513 7,433127834 15,31179832 22,52450353 15,08980989 7,548136474

PA 25h 3,678667412 2,128416525 2,76182355 2,856302496 0,779431945 1,090020609 1,281266066 1,959239178 1,443508618 0,456757282

PG 25h 0,372433209 0,356129101 0,336729959 0,355097423 0,017873969 0,138884343 0,276546055 0,29735413 0,237594843 0,086116584

PI 25h 15,3950072 13,38360367 14,24114934 14,33992007 1,009332841 6,114494342 8,972374032 12,29167068 9,126179685 3,091459042

PS 25h 5,301083379 4,71974406 6,174720649 5,398516029 0,732365387 1,972676218 3,098425566 4,083457817 3,051519867 1,056172262

DAG 25h 1,295066822 1,804910991 1,184184846 1,42805422 0,331043008 4,224719572 4,612714907 2,750212308 3,862548929 0,982651852

PC 35h 16,2283676 14,72747907 36,13974221 22,36519629 11,95268811 27,83001575 38,84810009 38,56578956 35,0813018 6,28138415

PE 35h 31,36016918 38,17111928 23,40916525 30,98015124 7,388310492 21,91197264 16,57395238 18,5307812 19,00556874 2,700496712

PA 35h 1,575891856 2,190168987 1,446450015 1,737503619 0,397326376 0,634777368 0,540835181 0,724186306 0,633266285 0,091684902

PG 35h 0,402536367 0,338583918 0,294414987 0,345178424 0,054361511 0,288774265 0,232413117 0,297710314 0,272965899 0,035402815

PI 35h 16,08092298 14,89840964 13,23376564 14,73769942 1,430366059 13,12764454 10,55290653 11,40557928 11,69537678 1,311604324

PS 35h 6,594441906 6,119976668 4,765185479 5,826534684 0,949276523 3,971317681 3,329581957 3,404435537 3,568445059 0,350899597

DAG 35h 1,044458996 1,304570624 0,457273102 0,935434241 0,434042706 2,728220983 1,345941674 0,622445135 1,565535931 1,069924861

Lipid
Time after 

infection

Non Infected; 

Sample 1

Non Infected; 

Sample 2

Average Non-

infected samples

StDev Non-

infected

Infected; 

Sample 1

Infected; 

Sample 2

Average infected 

samples

StDev 

infected

PC 45h 16,89456755 17,92424254 17,40940504 0,728090164 23,20632171 22,81897214 23,01264692 0,273897507

PE 45h 19,57035108 19,35106615 19,46070861 0,155057863 18,67664028 18,30675525 18,49169777 0,261548211

PA 45h 2,31595442 1,617137357 1,966545888 0,494138284 1,246498579 1,044235966 1,145367272 0,143021265

PG 45h 0,241198246 0,231203754 0,236201 0,007067173 0,57087873 0,385707918 0,478293324 0,130935537

PI 45h 17,0030475 14,93786113 15,97045432 1,460307288 10,30257019 9,8158627 10,05921645 0,34415417

PS 45h 5,478682289 6,062554011 5,77061815 0,412859654 3,261547609 3,742408563 3,501978086 0,340020041

DAG 45h 0,892804615 1,008395522 0,950600069 0,081735114 1,23959574 1,202857546 1,221226643 0,025977826
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Figure 18 

 

 

 

 

 

 

 

 

 

 

 

Nº Lipid

Time after 

infection

Non Infected; 

Sample 1

Non Infected; 

Sample 2

Non Infected; 

Sample 3

Infected; 

Sample 1

Infected; 

Sample 2

Infected; 

Sample 3

Ratio Infected/Non 

Infected; Sample 1

Ratio Infected/Non 

Infected; Sample 2

Ratio Infected/Non 

Infected; Sample 3

1 Cer 25h 0,439623137 0,476973424 0,471873579 0,87926018 0,623081901 0,710051115 2,000031633 1,306324145 1,504748615

2 SM 25h 3,258879546 3,606142262 4,122948201 5,638762572 4,170278626 3,58152169 1,730276462 1,156437634 0,868679769

3 Chol 25h 21,70943747 22,87414221 23,13936982 37,50062927 27,33486136 24,0617713 1,727388345 1,195011428 1,039862861

4 CE 25h 8,134358334 12,48110337 9,106046547 33,60979649 19,30475508 11,66936698 4,131831315 1,546718628 1,281496522

5 TAG 25h 9,376192971 11,25445225 11,91872507 16,01645478 18,18607037 15,00923312 1,708204474 1,615900088 1,259298543

6 DAG 25h 1,295066822 1,804910991 1,184184846 4,224719572 4,612714907 2,750212308 3,262163388 2,555646748 2,322451868

7 PC 25h 22,96151531 28,04563761 17,6089386 35,00742506 34,31865317 27,74021825 1,524613014 1,223671704 1,575348684

11 PS 25h 5,301083379 4,71974406 6,174720649 1,972676218 3,098425566 4,083457817 0,372126993 0,656481692 0,661318633

9 PA 25h 3,678667412 2,128416525 2,76182355 1,090020609 1,281266066 1,959239178 0,296308551 0,601980886 0,709400562

10 PE 25h 25,58828651 22,60430014 29,95826146 7,433127834 15,31179832 22,52450353 0,290489472 0,677384313 0,751862839

8 PG 25h 0,372433209 0,356129101 0,336729959 0,138884343 0,276546055 0,29735413 0,372910739 0,776533157 0,883064074

12 PI 25h 15,3950072 13,38360367 14,24114934 6,114494342 8,972374032 12,29167068 0,397173854 0,670400458 0,863109458

1 Cer 35h 0,355247653 0,362692655 0,304315602 0,597067648 0,796944764 0,564565052 1,68070821 2,197300536 1,855195883

2 SM 35h 2,498035282 2,191329848 1,797697667 3,531702442 2,386340721 2,281534921 1,413792058 1,088992022 1,269142728

3 Chol 35h 23,85992818 19,69566931 18,15199005 25,37850668 25,39298359 23,60297269 1,063645561 1,289267361 1,300296696

4 CE 35h 11,35294309 11,48819007 4,130576752 11,04553958 5,756586671 5,43935814 0,972923011 0,501087346 1,316851972

5 TAG 35h 11,19918526 10,23610935 6,25872752 13,11116948 9,734951409 10,21350782 1,170725296 0,951040193 1,631882485

6 DAG 35h 1,044458996 1,304570624 0,457273102 2,728220983 1,345941674 0,622445135 2,612090079 1,031712389 1,361210911

7 PC 35h 16,2283676 14,72747907 36,13974221 27,83001575 38,84810009 38,56578956 1,71489927 2,637796998 1,067129625

11 PS 35h 6,594441906 6,119976668 4,765185479 3,971317681 3,329581957 3,404435537 0,602221953 0,544051414 0,714439249

9 PA 35h 1,575891856 2,190168987 1,446450015 0,634777368 0,540835181 0,724186306 0,402805158 0,246937649 0,500664592

10 PE 35h 31,36016918 38,17111928 23,40916525 21,91197264 16,57395238 18,5307812 0,698719848 0,434201372 0,791603673

8 PG 35h 0,402536367 0,338583918 0,294414987 0,288774265 0,232413117 0,297710314 0,717386773 0,686426923 1,011192795

12 PI 35h 16,08092298 14,89840964 13,23376564 13,12764454 10,55290653 11,40557928 0,816348947 0,708324364 0,86185441

1 Cer 45h 0,268857898 0,214005076 0,264878105 0,205046772 0,985197412 0,958139761

2 SM 45h 2,560309399 2,67052189 3,145954313 3,183978265 1,228739899 1,192268177

3 Chol 45h 22,72990981 22,52864328 23,19147425 24,14034904 1,020306479 1,071540294

4 CE 45h 4,1732123 5,532773755 5,270844561 6,864806625 1,263018553 1,240753179

5 TAG 45h 7,871104892 7,921595538 9,622795932 8,289019215 1,222547033 1,046382534

6 DAG 45h 0,892804615 1,008395522 1,23959574 1,202857546 1,388428912 1,192843006

7 PC 45h 16,89456755 17,92424254 23,20632171 22,81897214 1,373596669 1,273078742

11 PS 45h 5,478682289 6,062554011 3,261547609 3,742408563 0,59531607 0,617299006

9 PA 45h 2,31595442 1,617137357 1,246498579 1,044235966 0,538222414 0,645731151

10 PE 45h 19,57035108 19,35106615 18,67664028 18,30675525 0,954333431 0,946033418

8 PG 45h 0,241198246 0,231203754 0,57087873 0,385707918 2,36684445 1,668259753

12 PI 45h 17,0030475 14,93786113 10,30257019 9,8158627 0,60592492 0,657112997



Lipid Nb C Nb Double Bonds
Time after 
infection Non Infected; Sample 1 Non Infected; Sample 2

Non Infected; Sample 
3 Infected; Sample 1 Infected; Sample 2 Infected; Sample 3

Ratio Infected/Non Infected; 
Sample 1

Ratio Infected/Non Infected; 
Sample 2

Ratio Infected/Non Infected; Sample 
3 Log2 Ratio(Inf/Non Inf); Sample 1 Log2 Ratio(Inf/Non Inf); Sample 2 Log2 Ratio(Inf/Non Inf); Sample 3 Average (log2Ratio) StDev (log2Ratio)

DAG 30 1 25h 0.029943033 0.048649517 0.015537622 0.099479405 0.127641687 0.039275076 3.322288851 2.623698977 2.527740467 1.732177511 1.391602206 1.337848344 1.487209354 0.213844378
DAG 30 2 25h 0.001917683 0.007752834 0.001052169 0.010889311 0.031169192 0.003648016 5.678367028 4.020361105 3.46714023 2.505476102 2.007325089 1.793746188 2.10218246 0.365223642
DAG 32 1 25h 0.170283493 0.236125081 0.101560538 0.40605146 0.426350542 0.19797469 2.384561485 1.805613114 1.949326905 1.253723983 0.852488802 0.962976053 1.023062946 0.207256468
DAG 32 2 25h 0.045227716 0.073898936 0.038854021 0.134432285 0.16058924 0.062967074 2.97234299 2.173092723 1.620606339 1.571600603 1.119749733 0.696533689 1.129294675 0.437611535
DAG 34 1 25h 0.276012336 0.370661521 0.140954883 0.904885697 0.624905277 0.412597139 3.278424836 1.685918933 2.927157475 1.713002819 0.753535166 1.549500362 1.338679449 0.513301702
DAG 34 2 25h 0.188390657 0.244659124 0.169834071 0.470020299 0.368069483 0.259386226 2.494923614 1.504417566 1.52729205 1.318995646 0.589205057 0.610975962 0.839725555 0.415202792
DAG 34 3 25h 0.022929929 0.036560132 0.030215096 0.09220495 0.061743452 0.045014897 4.021161541 1.688819184 1.489814793 2.007612294 0.756014872 0.575132993 1.112920053 0.780086674
DAG 36 1 25h 0.054764107 0.082401396 0.043633318 0.391644209 0.241041125 0.306479904 7.151476157 2.925206805 7.023987987 2.838241064 1.548538623 2.812290377 2.399690021 0.737232926
DAG 36 2 25h 0.192525923 0.239366598 0.16125369 0.550982523 0.365127523 0.277533666 2.861861486 1.525390451 1.721099625 1.516953848 0.609178574 0.783330609 0.96982101 0.481765492
DAG 36 3 25h 0.059628384 0.077137749 0.079526 0.17740203 0.117094113 0.111326029 2.97512725 1.517987162 1.399869577 1.572951376 0.60215959 0.48529242 0.886801129 0.597089696
DAG 36 4 25h 0.026073468 0.041522245 0.054702301 0.091390615 0.097639868 0.086403224 3.505119292 2.351507429 1.579517192 1.809463545 1.23358589 0.65948364 1.234177692 0.574990181
DAG 36 5 25h 0.003531709 0.006152238 0.02199118 0.009306181 0.027024175 0 1.512649738 1.228864226 0.597077962 0.297325525 0.447201744 0.211956981
DAG 38 1 25h 0.005666016 0.027005827 0.008162852 0.456946503 0.237757056 0.345588949 80.64687788 8.803916778 42.33679005 6.333546778 3.138145508 5.403839984 4.958510757 1.643589337
DAG 38 2 25h 0.018958316 0.017780313 0.012004389 0.072306476 0.035553463 0.159369911 3.813971385 1.999597175 13.27597006 1.931294019 0.999709394 3.730745376 2.22058293 1.388310282
DAG 38 3 25h 0.026688407 0.030328659 0.016845264 0.041083236 0.03613268 0.035104551 1.539366335 1.191370851 2.083941859 0.622336602 0.252622567 1.059315027 0.644758065 0.403813352
DAG 38 4 25h 0.037952302 0.054230748 0.057430129 0.083514279 0.081877684 0.07720541 2.200506291 1.50980186 1.344336353 1.137835497 0.594359229 0.426894145 0.71969629 0.371673829
DAG 38 5 25h 0.024890751 0.037896659 0.065325862 0.046786457 0.069168425 0.082750977 1.879672405 1.82518533 1.26674145 0.910481247 0.868042963 0.341122091 0.706548767 0.317179355
DAG 38 6 25h 0.019617342 0.027866208 0.048432632 0.024353178 0.022121326 0.054138667 1.241410737 0.793840548 1.117813849 0.311980529 -0.333078841 0.160679954 0.046527214 0.337340383
DAG 38 7 25h 0.006624777 0.015108021 0.018226633 0.022238274 0.035802146 3.356833739 0 1.964276432 1.747101083 0.973997974 1.360549529 0.546666451
DAG 40 5 25h 0.00450609 0.009507456 0.007970362 0.044078275 0.059071275 0.031694068 9.781934626 6.213152355 3.976490375 3.290119823 2.635325432 1.991495679 2.638980311 0.649319787
DAG 40 6 25h 0.006007938 0.008708476 0.018521071 0.045837789 0.02664835 0 5.263583099 1.43881255 2.396045225 0.524878648 1.460461937 1.323114575
DAG 40 7 25h 0.020085329 0.042030074 0.04248574 0.062495462 0.043265448 3.111498027 0 1.018352217 1.637609331 0.026236632 0.831922981 1.139412563
DAG 40 10 25h 0.052841115 0.06956118 0.029665022 0.041534648 0.060970764 0.029013718 0.786028988 0.876505613 0.978044707 -0.347345576 -0.190164765 -0.032027682 -0.189846008 0.157659189
PC 30 0 25h 0.378512949 0.511263443 0.233964599 0.505112841 0.49239177 0.331094637 1.334466474 0.963088162 1.415148439 0.416263061 -0.054260224 0.500953389 0.287652075 0.299117249
PC 30 1 25h 0.170468333 0.210113256 0.091933899 0.197493988 0.261510381 0.135943811 1.158537685 1.244616292 1.47871256 0.212304973 0.315701037 0.564341641 0.364115883 0.180943229
PC 32 0 25h 0.199180442 0.269048395 0.290803731 0.180460567 0 0 0.620557948 -0.688362158 -0.688362158
PC 32 1 25h 3.976573288 4.956969438 2.52128097 5.623489789 6.164490232 4.031800754 1.414154696 1.243600613 1.599108073 0.499939947 0.314523233 0.677267444 0.497243541 0.181387138
PC 32 2 25h 0.543264969 0.624412514 0.3544732 0.95518822 0.76993841 0.565913983 1.758236359 1.233060505 1.596493001 0.814129024 0.302243593 0.674906228 0.597092948 0.264665551
PC 32 3 25h 0.031434357 0.041186925 0.017338992 0.034108916 0.047055327 0.031309436 1.085083959 1.142482147 1.805724081 0.117806676 0.192171621 0.852577462 0.387518586 0.404465517
PC 34 1 25h 5.934839589 7.693925408 4.378153458 9.384804931 9.934009828 6.856686568 1.58130726 1.291149745 1.566113804 0.661117722 0.368656331 0.647189052 0.558987702 0.164978862
PC 34 2 25h 2.607471218 3.067868316 1.961264902 3.885662206 4.001340921 3.29468904 1.490203297 1.304274014 1.679879672 0.57550916 0.383246996 0.748357898 0.569038018 0.182641451
PC 34 3 25h 0.374196303 0.395284728 0.286541492 0.409689964 0.413129449 0.459581005 1.094853052 1.045143969 1.603889899 0.130737249 0.063701688 0.68157511 0.292004682 0.339038759
PC 34 4 25h 0.378406904 0.495011537 0.204390725 0.441040444 0.57622422 0.483584911 1.165519022 1.164062203 2.365982654 0.22097255 0.219168152 1.242439497 0.560860066 0.590265791
PC 34 5 25h 0.03512673 0.053249953 0.023839845 0.038932145 0.063477826 0.054349895 1.108333883 1.192072905 2.27979232 0.148392555 0.253472471 1.188902407 0.530255811 0.5728193
PC 36 1 25h 0.733750555 0.877137265 0.687449994 1.614466145 1.155036097 1.069016107 2.200292913 1.316824792 1.555045627 1.137695594 0.397063403 0.636956911 0.723905303 0.377894202
PC 36 2 25h 2.476908338 2.767085934 1.624253079 3.308312448 3.215757709 2.435109033 1.335662041 1.162145949 1.499217742 0.417555013 0.216791262 0.584209931 0.406185402 0.183973016
PC 36 3 25h 1.132072048 1.210422289 0.814493536 1.509264797 1.327122413 1.22216523 1.333187936 1.096412736 1.500521706 0.414880168 0.132790992 0.585464189 0.377711783 0.228614025
PC 36 4 25h 1.063167109 1.468593533 1.186033456 1.539893474 1.901799779 2.203040609 1.448402101 1.294980358 1.857486058 0.534462174 0.372930216 0.893351382 0.600247924 0.266374494
PC 36 5 25h 0.385402556 0.469002324 0.547458671 0.28096499 0.803671509 0 0.599069504 1.468003982 -0.739204701 0.553855882 -0.092674409 0.914331906
PC 38 2 25h 0.116396902 0.116471966 0.05712856 0.155743036 0.132555953 0.074884056 1.338034201 1.1380932 1.310798953 0.420114992 0.186618706 0.390446426 0.332393375 0.127113125
PC 38 3 25h 0.296942805 0.282199018 0.164704526 0.502301676 0.309791978 0.215248074 1.69157719 1.097778369 1.306874068 0.758369012 0.134586817 0.386120128 0.426358652 0.313831819
PC 38 4 25h 0.489337908 0.520410385 0.478142902 0.861652993 0.629075618 0.742408805 1.760854779 1.208806813 1.552692305 0.816275932 0.273583697 0.634771961 0.574877197 0.276259394
PC 38 5 25h 0.547035135 0.681159366 0.664194207 0.812895934 0.763931637 1.065782209 1.486003151 1.121516748 1.604624367 0.571437175 0.165451164 0.682235611 0.473041317 0.272080594
PC 38 6 25h 0.516024936 0.647556534 0.506243418 2.115593445 1.118999597 0.647667611 4.099789171 1.72803383 1.279360062 2.035549722 0.789131461 0.355422352 1.060034512 0.872208887
PC 38 7 25h 0.090772459 0.112325146 0.099464224 0.11625529 0.143635226 0.208932645 1.280733064 1.278745055 2.100580871 0.356969815 0.354728661 1.07078833 0.594162269 0.412771798
PC 40 5 25h 0.046993168 0.06095697 0.052677212 0.270566209 0.107817852 0.094418709 5.757564748 1.76875345 1.792401394 2.52545873 0.822732962 0.841893754 1.396695149 0.977584882
PC 40 6 25h 0.154449956 0.196731985 0.152503332 0.435570625 0.261193474 0.238916605 2.820140818 1.327661455 1.56663203 1.495767202 0.408887316 0.64766636 0.850773626 0.571197333
PC 40 7 25h 0.246327604 0.271004219 0.164116731 0.225163058 0.18818582 0.20271021 0.914079683 0.69440181 1.235158715 -0.129608161 -0.526157386 0.304696436 -0.117023037 0.415569859
PC 40 8 25h 0.036458748 0.046246763 0.04608894 0.064234986 0.059219536 0.090832235 1.761853849 1.280512013 1.970803307 0.817094254 0.356720787 0.978783798 0.717532946 0.322761425
PS 32 1 25h 0.158236201 0.137885396 0.049722581 0.023813449 0.126563124 0.069128414 0.150493056 0.917886358 1.390282095 -2.732231179 -0.123612549 0.475377643 -0.793488695 1.705502603
PS 34 1 25h 0.89549648 0.757886219 0.516834867 0.303164753 0.598642333 0.50301923 0.338543768 0.789884177 0.97326876 -1.562585732 -0.340286972 -0.039089846 -0.64732085 0.806822335
PS 34 2 25h 0.158765053 0.119750749 0.073016416 0.079943592 0.069964413 0 0.667583229 0.958201135 -0.582980383 -0.061599573 -0.322289978 0.368671906
PS 35 1 25h 0.010479485 0.00566202 0.019217204 0.003646167 0.025478894 0 0.643969242 1.325837734 -0.634936313 0.406904218 -0.114016047 0.736692504
PS 36 1 25h 0.553548894 0.478470318 0.659842575 0.228030168 0.393105124 0.591351814 0.411942234 0.821587274 0.896201362 -1.279486049 -0.28351426 -0.158105176 -0.573701828 0.614435012
PS 36 2 25h 0.515563684 0.429565425 0.573310279 0.138118966 0.279113462 0.392429266 0.267898943 0.649757745 0.684497174 -1.900239204 -0.62202617 -0.546883509 -1.023049627 0.760596983
PS 36 3 25h 0.142791706 0.122769704 0.064362405 0.49184814 0.149457412 0.096924649 3.44451476 1.217380238 1.505920232 1.78430076 0.283779851 0.590645353 0.886241988 0.792731844
PS 36 4 25h 0.093080722 0.085680978 0.063818675 0.069351632 0.075434767 0 0.809416899 1.182017132 -0.305045125 0.241250945 -0.03189709 0.386289656
PS 37 1 25h 0.096505488 0.084782982 0.078481527 0.069330403 0.064360363 0 0.817739614 0.820070225 -0.290286563 -0.286180638 -0.288233601 0.002903328
PS 37 2 25h 0.006570602 0.007033061 0.008868357 0.003432902 0 0 0.387095561 -1.36923833 -1.36923833
PS 37 3 25h 0.005774451 0.005268691 0.011834897 0.004661754 0 0 0.393898965 -1.344102468 -1.344102468
PS 37 4 25h 0.002972607 0.002284657 0.015138058 0.006103616 0 0 0.403196761 -1.310444044 -1.310444044
PS 38 1 25h 0.035384675 0.033303343 0.030027697 0.012008455 0.015157475 0 0.360578061 0.504783143 -1.471616475 -0.986264362 -1.228940419 0.34319577
PS 38 3 25h 0.531080279 0.410632024 0.432060295 0.16909922 0.251629575 0.254770953 0.318406138 0.612786048 0.589665276 -1.651059949 -0.706544645 -0.762031856 -1.039878816 0.53002499
PS 38 4 25h 1.058363946 1.055479557 2.20531003 0.343134152 0.57797224 1.235437676 0.324211868 0.547592074 0.560210428 -1.624991191 -0.86882653 -0.835959256 -1.109925659 0.446362455
PS 38 5 25h 0.230296913 0.204490414 0.497714079 0.081246961 0.14375982 0.289733666 0.352792229 0.703014957 0.582128733 -1.503109312 -0.508372711 -0.780589867 -0.93069063 0.514074805
PS 38 6 25h 0.048930447 0.047734978 0.041597515 0.023895385 0.030042219 0 0.500584391 0.722211865 -0.99831479 -0.469505973 -0.733910381 0.3739243
PS 39 1 25h 0.069036044 0.059332564 0.046484967 0.060718581 0.030515796 0 1.023360136 0.656465907 0.033313941 -0.607208006 -0.286947033 0.452917412
PS 39 2 25h 0.023761964 0.015536559 0.012925231 0.004545633 0.006677796 0 0.292576558 0.516648068 -1.773113914 -0.95274622 -1.362930067 0.58008756
PS 39 3 25h 0.016790114 0.015372013 0.03607146 0.004472023 0.019439819 0 0.290919829 0.538925203 -1.781306463 -0.891843037 -1.33657475 0.62894562
PS 39 4 25h 0.004359232 0.004092085 0.017366318 0.010453237 0 0 0.601925908 -0.73234218 -0.73234218
PS 39 5 25h 0.012184625 0.021657836 0.012333578 0.12577974 0.022393237 0.018654213 10.32282378 1.033955404 1.512473749 3.367765765 0.048173962 0.596910102 1.33761661 1.77944009
PS 40 3 25h 0.014337845 0.011157167 0.017250051 0.004165289 0.006634342 0 0.373328542 0.384598415 -1.421482285 -1.378575279 -1.400028782 0.030339835
PS 40 6 25h 0.530291362 0.50806016 0.564395061 0.068440668 0.189061678 0.188471656 0.129062386 0.372124589 0.333935694 -2.953859496 -1.426142372 -1.582357785 -1.987453218 0.840569232
PS 40 7 25h 0.078408956 0.085221941 0.101343835 0.034650404 0.06596162 0 0.406590174 0.650869589 -1.298352746 -0.619559587 -0.958956166 0.479979245
PS 40 8 25h 0.008071604 0.010633218 0.025392691 0.009217268 0 0 0.362989002 -1.462002257 -1.462002257
PA 30 0 25h 0.011056047 0.005675049 0.002578443 0 0 0
PA 30 1 25h 0.014806615 0.003405929 0.004510508 0.060690485 0.026871341 4.098876343 0 5.957497512 2.035228467 2.574706444 2.304967455 0.381468536
PA 32 0 25h 0.033730068 0.030235581 0.017354574 0.007324382 0.010667102 0 0.242243807 0.614656499 -2.045468309 -0.702147709 -1.373808009 0.949871105
PA 32 1 25h 0.342871218 0.179227591 0.17382426 0.02193495 0.115497129 0.131173176 0.06397431 0.64441601 0.754631005 -3.966363498 -0.633935757 -0.406156718 -1.668818658 1.992988972
PA 32 2 25h 0.088798928 0.037036047 0.046013543 0.006932718 0.023277564 0 0.187188394 0.505885049 -2.417437105 -0.983118492 -1.700277799 1.014216417
PA 33 1 25h 0.006797033 0.011296677 0.006583321 0 #DIV/0! 0.582766168 -0.779010969 -0.779010969
PA 34 1 25h 0.519045643 0.319029501 0.339578846 0.159209009 0.209683579 0.260862507 0.30673412 0.657254513 0.768194221 -1.704939437 -0.605475951 -0.380456984 -0.896957457 0.708720357
PA 34 2 25h 0.758020657 0.385412917 0.435477707 0.210729812 0.240101849 0.30108922 0.278000091 0.62297302 0.691399846 -1.846842739 -0.682758411 -0.532407812 -1.020669654 0.719425326
PA 34 3 25h 0.070142943 0.038715208 0.050249969 0.019073377 0.01333281 0.035690824 0.271921543 0.344381726 0.710265586 -1.878737642 -1.537919502 -0.493569509 -1.303408884 0.721747263
PA 35 2 25h 0.011792962 0.006855933 0.022836903 0.013140176 0 0 0.575392192 -0.79738245 -0.79738245
PA 36 1 25h 0.069187991 0.047379527 0.074929417 0.01898903 0.029904879 0.063277155 0.27445558 0.631177229 0.844490149 -1.865355422 -0.663882938 -0.2438475 -0.924361953 0.841551527
PA 36 2 25h 0.771157934 0.463564963 0.535262172 0.257056438 0.304287633 0.347624381 0.333338252 0.656407747 0.649446942 -1.58494121 -0.607335828 -0.622716428 -0.938331156 0.560033537
PA 36 3 25h 0.271476669 0.161520872 0.201843933 0.081642023 0.108877137 0.152792183 0.300733109 0.674074721 0.756981795 -1.733444387 -0.569019571 -0.40166949 -0.901377816 0.725432696
PA 36 4 25h 0.058596214 0.037624415 0.080362207 0.011394755 0.076961433 0 0.302855338 0.957681925 -1.723299253 -0.062381522 -0.892840388 1.174446191
PA 36 5 25h 0.014100241 0.006048438 0.033211521 0.021539378 0 0 0.648551383 -0.624707215 -0.624707215
PA 38 2 25h 0.059223587 0.03075692 0.065018489 0.01321829 0.024854143 0 0.42976637 0.382262692 -1.2183755 -1.387363693 -1.302869596 0.119492697
PA 38 3 25h 0.168574472 0.112653816 0.120263834 0.039864263 0.077171977 0.078828419 0.236478649 0.685036513 0.655462383 -2.080218162 -0.545747208 -0.609415109 -1.07846016 0.868131742
PA 38 4 25h 0.144321347 0.10072557 0.176408811 0.022683416 0.072673528 0.143349055 0.157172982 0.721500284 0.812595782 -2.669574859 -0.470928133 -0.29939022 -1.146631071 1.321693857
PA 38 5 25h 0.074700335 0.055547039 0.143159041 0.024588784 0.110314651 0 0.442665964 0.770574111 -1.175709643 -0.375994378 -0.77585201 0.565484087
PA 38 6 25h 0.046927581 0.020222148 0.063080531 0.034560838 0.004504766 0.043329981 0.736471761 0.222763961 0.686899427 -0.441297886 -2.166412244 -0.541829214 -1.049846448 0.968279928
PA 38 7 25h 0.01532272 0.013089078 0.008518951 0.163586968 0.023657806 0.013883745 10.67610488 1.807446275 1.629748099 3.416313479 0.853952764 0.704648993 1.658305079 1.524309042
PA 40 4 25h 0.006668693 0.009608483 0.002301697 0 #DIV/0! 0.239548442 -2.061610667 -2.061610667
PA 40 5 25h 0.018394637 0.007648545 0.040776956 0.015487601 0 0 0.379812578 -1.396640413 -1.396640413
PA 40 6 25h 0.056954835 0.043937748 0.070919212 0.013453126 0.037450809 0 0.306186047 0.52807706 -1.707519555 -0.921179624 -1.31434959 0.556026298
PA 40 7 25h 0.045998041 0.022103688 0.03473856 0.004660919 0.017889319 0 0.21086611 0.514970065 -2.245600846 -0.957439525 -1.601520185 0.910867605
PE 32 1 25h 0.366703656 0.360259753 0.273916482 0.094300415 0.332156967 0.317904845 0.257157007 0.92199299 1.160590417 -1.959278631 -0.117172313 0.214858921 -0.620530674 1.171215503
PE 32 2 25h 0.090170746 0.073775188 0.061271349 0.057582342 0.050172363 0 0.780510941 0.818855199 -0.357509239 -0.288319737 -0.322914488 0.048924366
PE 34 1 25h 1.629225715 1.551544349 1.779339435 0.695153631 1.401198457 1.687143057 0.426677301 0.903099198 0.948185053 -1.228782733 -0.14704363 -0.076759444 -0.484195269 0.645788537
PE 34 2 25h 1.954838861 1.698487868 1.746479799 0.70313593 1.271007638 1.497038913 0.359689969 0.748317172 0.857175052 -1.475174168 -0.418278214 -0.222338233 -0.705263538 0.673921288
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Lipid Nb C Nb Double Bonds
Time after 
infection Non Infected; Sample 1 Non Infected; Sample 2

Non Infected; Sample 
3 Infected; Sample 1 Infected; Sample 2 Infected; Sample 3

Ratio Infected/Non Infected; 
Sample 1

Ratio Infected/Non Infected; 
Sample 2

Ratio Infected/Non Infected; Sample 
3 Log2 Ratio(Inf/Non Inf); Sample 1 Log2 Ratio(Inf/Non Inf); Sample 2 Log2 Ratio(Inf/Non Inf); Sample 3 Average (log2Ratio) StDev (log2Ratio)

PE 34 3 25h 0.106177341 0.069167616 0.069189418 0.083122657 0.121897637 0 1.201756861 1.761795944 0.26514504 0.817046837 0.541095938 0.390253504
PE 35 1 25h 0.355508562 0.340961132 0.267896571 0.1002909 0.245835256 0.271858185 0.282105442 0.721006686 1.014787851 -1.825693596 -0.471915458 0.021178153 -0.7588103 0.956276792
PE 35 2 25h 0.322252664 0.316476595 0.299222515 0.083540443 0.248703424 0.29126849 0.259238952 0.785850921 0.973417691 -1.947645589 -0.347672441 -0.0388691 -0.778062377 1.024589451
PE 36 1 25h 0.657226329 0.632000598 0.937324931 0.317151134 0.576816683 0.869972647 0.482559995 0.912683762 0.928144145 -1.051219776 -0.131813031 -0.107579214 -0.430204007 0.537951911
PE 36 2 25h 3.948170245 3.585479618 4.623713375 1.212962363 2.814368613 3.914092231 0.307221393 0.784935047 0.846525706 -1.702649414 -0.349354818 -0.240374216 -0.764126149 0.814609496
PE 36 3 25h 1.889259213 1.450458818 1.83983104 0.603066664 0.917011431 1.435239531 0.319208005 0.632221625 0.780093117 -1.647431264 -0.661497712 -0.358281751 -0.889070242 0.674031572
PE 36 4 25h 0.990993946 0.956033718 1.35229904 0.283689447 0.63682751 0.946993936 0.286267588 0.666114069 0.70028441 -1.804563761 -0.58615884 -0.513987124 -0.968236575 0.725178985
PE 36 5 25h 0.239378624 0.235729718 0.408744935 0.023910285 0.173658326 0.308414498 0.099884795 0.736684059 0.754540231 -3.323591116 -0.440882069 -0.406330271 -1.390267819 1.674396216
PE 37 1 25h 0.371737751 0.378224959 0.242289331 0.114917574 0.262742553 0.257560692 0.30913614 0.694672699 1.06302944 -1.693685769 -0.525594694 0.088181552 -0.710366304 0.905189593
PE 37 2 25h 0.22882786 0.203644994 0.185647976 0.032047843 0.144861826 0.189932651 0.140052189 0.711344893 1.023079569 -2.83596356 -0.491378879 0.032918353 -1.098141362 1.527658794
PE 37 3 25h 0.151384971 0.132150868 0.121025505 0.075985932 0.093409041 0 0.574993821 0.771812855 -0.798381643 -0.373677022 -0.586029332 0.300311518
PE 37 4 25h 0.081846126 0.073620819 0.109007437 0.028497088 0.08240229 0 0.38707921 0.755932732 -1.369299271 -0.403670236 -0.886484753 0.682802839
PE 38 2 25h 0.118828191 0.097425956 0.118684661 0.073107257 0.093068321 0 0.750387878 0.784164695 -0.414291572 -0.350771405 -0.382531488 0.044915541
PE 38 3 25h 1.330929768 0.915375893 0.86696782 0.351094394 0.556652848 0.603351336 0.263796335 0.608113948 0.695932792 -1.922503576 -0.717586415 -0.522980107 -1.054356699 0.758107614
PE 38 4 25h 4.81899032 4.266410292 6.336021167 0.950570357 2.447561527 4.305989696 0.197255087 0.573681704 0.679604689 -2.341865586 -0.801677586 -0.557232288 -1.23359182 0.96754402
PE 38 5 25h 2.760104602 2.438253394 4.435012173 0.669659161 1.334449178 2.812516688 0.242620936 0.547297168 0.634162112 -2.043224049 -0.869603703 -0.657076408 -1.189968053 0.746542905
PE 38 6 25h 1.354179522 1.283163932 1.886457624 0.583566188 0.724018143 1.049657281 0.430937094 0.564244462 0.5564171 -1.214450808 -0.825607741 -0.845761336 -0.961939962 0.218912854
PE 38 7 25h 0.089472229 0.069562918 0.076830277 0.027113474 0.048960811 0 0.38976907 0.637259333 -1.359308484 -0.650047498 -1.004677991 0.501523253
PE 39 2 25h 0.11494108 0.09584275 0.06184802 0.039630653 0.039821969 0 0.413496613 0.643868132 -1.274052581 -0.635162849 -0.954607715 0.451763262
PE 39 3 25h 0.066098785 0.04914768 0.046057163 0.012584462 0.018147595 0 0.256054031 0.394023295 -1.965479825 -1.343647168 -1.654563497 0.439702089
PE 39 4 25h 0.037137317 0.036260033 0.073208156 0.015381098 0.056980204 0 0.424188743 0.778331366 -1.23722176 -0.361543597 -0.799382678 0.619197967
PE 39 5 25h 0.022106381 0.016886493 0.064269133 0.008163997 0.035323008 0 0.483463147 0.549610782 -1.048522173 -0.863517789 -0.956019981 0.130817854
PE 39 6 25h 0.044734039 0.066018216 0.052150633 0.456196505 0.107348617 0.100892032 10.19797254 1.626045409 1.934627165 3.350210454 0.701367546 0.952055562 1.667877854 1.46232464
PE 40 4 25h 0.03359842 0.018024214 0.036332114 0.014635927 0 0 0.402837192 -1.311731207 -1.311731207
PE 40 5 25h 0.100961607 0.090757656 0.175198222 0.055316779 0.161606578 0 0.609499864 0.922421337 -0.714302195 -0.116502209 -0.415402202 0.422708424
PE 40 6 25h 0.527262654 0.483188475 0.772642322 0.061320484 0.292582364 0.471482129 0.116299692 0.605524303 0.610220429 -3.104080822 -0.72374323 -0.712597615 -1.513473889 1.377517284
PE 40 7 25h 0.785238988 0.61996563 0.639382835 0.096554119 0.347511219 0.376768945 0.122961442 0.56053304 0.589269721 -3.023722102 -0.835128681 -0.762999958 -1.540616914 1.284912988
PG 32 1 25h 0.001479431 0.001989334 0.003249901 0.002567646 0 0 0.790068976 -0.339949483 -0.339949483
PG 32 2 25h 0.000611284 0.00118129 0.003252192 0 0 0
PG 34 1 25h 0.093188267 0.100280336 0.1132086 0.014814621 0.100027036 0.113931284 0.158975178 0.997474073 1.006383646 -2.653126567 -0.003648753 0.009180384 -0.882531645 1.533393599
PG 34 2 25h 0.036392582 0.034700755 0.043977109 0.022570453 0.041021216 0 0.650431183 0.932785656 -0.62053167 -0.100382492 -0.360457081 0.367801011
PG 34 3 25h 0.002630201 0.002865251 0.0105596 0 0 0
PG 36 1 25h 0.019830949 0.013777236 0.020744142 0.011366342 0.019146541 0 0.825008814 0.922985416 -0.277518562 -0.115620242 -0.196569402 0.114479399
PG 36 2 25h 0.051645074 0.04554295 0.033682296 0.01388811 0.033351748 0.034992224 0.268914518 0.732314195 1.038890681 -1.894780448 -0.449465334 0.055043852 -0.76306731 1.012034263
PG 36 3 25h 0.014095185 0.01433118 0.011691673 0.012222406 0.004427439 0.006564242 0.867133435 0.308937526 0.561445937 -0.205674082 -1.694612972 -0.832780986 -0.91102268 0.747546705
PG 36 4 25h 0.000621134 0.002666433 0.0031474 0.004267678 0 #DIV/0! 1.600519512 0.678540265 0.678540265
PG 38 4 25h 0.002217038 0.001783495 0.001272321 0.005158318 0.00454632 0 2.892252808 3.573249769 1.532193662 1.837236761 1.684715212 0.215698044
PG 38 6 25h 0.008583234 0.008072919 0.007974638 0.085767794 0.006298576 0.007439989 9.992479909 0.780210457 0.932956414 3.320842767 -0.358064761 -0.100118412 0.954219865 2.053609518
PG 38 7 25h 0.014291849 0.012931497 0.007024772 0.003883423 0 0.300307281 0 -1.735488641 -1.735488641
PG 40 7 25h 0.108604657 0.103846372 0.066292679 0.012191411 0.082236544 0.058475142 0.112254957 0.791905794 0.882075411 -3.155148947 -0.336599279 -0.181026093 -1.224258106 1.674008761
PG 40 8 25h 0.018242324 0.014826487 0.011133603 0.004078778 0.004401848 0 0.275100771 0.395365948 -1.861967912 -1.338739473 -1.600353692 0.369978377
PI 34 1 25h 0.129094865 0.131616698 0.035544977 0.030233881 0.107996181 0.068853792 0.234198941 0.820535564 1.937089205 -2.094193541 -0.28536223 0.953890393 -0.475221792 1.53288581
PI 34 2 25h 0.296738067 0.240004995 0.126455899 0.042601694 0.155020932 0.105340316 0.143566662 0.645907108 0.833020182 -2.800207322 -0.630601398 -0.263576645 -1.231461788 1.370911632
PI 34 3 25h 0.04723494 0.021294771 0.003613104 0.006445531 0 0.302681376 0 -1.724128186 -1.724128186
PI 36 2 25h 0.372272608 0.351535533 0.187938052 0.021249109 0.214169165 0.165997421 0.057079431 0.609239023 0.88325605 -4.130885231 -0.714919743 -0.179096368 -1.674967114 2.143694712
PI 36 3 25h 1.281434006 0.779216855 0.221789911 0.58476364 0.424111338 0.194439247 0.456335353 0.544278958 0.87668211 -1.131833667 -0.877581833 -0.189874287 -0.733096596 0.487318024
PI 36 4 25h 0.708663485 0.759704946 1.295059725 0.197508293 0.499595521 0.845127886 0.278705334 0.657617834 0.65257831 -1.843187483 -0.604678671 -0.615777059 -1.021214404 0.711871196
PI 36 5 25h 0.053041392 0.052167547 0.067530748 0.01624025 0.047523766 0 0.311309442 0.703735229 -1.683578759 -0.506895359 -1.095237059 0.832040811
PI 37 3 25h 0.100724885 0.093046114 0.087166644 0.053052512 0.068798003 0 0.570174395 0.789269834 -0.810524841 -0.341409484 -0.575967162 0.33171465
PI 37 4 25h 0.050262894 0.049834314 0.085813273 0.017977281 0.076451424 0 0.360741009 0.890904418 -1.470964657 -0.166657437 -0.818811047 0.92228448
PI 38 3 25h 3.444545511 2.028522506 0.199216069 0.865143526 0.740524872 0.251163331 0.365056276 0 -1.993302241 -1.453809212 -1.723555727 0.381479179
PI 38 4 25h 6.565450204 6.672347671 9.991503433 1.91535961 5.088317978 9.175896522 0.291733171 0.762597848 0.918369951 -1.777278658 -0.391005634 -0.122852656 -0.763712316 0.887954983
PI 38 5 25h 1.357786968 1.227507005 1.234816348 0.386870731 0.732426464 0.830942209 0.284927415 0.596678032 0.672927768 -1.811333655 -0.744975433 -0.57147644 -1.042595176 0.671375165
PI 39 6 25h 0.17938247 0.152793759 0.115335172 0.085558834 0.088732749 0 0.559962882 0.769346827 -0.836596897 -0.378293973 -0.607445435 0.324069105
PI 40 3 25h 0.308369208 0.336575463 0.20152098 1.949633126 0.504909017 0.294003759 6.322398844 1.500136143 1.45892382 2.660472049 0.585093437 0.544904552 1.263490013 1.209988799
PI 40 4 25h 0.061076396 0.042936318 0.020951926 0.075895222 0.034797556 0.017293298 1.242627715 0.81044574 0.825379871 0.313394137 -0.303212496 -0.276869841 -0.088896066 0.348642424
PI 40 6 25h 0.212311044 0.189762214 0.144359455 0.022771882 0.134863806 0.124659841 0.107257169 0.710698948 0.863537768 -3.220854016 -0.492689532 -0.211668818 -1.308404122 1.662179776
PI 40 7 25h 0.191938666 0.212011867 0.194262686 0.022463631 0.146226313 0.175545904 0.117035462 0.689708151 0.903652202 -3.094982356 -0.535942078 -0.146160481 -1.259028305 1.601882605
PI 40 8 25h 0.034679593 0.042725094 0.028270933 0.010140483 0.012064542 0 0.237342546 0.42674724 -2.074957355 -1.228546271 -1.651751813 0.598503017
DAG 30 1 35h 0.017411403 0.025071192 0.007901546 0.044020409 0.031981911 0.011425828 2.528251732 1.275643807 1.446024321 1.338140116 0.351225547 0.532091817 0.740485827 0.525424723
DAG 30 2 35h 0.001726768 0.004018956 0.000853525 0.003269098 0.002813683 0.000822642 1.89318883 0.700102815 0.963817418 0.920818315 -0.514361287 -0.053168221 0.117762936 0.732699268
DAG 32 1 35h 0.091821553 0.118460357 0.043230055 0.196059179 0.133936512 0.053594022 2.135219587 1.130644171 1.239739832 1.094384445 0.177144965 0.310037393 0.527188934 0.495679493
DAG 32 2 35h 0.029847658 0.043769021 0.012880295 0.068716362 0.049546065 0.01757056 2.302236321 1.131989331 1.364142725 1.203035932 0.178860361 0.447994596 0.609963629 0.530951388
DAG 34 1 35h 0.175834585 0.194757099 0.080413299 0.417589344 0.217757327 0.110398581 2.374898798 1.118096995 1.372889592 1.247866037 0.161045348 0.457215608 0.622042331 0.561845787
DAG 34 2 35h 0.121322317 0.167581873 0.055856616 0.265397269 0.148704915 0.06934046 2.187538738 0.887356805 1.241401013 1.129308565 -0.172413768 0.311969228 0.422954675 0.657919893
DAG 34 3 35h 0.022078944 0.026800692 0.00949918 0.064846589 0.037754425 0.013076422 2.93703306 1.408710843 1.376584281 1.554359505 0.494375509 0.461092941 0.836609318 0.621812617
DAG 36 1 35h 0.045543678 0.05008725 0.019985991 0.216372672 0.078629142 0.039564571 4.750882713 1.569843473 1.979615219 2.248195591 0.650620717 0.985220038 1.294678782 0.842546678
DAG 36 2 35h 0.140123154 0.184484772 0.063719884 0.328571917 0.165357075 0.087568713 2.344879547 0.896318286 1.374276085 1.229513816 -0.157916965 0.458671863 0.510089571 0.695143063
DAG 36 3 35h 0.052137832 0.066312431 0.023371369 0.128531728 0.069443827 0.032143567 2.465229618 1.04722186 1.375339469 1.30172203 0.066567118 0.459787756 0.609358968 0.63101551
DAG 36 4 35h 0.059987562 0.075460093 0.019297317 0.122988151 0.082999144 0.027588351 2.05022754 1.09990779 1.429646987 1.035784033 0.137382582 0.515658956 0.562941857 0.45106324
DAG 36 5 35h 0.010675171 0.015523431 0.004770331 0.014604461 0.004982609 0.003839557 1.368077528 0.320973438 0.804882769 0.452149989 -1.639474181 -0.313149425 -0.500157872 1.058277864
DAG 38 1 35h 0.004712576 0.173741294 0.019754401 0.010661958 #DIV/0! #DIV/0! 2.262447877 1.177884556 1.177884556
DAG 38 2 35h 0.007325044 0.009154401 0.004984208 0.108808118 0.01062529 0.00895146 14.85426212 1.160675583 1.795964362 3.892805036 0.214964786 0.844758723 1.650842848 1.966966177
DAG 38 3 35h 0.011871031 0.02022693 0.006985517 0.041143616 0.014378655 0.009500333 3.465883964 0.710866913 1.360004257 1.793223355 -0.492348607 0.443611167 0.581495305 1.149007757
DAG 38 4 35h 0.057658583 0.070351686 0.02127678 0.118736629 0.072412772 0.028799473 2.059305362 1.029296899 1.35356352 1.042157775 0.041659185 0.436762592 0.506859851 0.503919216
DAG 38 5 35h 0.054460025 0.067687968 0.020088564 0.108701461 0.056765887 0.023272489 1.995986259 0.838640739 1.1584944 0.997101789 -0.253875181 0.21225107 0.318492559 0.632219333
DAG 38 6 35h 0.031279078 0.039224869 0.012930524 0.052305658 0.022386601 0.013377015 1.672225052 0.570724677 1.03452999 0.741769022 -0.809133151 0.048975469 -0.006129554 0.776918149
DAG 38 7 35h 0.009959597 0.011323206 0.004327034 0.02379708 0.012230208 0.003124193 2.389361609 1.080101219 0.722017296 1.25662521 0.111166517 -0.469894698 0.29929901 0.878500497
DAG 40 5 35h 0.02049725 0.019608144 0.006436027 0.081050435 0.043769243 0.015713185 3.95421028 2.232197184 2.44144198 1.983389594 1.158464475 1.287733493 1.476529187 0.443687078
DAG 40 6 35h 0.016625592 0.016335178 0.005519114 0.042606651 0.016289506 0.010102238 2.562714841 0.997204112 1.830409328 1.357672956 -0.004039263 0.872166309 0.741933334 0.690134416
DAG 40 7 35h 0.031202106 0.035247175 0.012789873 0.060064698 0.038760529 0.013697739 1.92502066 1.099677621 1.070983182 0.944873929 0.137080649 0.098935825 0.393630134 0.477771962
DAG 40 10 35h 0.035070995 0.043084792 0.015443476 0.046298162 0.014661946 0.018311777 1.320126844 0.340304435 1.185728971 0.400676558 -1.55510214 0.245774282 -0.302883767 1.087215167
PC 30 0 35h 0.259129891 0.260488478 0.577626326 0.407389531 0.496791116 0.553622949 1.572144104 1.907151974 0.958444801 0.652733462 0.931419812 -0.061232748 0.507640175 0.511985178
PC 30 1 35h 0.083882383 0.088870186 0.17988658 0.158168003 0.258576527 0.225647057 1.885592631 2.909598148 1.25438516 0.915018025 1.540819913 0.326980397 0.927606112 0.607017658
PC 32 0 35h 0.342975539 0.270780799 0.771156233 0.011352826 0.689093526 0.033100977 0 0.893584849 -4.916982368 -0.16232337 -2.539652869 3.36205162
PC 32 1 35h 2.182094598 2.261876188 4.912635439 3.79598659 5.884760383 5.200778245 1.739606795 2.601716405 1.058653407 0.798761249 1.379463712 0.082230342 0.753485101 0.649800778
PC 32 2 35h 0.300924435 0.296841724 0.59797114 0.492292437 0.715878663 0.647630333 1.635933745 2.411651077 1.083046136 0.71011432 1.27002119 0.115094701 0.69841007 0.577552198
PC 32 3 35h 0.015742826 0.01707699 0.044476752 0.034987533 0.038255233 0.048057186 2.222442981 2.240162573 1.080501249 1.152146406 1.163603435 0.11170074 0.809150193 0.604036109
PC 34 1 35h 4.119009385 3.699752675 8.952716671 7.027873739 9.976741439 9.694886549 1.706204838 2.696596858 1.082898846 0.770790859 1.431139854 0.114898486 0.7722764 0.658121942
PC 34 2 35h 1.826257908 1.559996 3.532018015 3.366378801 4.570731844 4.201406792 1.843320588 2.929963823 1.189520205 0.882307005 1.550882852 0.250379777 0.894523211 0.650337596
PC 34 3 35h 0.223698215 0.19839744 0.464174419 0.365082564 0.468003083 0.482413845 1.632031637 2.358916941 1.039294336 0.706669024 1.238124622 0.055604295 0.666799314 0.592267487
PC 34 4 35h 0.15279716 0.174793258 0.474367821 0.378699339 0.53909317 0.597833207 2.478444881 3.084175996 1.260273528 1.309435175 1.624885094 0.333736889 1.089352386 0.673122015
PC 34 5 35h 0.017139434 0.021536927 0.054899587 0.075964064 0.153459557 0.078142693 4.432122076 7.125415732 1.423374871 2.147997619 2.832974191 0.509315671 1.830095827 1.194003095
PC 36 1 35h 0.635150908 0.606255416 1.538444457 1.344002836 1.956282926 1.963258115 2.116037021 3.226829605 1.276131944 1.081364868 1.690117397 0.351777502 1.041086589 0.670078483
PC 36 2 35h 1.572603025 1.36414331 3.505392764 2.589585069 3.494804958 3.645202682 1.646687071 2.561904553 1.039884238 0.719566418 1.357216728 0.056422933 0.711068693 0.650438531
PC 36 3 35h 0.721643215 0.631788979 1.661986611 1.130246449 1.518971255 1.600349772 1.566212257 2.40423829 0.962913757 0.647279743 1.265579892 -0.054521505 0.619446044 0.660490697
PC 36 4 35h 1.119967842 0.946270397 2.465734243 2.045262965 2.539084212 2.854828157 1.826180082 2.683254406 1.157800426 0.868829038 1.423983847 0.211386592 0.834733159 0.607017234
PC 36 5 35h 0.423187528 0.360925576 0.972040377 0.358596775 0.284092225 0.704383408 0.847370849 0.787121346 0.724644187 -0.238934597 -0.345342031 -0.464655315 -0.349643981 0.112921835
PC 38 2 35h 0.052461687 0.051977809 0.137787796 0.100735623 0.153023546 0.17140894 1.920175058 2.944016836 1.24400669 0.941237844 1.557785922 0.314994244 0.938006003 0.621402142
PC 38 3 35h 0.137232178 0.153019497 0.424431931 0.235322805 0.407193416 0.42142804 1.714778616 2.661055768 0.992922561 0.778022331 1.411998745 -0.01024689 0.726591396 0.712516328
PC 38 4 35h 0.439716154 0.390593631 1.08481083 0.896797734 1.230602199 1.353705861 2.039492357 3.150594634 1.247872738 1.028210101 1.655624144 0.319470812 1.001101686 0.668489029
PC 38 5 35h 0.610238363 0.498546175 1.382811064 0.995401645 1.227352383 1.458755224 1.631168581 2.461863003 1.054920127 0.705905892 1.299750481 0.07713377 0.694263381 0.6113915
PC 38 6 35h 0.479446738 0.412707673 1.142684777 0.979798898 1.535170235 0.461631424 2.043603223 3.719752103 0.403988425 1.031115116 1.895206479 -1.307614137 0.539569153 1.657023853
PC 38 7 35h 0.072825355 0.081952568 0.199928693 0.12941861 0.168667953 0.205346752 1.777109225 2.058116763 1.027099956 0.829532356 1.041324833 0.03857659 0.636477926 0.528515392
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Appendix II: Data sheets of lipidomics analysis



Lipid Nb C Nb Double Bonds
Time after 
infection Non Infected; Sample 1 Non Infected; Sample 2

Non Infected; Sample 
3 Infected; Sample 1 Infected; Sample 2 Infected; Sample 3

Ratio Infected/Non Infected; 
Sample 1

Ratio Infected/Non Infected; 
Sample 2

Ratio Infected/Non Infected; Sample 
3 Log2 Ratio(Inf/Non Inf); Sample 1 Log2 Ratio(Inf/Non Inf); Sample 2 Log2 Ratio(Inf/Non Inf); Sample 3 Average (log2Ratio) StDev (log2Ratio)

PC 40 5 35h 0.06204378 0.045672981 0.116228616 0.174905876 0.223805984 0.21165489 2.819071893 4.900183433 1.821022203 1.49522027 2.292835756 0.864748513 1.550934846 0.715671977
PC 40 6 35h 0.166272158 0.13925669 0.373483384 0.422828339 0.576432036 0.592368222 2.542989426 4.139348982 1.58606312 1.346525463 2.049403885 0.665450187 1.353793178 0.692005473
PC 40 7 35h 0.170265849 0.155173434 0.455357013 0.225385064 0.316096735 0.375781959 1.323724433 2.037054454 0.825246891 0.40460282 1.026484547 -0.277102297 0.38466169 0.652022163
PC 40 8 35h 0.041661042 0.03878427 0.116690667 0.087551632 0.1142327 0.126173733 2.101522842 2.945335794 1.081266697 1.071435138 1.558432123 0.112722412 0.914196558 0.73556925
PS 32 1 35h 0.061547071 0.070919067 0.068711516 0.066839025 0.091567249 0.079741487 1.085982216 1.291151342 1.160525804 0.119000478 0.368658115 0.214778601 0.234145731 0.125950579
PS 34 1 35h 0.547956331 0.589385309 0.467847753 0.496642079 0.538326916 0.509298437 0.906353391 0.913370097 1.088598659 -0.141854422 -0.130728537 0.122472164 -0.050036932 0.149500794
PS 34 2 35h 0.082258694 0.08136324 0.072010018 0.061648497 0.052651535 0.07202314 0.749446573 0.647116988 1.000182227 -0.416102461 -0.627901544 0.000262874 -0.34791371 0.319585534
PS 35 1 35h 0.024571868 0.058211894 0.010941329 0.041159468 0.008927847 0.013067038 1.675064637 0.153368089 1.194282491 0.744216767 -2.704929758 0.256144126 -0.568189621 1.866493379
PS 36 1 35h 0.51704675 0.487115047 0.419233002 0.50273341 0.498919815 0.483131308 0.972317125 1.024234044 1.152417167 -0.040501164 0.034545418 0.204663057 0.066235771 0.125616809
PS 36 2 35h 0.691350951 0.531435616 0.468015757 0.428197387 0.360782592 0.339447504 0.619363271 0.678882974 0.72529076 -0.691142262 -0.55876519 -0.463368625 -0.571092026 0.11438606
PS 36 3 35h 0.088235703 0.10845853 0.084387377 0.181935804 0.193684272 0.107110159 2.061929566 1.785791051 1.269267559 1.043995052 0.836563286 0.343996218 0.741518185 0.359548008
PS 36 4 35h 0.08384458 0.117734234 0.069135936 0.080291312 0.079870119 0.097463956 0.957620778 0.678393329 1.409743773 -0.062473639 -0.559806111 0.49543297 -0.04228226 0.527909223
PS 37 1 35h 0.057259783 0.180716804 0.057141771 0.152152051 0.049628532 0.057021465 2.657223701 0.274620459 0.997894604 1.409919688 -1.864488985 -0.003040646 -0.152536648 1.642315387
PS 37 2 35h 0.005139197 0.033240283 0.002789706 0.021251259 0.007941875 0.004256607 4.135132028 0.238923195 1.525826078 2.047933393 -2.065381177 0.609590525 0.197380914 2.087409102
PS 37 3 35h 0.00899632 0.012671359 0.008303551 0 0 0
PS 37 4 35h 0.027043909 0.01582484 0.012833799 0.001655289 0.004462132 0.061207443 0 0.347685981 -4.030149081 -1.524143199 -2.77714614 1.772013752
PS 38 1 35h 0.023434555 0.024008681 0.0184829 0.015975857 0.00854243 0.007017072 0.681722224 0.355805892 0.379652129 -0.552744079 -1.490837693 -1.397249997 -1.146943923 0.516715352
PS 38 3 35h 0.358410451 0.386545131 0.354625966 0.185314109 0.21569341 0.209216174 0.51704438 0.558003175 0.58996293 -0.951639977 -0.841654764 -0.76130379 -0.851532844 0.09555181
PS 38 4 35h 2.387281611 1.944660251 1.652043062 0.891529273 0.731660825 0.879931193 0.373449562 0.376240953 0.532632117 -1.421014687 -1.410271205 -0.908788672 -1.246691521 0.292681751
PS 38 5 35h 0.383422373 0.380873139 0.321376381 0.212241887 0.196772686 0.200739062 0.553545911 0.516635766 0.624622947 -0.853225115 -0.952780573 -0.678942523 -0.828316071 0.138607954
PS 38 6 35h 0.043353871 0.039725377 0.034461967 0.011974434 0.010469014 0.022510831 0.276202195 0.263534666 0.65320797 -1.856203311 -1.923935347 -0.614385701 -1.464841453 0.737294478
PS 39 1 35h 0.032887254 0.087554867 0.03298082 0.06596254 0.018878062 0.029123866 2.00571747 0.215614079 0.883054622 1.004118399 -2.213476708 -0.179425416 -0.462927909 1.627424289
PS 39 2 35h 0.003924209 0.033199272 0.004510103 0.041496085 0.014137219 10.57438144 0 3.134567073 3.402501369 1.648266201 2.525383785 1.240431583
PS 39 3 35h 0.027211709 0.059236591 0.021845736 0.047680464 0.012631022 0.01096664 1.752203956 0.213230057 0.502003668 0.809170714 -2.229517282 -0.994230189 -0.804858919 1.528169589
PS 39 4 35h 0.010970145 0.029741018 0.007772766 0.040681379 3.708371883 0 0 1.890785927 1.890785927
PS 39 5 35h 0.016431873 0.04838731 0.006440561 0.127297126 0.040471334 0.009534869 7.746963948 0.836403883 1.480440643 2.953631026 -0.257728334 0.566026648 1.08730978 1.667935644
PS 40 3 35h 0.008898413 0.003439588 0.004313676 0.006103734 0 0 1.414972699 0.500774218 0.500774218
PS 40 6 35h 0.905349906 0.49989414 0.455105144 0.212218346 0.155312179 0.183967164 0.234404781 0.310690137 0.404230025 -2.0929261 -1.686451652 -1.306751609 -1.695376454 0.393163225
PS 40 7 35h 0.167219514 0.237899357 0.09742855 0.078723502 0.056850244 0.062180503 0.4707794 0.238967624 0.63821644 -1.086876902 -2.065112927 -0.647882324 -1.266624051 0.725511836
PS 40 8 35h 0.030394863 0.057735723 0.012446331 0.005717099 0.001983978 0.188094236 0 0.159402595 -2.410472453 -2.649252978 -2.529862715 0.168843328
PA 30 0 35h 0.008308723 0.011368848 0.004851051 0 0 0
PA 30 1 35h 0.004287071 0.00995898 0.003237789 0.009002722 0 0.903980369 0 -0.145636652 -0.145636652
PA 32 0 35h 0.033044646 0.042302783 0.026662158 0.005781499 0.004216493 0.006560094 0.17496022 0.099674119 0.246045119 -2.514901153 -3.326637246 -2.023005198 -2.621514532 0.658322822
PA 32 1 35h 0.161274527 0.278615409 0.156488922 0.049562829 0.045658743 0.055626618 0.307319633 0.163877307 0.355466814 -1.702188158 -2.609312009 -1.492213218 -1.934571128 0.593699259
PA 32 2 35h 0.039384859 0.067049669 0.037894482 0.003863495 0 0 0.101954021 -3.294009426 -3.294009426
PA 33 1 35h 0.011118696 0.012344376 0.006012217 0 0 0
PA 34 1 35h 0.264093989 0.35733445 0.259637647 0.132021839 0.126709962 0.139164289 0.499904749 0.354597666 0.535994262 -1.000274864 -1.495745056 -0.899710539 -1.131910153 0.319077065
PA 34 2 35h 0.256723298 0.402627831 0.235569497 0.104403084 0.101135897 0.10607719 0.406675532 0.251189534 0.450301042 -1.298049903 -1.993151741 -1.15103828 -1.480746641 0.449802561
PA 34 3 35h 0.031122346 0.044152076 0.021435126 0.008507196 0.010052738 0.27334688 0 0.468984332 -1.871195188 -1.092388368 -1.481791778 0.550699584
PA 35 2 35h 0.014809578 0.012499928 0.006076477 0 0 0
PA 36 1 35h 0.028937298 0.033779737 0.032167333 0.019043806 0.018693805 0.026297032 0.65810587 0.553402928 0.817507355 -0.603608406 -0.853597818 -0.290696384 -0.582634202 0.282036246
PA 36 2 35h 0.237447587 0.30778311 0.239053035 0.129282529 0.120495779 0.14020544 0.544467648 0.391495749 0.586503492 -0.877081769 -1.352931451 -0.769788398 -0.999933873 0.310376279
PA 36 3 35h 0.094853248 0.133686652 0.083909071 0.056781342 0.029766365 0.054919837 0.598623065 0.222657719 0.654516091 -0.740280227 -2.167100465 -0.611499434 -1.172960042 0.863355378
PA 36 4 35h 0.054865602 0.083071352 0.043856405 0.009930664 0.007031014 0.01964123 0.180999814 0.084638247 0.447853163 -2.465939879 -3.562546441 -1.158902298 -2.395796206 1.203356303
PA 36 5 35h 0.019111203 0.023822878 0.008123071 0 0 0
PA 38 2 35h 0.002002519 0.002693762 0.012718863 0.005896968 0 0 0.463639573 -1.108924385 -1.108924385
PA 38 3 35h 0.033453488 0.039786821 0.037908601 0.017577879 0.013270862 0.029610317 0.525442354 0.333549198 0.781097603 -0.928395599 -1.584028521 -0.356425261 -0.956283127 0.614276588
PA 38 4 35h 0.089284007 0.100425087 0.076371169 0.066153497 0.04472423 0.06358648 0.740933332 0.445349177 0.832597968 -0.432584358 -1.166991167 -0.264308058 -0.621294528 0.480018588
PA 38 5 35h 0.075435606 0.097223441 0.062344208 0.022997755 0.011238403 0.03918966 0.304866044 0.115593551 0.628601459 -1.713752624 -3.112867181 -0.669782475 -1.832134093 1.225837
PA 38 6 35h 0.04671035 0.059453593 0.040965456 0.007246858 0 0 0.176901676 -2.498980379 -2.498980379
PA 38 7 35h 0.005480988 0.008467089 0.00623348 0.004390282 0.004317042 0.003321059 0.801001869 0.509861482 0.532777756 -0.320122485 -0.971822744 -0.908394244 -0.733446491 0.359351282
PA 40 4 35h #DIV/0! #DIV/0! #DIV/0!
PA 40 5 35h 0.003972246 0.002512326 0.004455588 0 0 0
PA 40 6 35h 0.032795999 0.028496004 0.019106835 0.008343169 0.004573864 0.010599137 0.25439594 0.160508946 0.554730147 -1.974852447 -2.639274383 -0.850141964 -1.821422931 0.904380542
PA 40 7 35h 0.027373984 0.030712785 0.021371536 0.002327864 0 0 0.108923576 -3.198611845 -3.198611845
PE 32 1 35h 0.29613543 0.492431552 0.191861898 0.395156475 0.340726217 0.298177329 1.334377569 0.691926047 1.554124778 0.416166942 -0.531310243 0.63610234 0.173653013 0.620340866
PE 32 2 35h 0.042931779 0.050582945 0.021935078 0.026058699 0 0.051216071 0.606979242 0 2.334893531 -0.720280916 1.223356766 0.251537925 1.374359385
PE 34 1 35h 1.487640657 2.031390531 0.967063196 1.660038155 1.433774131 1.368951723 1.11588652 0.705809203 1.415576281 0.158190319 -0.502649854 0.501389494 0.052309986 0.510325129
PE 34 2 35h 1.461962904 2.122447601 1.049106433 1.51411901 1.229869967 1.179456522 1.035675396 0.579458342 1.124248679 0.050571901 -0.787223148 0.168961189 -0.189230019 0.521249309
PE 34 3 35h 0.086512247 0.156268385 0.066546584 0.119407708 0.055943505 0.075706382 1.38024051 0.357996308 1.137644891 0.464919681 -1.481983385 0.186050299 -0.277004468 1.052816544
PE 35 1 35h 0.293964983 0.355712669 0.201515163 0.237304495 0.151321357 0.223573521 0.807254293 0.425403339 1.10946252 -0.308904887 -1.233096739 0.149860932 -0.464046898 0.704410933
PE 35 2 35h 0.347867532 0.376428278 0.205875024 0.313359597 0.204831898 0.258789505 0.900801508 0.544145885 1.257022344 -0.150718852 -0.877934606 0.330010294 -0.232881055 0.608149399
PE 36 1 35h 0.859137982 1.02165577 0.552215985 1.042972771 0.86767754 0.823684997 1.213975859 0.849285606 1.491599338 0.279739733 -0.235678295 0.576860062 0.206973833 0.411127477
PE 36 2 35h 4.557241246 4.883438535 2.624818799 3.615367939 2.619731007 2.915152903 0.793323799 0.536452131 1.110611103 -0.334018265 -0.898478655 0.151353725 -0.360381065 0.525412461
PE 36 3 35h 1.445793123 1.999252738 1.071568488 1.335563268 1.035001469 1.032304904 0.92375821 0.517694161 0.963358773 -0.114412813 -0.949828048 -0.053854909 -0.37269859 0.500725097
PE 36 4 35h 1.444306963 2.072675268 1.321638377 1.110190737 0.923899862 0.974563087 0.768666749 0.445752345 0.737390124 -0.379569834 -1.165685706 -0.4395 -0.66158518 0.437591032
PE 36 5 35h 0.409571489 0.702316625 0.39558003 0.274370225 0.206020035 0.234211797 0.669895811 0.293343526 0.592071841 -0.577991364 -1.769336945 -0.756155854 -1.034494721 0.642596659
PE 37 1 35h 0.248518458 0.27777294 0.156543111 0.153268501 0.104419097 0.19266765 0.616728844 0.375915297 1.230764157 -0.697291774 -1.411520471 0.299554335 -0.60308597 0.859418581
PE 37 2 35h 0.196204591 0.196796358 0.156236834 0.122792621 0.068033937 0.119341982 0.625839696 0.345707298 0.763853048 -0.676134925 -1.532377034 -0.388632979 -0.865714979 0.594973162
PE 37 3 35h 0.105340622 0.09066626 0.102713848 0.040305682 0.031791144 0.061929929 0.382622406 0.350639196 0.602936514 -1.386006735 -1.51194082 -0.729921992 -1.209289849 0.41989285
PE 37 4 35h 0.135052126 0.098726788 0.104685864 0.03319627 0.023868616 0.062535035 0.245803386 0.241764328 0.597358926 -2.024423308 -2.048326703 -0.743330053 -1.605360021 0.746635515
PE 38 2 35h 0.109104881 0.098394186 0.063302653 0.038697749 0.032065139 0.040904889 0.35468394 0.32588449 0.6461797 -1.495394089 -1.617567405 -0.629992667 -1.247651387 0.5383849
PE 38 3 35h 0.757039743 1.280235094 0.694785394 0.488717536 0.548630255 0.579793584 0.64556391 0.428538678 0.834493051 -0.631368167 -1.222502673 -0.261028058 -0.704966299 0.484944195
PE 38 4 35h 8.144409715 9.272478196 6.226820117 4.287100372 2.947737067 3.700445691 0.526385646 0.317901752 0.594275348 -0.925807945 -1.653347126 -0.75079656 -1.109983877 0.478633431
PE 38 5 35h 4.725737726 5.78394801 3.976523456 2.498097101 1.872293695 2.289557548 0.528615265 0.323705139 0.575768652 -0.919710008 -1.627247825 -0.796438853 -1.114465562 0.44833936
PE 38 6 35h 1.964399469 2.370108699 1.552021917 1.09348456 0.85579659 0.889232292 0.556650812 0.361079047 0.57295086 -0.845155488 -1.46961339 -0.803516686 -1.039428521 0.3731323
PE 38 7 35h 0.073969219 0.080271168 0.057176876 0.031831135 0.031928124 0.430329474 0 0.558409735 -1.216486438 -0.840604002 -1.02854522 0.26578902
PE 39 2 35h 0.036195573 0.037433812 0.014327282 0 #DIV/0! 0.382736401 -1.385576976 -1.385576976
PE 39 3 35h 0.020319925 0.013108493 0 #DIV/0! 0
PE 39 4 35h 0.059388251 0.032469518 0.050649369 0.031563765 0.014358491 0.531481635 0 0.283488059 -0.911908253 -1.818640129 -1.365274191 0.641156258
PE 39 5 35h 0.038683933 0.021007203 0.030470904 0.023292014 0 0 0.764401781 -0.387596955 -0.387596955
PE 39 6 35h 0.05274639 0.042551575 0.043438904 0.122479874 0.064160405 0.05498141 2.322052261 1.507826803 1.265718193 1.215400443 0.592470722 0.33995623 0.715942465 0.450593604
PE 40 4 35h 0.021655213 0.012386232 0 #DIV/0! 0
PE 40 5 35h 0.237609835 0.203387266 0.126836055 0.149519015 0.093580836 0.144147041 0.629262735 0.460111581 1.13648316 -0.668265587 -1.119944325 0.184576307 -0.534544535 0.662460949
PE 40 6 35h 0.853461949 1.002118554 0.636014165 0.642244753 0.505987661 0.468940939 0.75251715 0.504917965 0.7373121 -0.410203634 -0.985879085 -0.439652662 -0.611911794 0.324199727
PE 40 7 35h 0.847265231 1.055586569 0.698292194 0.534764629 0.356790946 0.406608555 0.631165554 0.338002545 0.582289991 -0.663909622 -1.564893988 -0.780190275 -1.002997961 0.490077194
PG 32 1 35h 0.00490548 0.008906349 0.003388794 0 0 0
PG 32 2 35h 0.012964968 0.004557262 0.001410118 0 0 0
PG 34 1 35h 0.167804642 0.138296216 0.121202372 0.13377406 0.107068511 0.105601926 0.797201186 0.774196969 0.871285973 -0.326984239 -0.369227435 -0.198781779 -0.298331151 0.088761929
PG 34 2 35h 0.033615483 0.037051507 0.02236923 0.023529156 0.016891571 0.027473754 0.69994998 0.455894294 1.228194009 -0.514676268 -1.133228743 0.29653847 -0.450455514 0.717043792
PG 34 3 35h 0.003803246 0.008111504 0.003719269 0 0 0
PG 36 1 35h 0.024502571 0.016803075 0.018016061 0.030416766 0.018515969 0.039938028 1.241370389 1.101939269 2.216801324 0.311933638 0.140044716 1.148479478 0.533485944 0.539489792
PG 36 2 35h 0.046591437 0.028878716 0.034312134 0.045014088 0.029870624 0.048367381 0.966145085 1.034347362 1.409629044 -0.049688242 0.048720763 0.495315555 0.164782692 0.290448039
PG 36 3 35h 0.005850452 0.007278245 0.007229 0.010264989 0.004221697 0 1.410365846 0.58399466 0.496069443 -0.775972916 -0.139951737 0.899469778
PG 36 4 35h 0.002313185 0.002253194 0.002340114 0.004192511 0.006928748 0.007640263 1.812440814 3.075077949 3.264911312 0.857933884 1.620622981 1.707043803 1.395200223 0.467288432
PG 38 4 35h 0.021002725 0.024288742 0.02860413 #DIV/0! #DIV/0! #DIV/0!
PG 38 6 35h 0.005241142 0.00424108 0.004376984 0.005468158 0.008136099 0 1.289331575 1.858836845 0.366623327 0.894400146 0.630511737 0.373194568
PG 38 7 35h 0.00867435 0.006746619 0.005481101 0 0 0
PG 40 7 35h 0.069623798 0.066126222 0.06283837 0.030844959 0.013115806 0.027727035 0.443023216 0.198345005 0.441243704 -1.174545791 -2.333916027 -1.180352402 -1.562938074 0.667692806
PG 40 8 35h 0.016645613 0.009333927 0.007731442 0 0 0
PI 34 1 35h 0.034741651 0.106414896 0.136670925 0.127492926 0.100986741 0.07136535 3.66974284 0.948990642 0.522169221 1.875678969 -0.075534235 -0.937410674 0.28757802 1.44126896
PI 34 2 35h 0.092510938 0.150207806 0.193887726 0.158732502 0.12825008 0.092701147 1.715824157 0.853817679 0.478117665 0.778901709 -0.228000061 -1.064562386 -0.171220246 0.923042755
PI 34 3 35h 0.00022237 0.006524436 0.011586404 0 0 0
PI 36 2 35h 0.289386922 0.277113835 0.265989933 0.236710569 0.206888402 0.194450059 0.817972586 0.746582724 0.731042927 -0.289875602 -0.42162597 -0.45197197 -0.387824514 0.08617257
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Lipid Nb C Nb Double Bonds
Time after 
infection Non Infected; Sample 1 Non Infected; Sample 2

Non Infected; Sample 
3 Infected; Sample 1 Infected; Sample 2 Infected; Sample 3

Ratio Infected/Non Infected; 
Sample 1

Ratio Infected/Non Infected; 
Sample 2

Ratio Infected/Non Infected; Sample 
3 Log2 Ratio(Inf/Non Inf); Sample 1 Log2 Ratio(Inf/Non Inf); Sample 2 Log2 Ratio(Inf/Non Inf); Sample 3 Average (log2Ratio) StDev (log2Ratio)

PI 36 3 35h 0.050948593 0.34203865 0.31109032 0.190070292 0.302615417 0.193746093 3.730628901 0.884740413 0.622796921 1.899418857 -0.17667387 -0.683166283 0.346526234 1.368481006
PI 36 4 35h 1.957541446 1.547850628 1.397874157 0.91807343 0.698316511 0.784095106 0.4689931 0.451152391 0.560919667 -1.092361399 -1.148313263 -0.834133928 -1.024936197 0.167591116
PI 36 5 35h 0.10312167 0.099780727 0.079244189 0.031820685 0.014566262 0.032826084 0.308574185 0.145982716 0.414239635 -1.696310723 -2.776130523 -1.271462496 -1.91463458 0.775728978
PI 37 3 35h 0.037972044 0.07379418 0.077959749 0.007882321 0.016240526 0.035037374 0.207582219 0.220078689 0.44942902 -2.268245222 -2.183908647 -1.153834813 -1.868662894 0.620493798
PI 37 4 35h 0.117397042 0.100379149 0.078951756 0.050214425 0.025844791 0.052320521 0.427731608 0.257471709 0.662689763 -1.225222273 -1.957514178 -0.593594461 -1.258776971 0.682578704
PI 38 3 35h 0.131916646 #DIV/0! #DIV/0! #DIV/0!
PI 38 4 35h 10.3448785 9.30331872 8.357720795 9.034175403 6.870522715 7.96052338 0.873299324 0.738502348 0.952475391 -0.195451871 -0.437325588 -0.070246277 -0.234341245 0.186604107
PI 38 5 35h 2.018834396 1.537170128 1.400519575 0.910169825 0.729672052 0.881602531 0.45083927 0.474685293 0.629482477 -1.149314909 -1.074956744 -0.667761877 -0.964011177 0.25923931
PI 39 6 35h 0.172653138 0.214381206 0.187175912 0.064957183 0.063833295 0.086806937 0.376229381 0.297756023 0.463771947 -1.410315578 -1.747797402 -1.108512538 -1.422208506 0.319808326
PI 40 3 35h 0.209545206 0.249487672 0.230054426 0.72899141 0.635072944 0.418606441 3.478921927 2.545508315 1.819597427 1.798640303 1.347953778 0.8636193 1.336737794 0.467611396
PI 40 4 35h 0.01823858 0.012896928 0.021710299 0.051574056 0.034973308 0.037131423 2.827745189 2.711754863 1.710313726 1.499652123 1.439226768 0.774260986 1.237713292 0.402497001
PI 40 6 35h 0.106480244 0.156430137 0.175429381 0.231272188 0.266090899 0.256834738 2.171972748 1.701020691 1.464034915 1.119006002 0.76640069 0.54994996 0.81178555 0.287229932
PI 40 7 35h 0.436851927 0.605054359 0.243827119 0.357866516 0.307806176 0.278741055 0.819194089 0.50872483 1.143191357 -0.28772279 -0.975042583 0.193066914 -0.356566153 0.587089862
PI 40 8 35h 0.089598314 0.115566183 0.064072976 0.027640808 0.019309762 0.028791044 0.30849696 0.167088346 0.449347696 -1.696671823 -2.581316978 -1.154095891 -1.810694897 0.720410268
DAG 30 1 45h 0.021191452 0.026453293 0.027318349 0.031334455 1.289121135 1.184520024 #DIV/0! 0.366387836 0.244302587 0.305345211 0.086327307
DAG 30 2 45h 0.002994458 0.002870629 0.001164011 0.958647208 #DIV/0! #DIV/0! -0.060928108 -0.060928108
DAG 32 1 45h 0.120996225 0.152080728 0.140280628 0.152477581 1.1593802 1.002609486 #DIV/0! 0.213353752 0.00375979 0.108556771 0.148205312
DAG 32 2 45h 0.033423709 0.035955514 0.040621478 0.042857421 1.215349218 1.19195685 #DIV/0! 0.281370917 0.25333201 0.267351464 0.019826501
DAG 32 3 45h 0.001206601 0.011091613 0.011292141 0.005367134 9.358634778 0.483891224 #DIV/0! 3.226298087 -1.047245321 1.089526383 3.021851524
DAG 34 1 45h 0.204741656 0.259935507 0.282260478 0.300315517 1.378617739 1.155346262 #DIV/0! 0.463222484 0.208325298 0.335773891 0.180239528
DAG 34 2 45h 0.145206391 0.159545607 0.176414121 0.182532268 1.214919808 1.144075803 #DIV/0! 0.280861091 0.194182643 0.237521867 0.061290918
DAG 34 3 45h 0.017313802 0.017267574 0.019587103 0.019430953 1.131299925 1.12528564 #DIV/0! 0.17798146 0.170291258 0.174136359 0.005437794
DAG 36 1 45h 0.046012356 0.054428374 0.098937875 0.082748915 2.150245776 1.520326799 #DIV/0! 1.104501571 0.604381469 0.85444152 0.353638316
DAG 36 2 45h 0.156467075 0.173734691 0.224358185 0.218429496 1.433900293 1.25725896 #DIV/0! 0.519944709 0.330281835 0.425113272 0.134111905
DAG 36 3 45h 0.043953687 0.04354956 0.062076697 0.057137825 1.412320593 1.312018439 #DIV/0! 0.498067613 0.391787995 0.444927804 0.075151039
DAG 36 4 45h 0.01698369 0.013895065 0.034825342 0.025172541 2.050516808 1.811617379 #DIV/0! 1.035987569 0.857278285 0.946632927 0.126366547
DAG 38 2 45h 0.014059556 0.016221269 0.026597872 0.024907138 1.891800206 1.535461718 #DIV/0! 0.919759733 0.618672543 0.769216138 0.212900794
DAG 38 3 45h 0.01850734 0.019376232 0.02295244 0.018509943 1.240180384 0.955291145 #DIV/0! 0.310549975 -0.065987603 0.122281186 0.266252275
DAG 38 4 45h 0.027419211 0.016648492 0.039755966 0.026229811 1.44993105 1.575506682 #DIV/0! 0.535984296 0.655815873 0.595900085 0.084733721
DAG 38 5 45h 0.015569318 0.004488133 0.022731387 0.010233789 1.460011751 2.280188498 #DIV/0! 0.54597998 1.189153094 0.867566537 0.45479207
DAG 38 6 45h 0.006758086 0.003723872 0.006715049 0.004008749 0.993631794 1.076500244 #DIV/0! -0.009216757 0.106348647 0.048565945 0.081717081
PC 30 0 45h 0.25294793 0.251840762 0.294607149 0.29954809 1.16469484 1.189434501 #DIV/0! 0.219952007 0.250275828 0.235113917 0.02144218
PC 30 1 45h 0.100627627 0.093635932 0.14944027 0.128389309 1.485081917 1.371154272 #DIV/0! 0.570542512 0.455390901 0.512966707 0.081424485
PC 30 2 45h 0.003428675 0.00413272 0.004660023 0.006328951 1.359132067 1.531425232 #DIV/0! 0.442685649 0.614874933 0.528780291 0.12175621
PC 32 0 45h 0.499698378 0.522289957 0.484838337 0.556929465 0.97026198 1.066322371 #DIV/0! -0.043553753 0.09264366 0.024544953 0.096306114
PC 32 1 45h 2.617179182 2.740991152 3.218963295 3.163791692 1.229936153 1.154250968 #DIV/0! 0.298583426 0.206956943 0.252770185 0.064789708
PC 32 2 45h 0.33514735 0.335995323 0.433606873 0.413347028 1.293779805 1.230216614 #DIV/0! 0.371592098 0.298912365 0.335252231 0.051392332
PC 32 3 45h 0.022597133 0.027692428 0.030247442 0.043582918 1.3385522 1.57382076 #DIV/0! 0.420673401 0.654271244 0.537472323 0.165178619
PC 34 1 45h 4.178335799 4.347200483 5.77817203 5.419287244 1.382888381 1.24661544 #DIV/0! 0.467684715 0.318016487 0.392850601 0.105831419
PC 34 2 45h 1.763091054 1.848350454 2.50217754 2.311729942 1.419199272 1.250698934 #DIV/0! 0.505077175 0.322734548 0.413905861 0.128935708
PC 34 3 45h 0.24946727 0.277984148 0.291997456 0.338734541 1.170484032 1.218539056 #DIV/0! 0.227105253 0.285152492 0.256128873 0.041045596
PC 34 4 45h 0.305230338 0.369728756 0.487235148 0.544527223 1.596286766 1.472774876 #DIV/0! 0.674719849 0.558536921 0.616628385 0.082153736
PC 34 5 45h 0.032521649 0.035384567 0.046256669 0.050234519 1.422334658 1.419673159 #DIV/0! 0.508260953 0.505558827 0.50690989 0.001910692
PC 36 1 45h 0.610716716 0.637699951 1.099504162 1.028481188 1.800350527 1.612797972 #DIV/0! 0.848277826 0.68956573 0.768921778 0.112226399
PC 36 2 45h 1.99243427 2.071213205 2.625643177 2.493218996 1.317806673 1.203748117 #DIV/0! 0.398138738 0.267533542 0.33283614 0.09235182
PC 36 3 45h 0.805004678 0.910690483 0.918388729 1.001179454 1.140848934 1.099363036 #DIV/0! 0.19010777 0.136667877 0.163387823 0.03778771
PC 36 4 45h 0.793909921 0.91083888 1.381745164 1.389294744 1.740430656 1.525291436 #DIV/0! 0.799444334 0.609084924 0.704264629 0.13460443
PC 36 5 45h 0.275661829 0.321373518 0.354029698 0.409628173 1.284289883 1.274617075 #DIV/0! 0.360970877 0.350063893 0.355517385 0.007712402
PC 38 2 45h 0.11454557 0.11371705 0.209661923 0.193130623 1.830380028 1.698343592 #DIV/0! 0.872143216 0.76412836 0.818135788 0.076378037
PC 38 3 45h 0.255173295 0.278678518 0.312941316 0.33747435 1.226387408 1.210980857 #DIV/0! 0.294414789 0.276176059 0.285295424 0.01289673
PC 38 4 45h 0.417178164 0.449812147 0.643855706 0.657761022 1.543359078 1.462301599 #DIV/0! 0.626073758 0.548240898 0.587157328 0.055036144
PC 38 5 45h 0.459728764 0.495414263 0.774634199 0.771191708 1.684980925 1.556660284 #DIV/0! 0.75273226 0.638454134 0.695593197 0.080806838
PC 38 6 45h 0.342796405 0.383635315 0.409062471 0.468768912 1.193310269 1.221912825 #DIV/0! 0.254969203 0.289141363 0.272055283 0.024163366
PC 38 7 45h 0.060851791 0.067682456 0.09134462 0.099270824 1.501099953 1.466714281 #DIV/0! 0.586020044 0.552587858 0.569303951 0.023640125
PC 40 4 45h 0.022928377 0.023025623 0.054298044 0.051958054 2.368159066 2.256531988 #DIV/0! 1.243765988 1.17410723 1.208936609 0.04925618
PC 40 5 45h 0.036845571 0.037264067 0.083446088 0.086232804 2.264752194 2.314100716 #DIV/0! 1.179353201 1.210451656 1.194902429 0.021989928
PC 40 6 45h 0.11792843 0.121975776 0.208763389 0.212980574 1.770254977 1.746089105 #DIV/0! 0.823957173 0.804127183 0.814042178 0.01402192
PC 40 7 45h 0.196127956 0.209561813 0.258032721 0.277526845 1.315634582 1.324319736 #DIV/0! 0.395758836 0.40525148 0.400505158 0.006712313
PC 40 8 45h 0.032463431 0.03643279 0.05876807 0.064442945 1.810285248 1.768817178 #DIV/0! 0.856217042 0.822784941 0.839500992 0.023640065
PE 32 1 45h 0.202922074 0.220817895 0.297024883 0.292305897 1.463738652 1.323741887 #DIV/0! 0.549657986 0.404621842 0.477139914 0.102556041
PE 32 2 45h 0.031936665 0.033149832 0.030493622 0.038677515 0.954815496 1.166748435 #DIV/0! -0.066706114 0.222493532 0.077893709 0.204495031
PE 34 1 45h 1.227169317 1.225092365 1.750992241 1.609547504 1.426854645 1.313817268 #DIV/0! 0.512838373 0.393764632 0.453301503 0.08419785
PE 34 2 45h 1.295959348 1.288750189 1.429319686 1.410667932 1.102904723 1.094601533 #DIV/0! 0.141308166 0.130405782 0.135856974 0.00770915
PE 35 1 45h 0.120254226 0.126894861 0.168377226 0.166672508 1.400177202 1.313469326 #DIV/0! 0.485609422 0.393382509 0.439495965 0.065214275
PE 35 2 45h 0.126960222 0.125418123 0.183476392 0.158563557 1.445148639 1.264279462 #DIV/0! 0.531217887 0.338315398 0.434766643 0.136402658
PE 36 1 45h 0.499577297 0.446612021 0.989316231 0.868802453 1.980306625 1.94531811 #DIV/0! 0.98572383 0.960006092 0.972864961 0.018185187
PE 36 2 45h 3.516446952 3.397474564 4.921393049 4.046361554 1.399535701 1.190990978 #DIV/0! 0.484948289 0.252162485 0.368555387 0.164604421
PE 36 3 45h 1.414610881 1.60575705 0.985496198 1.254896963 0.696655322 0.781498648 #DIV/0! -0.521483052 -0.355684718 -0.438583885 0.117237126
PE 36 4 45h 0.683668008 0.726847323 0.523482376 0.626597265 0.765696756 0.862075494 #DIV/0! -0.385154949 -0.214113879 -0.299634414 0.1209443
PE 36 5 45h 0.101981343 0.128619858 0.110831798 0.133271793 1.086785046 1.036168093 #DIV/0! 0.12006662 0.051258064 0.085662342 0.048654997
PE 37 1 45h 0.118916806 0.137384983 0.186689968 0.175926388 1.569920812 1.280535788 #DIV/0! 0.650691791 0.356747574 0.503719682 0.207849949
PE 37 2 45h 0.085894666 0.088968057 0.128550456 0.111317827 1.496605803 1.25121118 #DIV/0! 0.581694274 0.323325308 0.452509791 0.182694448
PE 37 3 45h 0.081600173 0.078340782 0.07666729 0.073126395 0.939548132 0.933439689 #DIV/0! -0.089961023 -0.099371284 -0.094666154 0.006654059
PE 37 4 45h 0.054019995 0.048680489 0.023759598 0.036476159 0.439829703 0.74929731 #DIV/0! -1.184983059 -0.416389823 -0.800686441 0.543477489
PE 38 2 45h 0.086119422 0.077763074 0.136709212 0.134398374 1.587437636 1.728305826 #DIV/0! 0.666699915 0.789358527 0.728029221 0.086732736
PE 38 3 45h 1.117852293 1.151162539 0.681404945 0.810114166 0.609566173 0.703735692 #DIV/0! -0.714145249 -0.506894409 -0.610519829 0.146548475
PE 38 4 45h 5.13176177 4.88616 3.338120907 3.443273301 0.650482438 0.704699253 #DIV/0! -0.620417988 -0.50492041 -0.562669199 0.08166912
PE 38 5 45h 2.118317428 1.967281541 1.483123659 1.562909226 0.700142311 0.794451223 #DIV/0! -0.514279901 -0.33196945 -0.423124676 0.128912956
PE 38 6 45h 0.587798622 0.667610578 0.462066945 0.529510078 0.786097359 0.793142133 #DIV/0! -0.347220091 -0.334348671 -0.340784381 0.009101469
PE 38 7 45h 0.035106929 0.036096967 0.024019539 0.029201816 0.684182291 0.80898253 #DIV/0! -0.547547332 -0.305819547 -0.426683439 0.170927356
PE 40 5 45h 0.076827036 0.072587484 0.096416659 0.095307039 1.254983451 1.312995496 #DIV/0! 0.327668341 0.392861968 0.360265154 0.046098856
PE 40 6 45h 0.383765375 0.35651847 0.289927023 0.312273563 0.755479888 0.875897294 #DIV/0! -0.404534746 -0.191166383 -0.297850564 0.150874216
PE 40 7 45h 0.470884228 0.457077101 0.358980377 0.38655598 0.762353791 0.845712856 #DIV/0! -0.391467419 -0.241760184 -0.316613802 0.105859001
PS 32 1 45h 0.107978577 0.134272988 0.104824397 0.11993265 0.970788834 0.893200127 #DIV/0! -0.04277058 -0.162944638 -0.102857609 0.084975892
PS 34 1 45h 0.905978204 0.979875815 0.630420096 0.724997065 0.695844661 0.739886682 #DIV/0! -0.523162818 -0.434623765 -0.478893292 0.062606565
PS 34 2 45h 0.126783083 0.142357496 0.087310615 0.094482874 0.688661394 0.66370143 #DIV/0! -0.538133293 -0.591393712 -0.564763503 0.037660804
PS 35 1 45h 0.024443651 0.008848126 0.002545218 0.00792254 0.104125925 0.8953919 #DIV/0! -3.26359878 -0.159408827 -1.711503804 2.194993766
PS 36 1 45h 0.711533158 0.654838803 0.594634569 0.588997025 0.835708867 0.899453456 #DIV/0! -0.258927652 -0.152879467 -0.20590356 0.074987391
PS 36 2 45h 0.620466473 0.65480358 0.338866515 0.395489861 0.546147987 0.603982436 #DIV/0! -0.87263617 -0.727421498 -0.800028834 0.102682279
PS 36 4 45h 0.064605055 0.089131803 0.087087999 0.077813268 1.348005967 0.873013517 #DIV/0! 0.430826883 -0.195924104 0.117451389 0.443179872
PS 37 1 45h 0.052710991 0.045293296 0.037699795 0.02789059 0.715216965 0.615777436 #DIV/0! -0.483547137 -0.699519092 -0.591533115 0.152715234
PS 37 3 45h 0.008520245 0.004503372 0.000612945 0.071939808 0 #DIV/0! -3.797065883 -3.797065883
PS 38 1 45h 0.033688058 0.009849833 0.009986362 0.013340608 0.296436257 1.354399337 #DIV/0! -1.754206179 0.437653172 -0.658276503 1.549878611
PS 38 2 45h 0.041492019 0.030853546 0.031436628 0.015315632 0.757654817 0.496397793 #DIV/0! -0.40038738 -1.010431395 -0.705409387 0.43136626
PS 38 3 45h 0.661917239 0.725762717 0.26526985 0.351419424 0.400759846 0.484207049 #DIV/0! -1.319190131 -1.046304012 -1.182747072 0.192959625
PS 38 4 45h 1.239801056 1.413628564 0.6139724 0.72422922 0.495218485 0.512319317 #DIV/0! -1.013862929 -0.964884805 -0.989373867 0.034632763
PS 38 5 45h 0.135548541 0.19980757 0.13477095 0.139963408 0.994263374 0.700491017 #DIV/0! -0.008300032 -0.513561545 -0.260930789 0.357273842
PS 38 6 45h 0.015371557 0.04051446 0.022523453 0.032721092 1.465268173 0.807639828 #DIV/0! 0.55116473 -0.308216038 0.121474346 0.607673969
PS 39 1 45h 0.042840752 0.036154368 0.025878864 0.017930745 0.604071195 0.495949635 #DIV/0! -0.727209502 -1.011734475 -0.869471989 0.201189538
PS 40 1 45h 0.010370656 0.004377888 0.00278965 0.00142397 0.268994547 0.325264175 #DIV/0! -1.894351169 -1.620316166 -1.757333668 0.193772009
PS 40 2 45h 0.008376175 0.00722501 0.00416738 0.00573647 0.497527852 0.793973997 #DIV/0! -1.007150804 -0.332836335 -0.669993569 0.476812334
PS 40 3 45h 0.013109738 0.009188329 0.005307417 0.006322555 0.404845422 0.68810717 #DIV/0! -1.304556931 -0.539294818 -0.921925875 0.54112203
PS 40 5 45h 0.036036379 0.049020643 0.026578917 0.032101285 0.737557917 0.6548524 #DIV/0! -0.439171753 -0.610758326 -0.524965039 0.12133003
PS 40 6 45h 0.546368422 0.722064271 0.155547256 0.292081564 0.284692984 0.404509095 #DIV/0! -1.812521157 -1.305755956 -1.559138557 0.35833711
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Lipid Nb C Nb Double Bonds
Time after 
infection Non Infected; Sample 1 Non Infected; Sample 2

Non Infected; Sample 
3 Infected; Sample 1 Infected; Sample 2 Infected; Sample 3

Ratio Infected/Non Infected; 
Sample 1

Ratio Infected/Non Infected; 
Sample 2

Ratio Infected/Non Infected; Sample 
3 Log2 Ratio(Inf/Non Inf); Sample 1 Log2 Ratio(Inf/Non Inf); Sample 2 Log2 Ratio(Inf/Non Inf); Sample 3 Average (log2Ratio) StDev (log2Ratio)

PS 40 7 45h 0.065350109 0.092944848 0.075960716 0.069366329 1.162365568 0.746317096 #DIV/0! 0.217063873 -0.422139359 -0.102537743 0.45198494
PS 40 8 45h 0.005392152 0.007236685 0.003355617 0.002930386 0.62231494 0.404934917 #DIV/0! -0.684283212 -1.304238045 -0.994260629 0.438374266
PA 30 0 45h 0.012794522 0.009493052 0.002641888 0 0.278297072 #DIV/0! -1.845302367 -1.845302367
PA 32 0 45h 0.037665915 0.036393951 0.011386111 0.020281385 0.302292157 0.557273494 #DIV/0! -1.725984546 -0.84354256 -1.284763553 0.623980712
PA 32 1 45h 0.244367104 0.175844267 0.100277238 0.096774705 0.410354899 0.550343251 #DIV/0! -1.285055917 -0.861596381 -1.073326149 0.299431109
PA 32 2 45h 0.058556554 0.037704637 0.011408726 0.009418923 0.194832605 0.249808073 #DIV/0! -2.359692963 -2.001107996 -2.18040048 0.253557861
PA 34 1 45h 0.413674051 0.306995872 0.20982324 0.207901129 0.507218763 0.677211482 #DIV/0! -0.979319981 -0.562321661 -0.770820821 0.294862339
PA 34 2 45h 0.473751859 0.273602693 0.197753466 0.164422782 0.417419926 0.600954544 #DIV/0! -1.260428625 -0.734672224 -0.997550424 0.371765916
PA 34 3 45h 0.04493776 0.038397098 0.023885015 0.018123694 0.531513248 0.472006862 #DIV/0! -0.911822444 -1.083120262 -0.997471353 0.121125848
PA 35 2 45h 0.006099396 0.001229352 0.001123269 0.184160724 0 #DIV/0! -2.440962686 -2.440962686
PA 36 1 45h 0.041534185 0.040707844 0.05293526 0.041004451 1.274498563 1.00728623 #DIV/0! 0.349929747 0.010473697 0.180201722 0.240031675
PA 36 2 45h 0.492496984 0.314034578 0.282331456 0.221546535 0.573265349 0.705484523 #DIV/0! -0.802725016 -0.503313662 -0.653019339 0.211715799
PA 36 3 45h 0.134711566 0.103217829 0.094741345 0.073696486 0.703290353 0.713989884 #DIV/0! -0.507807667 -0.486024462 -0.496916064 0.015403052
PA 36 4 45h 0.042292197 0.026563181 0.024564658 0.012056693 0.580831909 0.453887391 #DIV/0! -0.783807382 -1.139593683 -0.961700532 0.251578906
PA 36 5 45h 0.008155469 0.00206894 0 0 #DIV/0!
PA 38 2 45h 0.018522158 0.008449441 0.011953982 0.010052225 0.645388224 1.189691108 #DIV/0! -0.63176084 0.25058704 -0.1905869 0.623914169
PA 38 3 45h 0.06898749 0.080317209 0.071905405 0.064160609 1.04229629 0.798840113 #DIV/0! 0.059765445 -0.324021317 -0.132127936 0.271378222
PA 38 4 45h 0.081172794 0.070588929 0.073518949 0.054105414 0.905709228 0.766485827 #DIV/0! -0.142880137 -0.383668979 -0.263274558 0.170263422
PA 38 5 45h 0.048230615 0.031990011 0.038869442 0.019894985 0.80590807 0.621912421 #DIV/0! -0.311312814 -0.685216663 -0.498264739 0.264389947
PA 38 6 45h 0.029589505 0.019012548 0.008849411 0.00499147 0.299072638 0.262535565 #DIV/0! -1.74143217 -1.929415218 -1.835423694 0.132924088
PA 40 5 45h 0.004366349 0.002092682 0.002787687 0.001869801 0.638448058 0.893495112 #DIV/0! -0.647358843 -0.162468257 -0.40491355 0.342869421
PA 40 6 45h 0.024846349 0.026459732 0.019049451 0.015435674 0.766690146 0.58336472 #DIV/0! -0.383284457 -0.777529955 -0.580407206 0.278773666
PA 40 7 45h 0.029201598 0.011973509 0.009334468 0.005857118 0.319656087 0.489173008 #DIV/0! -1.645407527 -1.031583295 -1.338495411 0.434039277
PG 32 1 45h 0.002229835 0.001910945 0.003510877 0.00181987 1.574500524 0.952340423 #DIV/0! 0.654894238 -0.070450724 0.292221757 0.512896341
PG 34 1 45h 0.07561996 0.073216874 0.118102213 0.085271428 1.561786239 1.164641741 #DIV/0! 0.643197006 0.219886232 0.431541619 0.299325919
PG 34 2 45h 0.023817378 0.025205382 0.040032945 0.032144484 1.68082921 1.275302386 #DIV/0! 0.749173139 0.350839364 0.550006251 0.281664514
PG 34 3 45h 0.001512047 0.001650606 0.000617823 0 0.374300997 #DIV/0! -1.417729204 -1.417729204
PG 36 1 45h 0.024640622 0.0274889 0.069819533 0.045386482 2.833513365 1.651083942 #DIV/0! 1.502592007 0.72341347 1.113002739 0.550962428
PG 36 2 45h 0.052735432 0.052754778 0.143086059 0.095660756 2.713281266 1.813309809 #DIV/0! 1.440038609 0.858625435 1.149332022 0.411121198
PG 36 3 45h 0.014184153 0.013419268 0.025783964 0.020939745 1.817800715 1.560423776 #DIV/0! 0.862194046 0.641937886 0.752065966 0.155744624
PG 36 4 45h 0.000600492 0.000645334 0.018801372 0.008813399 31.30996949 13.65711369 #DIV/0! 4.968550197 3.771580709 4.370065453 0.846385242
PG 38 3 45h 0.00249708 0.002251509 0.008382558 0.003353699 3.356944464 1.489533681 #DIV/0! 1.74714867 0.574860746 1.161004708 0.82893274
PG 38 4 45h 0.004788709 0.002937456 0.05830732 0.036585428 12.17599999 12.45480171 #DIV/0! 3.605968358 3.638630148 3.622299253 0.023095373
PG 38 5 45h 0.002525075 0.001792439 0.049212109 0.028793023 19.489362 16.06360092 #DIV/0! 4.284614959 4.005723428 4.145169193 0.197206093
PG 38 6 45h 0.006082286 0.003996383 0.010324578 0.006729165 1.697483151 1.683813747 #DIV/0! 0.763397255 0.751732566 0.75756491 0.008248181
PG 38 7 45h 0.011254767 0.00993499 0.002705686 0 0.27233902 #DIV/0! -1.876524391 -1.876524391
PG 40 6 45h 0.00499954 0.001251473 0.020671761 0.011438891 4.134732545 9.140339312 #DIV/0! 2.047794012 3.192247723 2.620020867 0.80925098
PG 40 8 45h 0.01371087 0.012747416 0.004843441 0.005448039 0.353255596 0.4273838 #DIV/0! -1.50121568 -1.22639587 -1.363805775 0.194326951
PI 32 1 45h 0.033229172 0.01665555 0.012398805 0.005276525 0.373130112 0.316802824 #DIV/0! -1.422249302 -1.6583429 -1.540296101 0.166943384
PI 34 1 45h 0.209720104 0.122779458 0.124066634 0.100134281 0.591581978 0.815562165 #DIV/0! -0.757349992 -0.294133247 -0.525741619 0.327543702
PI 34 2 45h 0.285781342 0.233468839 0.146337108 0.140531397 0.512059702 0.601927854 #DIV/0! -0.965616069 -0.732337516 -0.848976793 0.164952847
PI 34 3 45h 0.051517178 0.046430393 0.010351232 0.017546989 0.200927772 0.377920314 #DIV/0! -2.31525111 -1.403846025 -1.859548568 0.644460716
PI 36 1 45h 0.016350947 0.008245218 0.095586826 0.069771875 5.845950279 8.462101564 #DIV/0! 2.547437559 3.081016001 2.81422678 0.377296935
PI 36 2 45h 0.414399451 0.296333991 0.326631893 0.286881162 0.788205418 0.968100763 #DIV/0! -0.343356428 -0.04677088 -0.195063654 0.209717653
PI 36 3 45h 1.723679975 1.657693892 0.492012515 0.673351914 0.285443076 0.406197982 #DIV/0! -1.808725027 -1.299745021 -1.554235024 0.359903213
PI 36 4 45h 0.679268931 0.635472527 0.398703236 0.389975745 0.586959329 0.61367837 #DIV/0! -0.768667553 -0.70444536 -0.736556457 0.045411948
PI 37 3 45h 0.098474091 0.079111845 0.061955349 0.051836521 0.629153806 0.655230843 #DIV/0! -0.668515347 -0.609924827 -0.639220087 0.041429754
PI 37 4 45h 0.0477897 0.041935376 0.024396681 0.025450774 0.510500831 0.606904625 #DIV/0! -0.970014785 -0.720458281 -0.845236533 0.176463097
PI 38 3 45h 4.804311659 3.991607052 1.729690528 1.995957474 0.360028793 0.500038568 #DIV/0! -1.473815805 -0.999888721 -1.236852263 0.335117055
PI 38 4 45h 6.77350766 6.033486207 5.38936353 4.674611632 0.795653272 0.774777877 #DIV/0! -0.329788222 -0.368145336 -0.348966779 0.027122575
PI 38 5 45h 1.325130387 1.260348548 0.853034985 0.856980724 0.643736641 0.679955339 #DIV/0! -0.635457506 -0.556488105 -0.595972806 0.055839799
PI 38 6 45h 0.137446152 0.144274929 0.094724934 0.104364663 0.689178512 0.723373522 #DIV/0! -0.537050374 -0.467187304 -0.502118839 0.049400651
PI 40 4 45h 0.05611311 0.052678782 0.075306499 0.06915678 1.342048221 1.312801406 #DIV/0! 0.42443651 0.392648689 0.408542599 0.022477384
PI 40 5 45h 0.027002786 0.027190426 0.038422743 0.034511034 1.422917714 1.269234755 #DIV/0! 0.508852235 0.343958931 0.426405583 0.116597173
PI 40 6 45h 0.187075083 0.150989513 0.24910362 0.184280755 1.331570276 1.220487116 #DIV/0! 0.413128571 0.287457065 0.350292818 0.088863174
PI 40 7 45h 0.132249775 0.139158585 0.180483077 0.135242454 1.364713683 0.971858509 #DIV/0! 0.448598305 -0.041181805 0.20370825 0.346326837
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Abstract

Plasmodium sporozoites are transmitted by Anopheles mosquitoes and infect hepatocytes, where a single sporozoite
replicates into thousands of merozoites inside a parasitophorous vacuole. The nature of the Plasmodium-host cell interface,
as well as the interactions occurring between these two organisms, remains largely unknown. Here we show that highly
dynamic hepatocyte actin reorganization events occur around developing Plasmodium berghei parasites inside human
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Introduction

Diverse pathogens have developed numerous strategies to

successfully survive and replicate inside host cells. They often

subvert signalling pathways and cytoskeletal components of the

host cell to avoid the host’s immune system and for direct access to

host metabolites [1]. The bacteria Salmonella enterica, for example,

induces host cell actin reorganization and ruffle formation to

facilitate its internalization into non-phagocytic cells [2], while the

vaccinia virus moves along microtubules and polymerizes actin to

form comet tails that allow viral dissemination into non-infected

cells [reviewed in 3]. Besides bacteria and viruses, protozoan

parasites are also capable of manipulating the host cell

cytoskeleton. The apicomplexan parasite Cryptosporidium parvum,

responsible for diarrheal illness, induces the reorganization of the

host’s actin network into a plaque-like structure that separates the

parasite from the cell cytoplasm, thereby creating an intracellular

but extracytoplasmic niche, where it replicates [4]. During Theileria

infection, host microtubules associate with the parasite, which

divides in synchrony with the host cell [5,6]. Invasion by

Toxoplasma gondii induces the formation of a host F-actin ring at

the junction site [7] and, at a later stage of infection, T. gondii

recruits microtubules, proposed to form conduits along which host

organelles are transported to the parasitophorous vacuole [8].

The malaria parasites (Plasmodium spp.) of mammals first replicate

asexually in hepatocytes and later in red blood cells (RBCs). Several

studies show that, within RBCs, Plasmodium exports proteins to the

host cell cytosol that manipulate the host cell cytoskeleton, important

for parasite egress and progression of infection [9,10,11]. However,

during the liver stage of infection, few reports exist on the interaction

of the host cell cytoskeleton with Plasmodium. While no significant

reorganization of host microtubules or actin was reported in fixed

cells at 24 hours of Plasmodium spp. development [12], an F-actin ring

in the cell–parasite junction was observed during invasion of

hepatocytes by sporozoites [7]. Here, we investigate the hepatocyte

actin and microtubule organization during Plasmodium berghei

development, using live cell imaging.

Results and Discussion

Reorganization of hepatocyte actin, but not tubulin,
occurs around developing P. berghei

To investigate a potential reorganization of the hepatocyte

cytoskeleton during Plasmodium infection, we established Huh7 cell
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lines stably expressing mCherry::b-actin or mCherry::a-tubulin

fusion proteins. Anti-a-tubulin antibody or phalloidin labelling

showed that all microtubules stained with the antibody were

positive for mCherry::a-tubulin and all the filamentous actin (F-

actin) structures stained with phalloidin, were also positive for

mCherry::b-actin, showing integration of exogenous proteins into

the microtubules or the F-actin of the living cells, respectively (Fig.

S1). Transformed cell lines were indistinguishable from the parent

lines, with unperturbed key cellular events involving cytoskeletal

dynamics in both mCherry lines (data not shown). Furthermore,

infection of these cells with GFP-Pb proceeded at the same rate as

in control Huh7 cells (Fig. S2).

We next aimed to identify the possible interactions between

these components of the host cell cytoskeleton and the developing

Plasmodium parasite. Cells from both cell lines were infected with

GFP-Plasmodium berghei (GFP-Pb) sporozoites and observed by wide

field fluorescence microscopy at different times after infection.

Time lapse experiments, with 20 seconds acquisition intervals,

were performed between 3 and 34 hours p.i. to follow the host

cytoskeleton dynamics around the parasite during its development.

No significant host microtubule reorganization was observed

around 238 GFP-Pb parasites (Fig. 1A; Movie S1). However, clear

host cell actin reorganization events, characterized by changes of

mCherry::b-actin fluorescence around the parasites, were ob-

served around 77 out of 562 developing GFP-Pb (1462%)

analysed between 3 and 34 hours p.i. (Fig. 1A; Movie S2). Host

actin reorganization events were highly dynamic, comprising

cycles of polymerization and depolymerization around the parasite

(Movie S2). Data analysis showed that, although present

throughout infection, this phenomenon occurred preferentially

between 10 to 16 hours p.i. (2363%, p,0.01) (Fig. 1B). Although

not much is known about the biological processes occurring during

intra-hepatic Plasmodium development, the interval between 10 and

16 hours p.i. may coincide with an important step in the

preparation for the extensive nuclear replication that starts soon

after that period [13]. We next determined whether actin

polymerization around developing GFP-Pb also occurs during

liver infection in vivo, by staining liver slices of BALB/c mice

24 hours p.i., with the F-actin binding toxin fluorescent conjugat-

ed, phalloidin. Clear actin rings were observed around approx-

imately 4% (3 out of 76) of the exoerythrocytic forms (EEFs)

analysed by fluorescence confocal microscopy (Fig. 1C). Thus, our

observations show that hepatocyte actin reorganization events also

occur during EEF development in the liver of infected mice. The

lower percentage of actin rings around mouse liver EEFs,

compared to the live cell imaging experiments formerly presented,

is also observed in vitro around fixed EEFs (data not shown). This is

probably due to the fact that the observed actin polymerization

events are extremely dynamic, as shown in our live cell imaging

experiments, and as such much more difficult to capture in fixed

conditions.

Dynamic actin reorganization is not only associated with certain

intracellular microorganisms, such as bacteria and viruses, but also

with plasma membrane perturbations or even with inert particles,

like beads [14]. Thus, we decided to investigate whether the actin

reorganization that was being observed around developing P.

berghei EEFs was a Plasmodium-induced phenomenon, common to

apicomplexan parasites or simply occurring in response to the

presence of a foreign body. To that end, time lapse experiments

were performed with: (i) 3 mm polyamino uncoated beads

(corresponding to the size of P. berghei parasites between 10 and

16 hours p.i.) internalized by Huh7 mCherry::b-actin cells and (ii)

Huh7 mCherry::b-actin cells infected with another apicomplexa

parasite, GFP-expressing T. gondii tachyzoites. Although Huh7

Figure 1. Hepatocyte cytoskeleton reorganization around
developing P. berghei in vitro and in vivo. (A) Actin but not
tubulin is reorganized in Huh7 cell lines infected with GFP-Pb parasites
(red and grey: mCherry::a-tubulin or mCherry::b-actin; green: GFP-Pb).
Plot profiles represent the pixel intensity (gray values) of the regions
indicated in the pictures (lines); o represents the parasite. Pie plots
represent the percentages and absolute numbers of parasites
associated (&) or not (%) with host cytoskeleton reorganization. (B)
Distribution of the percentage of P. berghei parasites associated with
host cell actin reorganization in different infection periods. Numbers of
parasites associated with actin reorganization/total numbers of
parasites analysed are indicated above the bars. (C) Hepatocyte F-actin
around P. berghei EEFs at 24 hours p.i. in BALB/c mice livers (red and
grey: Phalloidin AlexaFluor 594; green: GFP-Pb; blue: nuclei). The pie
plot represents the percentage and absolute numbers of parasites
associated (&) or not (%) with host actin reorganization. Plot profile
represents the pixel intensity (gray values) along the white line; o
represents the parasite. Error bars represent Standard Errors ** p,0.01,
scale bars represent 10 mm.
doi:10.1371/journal.pone.0029408.g001

Hepatocyte Actin and Plasmodium
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cells are not professional phagocytes, they clearly internalize beads

following a 1 hour starvation period. These experiments were

performed between 10 and 16 hours post-bead internalization or

T. gondii infection, corresponding to the interval of P. berghei

infection where there is the highest percentage of Plasmodium

parasites associated with host actin reorganization, employing

experimental conditions that mimicked infection by Plasmodium

(see Material and Methods).

Comparison of actin reorganization events, during P. berghei

infection (22.963%), T. gondii infection (3.3%, s.e. = 3%,

CI95 = (0.1%,17%)) or after internalization of beads (7.6%,

s.e. = 3%, CI95 = (3.5%,14.5%)), showed that the events observed

around T. gondii or beads were significantly less frequent than those

occurring around Plasmodium (Fig. 2). The few events occurring

around beads or T. gondii were also less intense and dynamic than

those observed around P. berghei in the same period of time (Movie

S3). Previous work by Yam and colleagues show that similar actin

dynamics can be observed around E-cadherin covered beads, E.

coli and Listeria-containing phagosomes in MDCK cells [14].

However, our work shows that, in hepatocytes, the actin dynamics

around Plasmodium is significantly more frequent and intense, when

compared to the one observed around uncoated beads or the

related parasite, T. gondii. This suggests that, although the

phenomena that we observe may be part of the normal actin

dynamics of the cells, specific features of the Plasmodium, or of its

parasitophorous vacuole membrane, also play an important role in

the process.

Dynamics of hepatocyte actin reorganization events
associated with developing P. berghei

We termed the actin reorganization events around Plasmodium

actin clouds. The dynamics of actin clouds were characterized by

the accumulation of actin in close vicinity of the PV, which

appeared either asymmetrical, moving around the vacuole

(Fig. 3A; Movie S4), or symmetrical, surrounding the entire PV

(Fig. 3A; Movie S2). Actin clouds could also rearrange into polar

structures reminiscent of actin tails (Fig. 3B; Movie S5). Actin

reorganization could last for the whole duration of the movie, e.g.

2 hours, while others lasted for just a few minutes or even seconds.

In all cases, actin clouds were very dynamic, as seen in Movies S4

and S5.

The parasites associated with actin clouds usually showed a non

progressive movement (Movie S4). However, some parasites

associated with tail-like actin clouds were clearly prone to

translocation inside the cell. The longest distance observed for

an intracellular parasite translocation event was 60 mm, which

occurred between two positions separated by 19 mm within the cell

(Fig. 3C). No specific directional pattern was observed from 12

moving parasites.

Host cell actin reorganization observed around P. berghei

resembles the type of actin dynamics associated with other

pathogenic systems, such as Listeria-containing phagosomes [14],

or even with normal cellular functions, such as the movement of

endosomes or other intracellular vesicles inside the cell cytosol

[15,16]. Similarly, Plasmodium is also surrounded by the para-

sitophorous vacuole membrane, suggesting that actin dynamics

observed around this apicomplexan parasite might originate at this

membrane. Indeed, it has been demonstrated that membranes can

be associated with actin polymerization events, depending on their

lipid content [17]. Considering this, it is tempting to hypothesize

that the actin dynamics observed around Plasmodium might be

related with active vacuole membrane remodelling as part of the

vacuole maturation process during parasite development.

Gelsolin is involved in host actin reorganization
associated with developing P. berghei

We next sought to identify actin related proteins involved in the

dynamic events observed around the developing Plasmodium. A

recent microarray screen of Plasmodium-infected versus non-

infected cells [18] showed that gelsolin (GSN) transcripts are

significantly up-regulated throughout infection, during all time

points of infection analysed in that study (Fig. 4A). GSN severs

actin filaments and remains attached to the barbed end of the

short filament, preventing elongation. When GSN uncaps these

filaments, many actin polymerization points become available in

the cell cytosol to generate new actin filaments [19]. We confirmed

the microarray data by quantitative RT-PCR (qRT-PCR),

comparing infected Huh7 cells 12 hours p.i. and non-infected

cells (Fig. 4B). When infected Huh7 cells were stained with an anti-

GSN antibody, structures resembling actin clouds were observed

(Fig. 4C).

To determine the contribution of GSN to actin reorganization

events, we performed GSN knockdown experiments in the Huh7

mCherry::b-actin cell line by lentiviral-delivered shRNA (Fig. 5A),

followed by infection with GFP-Pb sporozoites. Time lapse

experiments of Plasmodium infection (10 to 16 hours p.i.) showed

that when GSN expression is efficiently down-modulated

(97.560.5%, Fig. 5A), actin structures are perturbed (Fig. 5B)

and the percentage of parasites associated with actin clouds is

significantly lower than that observed in the control situation

(Fig. 5C). Attempts to deplete other actin related proteins, such as

Arp2 and Arp3 from the Arp2/3 complex as well as N-WASP,

usually involved in this type of actin phenomenon, were made but

without success due to significant cell death after knockdown of

these proteins. The results clearly show that, although other

proteins are also likely to be involved in P. berghei-associated

hepatocyte actin reorganization, GSN is an important player in

this process. Most probably contributing to the actin turnover and

consequently the dynamics of the actin clouds.

Biological relevance of hepatocyte actin reorganization
around developing Plasmodium

Many pathogens hijack the host cytoskeleton for their own

benefit, either to spread from cell to cell or to capture important

nutrients [3]. During live cell imaging experiments we noticed the

disappearance of some parasites to coincide with extremely

Figure 2. Hepatocyte cytoskeleton reorganization depends on
the presence of P. berghei. Percentage of parasites (P. berghei and T.
gondii) and beads associated with hepatocyte actin reorganization
between 10 and 16 hours p.i. or bead internalization. Numbers of
parasites or beads associated with actin reorganization/total numbers
of parasites or beads analysed are indicated above the bars. Error bars
represent Standard Errors * p,0.05 *** p#0.001.
doi:10.1371/journal.pone.0029408.g002
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dynamic actin events. Indeed, 5.2% of the parasites recorded

during actin reorganization events disappear (Fig. 6; Movie S6;

Table S1). In the experiment shown in movie S6, a progressively

stronger actin cloud around the vacuole was observed, which first

deformed and finally eliminated the parasite leading to an

apparent vacuole closure (Fig. 6). In contrast, only 0.8% of the

parasites not associated with actin reorganization show the same

phenotype (Table S1). This significant difference (p = 0.015, odds

ratio of 6.5, Fisher’s Exact Test) implies that hepatocyte actin

dynamics is positively associated with parasite elimination

throughout infection and that it is 6.5 times more likely that a

parasite disappears associated with an actin event than in the

absence of that event. The observation that not all actin

reorganization events were associated with parasite elimination,

might be due to the fact that some parasites are more fit than

others and therefore offer more resistance to intense actin

polymerization and consequent mechanical elimination. However,

strong accumulation of actin as the one shown in Fig. 6/movie S6

Figure 3. Dynamics of hepatocyte actin clouds around developing P. berghei. Asymmetrical and symmetrical actin clouds (A) as well as tail-
like actin clouds (B) are present around GFP-Pb (red and grey: mCherry::b-actin; green: GFP-Pb), surface plots represent the intensity of the pixels of
the mCherry::b-actin channel in the selected region (square). (C) Translocation of a GFP-Pb, associated with a tail-like actin cloud. The tracked path is
indicated in blue (red and grey: mCherry::b-actin; green: GFP-Pb). Scale bars represent 10 mm. Some frames present the same time points as the
acquisition interval between individual images was 20 s ( = 0.0056 h) and thus too small to annotate in consecutive frames, when using a time scale
of hours.
doi:10.1371/journal.pone.0029408.g003

Hepatocyte Actin and Plasmodium

PLoS ONE | www.plosone.org 4 January 2012 | Volume 7 | Issue 1 | e29408



was never observed around parasites that did not disappear.

Importantly, the disappearance of parasites as shown here,

appeared not to be a consequence of photobleaching. We

observed photobleaching in several cases (Table S2; Fig. S3) and

invariably found that it occurred gradually, usually in the end of

the time lapse experiments and in the absence of vacuole closure

after GFP bleaching. In contrast, elimination, as scored in the

above numbers, could occur at any time point of the experiment

and be associated with vacuole closure after GFP disappearance

(Fig. S3; see Material and Methods). This clearly begs the question

of where the parasite goes. One possibility would be that the

parasites are ‘‘expelled’’ into the extracellular space as has recently

been shown for cryptococci [20]. Clearly, new assays will be

needed to dissect this process further.

Taken together, this data supports the hypothesis that forces

generated by actin polymerization can cause parasite deformation

and disappearance. Thus, host cell actin polymerization occurring

around the developing parasite might constitute a mechanism

through which the infected cell confines and/or eliminates the

parasite mechanically. In fact, mechanisms of host cell actin-

dependent extrusion are used, for instance, by Chlamydia to exit the

host cell [21] or by Cryptococcus in its ‘‘lateral transfer’’ from an

infected to a non infected macrophage [22]. On the other hand,

actin reorganization may not per se be the most relevant

mechanism in the elimination of the parasite, it may be part of

a broader defence strategy to fight Plasmodium and that may

include endosomal vesicles like lysosomes or even autophagolyso-

somes. For instance, in phagosomes containing mycobacteria,

actin reorganization contributes to the fusion of late endocytic

organelles and thus phagosome maturation and bacteria killing

[17]. Although the parasitophorous vacuole is not a phagosome,

the cell may attempt to destroy the foreign vacuole that starts

developing inside its cytosol, by fusing it with lysosomes or by

autophagy for example. Indeed actin has been shown to play a

partial role in autophagy during Shigella infection, as the bacteria

targeted for autophagy are entrapped in septin cage-like structures

in an actin dependent way [23]. Actin has also been implicated in

the defence against pathogens in other biological systems, such as

plants that use the actin cytoskeleton against fungal penetration

and phytopathogenic bacterial infection [24,25]. Interestingly, an

actin-rich structure has been also observed around Plasmodium

ookinetes in the Anopheles mosquito midgut and proposed to act as

a defence reaction from the vector against the invading parasite

[26]. Whether the main biological relevance of hepatocyte actin

reorganization around Plasmodium in both situations is the

elimination of the parasite or whether parasite elimination occurs

as a side effect of the process, remains to be established. An

additional hypothesis is that actin polymerization might also be a

mechanism used by the cell to remove a dead or dying parasite.

Testing these hypotheses will necessitate investments into new

assays, such as those recently established for the study of the

vacuolar rupture after Shigella invasion of fibroblasts [27] as well as

automated high throughput microscopy that allows following

quasi-simultaneously several distantly located developing parasites

in parallel. As such microscopes become available [28] a further

dissection of the molecular events governing actin cloud formation

and its effect on parasite disappearance can be attempted.

In conclusion, our work places developing Plasmodium in the

group of pathogens associated with host actin dynamics. By linking

the appearance of dynamic actin accumulation with the

disappearance of parasites, we hypothesize that the liver cells

cytoskeleton may contribute to the defence against Plasmodium.

Materials and Methods

Parasites and mice
GFP-Pb ANKA (parasite line 259cl2) sporozoites [29] were

obtained from the dissection of infected female Anopheles stephensi

mosquito salivary glands, produced at the IMM insectary. GFP-

expressing Toxoplasma gondii (generously provided by M. Meissner,

Glasgow University, UK) tachyzoites were cultivated in Vero cells

that were maintained in Dulbecco’s modified Eagle’s medium

(DMEM), supplemented with 10% foetal calf serum (FCS), 1%

glutamine (Gibco/Invitrogen) and 20 mg/ml gentamycin (Gibco/

Invitrogen). BALB/c mice, purchased at Instituto Gulbenkian de

Ciência, were housed at Instituto de Medicina Molecular (IMM)

animal house facility. All experimental protocols were performed

according to EU regulations and were approved by the Instituto

de Medicina Molecular Animal Care and Ethical Committee

(AEC_2010_024_MM_RDT_General_IMM).

Stable cell lines
Huh7 cells (16107) were electroporated (Gene Pulser II, Bio

Rad) with 30 mg of the linearized plasmid containing the fusion

construct of mCherry::human b-actin (pEGFP-C1) or mCherry::

human a-tubulin (pEYFP), generously provided by F. Gertler

(MIT, USA) and D. Henrique (IMM, Portugal), respectively. The

selection with geneticin, G418 (0.8 mg/ml), was initiated the next

Figure 4. Gelsolin expression and distribution around developing P. berghei. (A) Microarray data of GSN expression levels in P. berghei-
infected and non infected Hepa1-6 cells at different time points of infection, from [18] (B) qRT-PCR data of GSN expression in P. berghei infected and
non-infected Huh7 cells at 12 hours p.i.. (C) Huh7 cells showing an accumulation of GSN around GFP-Pb in a pattern similar to an actin cloud and tail-
like actin cloud (red and grey: anti-GSN antibody, green: GFP-Pb; blue: nuclei). Scale bars represent 10 mm.
doi:10.1371/journal.pone.0029408.g004
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day. Medium containing G418 was replaced daily for 6 days,

eliminating all the non-transfected cells. Transfected cells were

amplified and then sorted in a MoFlo High-Speed Cell Sorter

(Beckman Coulter), using a Melles Griot 568 nm laser and a BP

630/30 filter to detect mCherry. Two populations of cells were

separated, one with an intermediate fluorescent signal and another

with a strong signal. The population with the stronger fluorescent

signal was used throughout this work.

Time lapse experiments and image analysis
Cells were seeded on glass bottom culture dishes (MatTek

Corporation) and infected with 16105 GFP-Pb sporozoites.

Infected cells were analysed by microscopy at different time points

after infection. Time lapse experiments were performed on a Zeiss

Axiovert 200 M inverted widefield fluorescent microscope, with a

motorized stage, and equipped with a CoolSNAP HQ charge-

coupled device (Roper Scientific Photometrics, Tucson, AZ) and

Metamorph 6.1 software (Molecular Devices, Downingtown, PA).

GFP and mCherry fluorophores were detected with the following

filter sets: excitation BP450–490 nm, emission LP515; excitation

540–552 nm, emission LP590, respectively. Images were acquired

with a PlanApochromat 636/1.4 objective, at 20 s time intervals.

T. gondii and beads (Polybead Amino 3 Micron Microspheres,

Polyscience, Inc.) experiments were performed in conditions as

similar as possible to those used for P. berghei: (i) dissection products

of non infected salivary glands were added to cells that had

internalized beads and T. gondii infected cells; (ii) time lapse

experiments were performed between 10 and 16 hours post

internalization or infection, corresponding to the interval of P.

berghei infection where there is the highest percentage of parasites

associated with host actin reorganization and (iii) microscope

settings and acquisition intervals were the same as for Plasmodium

time lapse experiments.

Regarding parasite elimination, only movies showing vacuole

closure after parasite disappearance were considered in the

analysis. GFP parasites that disappeared without vacuole closure

were not considered (Fig. S3B). We attributed those events to

photobleaching as they invariably occurred at the end of a time-

lapse series. Six out of 485 parasites not associated with host actin

reorganization disappeared without vacuole closure and 2 out of

77 parasites, associated with host actin reorganization also

disappeared without the vacuole closing (p = 0.3, Fisher’s Exact

Test). Examples of parasites not considered in the analysis can be

observed in Fig. S3B (Table S2). During all time lapse

experiments, cells were kept at 37uC and 5% CO2. Image files

were processed using ImageJ 1.38 h software.

Immunofluorescence
Cells were plated on 12 mm glass coverslips and fixed in 4%

paraformaldehyde, for 10 minutes. After fixation, they were

permeabilized in 0,1% Triton X-100 (Calbiochem) and blocked

with 10% bovine serum albumin (BSA) before incubation for

1 hour with the respective antibodies or phalloidin (Molecular

Probes/Invitrogen) diluted in blocking solution. Nuclei were

stained with 49,6-diamidino-2-phenylindole (DAPI). Images were

obtained on a spinning disc laser confocal microscope (Revolution

System, Andor Technology, Belfast, UK) or on a Zeiss LSM 510

META (Zeiss, Oberkochen, Germany).

Immunohistochemistry of mouse liver slices
BALB/c was infected by intra-venous (i.v.) inoculation with

GFP-Pb sporozoites. For phalloidin labeling, mice were infected

with 500 000 GFP-Pb sporozoites. Livers were perfused with PBS

and harvested 24 hours after sporozoite injection. Tissues were

Figure 5. Gelsolin is important for actin reorganization around
developing P. berghei and parasite disappearance. (A) GSN
mRNA (top) and protein (bottom) expression after knockdown with
shRNA. GSN and a-tubulin bands corresponds to 93 kDa and 55 kDa
molecular weights, respectively. (B) Phalloidin staining of Huh7 cells
transduced with Scramble and GSN shRNA (grey: F-actin). (C) Effect of
GSN knockdown on the percentage of P. berghei parasites associated
with hepatocyte actin reorganization between 10 and 16 hours p.i..
Numbers of parasites associated with actin reorganization/total numbers
of parasites analysed are indicated above the bars. Error bars represent
Standard Errors * p,0.05 ** p,0.01; scale bars represent 10 mm.
doi:10.1371/journal.pone.0029408.g005
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then fixed in 4% PFA for 24 hours at 4uC, washed with PBS for

1 hour and then sliced into 50 mm sections using a vibratome

(VT1000S, Leica). Sections were again fixed for 5 minutes with

4% PFA, permeabilized for 1 hour with 0.3% Triton X-100 and

blocked for 2 hours, with 1% BSA. Sections were then incubated

for 24 hours at 4uC in blocking solution containing rabbit anti-

GFP FITC (Molecular Probes/Invitrogen) and AlexaFluor 594

phalloidin (Molecular Probes/Invitrogen). Nuclei were stained for

30 minutes with DAPI. Images were acquired in a Zeiss LSM 510

META (Zeiss, Oberkochen, Germany).

P. berghei-infected hepatoma cell microarray analysis
The GeneChipH Mouse Expression 430 2.0 array con-

tains45000 probesets, covering 39000 transcripts and variants

from over 34000 well characterized mouse genes. Data was

obtained from previous publication [18] and all raw data is

MIAME compliant and accessible through Array Express or

GEO, accession number: E-MEXP-667.

Lentiviral shRNA knockdown of Gelsolin
Plasmids encoding lentiviruses expressing shRNAs were ob-

tained from the library of the RNAi Consortium (TRC) [30].

Viruses were produced as previously described [30]. Five different

hairpins were initially used and their GSN knockdown efficiency

was compared by qRT-PCR against a scramble hairpin. All shRNA

sequences efficiently knockdown GSN (.80%) and the following

shRNA sequence,CCGGCGACAGCTACATCATTCTGTACT-

CGAGTACAGAATGATGTAGCTGTCGTTTTT, was chosen

to use in the live imaging experiments. For lentivirus infection,

56103 Huh7 mCherry::b-actin cells were seeded on a 96-well plate.

In the following day, 10 ml of virus were added to each well, in the

presence of medium containing 8 mg/ml of polybrene (Sigma) and

the plate was centrifuged at 974 g for 90 minutes, at 37uC. The

medium was then removed and supplemented RPMI was added.

Selection of non-transduced cells started 48 hours later, with 4 mg/

ml of puromycin (Calbiochem). Cells were infected and used in time

lapse experiments after 48 hours of selection, GSN expression was

quantified by qRT-PCR and Western Blot as described before [31].

Antibodies used in the Western blot include anti-GSN (BD

Transduction Laboratories), anti-a tubulin (Sigma) and HRP

conjugated anti-mouse (Amersham).

Statistical Analysis
Several data are presented in the form of percentages. For low

percentages (,8%), we computed exact confidence intervals for

the respective probability. For the remaining percentages, we

calculated traditional asymptotic confidence intervals based on the

standard error (s.e.) associated with the estimates. Pearson

independence test for two-way contingency tables was used to (i)

assess culture-plate effects in time lapse experiments performed on

different days and (ii) compare the frequency of parasites or beads

associated with host actin reorganization. In (i), the null hypothesis

was that all different plates referring to the same infection period

show a similar relative frequency of parasites or beads associated

with host actin reorganization. Since this hypothesis could be

accepted at the 5% significance level, data from different plates

imaged at different days were pooled together for further analysis.

In (ii), the null hypothesis is that there is no difference between the

groups. Fisher’s exact test for 262 tables was used to assess

whether the disappearance of parasites was or not associated with

host actin reorganization. The application of this exact test is

justified by the presence of an unbalanced 262 table, which would

lead to unreliable p-values for the traditional Pearson’s indepen-

dence test. Since we could reject the independence hypothesis

between parasite disappearance and host actin reorganization, we

extended further the analysis by calculating the odds ratio and the

respective 95% confidence interval. Student’s T test was used to

analyze the data from the remaining experiments because the data

was following a Gaussian distribution. In all above-mentioned

tests, the null hypothesis was accepted when the p-value.0.05 or

Figure 6. Actin reorganization is associated with P. berghei disappearance. Frames of movie S6 where it is possible to observe parasite
deformation and disappearance coincident with hepatocyte actin reorganization (red: mCherry::b-actin; green: GFP-Pb; grey pictures represent single
channels), scale bars represent 10 mm.
doi:10.1371/journal.pone.0029408.g006
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rejected, otherwise. In the same vein, all confidence intervals were

computed at a 95% confidence level. All statistical data analysis

was carried out using SPSS 11.0. for windows and R software

(http://www.r-project.org).

Supporting Information

Figure S1 Huh7 cells stably expressing mCherry::hu-
man b-actin or mCherry::human a-tubulin. Immunofluo-

rescence of Huh7 mCherry::human b-actin and Huh7 mCher-

ry::human a-tubulin stained with phalloidin or an antibody anti-a-

tubulin respectively (red: mCherry::b-actin or mCherry::a-tubulin;

green: phalloidin Alexa Fluor 488 or anti-a-tubulin antibody; blue:

nuclei), scale bars represent 10 mm.

(TIF)

Figure S2 Comparison of P.berghei infection in Huh7
cells vs Huh7 mCherry:: human b-actin or Huh7
mCherry::human a-tubulin cell lines, 48 hours after
infection. Cells were infected with 36104 GFP-Pb sporozoites

and infection was measured by flow cytometry.

(TIF)

Figure S3 P. berghei elimination versus photobleaching
during time lapse experiments. (A) GFP-Pb elimination in

the absence of host actin reorganization. Note that the left parasite

disappears completely, while the right parasite remains. (B) GFP-

Pb photobleaching. Both parasites gradually lose their fluorescence

during the time lapse experiment. The place where parasites were

visible remains in the mCherry::b-actin channel. Arrows indicate

the position of where the parasite is after bleaching. (red:

mCherry::b-actin; green: GFP-Pb; grey pictures represent single

channels); Scale bars represent 10 mm.

(TIF)

Movie S1 Time lapse experiment showing no tubulin reorgani-

zation around GFP-Pb, representative of the 238 parasites

analysed with this cell line (red: mCherry::a-tubulin; green:

GFP-Pb; grey pictures represent single channels), scale bar

represents 10 mm.

(MOV)

Movie S2 Time lapse experiment of Huh7 mCherry::b-actin

infected with GFP-Pb, showing a transient and symmetrical

reorganization of host actin around the parasite (red and grey:

mCherry::b-actin; green: GFP-Pb), scale bar represents 10 mm.

(MOV)

Movie S3 Comparative actin reorganization events in Huh7

mCherry::b-actin infected with P. berghei (left), T. gondii (middle)

and 3 mm beads (right), respectively. Only mCherry::b- actin

channels are shown. Squares in the initial frames represent the

regions where the parasites or the beads are located. The

permanent fluorescent ring around the bead corresponds to

autofluorescence, as it is also observed in beads imaged in the

absence of cells, when the same microscope settings are employed,

scale bars represent 10 mm.

(MOV)

Movie S4 Asymmetrical actin clouds around GFP-Pb (red and

grey: mCherry::b-actin; green: GFP-Pb), scale bar represents

10 mm.

(MOV)

Movie S5 Tail-like actin cloud associated with GFP-Pb (red and

grey: mCherry::b-actin; green: GFP-Pb), scale bar represents

10 mm.

(MOV)

Movie S6 Host actin reorganization event coinciding with P.

berghei deformation and disappearance (red: mCherry::b-actin;

green and grey: GFP-Pb), scale bar represents 10 mm.

(MOV)

Table S1 GFP-Pb elimination in the presence and absence of

actin reorganization.

(DOCX)

Table S2 GFP-Pb photobleaching in the presence and absence

of host actin reorganization.

(DOCX)
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