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Introduction

Plasmodium sporozoites injected by a female Anopheles mos-
quito during blood feeding invade blood vessels and travel to 
the liver to infect hepatocytes. Within a parasitophorous vacu-
ole, the parasite undergoes multiple rounds of nuclear division 
and finally differentiates into more than 30,000 merozoites. 
Although a single infected hepatocyte is theoretically enough to 
give rise to a successful blood-stage infection, not every bite of an 
infected mosquito results in symptomatic infection of the mam-
malian host. One reason for this could be that not all parasites 
complete development in the hepatocyte but some die and are 

Analyzing molecular determinants of Plasmodium parasite cell death is a promising approach for exploring new avenues 
in the fight against malaria. Three major forms of cell death (apoptosis, necrosis and autophagic cell death) have been 
described in multicellular organisms but which cell death processes exist in protozoa is still a matter of debate. here we 
suggest that all three types of cell death occur in Plasmodium liver-stage parasites. Whereas typical molecular markers 
for apoptosis and necrosis have not been found in the genome of Plasmodium parasites, we identified genes coding for 
putative autophagy-marker proteins and thus concentrated on autophagic cell death. We characterized the Plasmodium 
berghei homolog of the prominent autophagy marker protein Atg8/Lc3 and found that it localized to the apicoplast. A 
relocalization of PbAtg8 to autophagosome-like vesicles or vacuoles that appear in dying parasites was not, however, 
observed. This strongly suggests that the function of this protein in liver-stage parasites is restricted to apicoplast biology.
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removed by their host cell. Although parasite cell death during 
liver-stage development has already been described,1 it remained 
to be shown whether this death is a spontaneous, nongenetically 
determined process or whether the parasites can indeed undergo 
programmed cell death.

For a long time it has been thought that programmed cell death 
is restricted to multicellular organisms. Recent research on pro-
tozoa has challenged this view and apoptosis-like cell death has 
been described in several protozoa, including parasites.2-4 In fact, 
we have shown previously that death of intracellular liver-stage 
Plasmodium parasites can be accompanied by DNA fragmenta-
tion, nuclear condensation and parasite disassembly, all typical 
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This localization was detected in extracellular parasites but also, 
less pronounced, in intracellular parasites.25,26 In addition, it was 
shown that starvation induces fragmentation of the mitochon-
drion, which can be blocked by 3-methylalanine, a known auto-
phagy inhibitor. If this mitophagy is not blocked, the treated 
parasites die by autophagy-dependent cell death.27

In contrast to Toxoplasma, little is known about autophagic 
pathways in Plasmodium. A first hint that autophagy can be 
induced in Plasmodium parasites came from a study by Totino 
et al., which shows that erythrocytic stages treated with different 
drugs form double-membrane structures, resembling autopha-
gosomes, in the cytoplasm.28 Since these drug treatments finally 
kill the parasite, it is tempting to speculate that the parasites die 
an autophagy-like cell death similar to what has been described 
for Toxoplasma.25,26 However, molecular markers for autophagy 
were not investigated in this study.28 In the meantime, data-
base searches have revealed several putative ATG genes in the 
Plasmodium genome, further supporting the idea of an active 
autophagic pathway in this parasite.12,13

If the molecular mechanisms behind the observed autophagy-
like cell death could be identified, they might offer powerful 
possibilities for inducing parasite cell death and thus open new 
avenues for eliminating Plasmodium parasites at any develop-
mental stage, including the dormant stages of Plasmodium vivax.

In the present study, we distinguish different forms of cell 
death in P. berghei liver-stage parasites. Although we could detect 
an autophagy-like cell death, it seems independent of the iden-
tified P. berghei Atg8 homolog. Instead PbAtg8 was localized 
specifically to the apicoplast throughout liver-stage development. 
Thus, in this stage of parasite development, Atg8 of P. berghei 
does not seem to fulfill the same function as Atg8 of Toxoplasma 
and of other organisms.

Results

Different types of parasite cell death. At the end of exoerythro-
cytic development, successful P. berghei parasites differentiate to 
merozoites, which induce PVM rupture and death of their host 
cells.29,30 In vitro, the dying host cells detach and float in the cul-
ture medium.30 So far investigations of the late liver-stage have 
focused primarily on normally developing parasites, but since we 
frequently observe parasites blocked in development, we initiated 
a quantitative assessment of cell detachment. To our surprise the 
majority of parasites do not successfully complete their develop-
ment in hepatocytes. We counted the number of detached and 
attached infected cells at 68 and 72 hpi (hours post infection) and 
found that only about 20% of all parasites counted successfully 
induced PVM breakdown and host cell detachment (Fig. 1A).

Next, we investigated the fate of the parasites that did not com-
plete their exoerythrocytic development and found that they can 
undergo three different types of cell death. As well as the already 
described apoptosis-like cell death1 (Fig. S1), we also frequently 
observed a necrosis-like cell death, which does not appear to be 
controlled by the parasite (Vid. S1). The third form of cell death 
was characterized by marked vacuolization and parasite shrink-
age and can occur at any time during liver-stage schizogony 

morphological hallmarks of apoptosis.1,5 However, apart from a 
P. falciparum metacaspase that could be successfully linked to 
parasite cell death,6 genes coding for typical markers of apoptosis 
are absent in the genome of the parasite. Plasmodium parasites 
express neither BCL2-family proteins nor typical caspases.7-10

Another possibility for ordered parasite cell death is auto-
phagic cell death. In eukaryotic cells, autophagy can allow a 
cell to overcome phases of starvation but is also a well-described 
mechanism for removal of damaged organelles and dispensable 
cellular material. Thus, autophagy is foremost a very powerful 
survival mechanism for the cell. However, if conditions do not 
improve, the cell can employ autophagy to induce cell death.11 
Importantly, the molecular basis of autophagy and autophagic 
cell death is the same but the result is the polar opposite. During 
stage transition of Plasmodium parasites, it is very likely that 
dispensable cellular material accumulates but whether auto-
phagy can be induced by the parasite to recycle this material and 
whether the same machinery can also be used to induce parasite 
cell death is not known. However, database searches reveal that 
the Plasmodium parasite harbors at least some homologs of auto-
phagic machinery proteins.12-14

The molecular basis of autophagy has been elucidated using 
Saccharomyces cerevisiae genetic screens, by which several essential 
autophagy-related (ATG) genes have been identified.15 Autophagy 
involves complex membrane dynamics dependent on two ubiq-
uitin-like conjugation systems. The first one is the Atg12 system, 
in which the Atg12 protein is conjugated via Atg7 and Atg10 
to Atg5. The Atg12–Atg5 conjugate forms a complex with the 
Atg16 protein and is involved in the expansion of the autopha-
gosomal membrane. In the second ubiquitin-like conjugation 
pathway, the cytosolic and inactive Atg8 protein is cleaved by the 
Atg4 protease, exposing a glycine residue. By a concerted action 
of Atg7 and Atg3, Atg8 is fused to phosphatidylethanolamine 
(PE) and then associates with the autophagosomal membrane.16 
Due to the switching of Atg8 between an inactive, cytosolic and 
active, membrane-associated protein, it is an excellent marker for 
analyzing the dynamics of autophagy.17-19

The core Atg proteins are highly conserved in most eukary-
otes. However, genome-wide analyses revealed that in protozoa, 
only subsets of the canonical protein orthologs or paralogs are 
present.14 In the parasitic protist Leishmania, homologs of pro-
teins in both ubiquitin-like conjugation cascades can be found. 
They act similarly to those described in yeast and are important 
for the differentiation of one parasite stage to another.20-22 In 
Trypanosoma, another kinetoplastid, only members of the Atg8 
ubiquitin pathway are present and no proteins of the Atg12 sys-
tem are encoded in the genome.23,24 For Atg8, two homologs can 
be found in both T. brucei and in T. cruzi and they seem to play a 
role in stage differentiation and promotion of cell survival under 
stress conditions.

Recent studies revealed an autophagy pathway in the 
Plasmodium-related parasite Toxoplasma gondii.25-27 In this para-
site, proteins of the Atg8-, but not of the Atg12-ubiquitin-like 
conjugation pathway have been identified. It was shown that 
under stress conditions such as starvation or drug treatment, 
TgAtg8 is conjugated via TgAtg3 to autophagosomal membranes. 
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to be remnants of parasite lipid droplets. Together this could 
mean that the event is initially induced to support the survival 
of single merozoites, for example, in phases of starvation, which 
would again be a typical feature of autophagy. To further analyze 
this highly interesting type of cell death, we next searched the 
PlasmoDB database for putative autophagy-associated proteins.

(Fig. S2A) and merozoite development (Fig. 1B). If it 
happens after merozoite formation, this form of cell 
death results in the fusion of already-formed mero-
zoites with a membrane-surrounded cytoplasmic 
mass of increasing size (Fig. 1B; Vid. S2; Fig. S3), 
which we named a merofusosome. Vacuolization is 
a hallmark of autophagy5,31 and since merofusosome 
formation includes vacuolization and appears to be 
very ordered and clearly different from apoptotic and 
necrotic cell death, we hypothesized that these para-
sites first induce autophagy and subsequently autoph-
agy-like programmed cell death. Not all merozoites 
fuse with the merofusosome at the same time and we 
occasionally observed merozoites escaping the fusion 
process and being liberated from the PV (Fig. S2B). 
Vacuolization could also be observed in vivo in histo-
logical sections (Fig. 2A) but even more importantly 
by intravital imaging (Fig. 2B; Vid. S3), indicating 
that autophagy-like cell death is indeed a physiologi-
cal event.

The key morphological hallmark of autophagy is 
the occurrence of vesicles with two or more mem-
branes. Transmission electron microscopy (TEM) 
analysis of P. berghei-infected HepG2 cells indeed 
revealed the presence of such vesicles in the parasite 
(Fig. 3), providing further evidence for our working hypothesis 
that the parasite can induce autophagy. Similar structures have 
previously been observed by Meis and Verhave who describe 
them as “osmiophilic membranous whorls” in early liver-stage 
parasites.33 Within late cytomere stage parasites, they again 
observed structures with several membranes, which they consider 

Figure 1. The majority of Plasmodium berghei liver-stage parasites do not complete development and die in an ordered way. hepG2 cells were  
infected with transgenic P. berghei parasites constitutively expressing mcherry. (A) sixty-eight and 72 hpi the number of infected attached cells  
(arrested) and detached cells (containing fully developed merozoites) were counted. shown are the means of five independent experiments with the 
corresponding sDs (standard deviation). (B) Merofusosome formation: merogony starts but then merozoites fuse to the enlarging body that exhibits 
strong vacuolization, a hallmark of autophagy (see also Vid. S2). scale bar: 10 μm; cLs (confocal line scanning).

Figure 2. Vacuolization and parasite death is a physiological event that occurs also 
in vivo. (A) Mice were infected with P. berghei sporozoites and euthanized 38 hpi. 
The liver was removed, fixed and liver sections were prepared and stained with 
Giemsa. Parasites developing normally (top panel) are compared with parasites 
forming vacuoles. scale bar: 20 μm. (B) Additionally, lys-GFP mice that express GFP 
mainly in neutrophils and macrophages32 were infected with mcherry-expressing 
parasites and intravital imaging of the anesthetized mouse was performed between 
44 and 48 hpi. At this time parasites developing normally start forming merosomes 
(top panel, left image; Pbmc: P. berghei mcherry), whereas dying parasites form 
vacuoles (lower panel) and finally fade (see Vid. S3). scale bar: 20 μm; cLs.
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evolution to perform a different role. Based on the bioinformatic 
observation that Plasmodium Atg8 proteins continually expose a 
glycine residue at the C terminus, it can be predicted that there is 
no cytoplasmic pool of Atg8 but that it is always lipidated and thus 
is constitutively associated with membranes.

PbAtg8 localizes to the apicoplast. Because Atg8 serves as 
an excellent marker for autophagy in many organisms,17,19 we 
focused on this protein for further characterizing the observed 
autophagy-like processes, including the vacuolization of mero-
fusosomes. Transcription of the ATG8 gene was analyzed 
by RT-PCR. Transcripts could be detected throughout the 
Plasmodium life cycle (Fig. 4B). To analyze the intracellular dis-
tribution of PbAtg8, we generated transgenic parasites expressing 
GFP-PbAtg8 under a liver stage-specific promoter34 and consti-
tutively expressing cytoplasmic mCherry (Fig. 5A). N-terminal 
GFP-tagging of PbAtg8 was chosen to exclude masking of the 
glycine residue at the C terminus.

Live imaging at 48 and 56 hpi showed that GFP-PbAtg8 
localized to structures that resembled either the apicoplast or 

Database analysis. The putative autophagy-related proteins 
identified by database searching were predominantly homologs of 
proteins pertaining to the Atg8 ubiquitin-like conjugation path-
way, which is normally responsible for autophagosomal mem-
brane expansion and completion (Table 1; Table S1). Homologs 
of Atg12–Atg5 ubiquitin-like conjugation pathway proteins are 
largely absent.

Interestingly, whereas most members of the Atg8 ubiquitin-like 
conjugation pathway, such as PbAtg8, PbAtg3 and PbAtg7, all have 
a reasonably high similarity to the respective homologous yeast 
proteins, the putative PbAtg4, which belongs to the same pathway, 
has a much lower similarity. Comparison of Atg8 proteins of differ-
ent organisms revealed that unusually, Plasmodium Atg8 exposes a 
C-terminal glycine (Fig. 4A).12 In yeast and most other eukaryotes, 
Atg8 needs to be processed at its C terminus by the Atg4 protease 
to expose the glycine residue, which is then critical for lipidation. 
Since the C terminus of Plasmodium Atg8 needs no processing, a 
typical Atg4 protease is not necessary to expose the glycine residue 
for lipidation and PbAtg4 might therefore have diverged during 

Figure 3. electron microscopy reveals autophagosome-like structures in P. berghei liver schizonts. P. berghei-infected hepG2 cells were fixed 48 hpi 
and analyzed by electron microscopy. P, parasite; N, host cell nucleus. Arrows indicate autophagic-like vesicle with multiple membranes, arrowheads 
indicate the parasite plasma membrane. Boxed areas are displayed at a higher magnification in the right panel. scale bar: 2 μm.
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(PbGFP
MITO

)36 (Fig. 6A and B). In addition, we co-stained para-
sites with anti-PbAtg8 and either anti-PbACP or anti-TgHSP70 
(Fig. S5). This clearly confirmed the previous experiment, 
showing that PbAtg8 localizes to the apicoplast and not to the 
mitochondrion. We analyzed different developmental stages of 
the parasite in HepG2 cells and found PbAtg8 to be exclusively 
associated with the apicoplast (data not shown). Although it was 
predicted that the exposed glycine residue results in constitutive 
lipidation and membrane association, the localization to the api-
coplast was not expected.

Lipidation of PbAtg8 is important for localization to the 
apicoplast. To confirm that constitutive lipidation is necessary 

mitochondrion (Fig. 5B). To analyze further the localization of 
GFP-PbAtg8, we fixed GFP-PbAtg8-infected cells and stained 
them with antibodies against PbACP (putative acyl carrier pro-
tein, ACP)/(PBANKA_030560), a protein localizing to the api-
coplast (Fig. 5C) and HSP70, a mitochondrial protein35 (Fig. 
5D). Clearly, GFP-PbAtg8 localized to the apicoplast and not to 
the mitochondrion.

To rule out mislocalization of the fusion protein, we sought to 
detect the endogenous PbAtg8 protein. We therefore generated 
a specific anti-PbAtg8 antiserum (Fig. S4) and used it to stain 
HepG2 cells infected with parasites expressing GFP targeted 
either to the apicoplast (PbGFP

APICO
) or to the mitochondrion 

Table 1. Putative homologs of autophagy-related proteins have been identified in the genome of P. berghei

Autophagy-related proteins P. berghei homologs Expectation value % pairwise identity with yeast Reciprocal BLAST hit No.

Ex
pa

ns
io

n 
an

d 
co

m
pl

et
io

n Atg8 PBANKA_050401 2.2e-27 45 1

Atg4 PBANKA_102540 3.5e-7 11 1

Atg3 PBANKA_041570 1.4e-38 29 1

Atg7 PBANKA_092220 3.3e-50 21 1

Atg12 PBANKA_133320 1.2e-7 15 9

Atg10 PBANKA_101190 0.14 9 1

Atg5 PBANKA_101430 0.03 11 -

Atg16 PBANKA_082930 0.0001 24 -

Apart from the Atg4 protein (underlined) all members of the Atg8 ubiquitin-like conjugation pathway are highly conserved in P. berghei (bold). Proteins 
of the Atg12 ubiquitin-like conjugation system either show a low conservation (underlined) or are not present at all. S. cerevisiae Atg protein sequences 
were used to search for P. berghei homologs using the BLAsT function of PlasmoDB (expectation values of this search are presented). Percentage of 
pairwise identity with yeast was acquired via Needleman-Wunsch alignment. The hit number of reciprocal BLAsT search against UniProtKB/swiss-
Prot(swissprot) database of the organism S. cerevisiae is indicated.

Figure 4. Atg8 is evolutionarily conserved and the P. berghei ATG8 gene is constitutively transcribed. (A) comparison of the Atg8 amino acid sequence 
of P. berghei, S. cerevisiae and Homo sapiens. conserved amino acids are indicated with gray boxes. Note that the c-terminal glycine residue of Atg8 is 
exposed only for P. berghei. (B) The PbATG8 gene is transcribed in all parasites stages tested. Total RNA was prepared from P. berghei-infected red blood 
cells, mosquito midguts and hepG2 cells at indicated time points. RT-PcR was performed using a primer pair specific for PbATG8. To detect genomic 
DNA contamination (negative control), samples lacking reverse transcriptase were processed in parallel (-RT). As a positive control for each sample, a 
cDNA fragment of constitutively transcribed PbTubulin β chain, putative was amplified by RT-PcR.
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PbAtg8 is not involved in vesicle gen-
eration in dying liver-stage parasites. Since 
PbAtg8 localizes to the apicoplast in normally 
developing liver-stage parasites, it was now 
important to determine whether it localizes 
to autophagosome-like vesicles during parasite 
death. Such vesicles could, for example, be the 
vacuoles observed in merofusosomes but might 
also be a distinct set of vesicles not observed so 
far. At 60 hpi, we could clearly see many para-
sites arrested in development, some of them 
undergoing extensive vacuolization, indicating 
ongoing autophagy-like cell death (see also Fig. 
1B; Vid. S2). To investigate if PbAtg8 changes 
localization during this type of cell death, we 
co-stained the parasites with antibodies against 
PbAtg8 and PbACP. Interestingly, we could 
not observe relocalization of PbAtg8 to auto-
phagosomes; it always remained associated 
with the apicoplast (Fig. 7A). Even when the 
apicoplast was destroyed during cell death, 
PbAtg8 was still found associated with the 
remnants of this organelle. To further study 
PbAtg8 distribution during parasite autophagy, 
we treated P. berghei-infected HepG2 cells with 
rapamycin. Although the growth of the para-
site (Fig. S6A) and the development of the api-
coplast (Fig. S6B) were clearly affected by this 
treatment, we did not see a redistribution of 
PbAtg8 to classical autophagosomes. Together, 
in liver-stage parasites, PbAtg8 appears not to 
be involved in the described autophagy-like cell 
death of P. berghei or at least does not associate 
with the autophagosome-like vesicles described 
in this work.

PbAtg8 cannot complement a yeast ATG8 
knockout. To further investigate this rather 
unexpected result, we wanted to know whether 
PbAtg8 could support autophagy in a heter-
ologous system. In a complementation assay, a 
S. cerevisiae strain deficient for Atg8 (Scatg8Δ) 
was transfected with a yeast expression vector 

encoding PbAtg8. The resulting yeast cell line was tested for 
its ability to process the vacuolar hydrolase aminopeptidase I 
(Ape1) from its inactive precursor (prApe1) to its mature form 
(Ape1), a process that is defective in Scatg8Δ mutants. Western 
blot analysis revealed that in the PbAtg8-complemented Scatg8Δ 
strain, prApe1 was not processed, indicating that the P. berghei 
Atg8 was not able to complement for the deletion of yeast ATG8 
(Fig. 7B). In contrast, when we complemented the Scatg8Δ strain 
with ScAtg8, using the same yeast expression vector as above, we 
clearly detected processing of prApe1, confirming the validity of 
the assay. Together these data suggest that PbAtg8 is not a func-
tional homolog of S. cerevisiae Atg8.

PbAtg7 and PbAtg3 localize to the mitochondrion. As Atg8 
in liver-stage parasites do not appear to have a functional role in 

for the association of PbAtg8 to the apicoplast, we next generated 
P. berghei parasites where the terminal glycine was exchanged for 
alanine. For this, a GFP-PbAtg8G124A mutant parasite strain was 
generated by site-directed mutagenesis of the plasmid encoding 
wild-type GFP-PbAtg8. A single-point mutation was introduced, 
which leads to an amino acid substitution from glycine to ala-
nine at position 124 of PbAtg8. GFP fused to the N terminus of 
PbAtg8G124A and the additional cassette for cytoplasmic mCherry 
expression allowed live imaging analysis. Transgenic parasites 
expressing the mutant GFP-PbAtg8 fusion protein under the 
liver stage-specific promoter showed a weak cytoplasmic distribu-
tion of the fusion protein, similar to that of mCherry (Fig. 6D), 
confirming the importance of the C-terminal glycine residue for 
lipidation and membrane association.

Figure 5. GFP-PbAtg8 localizes to the apicoplast. (A) schematic representation of the 
pLsGFP-PbAtg8cmcherry plasmid. expression of GFP-PbAtg8 was under the control of a liver 
stage-specific promoter (Ls);34 expression of mcherry under the control of the constitutive 
eef1α promoter (con). (B) hepG2 cells were infected with transgenic P. berghei parasites 
expressing GFP-PbAtg8. 48 and 56 hpi, the living parasites were analyzed by fluorescence 
microscopy. scale bar: 10 μm, widefield (WF). in addition, infected hepG2 cells were fixed 
56 hpi and used for iFA. The parasites were stained with an anti-PbAcP antiserum (AcP) to 
label the apicoplast (C) or an anti-TghsP70 antiserum (hsP70) to label the mitochondrion 
(D). Parasites were co-stained with anti-GFP (GFP-PbAtg8) and DNA was labeled with DAPi. 
Areas containing details additionally displayed at a higher magnification are highlighted in 
the merged picture. scale bar: 10 μm; cPs (confocal point scanning).
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remodeling processes, and autophagy could be used to remove 
dispensable cellular material, similar to what has been suggested 
for Toxoplasma gondii parasites.3,43,44 Under starvation conditions 
or under other unfavorable circumstances, the parasite might also 
use autophagy to support the survival of at least some daugh-
ter parasites. However, if autophagy is not halted, it might then 
progress to a form of cell death that is immunologically relatively 
silent and thus favorable for the parasite population in future 
Plasmodium infections.

We consider the observed cell death in exoerythrocytic 
Plasmodium parasites to be autophagy-like cell death because it 
exhibits some important morphological and biological hallmarks 
of this type of cell death. Morphologically, vesicles with multiple 
membranes and parasites with extensive vacuolization have been 

autophagy, we sought to analyze the localiza-
tion of the other members of the putative Atg8 
ubiquitination system, PbAtg7 and PbAtg3. 
We generated transgenic parasite lines express-
ing either Atg7-GFP (Fig. S7) or Atg3-GFP 
(Fig. S8) fusion proteins and additionally 
successfully raised antibodies against Atg7  
(Fig. S7B). In liver-stage parasites, both mol-
ecules clearly localized to the mitochondrion 
(Figs. S7 and S8), suggesting that they are not 
functionally linked to PbAtg8 in this phase of 
parasite development. Recently it has been sug-
gested that P. falciparum Atg8 interacts with 
Atg3.37 However, evidence of this interaction 
was restricted to structural analysis of PfAtg8 
and a short Atg3 motif. Still, it is feasible that 
in other parasite stages apart from the asexual 
blood-stage and the liver-stage, Atg3 is needed 
to link Atg8 to membranes.

Discussion

Three major forms of cell death have been 
described in multicellular organisms: necro-
sis, apoptosis and autophagic cell death, all of 
which are genetically determined.5,38 Whereas 
necrosis results in an immediate plasma mem-
brane breakdown provoking inflammatory 
immune responses, apoptosis and autophagy 
are the most common types of programmed 
cell death and are immunologically compara-
tively silent. Morphologically, apoptosis is 
characterized by cell shrinkage, membrane 
blebbing, altered plasma membrane composi-
tion, loss of mitochondrial integrity, chroma-
tin condensation and DNA fragmentation. In 
contrast, the morphological hallmarks of auto-
phagy are the appearance of autophagosomes 
and a strong vacuolization.5,31

Different forms of cell death have been pos-
tulated for drug-treated P. falciparum blood-
stage parasites.39,40 Our data indicate that 
all three types of cell death can also occur in untreated para-
sites, suggesting the existence of physiological pathways under-
lying different manifestations of cell death. If we can identify 
such pathways, we may be able to specifically trigger them and, 
in this way, eliminate the parasite. In Plasmodium parasites, 
the existence of an apoptosis-like cell death has already been 
described30,41,42 but little is known about autophagy and autoph-
agy-like cell death. For molecular characterization, we focused on 
this type of cell death because, in contrast to the other cell death 
types, genes coding for substantial numbers of autophagy marker 
proteins have been identified in the genomes of Plasmodium par-
asites (Table 1; Table S1).12,13 Why and when would a parasite 
need to employ autophagy and when an autophagic cell death? 
The parasite, during its life cycle, undergoes several extensive 

Figure 6. endogenous PbAtg8 localizes to the apicoplast. (A and B) hepG2 cells were  
infected with transgenic P. berghei parasites expressing GFP fusion proteins targeted to  
either the apicoplast (ApicoGFP) (A) or to the mitochondrion (MitoGFP) (B).36 56 hpi the cells 
were fixed and stained with anti-PbAtg8 (PbAtg8) and anti-GFP. DNA was labeled with DAPi. 
Areas containing details additionally displayed at a higher magnification are highlighted 
in the merged picture. scale bar: 10 μm; cPs. The c-terminal glycine residue of PbAtg8 is 
essential for lipidation and apicoplast membrane association. (C and D) hepG2 cells were 
infected with transgenic P. berghei parasites expressing either GFP-PbAtg8 (C) or GFP-PbAtg-
8G124A (D) under a liver stage-specific promoter and mcherry under a constitutive promoter. 
48 hpi parasites were analyzed by live fluorescence microscopy. scale bar: 10 μm; WF.
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confirm the unexpected Atg8 localization. 
The Atg8-positive structure identified as 
the apicoplast by Kitamura et al., looks very 
similar to the structures recently described by 
Sinai and Roepe46 and proposed to be auto-
phagosomes of starved P. falciparum parasites. 
Clearly, further investigations are needed to 
determine whether PfAtg8 indeed re-local-
izes to autophagosomes in starved parasites 
or whether the observed structures are rem-
nants of a disintegrated or already divided 
apicoplast.

Even if Plasmodium Atg8 is not involved 
in autophagic events during liver-stage devel-
opment, we speculate that autophagy plays 
an important role during stage conversion to 
recycle obsolete cellular material from con-
verting parasites, similar to what has been 
observed in other parasite species, including 
the closely related parasite T. gondii.25,26 It 
would be particularly interesting to analyze 
Atg8 expression and localization during male 
gametocyte formation, during which the api-
coplast is removed.47 Since other components 
of the Atg8 pathways, Atg3 and Atg7, have 
been identified in the genome of Plasmodium 
parasites12-14 it will now be very interesting 
to investigate their function in greater detail 
and in other parasite stages. Our own results 

in liver-stage parasites indicate that they are associated with the 
parasite mitochondrion, suggesting that they also have a func-
tion in organelle biology rather then in the generation of auto-
phagosomes but again, this might be different in other life-cycle 
stages of the parasite. Interestingly, genetic targeting of Atg3 
of Toxoplasma had a severe effect on mitochondrial morphol-
ogy suggesting that the localization and function of Atg3 might 
indeed be related to the mitochondria,26 not just in Plasmodium 
parasites but also in other apicomplexa.

An indication that PbAtg8 might not be a typical autophagy 
marker came from the fact that PbAtg8 constitutively exposes 
a glycine residue at the C terminus. Other Atg8 proteins need 
a processing step, executed by the Atg4 protease, for exposure 
of the glycine residue, subsequent lipidation, and membrane 
association.19 In fact, this is the reason why nonprocessed Atg8 
is found in the cytoplasm and is only incorporated into auto-
phagosomes after processing and lipidation. It was therefore 
expected that PbAtg8 would not be found in a cytoplasmic pool 
but would rather be constantly lipidated and incorporated into 
membranes, although other mechanisms to mask the C-terminal 
glycine might exist.42 Interestingly, T. gondii also expresses an 
Atg8 ortholog (TgAtg8) with an exposed C-terminal glycine 
residue. However, TgAtg8 still switches between the cytoplas-
mic, nonlipidated form and the lipidated form associated with 
autophagosomes,26,42 suggesting its C-terminal glycine must be 
masked by other means. Although the TgAtg3-TgAtg7-TgAtg8 
system appears to be involved in autophagy, it obviously has an 

observed. Biologically, the process occasionally allows single 
merozoites to survive and thus clearly differs from apoptosis and 
necrosis.

Although the autophagy-like cell death of exoerythrocytic 
parasites was observed at different developmental stages, the 
most interesting observation was the occurrence of merofuso-
somes. Merozoite formation is based on repeated invagination 
of the parasite membrane and merofusosomes appear to almost 
be a reversal of this process, whereby formed merozoites re-fuse 
with an enlarging cytoplasmic mass. If merofusosome formation 
is indeed the reversal of mechanisms behind merozoite forma-
tion, it is likely that the molecular mechanisms behind merozoite 
generation and destruction are also related. Thus the study of 
merozoite formation should lead the way for investigating the 
observed autophagy-like cell death and the appearance of mero-
fusosomes and vice versa.

In this study, we followed the working hypothesis that 
autophagy-like cell death of Plasmodium liver-stage parasites 
and the typical autophagy marker protein Atg8 are functionally 
linked. To our surprise, in liver-stage parasites PbAtg8 appears 
not to be involved in autophagosome formation, as it associates 
with the apicoplast throughout liver-stage parasite development, 
even during parasite cell death. While our manuscript was under 
review, it was published that P. falciparum Atg8 also localizes to 
the apicoplast of asexual blood-stage parasites,45 confirming our 
observation on liver-stage parasites. In the study by Kitamura 
et al., the authors have used immunoelectron microscopy to 

Figure 7. PbAtg8 does not localize to autophagosomes in dying parasites (A) and cannot 
complement yeast Atg8 (B). (A) hepG2 cells were infected with P. berghei parasites con-
stitutively expressing mcherry (mcherry). 60 hpi the cells were fixed and stained with an 
anti-PbAcP antiserum (AcP) to label the apicoplast and an anti-PbAtg8 antiserum (PbAtg8) 
to monitor the localization of this protein during parasite cell death. DNA was labeled with 
DAPi. A representative parasite showing strong vacuolization is depicted. A higher magnifica-
tion of some important details is presented in the merged image. scale bar: 10 μm: cPs. (B) 
Scatg8Δ and wt strains were transformed with empty pFL61 plasmid or the same plasmid 
containing PbAtg8 or scAtg8 as a positive control. Western blot analysis was performed with 
the transformed strains using anti-aminopeptidase i antibodies. Transport of prApe1 to the 
vacuole where it matures (Ape1) only takes place in the presence of a functional autophagy 
pathway. The prApe1 and the Ape1 bands are marked with arrows.
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the mechanistic differences between the expansion of the apico-
plast and the mitochondrion.

Since PbAtg8 appears not to be directly involved in autophagy, 
the molecular details of the observed autophagy-like cell death in 
Plasmodium liver-stage parasites still remain to be explored. This 
is the most interesting aspect of studying parasite cell death as an 
understanding of the underlying molecular mechanisms might 
allow the triggering of parasite death at any given time during 
development, including in the dormant stages of P. vivax.

Materials and Methods

Animal work statement. Mice used in the experiments were 
between 6 and 10 weeks of age and were bred in the central ani-
mal facility of the University of Bern or in-house at the Bernhard 
Nocht Institute. Experiments were conducted with strict accor-
dance to the guidelines of the Swiss Tierschutzgesetz (TSchG; 
Animal Rights Laws) and European regulations and approved by 
local authorities in Bern and Hamburg.

Database searches and sequence analysis. Plasmodium berghei 
putative orthologs of proteins involved in autophagy were identi-
fied using the BLAST functions of the Plasmodium Genomics 
Resource webpage (www.plasmodb.org). Percentage pairwise 
identities with yeast sequences were acquired by alignment using 
the Needleman-Wunsch algorithm. Hit numbers of reciprocal 
BLAST search against the UniProtKB/Swiss-Prot (swissprot) 
database S. cerevisiae were acquired via the National Center for 
Biotechnology Information (NCBI) webpage (www.ncbi.nlm.
nih.gov). Sequence analysis was performed using MacVector.

Generation of transgenic P. berghei parasites. All parasite 
strains used in the paper have a P. berghei ANKA background. 
PbcmCherry parasites express mCherry under the constitu-
tive eef1αa promoter and show cytosolic localization of the 
fluorescent protein (pcmCherry).50 PbcGFP

MITO
 parasites and 

PbcGFP
APICO

 parasites express GFP targeted to the mitochondrion 
and apicoplast, respectively, and under the constitutive eef1α 
promoter.36 For generation of parasites expressing GFP-PbAtg8 
(PBANKA_050401), cDNA was amplified using the primer pair 
5'-GGT CTA GAA TGC CAT CAT TAA AAG-3' and 5'-GGT 
CTA GAT TAT CCA AAA CAA C-3' and ligated into a modi-
fied version of the pGFP

103464
 plasmid,34 where the stop codon 

had been eliminated, to generate the pLSGFP-PbAtg8 plasmid. 
The expression cassette for constitutive mCherry expression was 
amplified by PCR from the pCmCherry plasmid using the prim-
ers 5'-CGT AGG TAC CAG CTT AAT TCT TTT CGA GCT 
CTT T-3', binding to the 5' of the eef1α promoter and 5'-ACT 
GGG TAC CCG AAA TTG AAG GAA AAA ACA TCA TTT 
G-3', binding to the 3' of the 3'UTR of the pbdhfr/ts. The cas-
sette was cloned into the pLSGFP-PbAtg8 plasmid via KpnI (New 
England Biolabs, R0142) to generate the pLSGFP-PbAtg8C-

mCherry plasmid. The same procedure was performed with the 
primer pair 5'-GGT CTA GAA TGC CAT CAT TAA AAG-
3' and 5'-GGT CTA GAT TAT GCA AAA CAA CTT TCA 
CAA C-3' using to generate the pLSGFP-PbAtg8G124ACmCherry 
plasmid. Primer pair 5'-GGG GAT CCA TGC ACA AAA TAG 
GAG ATG C-3' and 5'-GGG GAT TCT ATA TAT TTA TCT 

important mitochondrial function.27 In fact, TgAtg8 was partly 
localized to the mitochondria.

The fact that the membrane association of PbAtg8 is restricted 
to the apicoplast strongly suggests that PbAtg8 must possess an 
unknown motif directly or indirectly responsible for apicoplast 
association. Since lipidation allows incorporation into mem-
branes but not transport through membranes, one can predict 
that PbAtg8 incorporation is restricted to the outer leaflet of 
the apicoplast membrane and it is therefore not surprising that 
normal apicoplast targeting signals for import into the organelle 
have not been identified. The assumption that Atg8 incorporates 
into the outer leaflet of the apicoplast membrane is supported by 
the immunoelectron analysis of Kitamura et al.45 As well as for 
processing prior to lipidation, Atg4 proteases are also needed to 
release Atg8 from membranes to control autophagosome-mem-
brane formation.48 The fact that we never observed any release 
of Atg8 from the apicoplast membrane supports our assumption 
that PbAtg4 has diverged to fulfill an alternative function.

One question now is why Plasmodium liver-stage para-
sites incorporate PbAtg8 exclusively into the apicoplast, but 
Toxoplasma parasites do not. The answer might come from 
the differing biology of these parasites during their intracellu-
lar development. Whereas Toxoplasma produces daughter cells 
by endodyogeny, by which organelle-fission events occur prior 
to each of the repeated phases of cytokinesis, Plasmodium liver-
stage parasites undergo schizogony, with an enormous expansion 
of the apicoplast and the mitochondrion to extensively branched 
but single organelles, with organelle fission occurring shortly 
before daughter cell formation.36 This impressive and very fast 
organelle growth requires extensive resources for membrane 
expansion and PbAtg8 could indeed have a role in membrane 
recruitment. During autophagy in other organisms, Atg8 is 
involved in membrane expansion and so evolving to use a simi-
lar mechanism but instead for organelle expansion appears not 
to be such a leap. A genetic knockout of PbAtg8 would help to 
further characterize its function but it appears to be essential for 
Plasmodium blood-stages, preventing a knockout parasite line 
being produced.13 This is actually a very interesting observation 
since a lethal phenotype would not necessarily be expected for an 
autophagy-restricted function but is commonly observed when 
genes encoding proteins with a functional role in the apicoplast 
are genetically targeted.47,49

If PbAtg8 is involved in apicoplast membrane expansion, why 
would the mitochondrion be able to grow to a similar extent 
independently of PbAtg8? The reason might be that growth and 
branching of the two organelles do not rely on identical molecu-
lar machineries. The observed extensive branching of the apico-
plast47 is restricted to a subset of apicomplexan parasites, whereas 
branching of mitochondria is a very ancient process found in 
most protozoa and multicellular organisms. In fact, mammalian 
mitochondria in some cell types exhibit huge branching and Atg8 
has never been associated with these organelles. Similar to this, 
Plasmodium parasites might employ the mitochondrion-specific 
branching machinery without the help of Atg8. Clearly more 
research is needed to explore the exact function of PbAtg8 during 
the liver-stage but also in other parasite stages and to understand 
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reaction; the resulting cDNA was then used as a template in PCR 
reactions with primer pair 5'-TGT GTG AAA AAG CGC ATA 
GAT CAA-3' and 5'- TTT TTG GAA TAA TAT TAT TGA 
CAA ATA AAT AT-3'. As an internal control, P. berghei tubu-
lin β chain, putative (PBANKA_120690) cDNA was amplified 
using primer pair 5'-TGG AGC AGG AAA TAA CTG GG-3' 
and 5'-ACC TGA CAT AGC GGC TGA AA-3'.

Protein expression and antibody purification. For antibody 
generation, the coding sequence of PbATG8 was amplified from 
cDNA using primer pair 5'-GGG GAT CCA TGC CAT CAT 
TAA AAG-3' and 5'-GGG GTC GAC TTA TCC AAA ACA 
AC-3'. PbACP (PBANKA_030560) was amplified without the 
apicoplast targeting sequence using primer pair 5'-ATG AAT 
TCT TCA AAA ATA TGA GCA ACC ATG CC-3' and 5'-ATC 
TCG AGT TAT GCA TCA GGC TTT TTA TTT TTT TCT 
AT-3'. The PCR products were cloned into pGEX-6P-1 using 
appropriate restriction enzymes (New England Biolabs, R0138, 
R0136, R0101, R0146). GST-PbAtg8 and GST-PbACP were 
expressed in the BL21 (D3) RIG E. coli strain and purified using 
glutathione-agarose resin (Sigma, G4510). For generation of 
GST-PbAtg8 antisera, 20 μg of the purified protein was mixed 
with one volume of Freund’s adjuvant complete (Sigma, F5881) 
and intraperitoneally injected into an NMRI mouse. After two 
weeks, the mouse was boosted with the same amount of protein 
mixed with Freund’s adjuvant incomplete (Sigma, F5506) fol-
lowed by a second boost two weeks later. The immunized mouse 
was sacrificed, blood was collected and antiserum was obtained 
after centrifugation of the coagulated blood. The GST-PbAtg8 
antiserum was affinity-purified using blotted MBP-PbAtg8 as fol-
lows. The coding sequence of PbATG8 was amplified from cDNA 
using primer pair 5'-GGG GAT CCA TGC CAT CAT TAA 
AAG-3' and 5'-GGG GTC GAC TTA TCC AAA ACA AC-3' 
and cloned into pMAL-cRI. MBP-PbAtg8 was expressed in the 
BL21 (D3) RIG E. coli strain and purified using Amylose Resin 
(New England Biolabs, E8021S). 200 μg protein were loaded on 
a SDS-Gel and blotted onto a PVDF membrane. Upon Ponceau-
staining for visualization, the band corresponding to the antigen 
was cut out. After blocking with TBS/2% BSA, the band was 
incubated with the GST-PbAtg8 antiserum. After three washing 
steps the bound antibodies were eluted with glycine buffer, pH 
2.8 and in a last step neutralized with 1M Tris base to a pH of 7.5. 
For GST-PbACP, 80 μg of purified protein was mixed with one 
volume of Gerbu adjuvant 100 (GerbuBiotechnik GmbH, 3100) 
and subcutaneously injected into a Wistar rat, followed by two 
boosts at two week intervals. The immunized rat was sacrificed 
after confirming the presence of specific antibody in preliminary 
experiments and the blood was collected. Antisera was obtained 
following centrifugation of the blood.

For PbAtg7 antibody production, a part of the coding 
sequence of PbATG7 (PBANKA_092220) was amplified using 
primer pair 5'-GGG GAT CCA ATT CAC GAG TTT CTT 
TTT C-3' and 5'-GGG GTC GAC TTA TTC ATC TAT CGT 
TCT ATA AC-3' and cloned into pMAL-cRI and pGEX-6P-1. 
MBP-PbAtg7 and GST-PbAtg7 were expressed in the BL21 (D3) 
RIG E. coli strain and purified using Amylose Resin or gluta-
thione agarose beads, respectively. The immunization of a rat 

TTA TAT G-3' and the unmodified pGFP
103464

 plasmid was used 
to generate pLSPbAtg3-GFPCmCherry. pLSPbAtg7-GFPCmCherry 
was generated using the same method but with gDNA as tem-
plate and using primer pair 5'-GGG GAT TCA TGA ATT CTT 
TAA AAT ATG AAA TAA TTC C-3' and 5'-GGG GAT TCC 
TCA AAA ATT ATT ACA TCT TTT TCA TCG GC-3'. The 
generated plasmids were transfected into P. berghei blood-stage 
parasites, using previously published methods.51 Plasmids allow 
integration into the c- and d-ssu-rrna locus by single crossover.

Generation of mammalian expression vectors. PbATG8 was 
amplified from cDNA using primer pair 5'-CCC TCG AGC 
CAT GCC ATC ATT AAA AG-3' and 5'-CCG GAT CCT TAT 
CCA AAA CAA CTT TCA CAA C-3' and ligated into pEGFP-
C1 with appropriate restriction enzymes (New England Biolabs, 
R0146, R0136).

Culture and in vitro infection of HepG2 cells. HepG2 cells 
were purchased from the European Cell Culture Collection and 
kept in Minimum Essential Medium with Earle’s salts supple-
mented with 10% FCS, 1% penicillin/streptomycin and 1% 
L-glutamine (all from PAA Laboratories, E15-024, A15-101, P11-
010, M11-004). They were cultured at 37°C and 5% CO

2
 and 

split twice a week using Accutase (PAA Laboratories, L11-007). 
For infection, either 3 or 6 × 105 cells were seeded on coverslips 
in 24-well plates or on glass-bottom dishes. HepG2 cells were 
infected with sporozoites prepared from the salivary glands of 
female Anopheles stephensi mosquitoes infected with the afore-
mentioned P. berghei parasites. Sporozoites were incubated with 
HepG2 cells for 2 h and cells were then washed and incubated 
with MEM medium described above containing Amphotericin 
B (PAA Laboratories, P11-001) at 37°C and experiments per-
formed as described below. For autophagy induction, cells were 
treated from 24 hpi with 0.5 μM Rapamycin (LC Laboratories, 
R-5000). After 48 hpi the area of the parasites was quantified 
using ImageJ.

Transfection of HepG2 cells. HepG2 cells were harvested by 
Accutase treatment and 2 × 106 cells were pelleted by centrifuga-
tion at 160 g. They were resuspended in Nucleofector V solution 
(Lonza, VVCA-1003) and transfected with 3 μg pEGFP-N1 plas-
mid (Clontech, 6085-1) using program T-28 of the Nucleofector 
transfection device according to the manufacturer’s instructions.

Quantification of infected attached and detached cells. To 
quantify the number of parasites that are able to complete liver-
stage development successfully, HepG2 cells were infected as 
described above. Sixty-eight and 72 hpi the culture supernatant 
containing the detached cells and merosomes was combined in a 
fresh well of a 24-well plate, nuclei were stained using 1 μg/ml 
Hoechst 33342 (Sigma, B2261) and detached cells were counted 
using a Leica DMI6000B widefield epifluorescence microscope. 
In addition the number of infected, but still attached, cells was 
counted. The quantitative data are presented as mean ± SD.

RT-PCR analysis. Total RNA was isolated from 0.05% sapo-
nin-treated (Sigma, 47036) infected red blood cells, 20 infected 
mosquito midguts day 10 after infection and infected HepG2 
cells 24, 48 and 56 h after infection using the NucleoSpin 
RNA Extract Kit II (Macherey-Nagel, 740955.50). Random-
primed cDNA synthesis was performed in a reverse transcriptase 
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WCG strain and the wild-type WCG strain were transformed 
with the empty vector. Transformant cultures were grown in 
yeast nitrogen base media containing 0.5% ammonium sulfate 
and containing amino acids but lacking uracil, until an opti-
cal density of 1 at 600 nm was reached. At an OD of 7.5 yeast 
strains were centrifuged and resuspended in 100 μl Laemmli’s 
sample buffer each. By addition of 200 μl glass beads (0.45 to 
0.50 mm, Braun Biotechnology, 8541701) and an incubation in 
the FastPrep® FP120 Cell Disrupter (Qbiogene, Inc.) at 4.0 m/
sec for 45 sec, the yeast cells were lysed. The extraction was per-
formed five times, with cells incubated on ice. Before analysis 
by western blotting, the lysate was incubated at 98°C for 7 min.

Western blotting. Parasite lysate was generated by lysing  
P. berghei-infected red blood cells with 0.2% Saponin for  
20 min at room temperature. After centrifugation, the parasite 
pellet was resuspended in 2× Laemmli’s sample buffer and incu-
bated at 98°C for 5 min. Parasite lysates, proteins or yeast lysates 
were separated on a 12% or 14% SDS gel and blotted onto an 
Immobilon® FL Transfer membrane (MilliporeTM, IPFL00010). 
After blocking for 1 h at room temperature in 5% milk pow-
der/TBS, the appropriate primary antibody was applied in 5% 
milk powder/0.05% Tween-20/TBS at 4°C overnight. The next 
day, the blot was washed three times with 0.05% Tween-20/TBS 
and the secondary antibody (Li-COR, 926-32210, 926-32219, 
926-32211) was applied in 5% milk powder/0.05% Tween-20/
TBS/0.02% SDS for 1 h at room temperature in the dark. Bands 
were visualized using the Odyssey Infrared Imaging System 
(Li-COR).

Histology of P. berghei-infected liver. NMRI mice between 8 
and 10 weeks of age were infected with 1 × 106 P. berghei ANKA 
sporozoites obtained from salivary glands of infected Anopheles 
stephensi mosquitoes. After 38 hpi, livers were removed and fixed 
overnight in 4% buffered formaldehyde solution and embedded 
in paraffin using standard methods. Sections (5-μm thick) were 
cut and stained with Giemsa.

Electron microscopy. HepG2 cells were infected with 
PbGFP

con
 parasites. Cells were FACS-sorted to enrich for 

infected cells and seeded on Thermanox coverslips. 48 hpi cells 
were washed twice with PBS, fixed with 2% glutaraldehyde in 
sodium-cacodylate buffer, pH 7.2 and postfixed with 1% osmium 
tetroxide. Samples were dehydrated at increasing ethanol concen-
trations and propylene oxide. Cells were embedded in an epoxy 
resin (Epon). Ultrathin sections were made using Ultra Cut E 
(Reichert/Leica) and stained with uranyl acetate and lead citrate. 
Sections were examined with a Tecnai Spirit (Fei) at an accelera-
tion voltage of 80 kV.

Disclosure of Potential Conflicts of Interest

No potential conflicts of interest were disclosed.

Acknowledgments

We are grateful to Daniel Klionsky for providing the anti-Ape1 
antiserum and to Dominique Soldati for the anti-HSP70 antise-
rum. We thank Michael Thumm for the WCG wild-type and 
the Scatg8Δ mutant yeast strains and for the ScATG8 cDNA. 
Stefanie Graewe is thanked for providing Video S2. This 

with MBP-PbAtg7 was performed at Eurogentec. The antiserum 
obtained after three rounds of immunization was used directly in 
IFAs and western blot analysis.

Indirect immunofluorescence analysis. HepG2 cells were 
infected as described above. After the indicated time periods, 
cells were fixed with 4% paraformaldehyde in PBS (20 min, 
room temperature) and permeabilized with ice-cold methanol 
(10 min). After washing with PBS, unspecific binding sites were 
blocked by incubation in 10% FCS/PBS for 1 h at room tem-
perature followed by incubation with primary antibody (mouse 
anti-PbAtg8; rabbit anti-TgHSP70; rabbit anti-GFP, Invitrogen, 
A-11122), and subsequently with fluorescently labeled secondary 
antibodies (anti-rabbit HiLyteFluorTM 647, AnaSpec, 81255; anti-
mouse Alexa488 Molecular Probes, A11001). For co-staining 
with mouse anti-PbAtg8 and rat anti-PbACP, sequential stain-
ing was performed. The first staining was performed as described 
above. After an additional 10 min of fixation with 4% parafor-
maldehyde, a second staining step with rat anti-PbACP and sub-
sequently with anti-rat Alexa 647 (Molecular probes®, A21247) 
was performed. DNA was visualized by staining with 10 μg/ml 
DAPI (Sigma). Labeled cells were mounted on microscope slides 
with Dako Fluorescent Mounting Medium (Dako, S3023) and 
analyzed by confocal point scanning (CPS) microscopy using the 
Leica TCS SP5. Images were acquired using a Leica HCX PL 
APO CS 63× 1.2 water objective and the Leica LAS AF Software, 
Version 2.6.0.7266.

Live cell imaging and time-lapse microscopy. Live cell imag-
ing and time-lapse microscopy was performed using the Leica 
DMI6000B widefield epifluorescence microscope (Wetzlar). 
Images were acquired using a Leica HCX PL APO 100× 1.4 oil 
objective and the Leica LAS AF Software, Version 2.6.0.7266. 
In addition, time-lapse microscopy was also performed with a 
Zeiss Observer, Z1 inverted microscope, integrated into an 
LSM5 Live imaging setup. Images were acquired by confocal 
line scanning (CLS) microscopy using a Zeiss Plan-Apochromat 
63×/1.4 oil objective and the Zeiss Efficient Navigation 2008 
and 2009 software (LSM). During imaging, cells were kept in 
5% CO

2
 at 37°C. Intravital microscopy was performed as pre-

viously described52 using the LSM 510 Zeiss microscope in the 
LSM 5 live mode. Images were acquired by CLS microscopy 
using a Zeiss Plan-Apochromat 63×/1.40 oil DIC M27 objective 
and the Zeiss LSM 5 Duo Release Version 4.2. Lys-GFP mice 
that express GFP mainly in neutrophils and macrophages32 were 
infected with mCherry-expressing parasites and intravital imag-
ing of the anesthetized mouse was performed between 44 and  
48 hpi. Image processing was performed using ImageJ.

Yeast complementation. Genes coding for PbATG8 and 
ScATG8 were amplified from cDNA using primer pairs 5'-GGC 
GGC CGC ATG CCA TCA TTA AAA G-3' and 5'-GGG CGG 
CCG CTT ATC CAA AAC AAC TTT C-3' and 5'-GGC GGC 
CGC CTA CCT GCC AAA TGT ATT TTC-3' and 5'-GGG 
CGG CCG CTA GCC TAC CTG CCA AAT GTA TTT TC-3', 
respectively. The fragments were cloned into the yeast expression 
vector pFL6153 via NotI (New England Biolabs, R0189) and the 
resulting plasmids used to transform Scatg8Δ WCG strains of 
S. cerevisiae by the acetate method.54 In addition, the Scatg8Δ 
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