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SUMMARY

Plasmodium parasites contribute to one of the highest global infectious disease burdens. To achieve this suc-
cess, the parasite has evolved a range of specialized subcellular compartments to extensively remodel the host
cell for its survival. The information to fully understand these compartments is likely hidden in the so far poorly
characterized Plasmodium species spatial proteome. To address this question, we determined the steady-
state subcellular location of more than 12,000 parasite proteins across five different species by extensive sub-
cellular fractionation of erythrocytes infected by Plasmodium falciparum, Plasmodium knowlesi, Plasmodium
yoelii, Plasmodium berghei, and Plasmodium chabaudi. This comparison of the pan-species spatial proteomes
and their expression patterns indicates increasing species-specific proteins associated with the more external
compartments, supporting host adaptations and post-transcriptional regulation. The spatial proteome offers
comprehensive insight into the different human, simian, and rodent Plasmodium species, establishing a

powerful resource for understanding species-specific host adaptation processes in the parasite.

INTRODUCTION

After invasion, the Plasmodium parasite extensively modifies its
host erythrocyte. The parasite places highly specialized com-
partments or structures in the host cell by secreting, beyond
the parasite plasma membrane (PPM), a range of proteins that
constitute the remodelome. Some proteins are translocated to
the parasite periphery, either in the parasitophorous vacuole
(PV) and/or the PV membrane (PVM), two subcellular compart-
ments conserved across the genus. The remainder are exported
beyond the PVM and can be found (1) uniformly distributed as
soluble proteins in the host cell cytosol (HCC), (2) localized in
specialized vesicles/complexes in the HCC, or (3) associated/in-
serted into the erythrocyte membrane.” The role of the extra-
parasitic compartments as well as the nature of the exported
parasite proteins remain largely elusive, especially for non-Plas-
modium falciparum species. This lack of information about defin-
itive cellular localization poses a significant challenge to in silico
gene function predictions and experimental study of protein in-
teractions.”™* Additionally, efforts to identify new therapeutic tar-
gets against malaria is hindered by the lack of functional annota-
tions for almost one-third of the parasite-specific proteome.”

In silico screens based on discriminative feature(s) have led to
the identification of the Plasmodium translocon of exported
proteins (PTEX) complex, the Plasmodium export element
(PEXEL), and the vacuolartargeting sequence (VTS), shedding light
on the mechanism used to translocate malaria proteins beyond the
PVM,® as well as a repertoire of 300-400 P. falciparum-exported
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proteins.®® These datasets do not reflect the full extent of the ex-
ported protein repertoire, and other predictive approaches were
used to identify additional PV proteins in Plasmodium berghei'®
and PEXEL-negative exported proteins in P. falciparum."" Never-
theless, these approaches were limited in their ability to reliably
identify remodeling proteins and required extensive individual vali-
dation, making the current predicted Plasmodium exportome
incomplete, as indicated by the increasing number (>60) of
PEXEL-negative exported proteins reported.'® For other non-
P. falciparum species, host cell remodeling events are even more
elusive, with only a few PEXEL proteins being predicted.” These
species are characterized by several variant protein families found
at the parasite periphery and/or exported into the host cell.’®'®
The identification of a new export motif, PLASMED, in Plasmodium
yoelii'* indicates that Plasmodium uses several export motifs, and
our current knowledge of the parasite exportome remains inade-
quate. Moreover, multigene protein families, such as P. falciparum
erythrocyte membrane protein 1 (PfEMP1) and Plasmodium inter-
spersed repeat (PIR), are not constitutively expressed because of
tight regulatory mechanisms'’~2° that could not be captured by
any predictive model.

To overcome the limitations of in silico approaches, alternative
proteomic analysis of parasite samples enriched for specific sub-
cellular compartments expanded the known remodelome in the
PV,?” the red blood cell (RBC) membrane,'®?%2° and the para-
site-induced HCC structure.>**" Immunoprecipitation and prox-
imity labeling identified selected protein complexes in specific
subcellular compartments and provided additional information
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Figure 1. Subcellular fractionation of infected RBCs
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(A) Workflow of the subcellular fractionation method used to map the whole Plasmodium exportome. Enriched late trophozoite/early schizont parasite samples
were treated with SLO and, subsequently, saponin. Centrifugation was performed to obtain a supernatant and a pellet fraction after each treatment. The su-
pernatants were then centrifugated to recover six subcellular fractions (1-6). The pellet obtained after saponin lysis contains the internal parasite fraction (7). In
total, seven fractions were produced: GHOST, VESICLE, HCC, PVM1, PVM2, PV, and internal PARASITE.

(B) Representative western blot of a human infected RBC pellet (right) or mouse infected RBC (left) probed with antibodies against the PVM marker EXP2
(~27 kDa), the internal parasite protein aldolase (~40 kDa), and the human RBC membrane proteins band 3 (~100 kDa) or mouse rhesus blood group-associated
glycoprotein (RHAG; ~50 kDa). The antibodies used are indicated below each western blot. The fractionated infected RBC samples displaying minimal cross-
contamination between subcellular fractions were selected for LC-MS/MS analysis following TMT labeling.

about the interactomes of PTEX components,®**® PVM protein,**
chimeric proteins targeted to the PV®° or engineered to be arrested
in their translocation process across the PVM,*®*" in the J-dot,*®
as well as the RBC membrane.®**°

Together, in silico and experimental approaches expanded
our knowledge but were unable to provide a comprehensive un-
derstanding of the highly dynamic host remodeling process.
Moreover, these efforts are impeded by the large amount of
contaminating intracellular proteins, reducing the extent of the
findings and requiring extensive validation. In this study, we ad-
dressed those deficiencies by performing extensive subcellular
fractionation and quantitative proteomics on infected RBCs to
capture the steady-state localization of proteins found in five
Plasmodium species independent of their protein characteris-
tics. The proteomics datasets were mapped using two different
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prediction approaches, and the findings were compiled into an
orthology map to derive consensus predictions. The analysis of
the spatial proteome not only helps prioritize subcellular com-
partments with therapeutic potential but also reveals discrete re-
modeling features between primate and rodent parasites.
Furthermore, it highlights the contribution of merozoite proteins
to the interface of host-parasite interactions.

RESULTS

Subcellular fractionation of five Plasmodium-infected
erythrocytes

Infected RBC samples of five Plasmodium species were sequen-
tially lysed and differentially centrifuged to produce a compre-
hensive and resolved protein atlas (Figure 1A).">*" The human
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parasite P. falciparum is responsible for most of the death asso-
ciated with malaria. The simian parasite Plasmodium knowlesi is
a zoonotic pathogen responsible for thousands of human infec-
tion cases yearly,"” while the rodent surrogates P. yoelii, P. ber-
ghei, and Plasmodium chabaudi are easily amenable to genetic
manipulation*® and provide in vivo insight. Overall, seven frac-
tions enriched for six subcellular compartments were obtained:
(1) the RBC membrane (GHOST), (2) the HCC-specialized struc-
ture (VESICLE), (3) the HCC-soluble protein (HCC), (4) the PVM
(PVM1 and PVM2), (5) the PV (PV), and (6) the internal parasite
(PARASITE) (Figure 1A).

The quality and integrity of the subcellular fractions were
assessed by western blot probed with antibodies against the
human RBC membrane protein band 3 (P. falciparum and
P. knowlesi), the mouse rhesus blood group-associated glyco-
protein (RHAG) (P. yoelii, P. berghei, and P. chabaudi), the
intra-parasitic protein aldolase, and the PVM protein EXP2 (Fig-
ure 1B). The large amount of band 3 (~100 kDa; Figure 1B, left)
and RHAG (~50 kDa; Figure 1B, right) protein detected in the
GHOST fractions indicated that streptolysin O (SLO) treatment
lysed most of the RBC membranes and that these membranes
are enriched in the GHOST fractions following differential centri-
fugation. Conversely, the non-exported aldolase (~40 kDa) was
mainly detected in the PARASITE samples, indicating that the
integrity of the PPM was largely preserved during the sequential
lysis. Finally, EXP2 (~27 kDa) was detected mostly in the PVYM
(PVM1) and PARASITE fractions, in line with previously reported
localization data.?’ This indicates that the PVM was mostly pre-
served during SLO treatment and then released into the super-
natant after saponin treatment. Altogether, it validated that the
subcellular fractionation achieved selective lysis of the RBC
membrane and the PVM, while the integrity of the PPM was
preserved.

Mapping of five Plasmodium proteomes

To accurately quantify the proteome of the subcellular fractions
obtained from differential lysis, samples from three (P. falciparum
and P. knowlesi) and two (P. yoelii, P. berghei, and P. chabaudi)
independent experiments were analyzed by quantitative liquid
chromatography-tandem mass spectrometry (LC-MS/MS).*
Compiling peptide hits from 12 (3 + 3 + 2 + 2 + 2) parasite sam-
ples, 12,392 parasite proteins were identified acrossthe 12 X 7 =
84 fractions. The 2,796 P falciparum, 2,677 P knowlesi, 2,780 P
yoelii, 2,246 P berghei, and 1,893 P chabaudi proteins were
quantified by comparing, for each protein, the intensities of the
reporter ions in the fraction with the sum of the intensities across
the fractions (see Table S1 for the composition of the infected
RBC samples).

While the quantitative distribution of the different proteins in
the subcellular fractions is a valuable indicator of their locations,
relying solely on this information may be suboptimal because of
the complexity of the study, which spans 84 fractionated sam-
ples, and the need to distinguish relative abundance patterns
that are vastly similar. Further complicating the task, many pro-
teins are present simultaneously with various abundance in the
intra-parasitic and extra-parasitic compartments, with some of
these proteins being exported into the host cell in a stage-spe-
cific manner.*®

¢ CellP’ress

To overcome this, two alternative strategies, iterative Permu-
tation (P) and machine learning (ML), were trained using datasets
generated by searching the literature for localization information
of proteins detected in the Plasmodium proteomes (Table S1,
training sets). The approaches were designed to maximize the
number of remodeling proteins identified without compromising
the accuracy in the five Plasmodium species (Table S1, P and
ML; Figure 2A). To evaluate the performance of the P and ML ap-
proaches, the proportions of training proteins that were correctly
predicted were determined for each subcellular localization and
then combined to determine overall accuracy (Figure 2B). Of
note, no protein was predicted in the PVM2 fraction. The P and
ML approaches displayed comparable performance, with accu-
racy ranging from 20%-100% for the extra-parasitic compart-
ments and 88%-97 % for the internal parasite fraction. The over-
all accuracy was greater than 85% in all species (Figure 2B).
Interestingly, the low 29% accuracy predicted by the P approach
in the P. yoelii clefts and the 20% correlation predicted by the ML
approach in the P. berghei PVM were complemented by the 57%
and 80% accuracies obtained with their cognate counterparts,
indicating that a combination of both predictions can greatly
help improve localization accuracy (Figure 2B).

Determination of a consensus localization

The in silico approaches were designed to provide accurate
localization predictions. However, variations in the predictions
are expected because of biological differences, experimental
variations, as well as the quality of the training sets used.
Because orthologs are expected to share the same localization,
interspecies variations can be reduced by inferring a consensus
localization using the P, ML, or a combination of P and ML
(P+ML) predictions. For this, an orthology map of 4,350 orthol-
ogy groups annotated with their respective localization predic-
tions was generated from the 12,392 parasite proteins identified
by the proteomics approach (Table S2, proteome mapping). To
derive a consensus localization for each orthology group, an iter-
ative three-step process was used to provide consensus locali-
zations and derive prediction confidence (Figure 3A; Table S2,
proteome mapping, columns AM, AO, and AQ).

Overall, P, ML, and P+ML consensus predictions displayed a
high level of correlation, with ~78% of the orthology groups hav-
ing an identical prediction (P = ML = S). For 5% of the groups,
P+ML predictions complemented the absence of prediction by
one of the two approaches (P = ND and/or ML = no consensus
prediction [ND]). In another 5% of the groups, the consensus pro-
cess favored one of the two predictions based on the most
frequent location count (ML =S # P and P =S # ML). The re-
maining differences resulting from discordant predictions in the
P and ML approaches caused an absence of prediction in
P+ML (S = ND, 8%) or resulted in a different prediction in P+ML
(P #= S # ML, <1%) (Figure 3B).

Validation of the pan-parasite protein atlas

One hundred orthology groups selected by random draw were
characterized in subcellular location studies using protein fusion
tagging, irrespectively of their known localizations or predicted fea-
tures. Ninety orthology groups encoding genes of 3.5 kb or less
were assessed using episomal GFP tagging, while the remaining
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Figure 2. In silico mapping of Plasmodium proteomes

(A) Principle of the iterative permutation (P) and machine learning (ML) approaches used to map the Plasmodium proteomes. The localization of the proteins was
deduced either based on their relative abundance or mean confidence score patterns across the seven subcellular fractions. The patterns obtained for eight
representative proteins expected to be enriched in each of the subcellular fractions are displayed, along with their known localization. Maurer’s cleft proteins are
enriched either in the GHOST or VESICLE fractions, as shown for PAIMAHRP and PfPTP2. For each protein, the threshold used for the ML method is defined by
dividing the confidence score in the PARASITE fraction by a value defined for the whole dataset. The latter is calculated in order that more than 90% of the
PARASITE proteins have confidence scores in the remodeling fractions that fall below the threshold as for PfAldolase.

(B) Evaluation of the P and ML approaches to predict the localization of proteins characterized in the literature (top) or known multigene protein families (bottom).
Expected localization outputs are indicated in the left column. For each species, the composition of the training set given by the number of proteins is indicated in
the column “n,” while the “P” and “ML” columns depict the percentage of correlation between the prediction approach and the localization data for each subset
of proteins associated with a specific subcellular localization. For each localization, the highest percentage of correlation between the P and ML approaches is
highlighted in red.

groups that are mostly encoded by larger genes were evaluated  protein were obtained (Figure S1). These 83 proteins represent

using endogenous hemagglutinin (HA) tagging. For each orthology
group, one or two protein tagging attempts were made, using
P. falciparum, P. knowlesi, and/or P. yoelii parasites (Table S3).
Of more than130 transfections, 18 P. falciparum, 21 P knowlesi,
and 44 P yoelii transfectant lines expressing C-terminally tagged
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77 orthology groups, with six groups having localization data ob-
tained from two species (Figure 4A). Among these, 56 groups
had no known localization, while 21 groups had information in
the literature, mostly from P. falciparum and P. berghei. Localiza-
tion of the tagged chimeras was ascertained using live-cell
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Figure 3. Determination of a consensus localization using gene orthology information

(A) The predictions obtained using the P and ML approaches were combined in the orthology map depicted in Table S2 and used to derive a consensus
localization shared by each orthology group using an iterative three-steps process pipeline. (i) Orthology groups with a subcellular localization shared by
more than 50% of the predictions were annotated with this specific localization, along with confidence levels of low, medium, and high when the lo-
calizations were shared by more than 50% and less than 75%, more than 75% and less than 100%, and 100% of the predictions, respectively (Table S2,
proteome mapping, columns AM, AO, and AQ). (ii) Because experimental variations might affect the outcome when predictions are within the same range
of relative abundance (P) or confidence scores (ML), secondary localizations were used. For the P approach, it consists of the subcellular compartment
with the second-highest abundance, while for the ML approach, we considered the second compartment with the highest confidence scores greater than
the background threshold. Only secondary localizations found within 20% of the main localization’s relative abundance or confidence scores were used to
refine predictions considered to have a low confidence level (Table S1, P and ML; Table S2, proteome mapping). (i) The identification of Clefts’ proteins
may be suboptimal because they are expected to be enriched in the GHOST and VESICLE fractions. Unannotated orthology groups were annotated as
“Cleft’s” with a low confidence level when GHOST and VESICLE localization represented more than 50% of the predictions included in the orthology
group.

(B) Comparison of the consensus prediction obtained using P, ML, or P+ML (S) predictors. ND, no consensus prediction.

(C) Composition of the Plasmodium protein atlas following localizations derived from the compilation of experimental validations and P+ML predictions.

fluorescence microscopy on mixed-stage transfectants. Four The performance of the P, ML, and P + ML approaches was
localization patterns could be distinguished by combining the mi-  determined by comparing the localization data of the 77 orthology
croscopy pictures with the localization data available in the litera-  groups with their localization predictions. For proteins found in
ture and retention of the most external localization (Figure 4B). multiple localizations by microscopy, predictions were considered
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correct when they corresponded to one of the predicted localiza-
tions for the orthology group (Table S3). The locations of the pro-
teins with an equivocal peripheral localization were refined using
the literature and a malaria database to assign them to the PV or
the PVM (Table S3). Based on this, the predictions obtained using
P, ML, and P+ML were accurate for 53 (69%), 62 (81%), and 66
(86%) orthology groups, respectively. Moreover, incorrectly pre-
dicted orthology groups had mostly no or a low confidence level,
supporting the confidence rating developed here (Figure 3A). While
the reason(s) behind those discrepancies is not clear, it is possible
that the expression of proteins fused to a large fluorescent reporter
using a strong constitutive promoter, EF1-a, could mistarget
PEXEL-positive exported proteins predicted in the VESICLE to
the periphery, as shown for P. yoelii PY17X_1402300 (Table S3,
row 47). Orthology groups such as those including the 60S ribo-
somal protein L7-3 were predicted with a VESICLE pattern
(Table S3, row 73), likely because of their high degree of conserva-
tion with host ribosomal proteins, which increases the number of
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Figure 4. Live-cell fluorescence microscopy
of GFP-tagged proteins

Representative images of P. falciparum-, P. knowlesi-,
and P. yoelii-infected RBCs depicting (A) proteins
from six orthology groups having localization data
obtained from two parasite species and (B) the four
localization patterns (ghost, exported, periphery, or
internal) of the GFP-tagged protein (green), distin-
guished by microscopy imaging. The parasite nucleus
was stained with DAPI (blue).

unique peptides available for identification
and abundance calculation in the HCC.
Hence, the spatial proteome presented in
Table S2 was updated to reflect the localiza-
tion evidence by favoring (1) localization
data obtained by individual validation (this
study and literature data) and (2) P+ML pre-
dictions (Table S2, proteome mapping, col-
umn BD). Furthermore, orthology groups
with experimental data indicating an ambig-
uous peripheral pattern were annotated ac-
cording to the proteomics prediction when
available (either the PV, PVM, or PPM for
those predicted to be intra-parasitic), while
ribosomal proteins were considered intra-
parasitic. The proportion of Plasmodium
proteins found in each subcellular compart-
ment across the five species studied is sum-
marized in Figure 3C.

Validation of the species-specific
protein atlas
The P+ML prediction was able to deter-
mine the spatial location of orthologous
proteins with ~86% accuracy. To evaluate
whether this approach was also accurate
for exported proteins that were unique to
human, simian, or rodent malaria species,
17 proteins predicted to be exported into the spatial proteome
were examined using episomal (P. knowlesi) and endogenous
(P. falciparum and P. yoelii) HA tagging. This included three
P. falciparum-specific (Figure 5A), four P. knowlesi-specific (Fig-
ure 5B), and 10 P. yoelii-specific (Figure 5C; Figure S2) proteins.
Of the P. falciparum proteins, PF3D7_0301400, containing a
PEXEL motif, can be seen to be localized as a punctate pattern
in the host cell. Similarly, the PEXEL-negative PF3D7_0731600
is exported into the host cell, while PF3D7_1401500, predicted
to be located in the periphery, appears to remain internal (Fig-
ure 5A). In line with the P+ML prediction, three of the
P. knowlesi proteins (PKNH_0933200, PKNH_1472200, and
PKNH_1100900) are exported, while PKNH_112470 is associ-
ated with its predicted location at the parasite periphery (Fig-
ure 5B). Of the 10 rodent-specific proteins, PEXEL-positive
PY17X_0701000, PY17X_0701100, and PY17X_1102300 are ex-
ported as predicted (Figure 5C). The remaining seven (PY17X_
1001800, PY17X_0526100, PY17X_1210300, PY17X_0802800,
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PY17X_0839600, PY17X_1321800, and PY17X_0701300) are
effectively exported out of the parasite (Figure S2).

Taken together, the P+ML approach was able to accurately
predict 16 of the 17 proteins analyzed here with an overall accu-
racy greater than 90%, suggesting that this strategy is highly reli-
able in predicting the spatial location of the parasite proteome.

Comparative analysis of Plasmodium proteomes

The resolved spatial proteome across multiple Plasmodium spe-
cies provides new insights into conserved as well as divergent
strategies deployed by these parasites to adapt to diverse hosts.
This includes predictive localization of 1,063 orthology groups
with no functional annotation. We focused on the distribution,
features, essentiality, and conservation of the spatial proteome
across the species and incorporated information in relation to
evolutionary distance, peak of transcription, and protein func-
tion. In line with previous indications, this approach showed an
increasing level of novelty and species differences toward the
host and parasite periphery.

Intra-parasitic compartments (PARASITE and PPM)
Parasite internal compartments include more than 80% of the
spatial proteome (Figure 6A, distribution), displaying the highest
level of conservation, with ~95% being shared across the species
analyzed (Table S2, proteome mapping, column AS), and contain
more than 70% of proteins that are essential or required for parasite
development (Figure 6A, essentiality; Table S2, proteome map-
ping, columns AV-AY). These proteins also display a high phyloge-
netic percentage with an ancestral origin (Figure 6B), indicating a
prevalence of essential functions shared with their metazoan hosts.
PARASITE proteins are more than 70% soluble (Figure 6A, fea-
tures) and are involved in core functions that are transcriptionally
co-regulated to exhibit specific timing of induction (Figures 6A,
expression peak, and 6C) as reported previously.’® PPM proteins
have a similar proportion of signal peptide (SP) and/or transmem-
brane (TM) domain(s), with most of the latter containing 4 or more
TM domains indicative of multimembrane-spanning proteins (Fig-
ure 6A, features). The PPM proteome is preferentially expressed
during the ring-to-trophozoite transition (Figure 6A, expression
peak) and is mostly involved in transport pathways important for
metabolic needs of the subsequent stages (Figure 6C). This in-
cludestransporters such as the (V)-H+-ATPases, which form highly
conserved, large, membrane-bound, multisubunit complex-con-
taining interacting partner proteins without hydrophobic se-
quences involved in the regulation of intracellular pH.*”*€ It also in-
cludes a relatively small number of conserved proteins with
unknown function, of which ~50% are essential.

Despite the high conservation of the PARASITE proteins across
species, ~30 of these proteins are P. falciparum and P. knowlesi
specific, indicating a unique function in primate malaria species
(Table S2, proteome mapping). In addition, the spatial proteome
identified ~640 of the close to 2,900 PARASITE orthology group
members as conserved proteins with no functional annotation,
of which ~60% are essential.
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Peripheral compartments (PV and PVM)

The peripheral compartments contain ~4% of the parasite
proteome (Figure 6A, distribution) and display an increased level
of diversity, with ~70% of the peripheral proteins being conserved
across the species analyzed, most of which are either essential or
required for parasite development (Figure 6A, essentiality). Phylos-
tratographic gene enrichment analysis revealed a prevalence of
genes specific to Plasmodium species, and for species-specific
genes, we observed enrichment only in P. falciparum (Figure 6B;
Table S4, enrichment analysis). This suggests a Plasmodium-
centered accelerated evolution essential for establishment in the
host cell. The PV is enriched in proteins with SP (Figure 6A, fea-
tures), which are mainly expressed during the transition from
schizont to ring (Figure 6A, expression peak). They are mostly
involved in proteolytic cascades regulating parasite egress and
invasion (Figure 6C, GO:0002377), including the serine-repeat an-
tigen (SERA) gene family, involved in egress following subitilisin-like
protease 1 (SUB1) cleavage.®® Unlike SERA, SUB1 is identifiable in
the eukaryotic common ancestor,®>® suggesting an evolutionary
adaptation of these proteolysis pathways.*>“° The PVM, which
forms the main host-parasite interface, is enriched in proteins
with TM domain(s) (Figure 6A, features), that are predominantly ex-
pressed during early ring stages (Figure 6A, expression peak). The
PVM proteome contains proteins involved in protein translocation
(Figure 6C), such as the PTEX complex® and its accessory pro-
teins,*® as well as in nutrient uptake, like EXP2°" and EXP1.52
The PV and PVM contain a significant number of known merozoite
invasion proteins, including MSP7, RAP1, RAP2, and 6-CYS pro-
teins, indicating that merozoite proteins may play a role in PV/
PVM function during the establishment of the parasite immediately
after invasion. In addition, about 25% of the proteins have no an-
notated function, with ~35% of them being essential for parasite
survival. The remaining peripheral subsetincludes mainly non-syn-
tenic proteins unique to a parasite lineage that can be grouped
based on literature annotation or sequence similarities that overlap
with the exported subset (Figure 6D), suggesting that proteins are
transitioning into the HCC, while others may be genuine PVM pro-
teins, such as tryptophan-rich antigens (TRAGs) interacting with
early transcribed membrane proteins (ETRAMPS) in the periph-
ery.®® ETRAMPs form a prominent subtelomeric variant protein
family, with 6, 4, 6, 3, and 9 members found in P. falciparum,
P. knowlesi, P. yoelii, P. berghei, and P. chabaudi, respectively,
that are shared across the genus, specific to rodent malaria, or a
unique species,®” indicating that the ETRAMP family expanded af-
ter speciation to facilitate parasite-specific features. The
ETRAMPs identified here constitute a subset of the family reper-
toire, suggesting their unique role in PVM function.®®

Exported proteins (exportome)

About 10% of the parasite proteome is exported beyond the
PVM and is dominated by lineage- or species-specific protein
families with limited functional annotation. The HCC is enriched
in proteins with SP, VESICLE/CLEFT are enriched in proteins
with TM domain(s), while the GHOST has a similar proportion

Figure 5. Immunofluorescence microscopy of HA-tagged protein

Representative images of (A) P. falciparum, (B) P. knowlesi, and (C) P. yoelii trophozoite/schizont-stage parasites labeled with rat anti-HA (red) and rabbit anti-
EXP2 antibodies (green). The parasite nucleus was stained with Hoechst 33342 (blue). Consensus predicted localization is indicated for each protein. Scale bars,

2 uM.
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drophobic feature(s) (SP and/or TM[s]). Essentiality: the dots indicate the proportion of cognate gene found to be dispensable, required, or essential using genetic
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(RMgmDB). Expression peak: stage of development during which the genes encoding the

proteins found in the P. falciparum atlas display their highest RNA abundance based on the IDC pattern compilated from 4 RNA sequencing databases®’>*
(Table S2, RNA vs. protein, columns C-AM). The stages of intraerythrocytic parasites correspond to nine time point of the IDC found in these datasets with a 5-h
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of proteins with either a SP, a TM domain, or both, indicating
that some of these proteins may be membrane associated (Fig-
ure 6A, features). The exportome is mainly expressed during
the transition from ring to trophozoite (Figure 6A, expression
peak) and is largely dispensable for development (Figure 6A,
essentiality), in line with previous studies in P. falciparum.®® It
also displays the lowest level of conservation, with ~40% of
the exported proteins being shared across the species, of
which ~50% are essential or required for parasite develop-
ment. Of the remaining exportome, ~50% is either species spe-
cific or rodent parasite specific. Most of these conserved para-
site proteins are without functional annotations, in line with
unknown conserved remodeling feature(s). The P. chabaudi ex-
portome appears to be evenly distributed across the three
extracellular compartments, P. yoelii and P. berghei are char-
acterized by an expanded VESICLE/CLEFT subset, while the
P. falciparum and P. knowlesi exportomes are mainly divided
between the GHOST and the VESICLE/CLEFT fractions (Fig-
ure 6A, distribution). Phylostratographic gene enrichment anal-
ysis highlighted an increasing evolutionary protein divergence
toward external compartments that are likely required for
host-specific adaptation (Figure 6B; Table S4, enrichment anal-
ysis). Primate malaria parasite HCC proteins are enriched in
Plasmodium proteins, while those found in the VESICLE/
CLEFT and GHOST are increasingly specific to P. falciparum
or P. knowlesi/Plasmodium vivax lineages (Figure 6B). Rodent
parasite exportomes are mainly shared across rodent Plasmo-
dium. The increasing presence of proteins common to P. yoelii/
P. berghei or specific to a single species in the VESICLE/CLEFT
of rodent parasites supports species-specific radiations of mul-
tigene families in non-P. falciparum parasites, especially in
P. yoelii (Figure 6B).

Despite this species-specific divergence, the analysis here
has identified a subset of conserved exported proteins, including
20 parasite GHOST proteins of which ~25% are essential, 28
HCC proteins of which ~40% are essential, and 38 VESICLE/
CLEFT proteins of which ~20% are essential. The majority of
these conserved proteins have no functional annotations, sug-
gesting an unknown conserved Plasmodium species role in
host cell modifications.

P. falciparum exportome

In this parasite, exported proteins are mainly transcribed
during the transition from ring to trophozoite stage and
involved in multiple functions, such as molecule translocation
(G0O:0042000) and cytoadherence (GO:0020035), protein fam-
ilies of limited size, and a large subset of proteins encoded by
single-copy genes found in the J-dot vesicles, Maurer’s clefts,
and RBC membrane (Figure 6D). These exported proteins are
involved in modulating the physical properties of the RBCs,
exporting molecules to the RBC surface and mediating para-
site cytoadherence and antigenic variation, with the majority
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being largely uncharacterized®® (Table S2, low conservation
exportome).

P. knowlesi exportome

In P. knowlesi, the exportome is enriched in proteins linked to host
cell remodeling features found in human parasites (Figure 6D;
Table S2, low conservation exportome), as supported by the prev-
alence of protein families such as PHIST shared with P. falciparum
and TRAG with P. vivax , suggesting broadly conserved functions.
TRAG is partially localized in the caveola-vesicle complexes
(CVCs) and has been implicated in immune evasion in P. vivax,®’
supporting a similar role in P. knowlesi. While CVCs have been
described on the periphery of P. vivax- and P. cynomolgi-infected
RBCs, evidence of their presence in P. knowlesi is limited,®® and it
is interesting to note that P. knowlesi knob-associated histidine-
rich protein (KAHRP) may be located in the CVC unlike the knob
structures in P. falciparum.®® The P. knowlesi exportome also in-
cludes P. falciparum Maurer’s clefts orthologs likely localized in
the Sinton Mulligan’s structures’®”" proposed to be a transloca-
tion machinery functional analogous for immune evasion proteins
such as the Schizont Infected Cell Agglutination variant
antigens (SICAvar) and PIRs to the RBC surface.”>"* However,
P. knowlesi-exported protein shared with other human parasites
may also have species-specific functions, as for the PHIST protein
PKNH_0117900, whose syntenic orthologs were identified in
P. falciparum mobile J-dots®® and P. vivax CVCs."® Finally, the ex-
istence of species-specific remodeling features is further sup-
ported by the existence of a large subset of non-syntenic proteins
of unknown function unique to P. knowlesi.

Rodent parasite exportomes

The rodent parasite exportomes are characterized by the broad
expansion of distinct variant protein families. The spatial proteome
provides a more detailed characterization of these protein fam-
ilies. The P. yoelii and P. berghei exportomes are mainly associ-
ated with an expanded repertoire of PIRs and confirms previous
studies indicating that they are located in the vesicles and, to
some extent, the HCC but not the RBC membrane,'®'*'® unlike
in P. vivax, where some PIRs are expressed on the RBC sur-
face.”®’” The P. chabaudi exportome is characterized by a prev-
alence of PYST/fam proteins, and our data show them to be
located in multiple compartments, including the RBC mem-
brane.’®'> Some PYST/fam proteins might be involved in lipid
metabolism, similarly to the P. falciparum START-domain-con-
taining protein,”® along with exported lysophospholipases spe-
cific to non-P. falciparum'® that are expanded in P. chabaudi.
The spatial proteome provides information about the location of
a significant number of distinct members of each gene family
that will aid in fully understanding their function. Finally, the expor-
tomes include proteins of unknown function conserved in all or a
subset of rodent parasites that, like SMAC and MAHRP1b, could
contribute to functions like the CD36-mediated sequestration of

schizont-infected RBCs described in P. berghei.”®"®

(C) Function of 2,707 proteins included in the P. falciparum protein atlas, predicted using the Metascape analysis resource. The clustered heatmaps generated
using Metascape depict the top enriched functions/pathways shared between or selectively ascribed to the proteins induced at a development time of the IDC.

The color scale denotes the statistical significance.

(D) Composition of the non-syntenic proteins included in the peripheral and exported proteome following their annotations in PlasmoDB. Only protein groups with
more than three occurrences in the exportome are depicted. The unknown/low occurrence group includes proteins encoded by single-copy genes, with most of

them having an unknown function.
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Figure 7. Protein and RNA correlation across subcellular localization

(A) Distribution of RNA expression in abundance percentiles for atlas and undetected proteins.

(B) (i) Pathway enrichment analysis of atlas and undetected protein subsets. (i) RNA and protein abundance peak patterns of proteins undetected in the atlas. The
RNA abundance patterns of 269 undetected proteins highlighted by pathway enrichment analysis were compilated from RNA sequencing datasets available in

(legend continued on next page)
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Differences in transcriptional regulation of the spatial
proteome

Plasmodium species utilize a range of different mechanisms to
regulate overall gene expression, including epigenetic regulation
of multigene family member expression,®® tRNA modifications
driving codon-biased gene expression,®’ and N6-methyladeno-
sine (M®A) modifications impacting transcript stability and trans-
lation rates.®? To evaluate whether there are differences in the
way the expression of the spatial proteome is regulated, we eval-
uated the correlation between mRNA levels and peak transcrip-
tion with overall protein abundance and localization.

A clear relationship between the overall RNA abundance and
protein detection can be observed, with undetected proteins
mainly associated with transcripts with an expression value
below the 20th percentile of the overall transcriptomics data (Fig-
ure 7A). However, a significant number of proteins (>20th
percentile) were still not detected, even at higher RNA abun-
dance (Figure 7A), because of degradation, transcriptional or
post-transcriptional regulation, and/or limitations of MS. Some
of those proteins (n = 95) were found in the iTRAQ intraerythro-
cytic developmental cycle (IDC) proteome®’ and have their high-
est abundance during the early stage (Figure 7Bii, protein), indi-
cating that proteins undetected at the trophozoite-schizont
stage may have an earlier role. The undetected subset is mainly
encoded by transcripts with a peak abundance at the schizont
stage (Figure 7Bii, mRNA) and enriched in apicoplast
(GO:0009536) and mitochondrion (GO:0005739) proteins (Fig-
ure 7Bi) involved in metabolic pathways not essential for blood
stage development, such as fatty acid (GO:0006633), heme
biosynthesis (ko00860), or lipoic acid metabolism (ko00785)
(Figure 7Biv).2*®° The spatial proteome includes only 111 of
315 apicoplast®® and 105 of 280 mitochondrial®” proteins previ-
ously predicted in other studies compared with 718 of ~760 for
core nuclear proteins®® (Figure 7Biii). Collectively, it indicates
that the delay between RNA and protein peaks because of reg-
ulatory effects on transcription, mRNA stability, and/or transla-
tion as well as the protein function and essentiality contributed
to the missing spatial proteome.

Most proteins detected in the spatial proteome are encoded
by transcripts above the 20th percentile of the overall transcrip-
tomics data (n = 2,571), with RNA peaks during ring-trophozoite
transition (Figure 7Cl, mRNA). These proteins are increasingly
abundant during the schizont stage, according to the cyclic
abundance profiles of 1,164 internal proteins obtained from the
iTRAQ IDC data®'~>* (Figure 7Cl, protein). To investigate whether
the dynamic between RNA and protein accumulation differs de-
pending on final protein location, we calculated the Spearman
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rank correlation between the IDC transcriptomes and the pro-
teomes found in each subcellular localization following their
abundance percentiles (Figure 7Cii). Internal proteins showed
the best correlation with their corresponding transcript profile;
however, the moderately high Spearman correlation suggests
a role of other regulatory mechanisms, like rates of translation
and protein degradation.®’ In contrast, peripheral proteins dis-
played the highest correlation with the late schizont transcrip-
tome, while exported proteins correlated best with early tropho-
zoite transcriptomes. The observation that peripheral proteins
are enriched in merozoite proteins suggests that, during mero-
zoite invasion, many of the peripheral proteins are directly deliv-
ered to their eventual location, with ring-stage transcription and
translation playing a minor role. Conversely, exported proteins
are only transcribed and translated after invasion and establish-
ment of the peripheral export machinery.

To explore the role of post-transcriptional regulation on the
spatial proteome, we compared the abundance percentile rank-
ings of each protein with its corresponding RNA to identify incon-
gruence by at least the 20th percentile and analyzed the variation
of RNA levels across IDC of those discrepancies (Figures 7Ciii
and 7Civ). Intra-parasitic compartments displayed the highest
proportion, with an increased RNA-to-protein abundance level,
characterized by a high level of transcript and a reduced level
of protein (p < 0.05) (Figures 7Ciii and 7Civ). This incongruence
displayed a reduced transcript level variability, which contrib-
uted to the decreased mean coefficient of variation computed
for RNA encoding intra-parasitic proteins (Figure 7Cv), support-
ing the existence of translational repression and/or rapid protein
degradation. Conversely, peripheral and exported subsets were
enriched in proteins with a decreased RNA-to-protein abun-
dance level that are associated with a low RNA level, an
increased protein level (p < 0.05) (Figures 7Ciii and 7Civ), and a
broader transcript level variability (Figure 7Cv), suggesting the
presence of increased translational activity and/or rapid RNA
degradation. Pathway enrichment analysis showed that proteins
with decreased RNA-to-protein abundance levels are involved in
nucleic acid metabolism, such as spliceosome (ko03040) and
helicase (G0O:0004386) activities, while those with an increased
RNA-to-protein abundance level broadly fall into three groups
related to virulence and survival in the host: parasite egress
mediated by SERA and SUB3 proteases (GO:0048583), host
cell invasion and nutrient acquisition (GO:0044409) involving
Rhoph/CLAG proteins, and fatty acid scavenging (M0086) medi-
ated by acyl-coenzyme A (CoA) synthetases targeted to the RBC
membrane, such as the ACS8 characterized in the study (Fig-
ure 7vii). Finally, post-transcriptional m®A modification of

PlasmodB. Of these 269 proteins, 95 were identified by IDC iTRAQ-based quantitative proteomics, including six time points across the IDC.?" (i) distribution of
atlas and undetected proteins in published apicoplast,®® mitochondrial,’” and nuclear®® proteomes. (iv) pathway enrichment analysis of the apicoplast and

mitochondrial proteins included in the atlas and undetected subsets.

(C) (i) RNA and protein abundance peak patterns of atlas proteins compilated from published RNA sequencing or IDC iTRAQ-based quantitative proteomics.

81,51-54

(i) Spearman rank correlation between mRNA level and protein localization at various parasite developmental stages. (jii) proportion of proteins with concordant,
increased, or decreased RNA levels across subcellular fractions. (iv) RNA (top) and protein (bottom) abundance percentiles of the proteins with concordant,
increased, or decreased RNA levels across subcellular fractions. The horizontal bar indicates the median percentile, and an asterisk indicates a significant difference
(“p < 0.05). (v) RNA-level dynamic of the proteins with concordant, increased, or decreased RNA levels across subcellular fractions. (vi) proportion of proteins with
concordant, increased, or decreased RNA levels with m®A-methylated RNA. (vii) pathway enrichment analysis of proteins with concordant, increased, or decreased

RNA levels.
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mRNA plays a role in decreased mRNA stability and translational
efficiency.®® Here, the investigation of m®A levels in the genes
encoding for different components of the spatial proteome re-
vealed an increased level of m®A in transcripts with an increased
RNA-to-protein abundance ratio (Figure 7vi). Strikingly, the in-
crease in m®A in transcripts encoding for peripheral proteins
suggests that these genes are particularly subjected to epi-tran-
scriptomic regulation.

Altogether, the discordance in RNA and protein enrichment
supports the existence of various post-transcriptional regulation
patterns controlling the level of proteins involved in functions
essential for parasite virulence and survival. This could provide
a rapid translational response to environmental changes despite
a higher energy cost.”’

DISCUSSION

Many of the proteins identified in the genomes of the Plasmo-
dium species have no or limited functional annotations. To
address this significant gap in our understanding, we deter-
mined the spatial cellular location of the asexual blood-stage
proteins across multiple species in an unbiased manner. This
study reports a comparative spatial atlas of five Plasmodium
proteomes, identifying and quantifying 12,392 malaria proteins
representing 4,350 orthology groups. The combination of sub-
cellular fractionation together with quantitative multiplex LC-
MS/MS provided an extensive dataset that served as a starting
point for two unbiased computational approaches. The in silico
approaches were trained with a pan-species set of 3,709 mol-
ecules (~30% of the experimental proteome) with localization
data inferred from the literature and protein features to predict
the localization of the remaining 8,683 proteins (~70% of the
experimental proteome). The experimental validation, consist-
ing of 93 orthology groups across three parasite species, sup-
ported the overall consensus localization prediction strategy
deployed here. Based on this, the predictive subcellular locali-
zation of 1,124 single-copy orthology groups with no functional
annotation is provided with an overall accuracy of 86%. Addi-
tionally, 80 previously unassigned single-copy gene orthology
groups with limited functional annotation were identified in
this study to be potentially exported beyond the parasite
PPM, using consensus localization prediction. This new infor-
mation provides a powerful discovery tool for future studies
of their possible roles in parasite biology.

The spatial data also provide new information about Plasmo-
dium species-specific differences that indicate host-specific
adaptation, particularly of exported proteins. This confirms pre-
vious studies indicating a relatively high conservation of the intra-
parasitic proteomes, which make up more than 80% of the pro-
teome. These fractions also contain the highest proportion of
essential or required proteins for parasite development and
have the highest level of conservation with eukaryotic ancestor
proteins, in line with the many core molecular activities they
represent. The abundance of multi-TM-containing proteins
found in the PPM highlights its role in cellular homeostasis. How-
ever, the presence of numerous intra-parasitic proteins unique to
malaria parasites (~1,300 of 2,800 in P. falciparum according to
orthoMCL DB) highlights the importance of parasite-specific
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core activities, like pyrimidine metabolism. The dataset gener-
ated here provides a starting point for characterizing these pro-
teins for further functional studies.

Proteins located in the peripheral compartment represent
about 4% of the total proteome and show a species-specific
divergence, with ~70% of the proteins identified being
conserved across all five species. This suggests host-specific
selection pressure encountered by the parasite. Moreover,
many of the proteins in this location are unique to Plasmodium,
in line with the unique role this compartment plays in the biology
of the parasite. A surprising finding is the relative abundance of
merozoite proteins previously linked to invasion in this
compartment, suggesting a role in establishing a viable PV/
PVM. It also indicates that many of the early post-invasion func-
tions required by the parasite are not provided by the ring-stage
parasite but by the invading merozoite and are supplemented
subsequently by additional expression in the developing para-
site. Moreover, it is possible that some of these proteins have a
dual role in terms of merozoite invasion as well as establish-
ment of the parasite in the host cell, as seen in the case of
RhopH3.°"

The parasite proteins exported beyond the PVM represent the
evolutionarily most divergent part of the parasite genome,
including a wider variety of species-specific genes. Many of
the exported proteins are members of multigene families not
essential for blood-stage development. Comparison of the ex-
ported proteome across species shows a striking divergence
with an increased repertoire of proteins associated with lipid
metabolism in rodent parasite that is further expanded in
P. chabaudi, supporting the theory that each parasite species
encounters unique host-dependent selection pressure that
needs to be overcome. This also suggest that the functions
mediated by these exported proteins are of particular relevance
for zoonotic jumps, as seen in the case of P. knowlesi.

The data here also identified many essential parasite ortholog
groups with no functional annotation that are predicted to be
localized in the internal parasite and that are likely involved in
critical parasite-specific metabolic or developmental activities.
These proteins not only represent attractive parasite-specific
drug targets but also open a doorway to gaining a better under-
standing of the complex parasite biology. While the total num-
ber of parasite orthologs that are exported is significantly lower,
the fact that many of them are essential for parasite biology
identifies these as potential critical regulators of host cell re-
modeling that is conserved across Plasmodium species. Their
relatively small number now unlocks an opportunity to identify
a pan-parasite Achilles’ heel that can be exploited for new ther-
apeutic interventions.

Post-transcriptional regulation of expression is known to play
an important role in Plasmodium biology, and our data indicate
that some compartments of the spatial proteome are under
different levels of post-transcriptional regulation. Specifically,
the peripheral proteome appears to be regulated by an increase
in m®A modification of its MRNA, suggesting an important role of
this epi-transcriptomic regulator in parasite biology.

Taken together, the comprehensive and validated spatial pro-
teome provides a powerful resource for improving our under-
standing of the unique parasite-specific biology. Specifically, it
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helps facilitate the establishment of conserved as well as diver-
gent features across the parasite species, which will be an
important starting point for informing future studies. At the
same time, the data also provide insights into unique parasite
targets that could be explored for future therapy development.

Limitations of the study

Although significant efforts have been made to ensure that the
subcellular fractionation protocol avoided spillover effects from
other fractions, it cannot be totally excluded, which could impact
the final localization assignment for some proteins. In addition,
the training set containing known locations of parasite proteins
is potentially biased toward proteins with eukaryotic orthologs
of known function, which could lead to a bias in the overall anal-
ysis. It is also important to note that, for some proteins, the final
localization was not possible to assign or is different across para-
site species. To resolve these discrepancies, it will be necessary
to experimentally validate the location of some of these in the
future.
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Deposited data
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RESOURCE AVAILABILITY

Lead contact

Further information and requests should be directed to the Lead Contact, Peter R. Preiser (prpreiser@ntu.edu.sg).

Materials availability

Request for plasmids, antibodies or resources used/generated in this study should be directed to the Lead Contact, Peter R. Preiser

(prpreiser@ntu.edu.sg).

Data and code availability

The mass spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the PRIDE partner repository
with the dataset identifier PXD031796. This paper does not report original code. Any additional information required to reanalyze the
data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Human samples

Human whole blood was donated by healthy male adult volunteers with no previous malaria history either at the National University
Hospital, Singapore or Fullerton Healthcare Clinic, Nanyang Technological University. Donors were required to be between the age of
18-65 years old. Informed consents were obtained from all donors in accordance with the protocol approved by the Institutional Re-
view Board of Nanyang Technological University, Singapore (IRB-2018-02-031, IRB-2019-09-047). Ancestry, race, ethnicity, and so-
cioeconomic status were not taken into consideration for this study.
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Cultivation of P. falciparum 3D7 and P. knowlesi A1-H.1

P. falciparum'°" were cultured in human red blood cells donated within 30 days prior to usage with RPMI1640 media supplemented
with 10 mg/L gentamicin, 2 g/L sodium bicarbonate, 0.25% Albumax II, and 0.1mM hypoxanthine.'®® Cultures were synchronized
using 5% D-sorbitol'*® (Sigma) or by 68% Percoll'® (MP biochemicals) purification. P. knowlesi®” were cultured in blood donated
within 14 days prior to usage with RPMI1640 media supplemented with 10 mg/L gentamicin, 2 g/L sodium bicarbonate, 4 g/L
dextrose, 0.5% Albumax Il, 25mM HEPES, 0.1mM hypoxanthine, 2uM L-glutamine and 10% horse serum. Cultures were synchro-
nized using 140 mM guanidine hydrochloride'® (Sigma) or by 55% Histodenz®? (Sigma) purification. All cultures were maintained at
37°C under microaerophilic conditions and synchronization of the parasites were verified by stage morphology of the parasites using
Giemsa-stained thin blood smears.

Animal samples

All animal work was carried out in strict accordance with the recommendations of the NACLAR (National Advisory Committee for
Laboratory Animal Research) guidelines under the Animal & Birds (Care and Use of Animals for Scientific Purposes) Rules of
Singapore. The protocol was approved by the Institutional Animal Care and Use Committee (IACUC) of Nanyang Technological Uni-
versity, Singapore (ARF SBS/NIE-A-0223, ARF SBS/NIE-A-0379). All efforts were made to minimize suffering.

Cultivation of P. yoelii yoelii 17X 1.1, P. berghei ANKA and P. Chabaudi chabaudi AS

BALB/cAnNTac male mice of 5-6 weeks old (Invivos) were infected with cryopreserved parasite stabilates by intraperitoneal injection
and used as parasite donor at 15-60% parasitemia. Infected RBCs was collected through cardiac puncture with syringe containing
2 mg/ml heparin (Sigma) solution. Infected RBC pellets were passed through a 50%-60% Histodenz gradient to isolate trophozoite/
schizonts stage parasite.'°® Synchronization of the parasites were verified by stage morphology of the parasites using Giemsa-
stained thin blood smears.

METHOD DETAILS

Fractionation of the parasite samples
Highly purified samples of late trophozoite/early schizont parasites obtained by Percoll (P. falciparum) or Histodenz (P. knowlesi,
P. yoelii, P. berghei and P. chabaudi) gradient were verified using Giemsa-stained thin blood smears to ensure that they were all stage
matched. The parasites samples were fractionated by sequential lysis using streptolysin O (SLO) and saponin followed by differential
centrifugation in the presence of protease inhibitor (Thermo Scientific).'*>*" Briefly, 100-200uL of infected RBC pellet was first treated
with ~10U/ul of SLO (Abcam) for 2—4 min at room temperature to permeabilize the RBC membrane without affecting the PVM and
centrifugated at 800 g to separate the parasite within the PVM (pellet) from the RBC cytoplasm and RBC membrane (supernatant).
Following three washes using incomplete RPMI, the pellet was then treated with 0.05% of saponin (Sigma) for ~2 min at room tem-
perature and centrifuged to separate the PV/PVM component (supernatant) from the intraerythrocytic parasite (pellet). Following
three washes using incomplete RPMI, the pellet fraction that contains the internal parasite was dissolved in Laemmli sample buffer
(Sigma). SLO and saponin supernatants were clarified by centrifugation at 20,000 g for 40 min to isolate the RBC membrane (GHOST)
or the PVM (PVM1), respectively. Both RBC membrane and PVM1 pellets were washed 4 times by resuspension in incomplete RPMI
and centrifuged at 20,000 g for 40 min. Following the first centrifugation at 20,000 g, the resulting SLO and Saponin supernatants
were ultracentrifuged at 300,000 g for 60 min to separate the specialized structure (VESICLES/CLEFT’s) from the soluble content
of the HCC (HCC) and the PVM content that was not isolated by the first centrifugation (PVM2) from the PV content (PV). In total, seven
fractions were produced and dissolved in equivalent amount of Laemmli sample buffer: GHOST, VESICLES/CLEFTS, HCC, PVMA1,
PVM2, PV and PARASITE. For each parasite sample fractionated, equivalents to 3uL of infected RBC pellet were analyzed by West-
ern blot as described below. Out of >50 samples fractionated across the five Plasmodium species studied, 3 P falciparum, 3 P know!-
esi, 2 P yoelii, 2 P berghei, and 2 P chabaudi (n = 12) displaying Western blot patterns similar to those shown in the Figure 1B, with no
or minimal cross contamination between subcellular fractions, were retained for LC-MS/MS analysis.

Inherent to all sub-cellular fractionations, a small amount of cross-contaminant was observed across the fractions likely due to
over/under lysis of the infected RBC membranes or insufficient enrichment during the differential centrifugation. However, such
cross-contaminating effect was reduced by the subsequent analysis of the subcellular fraction using quantitative LC-MS/MS.

Western blot analysis of parasite preparations after subcellular fractionation

Fluorescent Western blot was performed on subcellular fractions of infected RBCs lysed with SLO and saponin using Licor Near-
Infrared Western Blot Detection protocol (https://www.licor.com/bio/support/). The membrane proteins were probed using anti-hu-
man Band 3 (P. falciparum and P. knowlesi) (Abcam), anti-mouse RHAG (P. yoelii, P. berghei and P. chabaudi) (Abcam), anti-aldolase
(Genscript) raised against the peptide ADESTQTIKKRFDN and anti-EXP2 (Genscript) recognizing the peptide KNIESGKYEFDVD. All
the proteins were revealed using DyLight 488, Alexa Fluor 594 or Alexa Fluor 647 secondary antibodies (Invitrogen), coupled to a GE
typhoon trio scanner.
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Proteome extraction, purification, and preparation

To map the Plasmodium proteome, proteins included in the subcellular samples derived from three (P. falciparum and P. knowlesi)
and two (P. yoelii, P. berghei and P. chabaudl) biological replicates were dissolved in TEAB lysis buffer (2% SDS in 100mM triethy-
lammonium bicarbonate) supplemented with protease inhibitor except the PARASITE pellets which were dissolved using
ProteoExtract Complete Mammalian Proteome Extraction Kit (Millipore) following manufacturer instruction at 4°C. The homogenates
were centrifuged for 10 min at 10,000 g to collect the supernatant. As the sub-proteomes contain detergents, <200ug of proteins from
each fraction as determined by Micro BCA Protein Assay (Thermo Scientific) were separated on 12% SDS-PAGE at 50V and visu-
alized by staining with imperial protein stain (Thermo Scientific). Each lane of the SDS gel was cut into 1 mm? cubes. The gel cubes
were distained with three cycles of alternation of 0.25M TEAB with or without 50% (v/v) acetonitrile (Thermo Scientific) prior to gel
shrinking following addition of 100% acetonitrile and air drying. The protein contained in the gel pieces were reduced with 10mM
dithiothreitol (Sigma) in 25mM TEAB for 30 min at 60°C and alkylated with 55mM iodoacetamide (Sigma) in 25mM TEAB for
30 min at room temperature, followed by digestion at 37°C with sequencing-grade modified trypsin (Promega) at 1:50 trypsin to pro-
tein w/w ratio overnight. The peptides were extracted using 50% acetonitrile with 5% acetic acid buffer (Merck) three times with vor-
texing. The extracted peptides were pooled, dried and concentrated by spin vacuum concentrator (Eppendorf). The tryptic peptides
were re-dissolved in 100mM TEAB for labeling with TMT 10-plex isobaric tags (Thermo Scientific) according to manufacturer’s pro-
tocol. As there are seven subcellular proteomes (GHOST, VESICLE, HCC, PVM1, PVM2, PV and PARASITE) for TMT-10plex, 3 sub-
proteomes (GHOST, VESICLE, HCC) were labeled with two different TMT tags determined by drawing lots and served as internal
technical replicates for a total of ten tags used. The ten labeled peptide samples were pooled, subsequently desalted using a
C-18 Sep-pack 200 mg cartridge (Waters), and the eluates were dried using vacuum concentrator.

High-pressure liquid chromatography fractionation

Each set of TMT labeled sample was subjected to HPLC fractionation as previously described.'®” Briefly, dried peptides were recon-
stituted in 200uL of mobile phase A (10 mmol/L ammonium hydroxide in water) and fractionated using a Xbridge BEH130 C18 column
(8.5um 4.6 x 250mm; Waters) on a Shimadzu Prominence UFLC system (Shimadzu) with UV monitoring of peptide intensities at
280nm. Peptide separation was performed at 1 mL/min using a 60-min gradient as follows: 0-5% B (0 mmol/L ammonium hydroxide
in ACN) for 3 min, 5-35% B for 40 min, 35-70% B for 12 min and 70-100% for 5 min. Fractions were collected at 1 min intervals and
combined by concatenation. Concatenated fractions were then completely dried in the vacuum concentrator.

LC-MS/MS analysis of TMT labeled proteins

Dried sample fractions were carefully reconstituted in mobile phase A (3% ACN, 0.1% FA) before their analysis by LC-MS/MS using a
Dionex Ultimate 3000 RSLCnano system (Thermo Scientific) coupled with a Q-Exactive tandem mass spectrometer (Thermo Scien-
tific). Spray was generated using an EASY-Spray ion source (Thermo Scientific) working at 1.5 kV. Peptide separation was performed
using a PepMap C18 column (Thermo Scientific) maintained at 35°C. Separation of peptides was performed over a 60 min gradient
with mobile phase A (0.1% FA in water) and mobile phase B (0.1% FA in 100% ACN) as follows: 3—30% B for 45 min, 30—50% B for
9 min, 50—80% B for 1 min, 80% B for 2 min, and finally maintained isocratic at 3% B for 3 min. Q-Exactive data acquisition was
performed in positive ion mode using Xcalibur 3.0.63 software (Thermo Scientific) alternating Full Fourier transform MS (FT-MS;
350-1,600 m/z range, resolution of 70,000 at m/z 200, 1 uscan per spectrum) and FT-MS/MS (resolution 35,000) for the 10 most
intense ions with charge >+2 and isolated within a 2 Da window. Fragmentation of ions was performed by high energy collisional
dissociation fragmentation mode using 28% normalized collision energy. A threshold of 500 counts was enabled. For full FT-MS
and FT-MS/MS, automatic gain control was set to 5x10° and 2x 105, respectively.

Mass Spectrometric data analysis

The acquired data was processed using Proteome Discoverer version 1.4 software (Thermo Scientific). The raw files were directly
imported into PD1.4 and further processed using designed workflow. Briefly, this workflow includes eight processing nodes
numbered from 0 to 8. Node 0 named “spectrum file” allows selecting raw files, node 1 labeled as “spectrum selector” extracts
the spectra within a retention time window and precursor ion mass window. Node 2 is an MS2-Spectrum Processor for deisotoping
and deconvoluting isotopic cluster in MS/MS spectra. Node 3 connect to Mascot search engine, while node 5 (Sequest HT) select
search engine SEQUEST. In both search engines, the search parameters set were enzyme: trypsin; maximum miss cleavage: 2; min-
imum peptide length: 6, maximum peptide length: 144; precursor mass tolerance: 10 ppm, fragment mass tolerance: 0.02 Da; static/
fixed modification: carbamydomethylation (C) and TMT 10plex tag (K, peptide N-terminal); dynamic/variables modification: oxidation
(M), and deamidation (N, Q). For each malaria specie, a database including 1) the ~20000 human proteins included in the Homo sa-
piens reference proteome (UP000005640) or the ~22000 mouse proteins obtained from the Mus musculus reference proteome
(UP000000589) (https://www.ebi.ac.uk/reference_proteomes), 2) the cognate Plasmodium proteomes from PlasmoDB release 34
(https://plasmodb.org/plasmo/app/downloads/release-34) and 3) 2 sets of 245 and 116 common contaminant proteins (http://
www.coxdocs.org/doku.php?id= maxquant:start_downloads.html and https://thegpm.org/crap/index.html, respectively) was
constituted and used for the searches. Node 4 called “Fixed Value PSM Validator” or “Targeted Decoy PSM Validator” where target
FDR (strict) was set as 0.01, target FDR (relaxed) was set as 0.05. Node 6 named reporter ions quantifier, where the parameter set
were Quantification method: TMT 10plex, peak integration tolerance: 10 ppm, integration method: most confident centroid, mass
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analyzer: FTMS, MS order: MS2, activation type: HCD, minimum collision energy; 0 and maximum collision energy: 100. Node 7 is the
Event Detector with Mass precision of 2ppm; Node 8 called Precursor lons Area Detector for label-free quantitation of the identified
proteins. The obtained peptide/protein list was exported to Microsoft Excel or processed using an in-house script for further analysis.

Generation of training dataset

Training sets were generated by searching among the proteins detected in the proteomic approach, those with localization informa-
tion in literature (Table S1 training sets). Only proteins with localization data obtained by immunolabelling or protein tagging ap-
proaches using non-invasive asexual blood stage parasites were included. The proteins were sorted according to their most external
localization: RBC membrane (GHOST), the host-cell-cytoplasm specialized structure (VESICLE), the host-cell-cytoplasm soluble
protein (HCC), the parasitophorous vacuole membrane (PVM), the parasitophorous vacuole (PV) and the internal parasite
(PARASITE) (Table S1 training sets). Of note, the additional CLEFT’s subset includes proteins characterized in the P. falciparum
Maurer’s clefts and in its lesser studied counterparts P. knowlesi Sinton and Mulligan’s stippling'® and P. berghei Maurer’s
clefts-like structure.'®® These proteins are mostly enriched in the GHOST and to some extent in the VESICLE fractions as Maurer’s
clefts are known to be mobile in the host cytosol and then anchored to the RBC membrane via tethers throughout the blood stage
development.’'®""" Similarly, proteins previously annotated as localized at the periphery based on fluorescence microscopy obser-
vations were considered as enriched in the PVM, the PV or the PARASITE fractions as such technique cannot differentiate the PYM
and PV compartments from the PPM included in the PARASITE fraction. Reflecting the low number of remodeling proteins currently
known, the training sets were imbalanced with a predominance of intra-parasitic protein which could lead to a suboptimal refinement
(Figure 2B, columns “n”). To improve the refinement outcome, the training sets were further enriched by inclusion of a) multigene
families previously characterized in the periphery and/or the host cell, b) malaria molecules annotated as “exported” or “trypto-
phan-rich protein” in the malaria databases as well as c) host proteins localized in the RBC membrane (Table S1 training sets).

Prediction of the malaria protein localization

In the first prediction strategy, an “iterative Permutation” (P) algorithm was used to derive for each proteomic dataset, the normal-
ization factors providing the highest level of correlation with the cognate training set (Figure 2A, right). Following normalization, the
localization of the remaining proteome was then assigned based on their relative abundance patterns since plasmodial molecules
found preferentially in one fraction compared to the other fractions are likely associated to this fraction.'® The iterative algorithm
used to derive the optimal values was built using Microsoft Excel. For each proteomic dataset, the normalization values were first
set to 1 in each fraction and a calculation is made to determine the percentage of correlation with cognate training sets, with internal
parasite and remodeling proteins expected to have their peaks of relative abundance in the intra-parasitic or extra-parasitic compart-
ment(s), respectively (Table S1 iterative Permutation). For each subcellular fraction, this calculation is repeated over 1200 permuta-
tion of the normalization factors used, by adding 0.001 at each permutation (i.e., +0.01, +0.02 + 0.03 etc. ...). One thousand two hun-
dred other permutations were also calculated by subtracting 0.01 at each permutation (i.e., —0.01, —0.02 -0.03 etc. ...). The
normalization values were further refined in a second round of iterative permutation by adding or subtracting 0.001 to the normali-
zation factors identified following the first round. Except for the PARASITE faction which normalization factor was set to 1, the normal-
ization factors applied to the remaining subcellular fraction were refined using the iterative algorithm. For each proteomic dataset, the
combination of normalization factor providing the highest level of correlation with the cognate training sets was retained (Table S1
iterative permutation). The proteomic datasets refined with the optimal normalization factor were then mapped by differential analysis
of the relative abundance of the proteins across the subcellular fractions and identification of the compartment that contains most of
the proteins.

The second prediction strategy use a parallel ensemble “Machine Learning” (ML) approach that combine the outputs obtained from
several supervised machine learning classifiers to achieve better predictive performances (Table S1 machine learing; Figure 2A, left).
The proteomics data (Table S1) was analyzed in Python with scikit-learn.®®> Subcellular localizations from literature (Table S1 training
sets) were used in a supervised learning procedure to predict whether a given protein is found in a compartment. The training sets
use '1"and’0’ to indicate presence and absence, respectively, of a protein in a compartment. Overall, five classifiers were used including
1) Support Vector Machine (SVM), 2) k-Nearest Neighbors (kNN), 3) Multi-layer Perceptron (MLP), 4) random forest (RF) and 5) Decision
Trees (DT). These classifiers were trained with the cognate localization datasets to determine the optimal parameters required to con-
nect in each subcellular fraction, the relative abundances of the proteins included in the trainings sets to the experimental evidence of
their presences. Training sets were split into training (80% of data) and test (20%) datasets with scikit-learn train_test_split function, to
ensure that the percentage of positive (1) and negative (0) localizations of proteins to a given compartment are similar between the train
and test datasets. The optimal parameters determined using an exhaustive 5-fold cross-validated grid-search over a parameter grid
were as follow: SVM ('svm__kernel’: ['linear’, 'poly’, 'rbf’, ’sigmoid’], ’svm__gamma’: [1e-5,1e-4,1e-3,1e-2,1e-1,’auto’],’svm__C’: [1,
10, 100, 1000]), kNN ({’knn__n_neighbors’: list(range(2,21,2)), ’knn__weights’: ["'uniform’, *distance’], "knn__leaf_size": [3,10,30,60]}),
DC ({’dcc__max_depth’: listrange(10, 251,5))+[None], "dcc__min_samples_split": range(2, 10)}), MLP ({'mip__solver’: ['Ibfgs’, 'sgd’,
’adam’], ’mlp__activation’: ['identity’, ’logistic’, ’'tanh’, ’relu’], "mip__alpha": [1e-5,1e-4,1e-3,1e-2,1e-1], "mlp__hidden_layer_-
sizes":(500, 50)}) and RF({’rfc__max_depth’: list(range(5, 50,10))+[Nonel,"rfc__n_estimators": [2,5,10,20,50], "rfc__min_samples_split":
range(2, 10)}). The likelihood of presence of the protein in a specific compartment was predicted by each classifier as a confidence score
ranging from 0 (no evidence) to 1 (high confidence) (Table S1 machine learning). The five classifiers were running in parallel, and their
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outputs combined to calculate for each protein a mean confidence score in each subcellular fraction. The patterns formed by the mean
confidence scores were then analyzed. The remodeling proteins with confidence score(s) in the remodeling fractions superior to this in
the PARASITE fraction are predicted based to the compartment that contains the highest confidence score (Figure 2A, right red). The
remaining proteins are either remodeling proteins that are concomitantly present in the internal parasite or true intra-parasitic protein. To
distinguish them, we defined for each dataset, a relative background threshold imposed according to the confidence score in the intra-
parasitic fraction for which the >90% of the known internal parasite proteins are correctly predicted (i.e., with a confidence score in the
remodeling fractions inferior to the threshold). This allowed us to distinguish the remodeling proteins characterized by confidence
score(s) superior to the threshold in the extra-parasitic compartments (Figure 2A, right green) from the internal proteins (Figure 2A, right
blue). Finally, the proteomic datasets were mapped by differential analysis of the confidence score patterns versus the relative thresh-
olds defined for each Plasmodium species.

Derivation of a consensus localization
To identify consensus localizations for each orthology group constituted using PlasmoDB (https://plasmodb.org/) and an iterative
three-steps process was used. (Figure 3A)

i) Identification of consensus localizations using the main localization prediction (Figure 3Ai). The orthology groups with a subcel-
lular localization shared by > 50% of the predictions were annotated with this specific localization. Furthermore, an estimation of
the prediction confidence was also provided with confidence levels ranging from “low”, “medium” and “high” for localizations
shared by >50% and <75%, >75% and <100% and 100% of the prediction, respectively.

i) Addition of secondary localization (Figure 3Aii). While P and ML approaches were designed to predict the most probable local-
ization, malaria protein may have multiple localizations. In addition, the whole approach may be subjected to experimental/
technical/predictive variations that might affect the outcome when the predictions are within the same range of relative abun-
dance or confidence score. Thus, secondary localizations, if available, may contribute to refining the prediction. For P
approach, it consists of the subcellular compartment with the second highest abundance while for ML approach, we consid-
ered the second compartment with the highest confidence scores > the background threshold. To maximize accuracy, only
secondary localizations considered as within a similar range of the main localization were used to refine prediction. This range
was arbitrarily defined at 20% of the main localization relative abundances or confidence scores (Table S1 iterative permutation
and machine learning; Table S2 proteome mapping). Following inclusion of secondary localizations, the unannotated orthology
groups were reanalyzed to search for a predominant localization. These predictions were considered as having a “low” con-
fidence level.

iii) ldentification of Cleft’s proteins (Figure 3Aiii). Cleft’s proteins are concurrently enriched in the GHOST and the VESICLE frac-
tions as Maurer’s clefts are known to be both mobile in the host-cytosol and anchored to the host RBC membrane. Thus, or-
thology groups with GHOST and VESICLE localization representing >50% of the predictions were annotated as Cleft’s pro-
teins and considered as having a “low” confidence level. The remaining orthology groups were left without consensus

localization.

P. falciparum plasmid construction and transfection
To generate the selection-linked integration (SLI) knock-in constructs for HA-tagging, the GFP tag was replaced with a codon opti-
mized 3xHA tag in the pSLI-2x FKBP-GFP plasmid ' to obtain the pSLI-2x FKBP-HA construct.®* Target homology arm fragments
of the gene of interests (without stop codon) were amplified using KOD-Plus-Neo polymerase (Toyobo) from P. falciparum genomic
DNA and inserted between the Notl/Mlul sites of pSLI-2 x FKBP-HA.

For episomal overexpression, appropriate coding sequences of the full-length target genes were amplified from P. falciparum
genomic DNA and assembled via NEbuilder assembly (NEB) into the Avrll/Xhol sites of the pARL plasmid for GFP-tagging.

Synchronized ring stage parasites were transfected with 100-200ug of midiprep kit purified plasmids (Macherey-Nagel) using Bio-
Rad gene pulser Xcell electroporator''® Transfectants were selected with 2.5nM WR99210 (Jacobus Pharmaceuticals) 24 h post
transfection. Secondary selection of the pSLI constructs for endogenous tagging was done with 400 pg/ml of G418 Sulfate (Gold
Biotechnology), until parasites were observed. Drug selection pressure was maintained throughout the maintenance of the parasites.
Recombinant protein expressions were verified by Western blot and genomic integrations were confirmed with appropriate PCR
primers.

P. knowlesi plasmid construction and transfection
Episomal overexpression plasmids were constructed using appropriate coding sequences of the full-length genes amplified from
P. knowlesi genomic DNA or complementary DNA. The target fragments were then cloned into the Avrll/Smal sites of the modified
PKePL plasmid for HA and GFP tagging respectively.'*

Synchronized schizonts stage parasites were transfected with 40pg of purified plasmids (Macherey-Nagel) using Lonza 4D-Nucle-
ofector electroporator and P3 Primary Cell 4D-Nucleofector X Kit L as previously described.?” Transfected cells were selected with
2.5nM WR99210 (Jacobus Pharmaceuticals) 24 h post transfection and maintained throughout the maintenance of the parasites. Re-
combinant protein expressions were verified by Western blot.
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P. yoelii plasmid construction and transfection

SLI knock-in construct for HA-tagging was generated by replacing the GFP tag of the T2A-ePL-GFP plasmid®® with a codon opti-
mized 3xHA tag. Target homology arm fragments of the gene of interests (without stop codon) were amplified using KOD -Plus-
Neo polymerase (Toyobo) from P. yoelii genomic DNA and inserted between the Avrll/Apal sites of the modified PY-T2A-HA plasmid.

Episomal overexpression plasmids for GFP-tagging were constructed using appropriate full-length sequences of the target genes
amplified from P. yoelii genomic DNA or constructed by chemical gene synthesis (Integrated DNA Technologies). All fragments were
then cloned into the Avrll/Smal sites of the PYePL-GFP plasmid.'*

Synchronized schizonts stage parasites were transfected with 12g of linearized plasmids using Lonza Amaxa Nucleofector 11/2b
electroporator and Basic Parasite Nucleofector Kit as previously described.®” Transfected parasites were injected into naive mice by
intravenous injection and selected with 10 mg/kg of pyrimethamine (MP Biomedicals) 24 h post transfection. Drug selection pressure
was maintained by supplementing pyrimethamine (70 pg/ml) in drinking water throughout the maintenance of the parasites. Recom-
binant protein expressions were verified by Western blot and genomic integrations were confirmed with appropriate PCR primers.

Determination of the protein localization

Transfected parasites obtained after in vitro (P. falciparum and P. knowlesi) and in vivo (P. yoelii) selection were stained with 1 pg/mi
DAPI (Thermo Scientific) for 5 min at 37°C for live-cell microscopy. The infected RBCs were observed with Nikon ECLIPSE Ti-E fluo-
rescent microscope under 100X oil immersion objective. DAPI was detected using a Chromas 11000v3 filter set revealing the internal
structures and membranes of live parasites whereas GFP was detected using a Chroma 49011 Filter Set.

Transfected parasites expressing HA-tagged proteins were fixed with either methanol or 4% formaldehyde (Thermo Scientific),
permeabilized with 0.1% Triton X-100 (Bio-Rad) and blocked with 3% BSA (Sigma). The infected RBCs were then stained with rat
anti-HA (Roche), rabbit anti-EXP2 (Abcam) and DAPI/Hoechst33342 (Thermo Scientific). Secondary antibody coupled to Alexa Fluor
594 (Jackson ImmunoResearch) and to DyLight 488 (Invitrogen) were used to reveal the localization of the HA-tagged protein and
PVM protein respectively. The slides were examined by fluorescence microscopy.

Images were captured using an Andor Zyla sCMOS 4.2 or Zeisss AxioCam ICC1 camera and processed using Image
Throughout the study, pictures of 15-20 independent observations of trophozoite/early schizont stage parasites were collected.
The localizations of the investigated proteins were determined by quantifying the intensities of pixels corresponding to the green fluo-
rescence signal along the yellow line from A to B in the picture depicted using ImagedJ and represented using a profile plot using a
scale ranging from 0 to 80-pixel intensities (Figure S1).

100
J.

Transcriptional profile analysis of spatial proteome

The P. falciparum proteomic data was re-analyzed using Proteome Discoverer version 2.1 software to derive the overall abundance
of 2571 protein with emPAI"'* at trophozoite-schizont stage. The resulting data was then compared to the IDC abundance profiles of
4860 transcripts obtained from RNA-sequencing databases®' > and 1713 parasite internal proteins determined using iTRAQ quan-
titative proteomics®’ (Table S2 RNA vs. protein).

Post-transcriptional regulation on the spatial proteome

The abundance percentile rankings of each protein to its corresponding RNA were determined to identify incongruences by at least
20™ percentile and variation of RNA levels across IDC was analyzed. The “concordant” proteins with similar RNA abundance levels
(i.e., within 20" percentile ranking) and representing half of the proteome in each compartment were used as reference point.

Pathway analysis
Function and Pathway Enrichment Analysis were performed by analysing the various P. falciparum subproteomes using Metascape
(www.metascape.org) against the whole proteome detected by proteomic approach.”®

Phylogenomic and phylostratigraphic enrichment analysis
The proteomes of 19 species, representing key phylogenetic positions (Table S4 species list) were used to construct orthologous
gene groups (orthogroups) with Orthofinder v2.4.0,°” where Diamond v0.9.24.125 was used as a sequence aligner.°® A species
tree based on a consensus of the current status of eukaryotic phylogeny''>~''® was used for the phylostratigraphic analysis (Fig-
ure S3). Each orthogroups was assigned to a phylostratum (node) by identifying the oldest clade found in the orthogroup'?° using
ETE toolkit v3.0.%

To test whether a specific phylostratum is enriched in proteins belonging to different subcellular fractions in Plasmodium, we used
a subset of proteins described in the spatial proteome atlas (Table S4 enrichment analysis). The proteins were classified into seven
subcellular fractions, two for intra-parasite (PARASITE, PPM), two for peripheral (PV, PVM), three for exported (VESICLE+Cleft’s,
GHOST, HCC). An average of 3238 proteins were analyzed for each Plasmodium species: P. falciparum (n = 3249), P. knowlesi
(n = 3229), P. yoelii (n = 3361 proteins), P. berghei (n = 3156) and P. chabaudi (n = 3195), (Table S4 protein phylostratum). For
each node in the species tree (Figure S3), we randomly selected (without replacement) the number of observed subcellular frac-
tion-specific genes 1000 times (i.e., number of proteins present in NODE_3 (phylostratum SAR) that belong to the ghost subcellular
fraction).
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QUANTIFICATION AND STATISTICAL ANALYSIS

Samples from three (P. falciparum and P. knowlesi) and two (P. yoelii, P. berghei and P. chabaudi) independent biological replicates
were used for this study. Individual peptides identified were quantified by comparing the intensity of reporter ions in the tandem mass
(MS/MS) spectra. The relative abundance of a protein in a subcellular fraction is expressed as its subcellular abundance over its total
abundance across all the samples. Empirical p values were obtained for phylostratum analysis by calculating whether the observed
number of genes was larger than the number obtained from the sampling procedure. The p values were adjusted using a false dis-
covery rate (FDR) correction'®! with a cut-off of 0.05.
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