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Fig. S1. Isolation of ookinete and ring-stage parasites.  
(A-C): FACS gating for ookinete isolation from the blood bolus 18 and 24 h after feeding 
was determined using an mCherry expressing HAP2 mutant as a negative control. Parasites 
were expressing mCherry and stained with SYBR green. (A) FACS plot of the blood bolus 
contents from the HAP2 (PBANKA_1212600) mutant control. (B) FACS plot of the wild 
type blood bolus. Cells that were sequenced are coloured by expression of the ookinete 
marker gene SOAP (PBANKA_1037800) (63) and shaped by the SC3 cluster assignment. 
(C) A PCA of profiled cells coloured by expression of SOAP and shaped by SC3 cluster. 
Clusters 1 and 4 were maintained in the data set and likely represent mature ookinetes 
(cluster 1) and developing retorts (cluster 4). Cluster 3 may correspond to non-replicated 
zygotes: cells are expressing Pbs25 (PBANKA_0515000) (64), but not SOAP. Cluster 2 
may correspond to unfertilised parasites as there was inconsistent expression of canonical 
marker genes and generally lower levels of SYBR green. (D-E): To evaluate the protocol 
for saponin-mediated lysis of ring-stage infected red blood cells, a 96-well Smart-seq2 
plate was sorted consisting of ¼ schizonts, ¼ unlysed rings, and ½ lysed rings. (D) The 
lysed and unlysed cells were collected from the same mouse controlling for life cycle stage. 
However, in order to confirm that we had sorted rings rather than early trophozoites, we 
used Spearman's rank-order correlation to correlate each cell to published bulk time course 
data (22). The maximum r value for each cell was then chosen and the cell was assigned 
that time point. The jitter plot shows the predicted life cycle stage for each sorted sample, 
confirming similar predicted stages among lysed and unlysed rings. Data points are 
coloured according to the sorted population they belong to. Cells were then filtered 

https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/zbcb7
https://paperpile.com/c/eAv0GY/zbcb7
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according to their life cycle stage prediction, so as to remove cells that clearly did not 
belong to that cell type. Specifically, cells from the schizont culture that were predicted to 
be <10 h and cells from the ring culture that were predicted to be >15 h were removed. 
Cells that were removed from further analysis are shown on the plot. (E) A violin plot 
showing the distribution of genes per cell per stage as well as the recovery rate for each 
stage. Lysing the red blood cell of ring-stage parasites increased the recovery rate and 
yielded a similar median number of genes per cell (red point) when compared to rings from 
un-lysed red blood cells.  
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Fig. S2. Quality control and normalization. 
(A) The number of genes detected per cell was dependent on life stage (p<0.001, ANOVA: 
Genes detected ~ parasite stage). (B) Poor quality cells were identified on a per stage basis 
based on the distribution of the number of genes detected per cell (cells to the left of each 
red line on histograms were excluded). The maximum number of genes per cell was found 
in oocysts, at day 4 post mosquito infection, with a median of 3318 genes per cell, while 
the minimum number of genes detected was found in merozoites with a median of 200 
genes per cell. This is consistent with smaller cells having less total mRNA (65), and likely 
reflects biological differences in the mRNA content of each life stage. Interestingly, we 
detect almost twice the number of genes in sporozoites taken directly from injected saliva 
(n genes=868) relative to sporozoites that were isolated from salivary glands (n 
genes=448), suggesting a potential upregulation of gene expression at this transition. The 
numbers and proportions of cells that passed QC (based on reads and genes per cell) in 
each isolation method are reported in table S1. (C) Total counts per cell vs. total genes 
detected in all Smart-seq2 cells. Each stage is fit with a loess function. Sequencing 
saturation was likely reached because deeper sequencing did not result in an increase in the 
number of genes detected, irrespective of life stage. (D) Relative Expression plots for all 
cells across all genes. The top panel shows the relative expression of the raw counts data. 
The second panel shows the relative expression whereby cells have been TMM-normalised 
as one set. The bottom panel shows the same plot but for cells that have been subsetted into 
their respective groups of stages: Liver schizonts, IDC, gametocytes, ookinetes/oocysts, 
sporozoites, normalised by TMM, and then re-pooled. Based on the plots, normalisation 
method does not have a large effect on the relative expression; cell expression patterns 
have been smoothed in both methods. Unless otherwise stated, the grouped normalised data 
were used for further analyses. 
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https://paperpile.com/c/eAv0GY/ackQi


 
 

5 
 

 
 

Fig. S3. Classification of blood-stage parasites.  
Late-stage blood-stage parasites (trophozoites, schizonts and gametocytes) were purified 
from an overnight (20 h) culture of infected blood. Classification of these parasites was 
determined using single-cell consensus clustering in SC3 (42). (A) PCA of all late-stage 
parasites coloured by SC3 cluster assignment. (B) The PCA coloured by expression of 
HAP2 (PBANKA_1212600), an established male marker gene (32), supporting assignment 
of cluster 2 cells as male gametocytes. (C) The PCA coloured by expression of Pbs25 
(PBANKA_0515000), an established female marker gene (64), supporting assignment of 
cluster 1 cells as female gametocytes. (D) PCA of asexual parasites (primarily trophozoites 
and schizonts). Points are shaped by SC3 cluster and coloured by the Spearman correlation 
with bulk time-course data from (22). A good correspondence between SC3 clusters and 
the bulk data is observed with trophozoites classified as 8-16 h, and schizonts greater than 
16 h. A few parasites that cluster with schizonts had the strongest correlation with ring 
stages, which could be a potential contamination of a small number of rings in the 
purification process.  
  

https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/zbcb7
https://paperpile.com/c/eAv0GY/zbcb7
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Fig. S4. The ookinete to oocyst transition. 
In order to understand fine-scale changes in transcription over developmental time, we 
ordered cells from three experimental time-points post infectious blood feed (18/24 h bolus 
ookinetes, the ookinete/oocyst transition period (48 h), and early oocysts (4 days)) in 
pseudotime using SLICER (43). We identified 1270 genes that were differentially 
expressed over pseudotime among the 393 cells included (file S1). (A) A heatmap of the 
mean expression of each cluster of differentially expressed genes over pseudotime with 
manual annotation shows fine-scale patterns of expression over development. (B) PCA of 
stages represented by these cells. (C) The PCA coloured by their cluster assignments from 

https://paperpile.com/c/eAv0GY/p939o
https://paperpile.com/c/eAv0GY/p939o


 
 

8 
 

SC3. Clusters three, four and five were classified as ookinetes in further analysis, while 
clusters one and two were classified as oocysts based on expression of known marker 
genes. (D) The pseudotime ordering overlaid on the PCA. The pseudotime ordering 
matched both the different collection groups and the SC3 clusters. (E) Expression of four 
genes over pseudotime. SOAP (PBANKA_1037800) is an ookinete marker gene (63). 
Actin II (PBANKA_1030100) is an oocyst marker gene (66). We found other genes such 
as cyclin-3 (PBANKA_1233200) (67) and PBANKA_0703400 expressed most highly at 
the transition between ookinete and oocyst stages. Cyclin-3 is known to be essential for 
oocyst development and we hypothesize that genes with a similar pattern of expression 
such as PBANKA_0703400 may be essential for the ookinete to oocyst transition.  
 
 
 

https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/zht14
https://paperpile.com/c/eAv0GY/zht14
https://paperpile.com/c/eAv0GY/d7hMJ
https://paperpile.com/c/eAv0GY/d7hMJ
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Fig. S5. Marker gene expression. 
Expression of known marker genes corresponded with isolation method and stage 
classification. (A) LISP1 (PBANKA_1024600) (68) was highly expressed in liver stages. 
(B) MSP8 (PBANKA_1102200) (69) was highly expressed in early blood stage asexual 
parasites. (C) MSP1 (PBANKA_0831000) (70) was highly expressed in late blood stage 
asexual parasites. (D) Dynein heavy chain (PBANKA_0416100) (71) was highly expressed 
in male gametocytes. (E) Pbs25 (PBANKA_0515000) (64) was highly expressed in female 
gametocytes. (F) SOAP (PBANKA_1037800) (63) was highly expressed in ookinetes. (G) 
Actin II (PBANKA_1030100) (66) was highly expressed in oocysts. (H) UIS4 
(PBANKA_0501200) (72) was highly expressed in sporozoites. 
 
 

https://paperpile.com/c/eAv0GY/o6gjy
https://paperpile.com/c/eAv0GY/o6gjy
https://paperpile.com/c/eAv0GY/jKJNd
https://paperpile.com/c/eAv0GY/jKJNd
https://paperpile.com/c/eAv0GY/v4zid
https://paperpile.com/c/eAv0GY/v4zid
https://paperpile.com/c/eAv0GY/qidRr
https://paperpile.com/c/eAv0GY/qidRr
https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/XXrPS
https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/UGFYB
https://paperpile.com/c/eAv0GY/zht14
https://paperpile.com/c/eAv0GY/zht14
https://paperpile.com/c/eAv0GY/XqoaJ
https://paperpile.com/c/eAv0GY/XqoaJ
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Fig. S6. Dual scRNA-seq of host and parasite transcriptomes during exo-erythrocytic 
schizogony. 
Transcriptomes were generated from HeLa cells containing mCherry liver stage parasites 
44 h post infection and selected based on fluorescence (A) Proportions of reads mapping 
to either the host (H. sapiens) or the parasite (P. berghei) genomes. (B) Number of genes 
per cell identified in host and parasite transcriptomes. (C) PCA of parasite transcriptomes 
identifies a developmental progression of the liver stages that corresponds to MSP-1 
(PBANKA_0831000) expression, a known marker of progressing exo-erythrocytic 
schizogony (73). (D) Force directed graph (74) of host transcriptomes, with different 
louvain clusters identified as different cell-cycle states. (E) Pseudotime analysis for both 
host and parasite transcriptomes were computed using SLICER (43) and plotted against 
one another showing no correlation of developmental state between the host cell and the 
parasite cell that resided in it. (F) Cell-cycle state of the host cell also did not correspond 
to a particular pseudotime of the parasite indicating a decoupling between host cell-cycle 
state and parasite developmental progression.  
 
 

 

https://paperpile.com/c/eAv0GY/fj84V
https://paperpile.com/c/eAv0GY/fj84V
https://paperpile.com/c/eAv0GY/7mxDy
https://paperpile.com/c/eAv0GY/7mxDy
https://paperpile.com/c/eAv0GY/p939o
https://paperpile.com/c/eAv0GY/p939o
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Fig. S7. The mean expression by stage across the genes in each cluster. 
The lower and upper hinges of the box-plot correspond to the first and third quartiles. 
Overall level and stage-specific expression patterns varied across the clusters.  
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Fig. S8. Conservation across kNN graph. 
(A) The kNN graph with non-orthologous (P. berghei to P. falciparum) genes highlighted 
in blue. (B) A barplot of the gene counts for each cluster colored by orthology. Clusters 1, 
7, 10, 17-20 were significantly enriched for genes that have no ortholog with P. falciparum 
(Fisher’s exact test, bonferroni p <0.001). Clusters 18, 19, and 20 were composed almost 
completely of genes from multigene families containing no orthologs in P. falciparum. 
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Fig. S9. Unique core expression genes by stage across the kNN graph. 
For each stage, a unique core set of genes was defined by identifying the genes for each 
stage expressed in more than fifty percent of 60 randomly selected cells from that stage. 
Core genes unique to that stage were considered the ‘unique core’. These genes are 
highlighted in red on the kNN graph for each stage, except for merozoites as there were no 
unique core genes for this stage. We see a clear pattern of unique core genes associated 
with specific clusters for most stages (see inset p-values), and a general pattern that unique 
core genes matched the graph spectral clustering shown in Fig. 2A. Enrichment of core 
unique genes was calculated for each cluster using a Fisher’s exact test.  
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Fig. S10. Expression of AP2 transcription factors across all cells in the data set.  
(A) A heatmap of log expression counts of 25 AP2 transcription factors across all cells in 
the data set. Cells are ordered along a developmental trajectory based on life cycle sequence 
and pseudotime. (B) Heatmap of Pearson’s correlations between AP2 gene expression and 
gene clusters from Fig. 2. The column on the right shows the most significantly enriched 
DNA motif in the upstream region of the genes included in that cluster with the 
corresponding e-value (see also file S1). Symbols denote motifs previously identified in 
other studies using P. berghei (†, ⬨) or P. falciparum (*, ϴ) that also match at e-value 
<0.01 those found here. Motifs in cluster 5 and clusters 12-14 (†) were also found in (12) 
using bulk RNA-seq of AP2 TF KO mutants in the IDC, gametocytes, and ookinetes. The 
most significant motif of cluster 15 matches the AP2-O motif (denoted as ⬨) discovered 
using Chip-seq (53). Motifs marked with * correspond to those found in (52) using protein 
binding microarrays in the IDC (52), whereas ϴ denotes motifs found in (13) using cDNA 
microarrays across the parasite lifecycle. Clusters 5, 8, and 10 had matching motifs in the 
P. falciparum IDC (52), whereas clusters 11-14 and 16 all matched the [A/T]AGACA 
motif (or its reverse complement) discovered in the sexual stages in (13). The similar timing 
of expression of genes containing these motifs strongly suggests the motifs and the function 
of the genes they regulate are conserved across species. The correspondence between our 
data and these various methods of motif discovery suggests that our analysis can identify 
as-yet unknown TF binding motifs in Plasmodium. 
 

https://paperpile.com/c/eAv0GY/s1kUv
https://paperpile.com/c/eAv0GY/s1kUv
https://paperpile.com/c/eAv0GY/Bqx1
https://paperpile.com/c/eAv0GY/Bqx1
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/WNAD
https://paperpile.com/c/eAv0GY/WNAD
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/RTrO
https://paperpile.com/c/eAv0GY/WNAD
https://paperpile.com/c/eAv0GY/WNAD
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Fig. S11. Multigene families show development-independent variable expression 
between cells in most life stages. 
(A) A heatmap shows which stages were enriched for variability in expression of each 
multigene family. Variable genes were identified in each stage using Smart-seq2 data and 
controlling for development by regressing out pseudotime in liver stage EEFs, merozoites, 
rings, trophozoites, schizonts, ookinetes and oocysts. The hypergeometric test was used to 
determine enrichment of each gene family amongst variable genes in each stage and the 
resulting p-values were adjusted using the False Discovery Rate (FDR). (B) Each heatmap 
shows the TMM-normalised expression levels of members of a gene family over the life 
cycle of P. berghei (except for the pir gene family that is explored in fig S12). The data 
were filtered to show only those genes with at least 10 read counts in at least 10 cells. 
Genes were clustered based on their expression pattern. Genes found to vary in expression 
level between cells of the same stage independent of development are highlighted to the 
left of each heatmap. The presence of a turquoise square, for example, indicates that that 
gene was variably expressed between ookinetes.  The numbers to the right of each gene 
represent the cluster assignment from the kNN gene graph in Fig. 2A. 
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Fig. S12. The pir gene family shows distinct patterns of expression and promoter 
architecture in several parts of the life cycle. 
(A) The heatmap shows the TMM-normalised expression levels of members of the pir gene 
family over the life cycle of P. berghei. The data were filtered to show only those genes 
expressed with at least 10 read counts in at least 10 cells over the whole data set. The 42 
genes of the 137 annotated pir genes that passed this threshold are shown in the heatmap. 
Genes were clustered based on their expression pattern. The presence of an orange square, 
for example, indicates that that gene was variably expressed between liver stage EEFs. The 
subfamily classification of each pir gene is indicated in red colours (L-type pir genes), blue 
colours (S-type pir genes) and green (ancestral pir gene) to the left of the heatmap. Families 
of sequence identified in the promoter regions of each gene are indicated with letters A-J. 
One cluster of pir genes variably expressed in both EEFs and trophozoites tended to have 
‘F’ sequences in their promoters. Another cluster was variably expressed in male 
gametocytes and tended to have promoters with ‘A’ sequences. (B) This heatmap shows 
merozoites and rings and pir genes expressed with at least 10 read counts in at least 10 of 
these cells. Both genes and cells were clustered based on their expression levels. Five pairs 
of genes show evidence of co-expression (Pearson r > 0.7). Each pair tended to have high 
sequence identity (BLAST sequence identity > 95%), the same promoter architecture 
(identical pattern of upstream sequence families) with each member of a pair residing on 
different chromosomes. The numbers to the right of each gene represent the cluster 
assignment from the kNN gene graph in Fig. 2A. 
  



 
 

19 
 

 

Fig. S13. Comparison of Smart-seq2 data with 10x data and technical assessment 
(A) A ‘barnyard’ plot showing the doublet rate between the P. knowlesi and P. berghei 
mixed species experiment. (B) For each species, Top: a violin plot showing the number of 
genes detected per cell (nGene) with a line representing the QC threshold used; Middle: A 
violin plot showing the proportion of artificial nearest neighbors (pANN) as calculated by 
DoubletFinder (41), with cells split by their final assignment; Bottom: A tSNE plot 
showing doublets highlighted in green against singlets in grey, showing the distribution of 
doublets among stages. (C) PCA plot overlaying the Smart-seq2 to the 10x data using a 
CCA corrected distance matrix coloured by technology (left) and cluster (middle). The 
proportional representation of these clusters captured by each technology is displayed on 
the right. 
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Fig. S14. Correlation of 10x data sets with bulk expression data 
(A) PCA plots for each species, coloured by their predicted life cycle stage according to 
maximum correlation with the following bulk time course reference data sets: P. berghei 
microarray (22); P. falciparum RNA-seq (75); P. knowlesi microarray (76). (B) 
Distribution of cells according to predicted life cycle stage based on bulk data. The 
temporal density of sampling over the IDC is different between bulk data sets so this results 
in a different number of bins for each species. (C) Violin plots showing the Pearson 
correlation coefficient, r, for each species by predicted life cycle stage. (D) PCA plots for 
each species, coloured by pseudotime value, calculated using the custom clock approach. 
(E) Density ridgeline plots showing the relationship between pseudotime and predicted life 
cycle stage.  

https://paperpile.com/c/eAv0GY/zbcb7
https://paperpile.com/c/eAv0GY/zbcb7
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Fig. S15. scmap of 10x data 
(A) In order to identify male and female gametocytes, clustering of 10x data was initially 
done with the Seurat shared nearest neighbor modularity optimization method, which 
identified 26 clusters, two of which corresponded to mature male and female gametocytes 
based on known markers. Cells are shown on a PCA and colored by cluster assignment. 
(B) SC3 clustering of blood-stage parasite data (rings, trophozoites, schizonts, and mature 
gametocytes). Cells were re-clustered in SC3 into eight clusters that were then used for the 
cluster assignment shown in Fig. 3A. (C) ‘Clock’ pseudotime was calculated independently 
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for both P. falciparum (left) and P. knowlesi (right) and the mean coordinates of the bulk 
prediction were mapped onto the PCA (black points). (D) The correspondence between the 
independent pseudotime calculation from (B) and the pseudotime of the assigned P. 
berghei cell based on scmap. Black points represent “unassigned” cells based on a cosine 
similarity of <0.3. There was a strong correlation between pseudotime for each species and 
the assigned cell pseudotime further supporting the cell assignments from scmap.  
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Fig. S16. RNA velocity varies across the IDC. 
(A) A heatmap showing the average scaled transcriptional rate of genes in P. berghei as 
measured by RNA velocity (20) in the IDC. Genes are ordered and binned along the vertical 
axis by their peak time in P. falciparum in (21). The top panel shows the scaled 
transcriptional rate of each cell over pseudotime in the P. berghei 10x data. The groups of 
genes from (21) also had high transcriptional rates at corresponding points in the life cycle 
in P. berghei based on RNA velocity. (B) RNA velocity of the Smart-seq2 IDC cells. Cells 
were mapped to the 10x P. berghei reference index with scmap-cell to assign each cell a 
cluster and a pseudotime value allowing us to directly compare the two data sets. Cells are 
colored by their assigned cell cluster and black points represent “unassigned” cells based 
on cosine similarity. The left plot is a PCA of the 548 Smart-seq2 IDC cells with the arrows 
representing the local average velocity. The right panel displays the same cells over 
pseudotime showing the relative increase in transcription across all transcripts unscaled or 
scaled by gene, followed by the number of genes detected and the number of reads per gene 
in each cell over pseudotime. (C) The three species 10x data sets over assigned cell 

https://paperpile.com/c/eAv0GY/qrxDC
https://paperpile.com/c/eAv0GY/qrxDC
https://paperpile.com/c/eAv0GY/aVqtX
https://paperpile.com/c/eAv0GY/aVqtX
https://paperpile.com/c/eAv0GY/aVqtX
https://paperpile.com/c/eAv0GY/aVqtX
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pseudotime based on the P. berghei 10x reference index. Cells are colored by their assigned 
cell cluster. Each panel shows the relative increase in transcription (scaled and unscaled) 
as well as the number of genes detected and the number of UMIs per gene. We observed a 
similar pattern of transcriptional dynamics in both the Smart-seq2 and 10x P. berghei data.  
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Fig. S17. Comparison of transcriptional dynamics through the IDC across species. 
Peaks and troughs in the P. berghei data were algorithmically identified (represented as 
dashed grey lines in in top plots). Stars and dashed red lines indicate significant (p < 0.001) 
increases or decreases in transcriptional rate within these windows in each species. A red 
star represents a significant change that was in the opposite direction as P. berghei. The 
heat maps represent the 306 genes that passed the RNA velocity quality control thresholds 
and were one to one orthologs across all three species. The increase/decrease in 
transcriptional rate of each of these genes through the IDC was evaluated using piecewise-
regression between the peaks and troughs in each species independently (top panels). Those 
found to have significant slopes (FDR 5%) are shown in the heatmap. Non-significant 
slopes were set to 0 for visualization, and slopes >0.6 and <-0.6 were assigned the most 
intense colours (see supplementary file 4 for exact values). We found conserved patterns 
of expression between late-rings and early-trophs as well as in early schizonts between P. 
berghei and P. knowlesi (table S2). The increase in rate as well as the expression of 
corresponding genes seen in P. berghei and P. knowlesi late-rings is slightly delayed in P. 
falciparum (one window later) (table S2). 
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Fig. S18. Deconvolution of 

 
Fig. S18. Deconvolution of bulk transcriptomic samples using scRNA-seq data.  
(A) A diagram of the P. berghei 10x data from fig. S13, which is used as a reference to call 
markers for each cell cluster. (B) The Yeoh et al. study (23) used the 820cl1m1cl1 P. 
berghei parasite line (77), which has RFP females and GFP males, to examine each sex 
separately by RNA-seq. Asexual samples were obtained straight from a mouse and only 
circulating forms are expected to be present. Using BSeq-SC (62) to estimate cell type 
proportions present in the bulk data, only circulating forms are observed in the asexual 
samples, as well as a majority of females in the female samples, and a majority of males in 
the male samples. Additional cells called in the gametocyte samples are hypothesised to be 
developing gametocytes, technical noise in our method, and/or true asexual cells that are 

https://paperpile.com/c/eAv0GY/9F6un
https://paperpile.com/c/eAv0GY/9F6un
https://paperpile.com/c/eAv0GY/n9Dzv
https://paperpile.com/c/eAv0GY/n9Dzv
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present in the sorting gate. (C) We tested whether the P. berghei cell atlas could be used to 
deconvolve bulk RNA-seq data from P. falciparum samples collected from patients with 
uncomplicated or severe malaria (24). We find that the cell population in the bulk data is 
composed primarily of early stage circulating forms as expected (top). We also observe 
cell type composition is independent of the severity of malaria (bottom) as described by 
the authors in this study. The Malaria Cell Atlas provides a robust index by which to 
deconvolve bulk transcriptomic data into contributing cell populations.  
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Fig. S19. scmap of P. falciparum time course Drop-seq data 
(A). A PCA of the 10x P. berghei IDC data (grey points) overlaid with cell assignments of 
a Drop-seq data time course (25) using scmap-cell. (B). The distribution of cluster 
assignments based on scmap-cell across the three time points from (25) The time points 
correspond with the cluster assignments from the P. berghei data with the early time points 
having more early stages and the late time point having more late stages. It is interesting to 
note how the synchronous culture still captures a broad range of stages, especially in the 
late time point. 
 

https://paperpile.com/c/eAv0GY/WXJor
https://paperpile.com/c/eAv0GY/WXJor
https://paperpile.com/c/eAv0GY/WXJor
https://paperpile.com/c/eAv0GY/WXJor
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Fig. S20. Preservation and analysis of single cell transcriptomes from natural 
carriers of Plasmodium.  
(A) P. falciparum trophozoites and schizonts were preserved in 80% methanol and kept at 
different temperatures for varying amounts of time before analysis by Smart-seq2; this 
revealed that transcriptomes from methanol fixed parasites are of equivalent quality to 
parasites fixed briefly with RNALater in the lab. (B) We methanol preserved parasites 
collected from naturally-infected carriers in Mbita, Kenya and established that even after 
three weeks of preservation, high quality single cell transcriptomes were possible to 
retrieve using Smart-seq2. (C) PCA of 22 P. falciparum and 13 P. malariae wild single 
cell transcriptomes showing expression of known P. falciparum (78) or putative P. 
malariae male (HC-dynein PF3D7_0905300 and PmUG01_07016800), female (Pfs25 
(PF3D7_1031000) and Pm28 (PmUG01_10042100)), early ring (EXP2 (PF3D7_1471100) 
and PmUG01_12045800), and putative late stage markers (MSP-1) (D) PCAs of the same 
cells as in (C) but with their scmap assignment based on the P. berghei 10x Malaria Cell 
Atlas. Life stages can be assigned using known markers as demonstrated in (C) but to place 
cells in developmental time, the full atlas is required (see Fig. 4B for placement of these 
cells). 
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Table S1. Quality control of single-cell transcriptomes by purification method.  
Additional thresholding (fig. S2) was performed on the late blood stages after stage 
assignment with SC3 (fig. S3). Liver-stage, merozoite, ring, and late blood stage time 
points are represented as hours post invasion. Ookinete, ookinete/oocyst, oocyst, gland and 
injected sporozoite time points are hours or days post infectious feed.  
 

Stages 
purified Time point # before 

QC 

Genes 
per cell 
cut off 

Reads 
per cell 
cut off 

# Passed 
QC 

Success 
rate 

Median 
genes per 

cell 

Liver stage 44 h 186 1000 2500 159 85% 2977 

Merozoite 24 h 249 40 400 229 92% 202 

Ring 0 h 282 40 2500 235 83% 392.5 

Late blood 
stages 24 h 560 500 2500 517 92% 1537 

Ookinete 18 h & 24 
h 129 1000 2500 103 80% 1558 

Ookinete/ 
Oocyst 48 h 187 1000 2500 183 98% 3088 

Oocyst 4 days 133 1000 2500 106 80% 2995 

Gland spz 26 days 188 40 400 153 81% 419 

Injected spz 26 days 108 500 2500 102 94% 859.5 

Early blood 
stages 
(Field) 

NA 106 40 2500 2 2% 630 

Late blood 
stages 
(Field)  

NA 78 500 2500 35 45% 

1101 (Pm, 
n=13) 

1355 (Pf, 
n=22) 
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Table S2. Alignment of transcriptional dynamics in three Plasmodium species. 
Twelve peaks and troughs were algorithmically identified in the transcriptional waves 
through the IDC in P. berghei. For each of the 13 segments defined by these peaks and 
troughs we performed piecewise linear regression on the individual genes for significant 
increases/decreases in transcriptional rate across each segment in each species (Pb DE 
genes, 5% FDR). To examine the conservation of the genes involved in the transcriptional 
waves through the IDC, we identified orthologs of the genes used in the RNA velocity 
analysis across all three species and counted the number of genes that had a consistent 
(agreement) or opposite (disagreement) direction with the pattern observed in P. berghei. 
Genes that did not significantly increase/decrease in both species were not counted among 
the agreement/disagreement. The p-values were calculated using a Binomial test to 
evaluate if a greater number of genes were in agreement with P. berghei than were in 
disagreement.  
 

Time Pb DE 
genes 

Pb stage 
matching 

Pk 

Gene 
Agreement 

Pk & Pb 

Gene 
Disagreement 

Pk & Pb 

p-
value 

Pb stage 
matching 

Pf 

Gene 
Agreement 

Pf & Pb 

Gene 
Disagreement 

Pf & Pb 
p-value 

0.26 83 0.26 40 17 0.0006 None NA NA - 

0.76 78 0.26 28 9 0.0004 None NA NA - 

1.3 271 1.3 155 42 1x10-20 None NA NA - 

1.8 246 1.8 134 62 7x10-8 1.3 149 70 2x10-8 

2.3 195 2.3 70 42 0.003 1.8 101 77 0.03 

3.2 235 4 84 57 0.009 3.2 93 82 0.2 

4 208 4 48 34 0.05 4 48 38 0.1 

4.5 204 4.5 110 44 2x10-8 4.5 118 52 1x10-07 

5 183 5 60 46 0.07 5 51 38 0.07 

5.5 157 5.5 45 45 0.5 5.5 37 29 0.1 

5.8 0 None NA NA - None NA NA - 

5.9 0 None NA NA - None NA NA - 

6.1 13 None NA NA - None NA NA - 
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Additional data file S1 (separate file) 
Information from P. berghei Smart-seq2 analyses including summary statistics for each 
gene, cluster assignment, highly variable genes, marker genes, and unique core 
assignments (Gene info tab). Additional tabs include the differential expression analyses, 
gene ontology and motif discovery results.  

Additional data file S2 (separate file) 
Summary statistics of the down-sampled Smart-seq2 data set. Sixty cells from each stage 
that were selected for the core unique analysis along with their quality control metrics, the 
summary statistics for each gene (e.g. total transcript counts), and the mean expression for 
each gene across each of the 10 stages are reported. 

Additional Data file S3 (separate file) 
One-to-one orthologs across ten Plasmodium species. These orthologs were used for 
mapping cells across species.  

Additional Data file S4 (separate file) 
Differential expression analysis over IDC development in three species. Slopes and FDR-
corrected p-values (qval) for each of the 306 conserved genes across each of the 13 
segments. Segments are labelled by their mid-point pseudotime and species are labelled pb 
(P. berghei), pk (P. knowlesi), and pf (P. falciparum) respectively. In addition, there is a 
column for each segment indicating if the Pk[Pf] slope was significant and agreed with Pb 
(1) or not (0). Additional sheets provide slope results for all RNA velocity genes in each 
species. 
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