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Fig. S1. Methodology for P. falciparum whole genome saturation-level mutagenesis, 
estimate of saturation, and piggyBac insertion site localization distribution in the 
genome.   
(A) The experiment approach for whole genome saturation mutagenesis was optimized to 
generate mutants with a single piggyBac insertion (12, 19). (B) Mutant parasite pools 
were harvested and insertion sites were identified by Quantitative Insertion-site 
Sequencing (QIseq)(17). (C) Plot shows fraction of the insertions of the total insertions 
sampled from this study. Whole genome saturation mutagenesis required >33,000 
mutants to target all protein coding genes (dark blue line) and this study obtained 38,173 
mutants (light blue line). (D) A negative binomial model is implemented here for 
predicting the necessary number of recovered insertions for achieving saturation-level 
mutagenesis. The total number of P. falciparum protein-coding genes was obtained from 
PlasmoDB v27. The mutagenesis process was modeled as a negative binomial 
distribution, as a function of the two parameters of total genes and given number of 
mutants.  (E) The proportion of P. falciparum genome are shown. Exonic regions overall 
lacked insertions as compared to intergenic regions.  
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Fig. S2. Computational analyses were used to verify the sequence reads of the QIseq 
libraries, related to Fig. 1 and table S3.   
(A) The pie chart shows the majority (> 97%) of piggyBac insertion candidates bearing 
an expected transposon insertion site ‘TTAA’, and those insertions not having the 
consensus TTAA (2.49%) were removed from the data set of piggyBac insertions. Here, 
the insertions with reads number ≥ 3 are considered. (B) Original sequencing reads 
number distribution in different QIseq runs. 3ʹ and 5ʹ  represent reads number of 3ʹ and 5ʹ 
libraries. (C) Scatter plot indicates significant reads number correlation between 3’ and 5’ 
library. (Pearson’s r = 0.8, P-value < 2.2e-16 compared with permutated data.). (D) 
Normalized reads number distribution in different QIseq runs. 3ʹ  and 5ʹ  are defined the 
same as in B. (E) Scatter plot shows the number of genes targeted by putative insertions 
based on specific reads cutoff. A significant amount of targeted genes show an increase 
from cutoff 2.3 to 2 (p-value  < 0.05), which provides a statistical rationale of our chosen 
reads signal cutoff threshold. (F) Bar plot shows significantly higher density of insertions 
located on the very end of the gene CDS (p < 0.05), and those insertions located in 
distance <= 0.1 to TSS/CDS of the gene were removed from the data set.  
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Fig. S3. Evaluation of QIseq accuracy, sensitivity and depth by QC samples, related 
to table S2.   
(A) The QC samples of 128 previously characterized piggyBac mutant clones (19) were 
prepared in advance for testing QIseq accuracy. The matrix of scatter plots shows the 
reads number with overall high levels of correlation between different sequencing runs. 
These results also indicate highest correlation between same prime (3ʹ or 5ʹ) and same 
runs. (B, C) Bar plots show (B) sensitivity and (C) precision of 4 QC samples with the 
number of false positives and false negatives recovered. The results verify the robustness 
and high sensitivity of QIseq. 
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Fig. S4. Some genes were completely devoid of insertions even in the surrounding 
regions, related to Fig. 1C and table S4.   
(A) 2.9% genes were completely devoid of insertions even in the surrounding intergenic 
regions. High-resolution maps of several essential gene cluster regions show ~16 KB 
essential gene regions. The example region of chromosome 14 depicts a region (~15Kb, 6 
genes, pink) without any insertions. Five conserved genes (PF3D7_1469700, 
PF3D7_1469800, PF3D7_1469900, PF3D7_1470100, PF3D7_1470200) in this region 
have no functional annotation, while the gene (PF3D71470000) is annotated as putative 
autophagy-related protein 12. (B) The peaks of FAIR-seq indicate open and accessible 
chromatin status. The results indicate large transposon insertion gaps are not due to the 
insertion occlusions by the hetrochromatin along the regions. Overlaying Faire-seq 
signals distribution between the large transposon insertion gaps (length > 10KB) and 
other insertion gaps with at least one gene (‘NS’ means non-significant). 
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Fig. S5. Identification of dispensable and essential genes through Mutagenesis Index 
Score (MIS). 
MIS plots and high-resolution chromosome maps highlighting important genes of interest 
for malaria research, drug and vaccine candidate development, and critical biological 
processes [-20kb, +20kb].  
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Fig. S6. Essentiality across select aspects of P. falciparum RNA metabolism.   
Genes involved in each process are indicated as a circle colored by MIS. Grey circles 
indicate genes that have 0 gene-body insertions, but have low TTAA density (<7) and 
thus are not scored.  RNA is generally subjected to any of three fates once it has been 
transcribed and has left the nucleus.  RNA can be transported to active centers of 
translation, where it is immediately transcribed.  RNA can be translationally paused, or 
repressed, and stored for later translation in storage granules (also termed “stress 
granules” as these granules often form in response to some stress, such as pH or 
temperature changes that might accompany the parasite’s host transition).  RNA can be 
shuttled to another type of RNA granule, the Processing Body (or P-body), for decapping 
and possible degradation.  The composition of these RNA granules has some overlap, and 
the compartments can also physically associate.  Some transcript-specific regulators are 
represented in the Storage Granules as they have an unspecified, punctate-cytoplasmic 
localization that may indicate RNA granules during at least some point during the IDC.  
The post-transcriptional regulatory landscape is highly dynamic and mRNAs may be 
shuttled between any of these compartments for active translation/storage as protein 
products are required before finally being degraded.  Genes involved at each of these 
stops along the course of an mRNA’s fate are highly likely to be essential, as well as a 
significant number of functionally uncharacterized proteins confirmed to associate with 
RNAs during the IDC.  See Table S7 for represented genes. 
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Fig. S7. Large scale mutagenesis assay can identify functional region on intergenic 
regions.   
(A) Higher MFS of mutants having insertions in intergenic regions compared to MFS of 
exons indicates less fitness penalty of competitive growth in the intergenic regions. 
(Wilcoxon test p < 1e-6).  (B) Boxplot indicates that active ApiAp2 binding sites in 
intergenic regions exhibit significantly higher MFS. Green boxes indicate ApiAp2 motifs 
with top quartile Faire-seq signal in each time stage, while black ones indicate motifs 
with bottom quartile Faire-seq signal. ApiAp2 binding candidates are defined as a 
possible binding region with a core ApiAp2 motif [±50bp]. (‘**’ indicates Wilcoxon test 
p < 0.01, ‘*’ indicates p < 0.05). 
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Fig. S8. Distinct biological process and evolutionarily conservation segregate the 
tendency of dispensable and essential genes by MFS. 
(A) Evolutionarily conserved genes with significantly lower MFS enriched in the gene set 
retained 1:1 ortholog counts; (B) have very few paralogs; and (C) show reduced non-
synonymous to synonymous single nucleotide polymorphism rates. Bars indicate the 
group median (‘****’ indicates Wilcoxon P < 2.2e-16). The genes enriched with low 
MIS are more likely to be essential in multiple Plasmodium species. (D, E) The orthologs 
of essential genes reported in (D) Toxoplasma and (E) P. berghei showed significantly 
lower MFS in PB-QIseq mutagenesis screen of P. falciparum (‘****’ indicates Wilcoxon 
P < 2.2e-16).  (F) Two Receiver operating characteristic (ROC) curve which shows the 
level of retention of essential genes across species. The area under the ROC curve (AUC) 
indicates that MIS from the P. falciparum piggyBac-QIseq mutagenesis screen has 
stronger correlation with the deduced P. berghei genome essentiality than that of 
Toxoplasma. 
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Fig. S9. Gene numbers associated with individual GO category biological process, 
molecular functions, and cellular components.  
(A) Biological processes. (B)  Molecular functions. (C)  Cellular components. 
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Fig. S10. Chemogenomic profiling of piggyBac mutant clones of the ART sensitivity 
cluster, related to Fig. 2.  
(A) The proteasome-mediated degradation pathway shows a high level of essentiality. 
MIS is plotted as a heatmap of red (Low MIS essential) to blue (High MIS, dispensable). 
Most of the genes related in this pathway are characterized as essential (red).  (B) 
Chemogenomic profiles of piggyBac mutants to the proteasome inhibitor Bortezomib.  
Mutants of the ART sensitivity cluster (16) also have increased sensitivity to Bortezomib 
compared to mutants with chemogenomic profiles negatively correlated with ART 
mechanism of action (40).  (C) ART response cluster shows significantly lower IC50 
(higher sensitivity) to Bortezomib.  Phenotype reproducibility of chemogenomic profiles 
was estimated by technical and biological replicates. (D) Technical replicates correlation 
plot for essay A and B. (E) Biological replicates A and B correlation plot. 
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Fig. S11. Mutagenesis Index Score MIS development.   
The initial mutagenesis score (#insertions/Density of TTAA) of the P. falciparum genes 
can be characterized by two posterior Gausssian models, which belong to essential and 
dispensable groups. 
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Supplemental Tables Caption: 

Table S1. piggyBac insertion sites identified from preliminary study. 
Quantitative Insertion-site Sequencing (QIseq) identified 3651 piggyBac insertion 
sites distributed across all fourteen chromosomes, combined with 326 previous published 
mutagenesis results shown on this table.  
 

Table S2. QC samples in each of QIseq run. 
128 pooled mutants with known pB insertion sites identified in previous study were 
prepared in advance as QC samples for monitoring accuracy and depth of each QIseq run. 
 

Table S3. piggyBac insertion sites identified from this study.   
34,522 piggyBac insertion sites identified from this study. A total of 38,173 piggyBac 
insertion sites were used for determining saturation-level mutagenesis scores (MIS and 
MFS) including preliminary study data (Table S1). 
 

Table S4: The non-mutable genes located in essential blocks. 
We observed that some non-disrupted genes were completely devoid of insertions even in 
the surrounding intergenic regions. 143 non-mutable genes (representing 2.9% of genes) 
are located in essential blocks, which are defined as having an insertion-free gap > 10 kb. 
 

Table S5: MIS and MFS identify essentiality of the genes. 
Mutagenesis index score (MIS) was calculated based on the susceptibility of the ORF in 
each transcriptional unit to being disrupted (Fig. 2A).  Mutagenesis Fitness Score (MFS) 
which is calculated by the normalized reads number (Fig. 2E).  Two measuring models 
(MIS and MFS) were used to validate essentiality of the genes of Plasmodium falciparum 
genome. 
 

Table S6: RNA metabolism, related to Fig. 2 C, D and fig. S6. 
RNA metabolism genes by compartment or process as displayed in figure S7. MIS is 
indicated from 0 to 1. Genes in red text indicate those with TTAA density <7 or length 
<400bp (that are thus not scored) that have 0 recovered gene-body insertions. Translation 
and splicing-related genes of interest were identified via GO term. RNA granule-related 
genes of interest are as classified in Reddy et al. 2015 and as reviewed (41). Unknown, 
validated RNA-associated genes are proteins identified as being mRNA-bound as per 
(42) that have no or little functional annotation as per PlasmoDB. 
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Table S7: Phenotype screen of competitive growth assay, related to Fig. 3 A to C.  
Phenotype screen of competitive growth assay identifies growth winners and losers from 
~400 mutants in four individual pools which provides evidence to validate MIS and MFS 
scoring of each gene’s essentiality. 
 

Table S8: Genes corresponding to GO enrichment. 
Functional annotation of biological processes, molecular function and cellular component 
are represented by the p-value and the fraction of the genes with MIS > 0.5. Each GO 
term is assigned a p-value to represent the tendency to be essential or dispensable. 
 

Table S9: Sample pool ID and accession number for this study, related to Fig. 1, 2 
and table S3. 
Sample pool ID and accession number from all QIseq runs are shown on this table. 
Insertion sites identified from each pool are shown on table S3. 
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