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ABSTRACT

G-quadruplexes are non-helical secondary struc-
tures that can fold in vivo in both DNA and RNA.
In human cells, they can influence replication, tran-
scription and telomere maintenance in DNA, or trans-
lation, transcript processing and stability of RNA.
We have previously showed that G-quadruplexes
are detectable in the DNA of the malaria parasite
Plasmodium falciparum, despite a very highly A/T-
biased genome with unusually few guanine-rich se-
quences. Here, we show that RNA G-quadruplexes
can also form in P. falciparum RNA, using rG4-seq for
transcriptome-wide structure-specific RNA probing.
Many of the motifs, detected here via the rG4seeker
pipeline, have non-canonical forms and would not
be predicted by standard in silico algorithms. How-
ever, in vitro biophysical assays verified formation
of non-canonical motifs. The G-quadruplexes in the
P. falciparum transcriptome are frequently clustered
in certain genes and associated with regions encod-
ing low-complexity peptide repeats. They are over-
represented in particular classes of genes, notably
those that encode PfEMP1 virulence factors, stress
response genes and DNA binding proteins. In vitro
translation experiments and in vivo measures of
translation efficiency showed that G-quadruplexes
can influence the translation of P. falciparum mR-
NAs. Thus, the G-quadruplex is a novel player in post-

transcriptional regulation of gene expression in this
major human pathogen.

INTRODUCTION

Protozoan Plasmodium parasites are the causative agents
of human malaria, a disease responsible for widespread
morbidity and almost half a million deaths each year (1).
Most of the deaths are caused by the species P. falciparum,
which has an unusual genome with an extreme A/T-bias
of ∼81% A/T (2). Not all Plasmodium species share this
feature: the five other Plasmodium species that infect hu-
mans have genomes with A/T contents of ∼60%, 61%, 71%
and 76% for P. vivax, P. knowlesi, P. ovale curtisi/wallikeri
and P. malariae respectively (3). In P. falciparum, however,
the particularly A/T-biased genome results in an extreme
paucity of guanine-rich sequences, and hence of putative G-
quadruplex forming sequences (PQSs) (4,5).

The G-quadruplex is an important non-double-helical
structure that can form in DNA and also RNA (6). It is
classically formed from four tracts of at least three guanines
found in close proximity on the same strand: these are ar-
ranged as three or more quartets stacked on top of one an-
other (7). The requisite guanine density is a rare feature in
A/T-biased genomes, but the existence of G-quadruplexes
has nevertheless been predicted in the P. falciparum genome
by searching for the consensus sequence (G3 Nx)4 (4,5,8).
Only ∼100 PQSs are found outside the inherently-G-rich
telomeres: this is approximately one per 300 kb of the non-
telomeric genome, compared to an average of one per kb in
the human genome (9). More modern algorithms such as
G4Hunter (10), which can identify PQSs in ‘non-canonical’
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forms beyond the classical (G3 Nx)4, can increase the PQS
count in the P. falciparum genome, but only modestly (5,11).

Despite their scarcity, some G-quadruplexes have been
shown to fold in P. falciparum DNA both in vivo (12)
and in vitro (5,8,11–13). By contrast, RNA G-quadruplexes
(rG4s) have to date remained unexplored in P. falciparum,
or in any other organism with a comparable genome bias.
Nevertheless, they could have important roles in parasite
biology. PQSs in the P. falciparum genome are primarily
found around the major virulence gene family var––either
within the coding sequence or upstream of var genes (4,5,8).
Mitotic recombination amongst these virulence genes is
strongly spatially associated with PQSs (4), and the loss
of RecQ helicases, which normally act to unwind G-
quadruplexes, can increase the rate of var gene recombina-
tion (14). Therefore, one unique role for G-quadruplexes at
the DNA level in P. falciparum is probably to promote var
gene diversification. If these G-quadruplexes also occurred
at the RNA level in var gene transcripts, they could modu-
late expression at the translational level. Similarly, transla-
tion could be affected in non-var genes that harbour rG4s.
It has been suggested that post-transcriptional regulation
might be particularly important in P. falciparum because
this organism has unusually low numbers of sequence-
specific transcription factors (15,16) and a ‘hardwired’ tran-
scriptional cascade across its cell cycle (17).

In several model organisms, the rG4 content of the tran-
scriptome has recently been investigated by ‘rG4-seq’ (18–
20), a technique in which the transcriptome is extracted
from a cell and reverse-transcribed in parallel conditions, ei-
ther allowing rG4s to fold or preventing them from folding.
Folded rG4s tend to stall the reverse transcriptase, leading
to rG4-specific truncations that can be detected by compar-
ing the resultant cDNA libraries. This method has detected
many rG4s in the transcriptomes of human, plant and bac-
terial cells (18–20), some of which have functional conse-
quences in gene translation (19–22). Here, we performed the
first ever rG4-seq on the highly A/U-biased transcriptome
of P. falciparum and investigated the biological roles of rG4s
in this parasite.

MATERIALS AND METHODS

Parasite culture and drugs

The 3D7 strain of P. falciparum was obtained from the
Malaria Research and Reference Reagent XResource Cen-
ter (MR4). Parasites were cultured as previously described
(23), in gassed chambers at 1% O2, 3% CO2 and 96% N2.
Parasite growth and morphology was assessed on blood
smears stained with Hemacolor (Merck). Synchronised par-
asite cultures were obtained by performing two treatments
with 5% D-sorbitol (24) 42 h apart, to yield an approxi-
mately 4-h window of ring stage parasites.

Visualisation of rG4s by fluorescent microscopy

Air-dried slides of 3D7 parasites were made, after saponin-
mediated release of the parasites from host erythrocytes.
Cells were fixed with 8% formaldehyde/HEPES pH 7.4 for
10 min and then with 4% formaldehyde/HEPES pH 7.4
for 10 min at room temperature (RT). Permeabilisation was

done in 0.05% TritonX for 10 min. Enzymatic treatments
were performed as followed: 0.12 U �l–1 Turbo DNase (Al-
bion) or 5 U RNase A and 20 U RNase T1 (RNase Cock-
tail enzyme mix, Thermo Fisher Scientific) for 1 h at 37◦C.
Slides were washed three times for 5 min in PBS, adding
2 �g/mL DAPI (4′,6-diamidino-2-phenylindole; Thermo
Fisher Scientific) and 1 �M QUMA-1 (25) to the final wash,
followed by three washes with DEPC treated water. Slides
were mounted using ProLong diamond antifade (Thermo
Fischer Scientific). Visualization was performed on a Nikon
SA microphot microscope.

Preparation of polyA RNA

RNA was harvested from two independent parasite cul-
tures using Trizol (Invitrogen), as previously described (26).
RNA was treated with DNase1 for 30 min and the ab-
sence of DNA was confirmed via PCR across an intronised
gene, as previously described (27). RNA was then subjected
to polyA purification via the NEBNext Poly(A) mRNA
Magnetic Isolation Module (NEB), and quantified using a
Nanospec 1000 (Thermoscientific, USA).

rG4-seq library preparation

The rG4-seq libraries were prepared as per our previous
study, with minor modifications (18). Approximately 1 �g
of mRNA was obtained after polyA RNA enrichment.
Random RNA fragmentation was performed in buffer
(final 1×: 40 mM Tris–HCl pH 8.0, 100 mM LiCl, 30 mM
MgCl2) at 95◦C for 45 s to result in RNA fragment size
of ∼250 nt, followed by RNA clean and concentrator-5
(Zymo research). Next, 3′ dephosphorylation was per-
formed by using 8 �l RNA sample, 1 �l 10× T4 PNK
buffer and 1 �l T4 PNK enzyme (NEB) at 37◦C for 30 min.
Then, 3′ adapter ligation was conducted by adding 10 �l
sample from above, 1 �l of 10 �M 3′ rApp adaptor (5′-
/5rApp/AGATCGGAAGAGCACACGTCTG/3SpC3/-
3′), 1 �l 10× T4 RNA ligase buffer, 7 �l PEG8000 and
1 �l T4 RNA ligase 2 K227Q (NEB) at 25◦C for 1 h,
followed by RNA clean and concentrator and eluted in
nuclease-free water. The eluted sample was then split into
two parts for 150 mM Li+ and 150 mM K+ for reverse
transcription (∼12 �l each), with 1 �l of 5 �M reverse
primer (5′-CAGACGTGTGCTCTTCCGATCT-3′) and 6
�l of 5× reverse transcription buffer (final concentration
20 mM Tris, pH 7.5, 4 mM MgCl2, 1 mM DTT, 0.5 mM
dNTPs, 150 mM LiCl or 150 mM KCl). The mixture was
heated at 95◦C for 1.5 min and cooled at 4◦C for 1.5 min,
followed by 37◦C for 15 min before 1 �l of Superscript
III (200 U/�l) was added. The reverse transcription was
carried out at 37◦C for 40 min, followed by treatment
of 1 �l of 2M NaOH at 95◦C for 10 min. 5 �l of 1 M
Tris–HCl (pH 7.5) was added to neutralize the solution,
before the sample was cleaned up by RNA clean and
concentrator and eluted in nuclease-free water. To the
purified and eluted cDNA samples (8 �l), 1 �l of 40 �M
5′ adapter was added (5′/5Phos/AGATCGGAAGAGCG
TCGTGTAGCTCTTCCGATCTNNNNNN/3SpC3/3′).
The sample was heated at 95◦C for 3 min, cooled to room
temperature, and 10 �l of 2× Quick T4 ligase buffer
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and 1 �l Quick T4 DNA ligase (NEB) were added and
incubated at room temperature overnight. The ligated
cDNAs were purified by pre-cast 10% urea denaturing
TBE gel and the size 90–450 nt was cut, followed by
the gel extraction step using crush and soak methods.
Next, a PCR reaction (20 �l) was performed using 95◦C:
3 min, 12 cycles of each temperature step (98◦C: 20 s,
65◦C: 15 s, 72◦C: 40 s); 72◦C: 1 min, 1 �l 10 �M forward
primer (5′ AATGATACG GCGACCACCGAGATCTAC
ACTCTTTCCCTACACGACGCTCTTCCGATCT 3′)
and 1 �l 10 �M reverse primer (e.g. index 2) (5′ CAAG
CAGAAGACGGCATACGAGATACATCGGTGACT
GGAGTTCAGACGTGTGCTCTTCCGATCT 3′), 8 �l
DNA template and 10 �l 2× KAPA HiFi readymix. The
amplified libraries were purified with 1.8% agarose gel for
50 min at 120V, and the size 150–400 bp was sliced and
extracted with Zymoclean Gel DNA Recovery Kit. The
purified libraries underwent qPCR with KAPA Universal
Quant Kit. A total of six sequencing libraries were gen-
erated with two biological replicates and three conditions
(2 rG4-stabilizing conditions: 150 mM K+, and 150 mM
K+ with 5 �M PDS; and 1 rG4-non-stabilizing condition:
150 mM Li+). These were subjected to next-generation
sequencing on NEXTseq 500 (Illumina).

rG4-seq data analysis

Pre-processing and short read alignment of sequencing data
were conducted as previously described (28). Reverse tran-
scriptase stalling (RTS) site analysis and rG4 calling were
conducted using the rG4-seeker pipeline (28). The defini-
tion of rG4 structural motifs has been previously described
(18,28). In brief, sequencing reads from rG4-stabilizing con-
ditions (K+ and K+/PDS) were compared to those from
non-rG4-stabilizing condition (Li+) to detect RTS sites spe-
cific to the rG4-stabilizing conditions, resulting in four sets
of RTS sites detections (two replicates, two rG4-stabilizing
conditions). Each set of detected RTS sites were then anal-
ysed independently to identify the rG4 motifs responsible
for generating the RTS event. The intersection and union of
identified rG4s across the two biological replicates and the
two rG4-stabilizing conditions were computed based on the
overlapping of genomic coordinates of the rG4 sequences.

P. falciparum genome sequence and transcriptome annotation
sources

The reference genome and transcriptome annotation for P.
falciparum (3D7) were downloaded from PlasmoDB (29).
As the transcriptome annotation from PlasmoDB lacked
UTR information, the 2000 nt upstream and downstream
of each annotated protein coding gene were flagged as ‘pre-
dicted’ 5′UTR/3′UTR regions, as described in (4). The cu-
rated UTR annotations reported by Chappell et al. (30)
were then appended to the annotation. UTR regions that
were encompassed by both predicted and curated UTRs
were considered as curated UTRs.

Annotation of repeats in the P. falciparum genome

DNA repetitive elements in the P. falciparum genome were
annotated using RepeatModeler and RepeatMasker soft-

ware at default settings (31). The overlap between rG4 se-
quences and repetitive elements was computed using bed-
tools (32).

G/C content calculation

G/C content of rG4 sequences and rG4 flanking sequences
was calculated directly. The G/C content of transcripts was
calculated in sliding windows of 50 nt and at increments
of 10 nt. The statistical significance of differences in G/C
content for various set of sequences was computed using
Wilcoxon rank-sum test for two samples.

Low-complexity peptide region (LCR) analysis

The peptide sequence matching an rG4 and its ±50 nt
flanking sequence was first extracted from the full protein
sequence of the rG4-harbouring gene. Any peptide sub-
sequence of at least 10 amino acids that matched the follow-
ing composition bias or tandem-repeat definition was then
exhaustively searched for:

Composition bias––80% of the peptide sequence is com-
posed of one kind of amino acid residue; or 100% of the
peptide sequence is composed of two kinds of amino acid
residue, where one kind takes <80% and the other kind
takes >20%.

Tandem repeats––the peptide sequence is composed of
at least three repeat units of 3–10 amino acids. Imperfec-
tions in the repeats (substitution/insertion/deletion of 1
amino acid residue) were tolerated if the number of im-
perfections was ≤2 (for peptide sequences longer than 11
residues) or ≤1 (for other peptide sequence lengths).

If more than one sequence or type of LCR was identified,
the longest LCR with least number of imperfections was
chosen for reporting. If both composition bias and tandem
repeats were present, the composition bias was chosen for
reporting.

Gene Ontology (GO) analysis

GO term annotations for P. falciparum genes were down-
loaded from PlasmoDB (29). GO enrichment analysis were
conducted on the PANTHER platform (33), using a de-
duplicated list of rG4-harbouring gene IDs as input.

G4-seq data analysis

Processed P. falciparum G4-seq peaks in BED format were
downloaded from Gene Expression Omnibus (accession
number GSE110582) (34).

In vitro transcription and translation

The genes ApiAP2 (PF3D7 0934400) and rifin
(PF3D7 1254400) were PCR amplified using Q5 DNA
polymerase (NEB) from P. falciparum cDNA with over-
hang primers to insert a 5′ MluI and a 3′ SmaI restriction
site. After digestion of the PCR product using MluI and
SmaI for 1 h at 37◦C, the DNA fragments were cloned into
a version of the pTnT vector (Promega) where the multiple
cloning site had been replaced by a synthetic construct
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(Genewiz) composed of a 5′ HiBiT tag (Promega), a new
multiple cloning site and 3′ 3xHA tag. Disruption of the
G4 motif in both genes was performed by site-directed
mutagenesis using Pfu Turbo (Agilent) and DpnI (Ther-
moFisher). Prior to in vitro transcription, each construct
was linearised using BamHI (ThermoFisher) and purified
via phenol/chloroform and ethanol precipitation. 1 �g of
linearised plasmid was incubated for 2 h at 37◦C with 1U
T7 RNA polymerase (ThermoFisher), 5 mM DTT, 4 nM
NTPs (ThermoFisher) and 50 U Superase (Invitrogen).
Transcription products were treated with 10 Kunitz units
of RNase-free DNase (ThermoFisher) at 37◦C for 45 min,
then purified as above.

Translation was performed in Flexi® Rabbit Reticulo-
cyte Lysate (Promega) supplemented with amino acid mix-
ture minus methionine and leucine, 60 nM each, Complete
Protease inhibitor (Roche) and 20 U Superase protease in-
hibitor (Invitrogen). Transcripts were first denatured and re-
folded by incubation at 95◦C for 5 min followed by 15 min at
RT with 150 mM KCl or LiCl. Translation was performed
for 60 min at 30◦C with 300 ng of transcript in three inde-
pendent reactions. Each reaction was stopped by the addi-
tion of 4:1 (v:v) blocking solution (1 mg of cycloheximide,
Complete protease inhibitor in PBS). Luciferase activity
was measured via the HiBiT tag using Nano-Glo® HiBiT
Extracellular Detection System (Promega) on a FLUOstar
Omega (BMG Labtech). Data were analysed with Graph-
pad Prism using a two-way ANOVA and a Bonferroni cor-
rection for multiple testing.

Ligand-enhanced fluorescence assay

Enhanced fluorescence assays with all
ligands––ThioflavinT (ThT), NMM, QUMA-1 and
ISCH-oa1 – were performed as previously reported (22). In
summary, in a reaction volume of 100 �l, 1 �M RNA was
mixed with 10 mM LiCac (pH 7.0) and 150 mM KCl or
LiCl. Samples were annealed at 95◦C for 5 min and cooled
to RT for 15 min for renaturation to occur. Samples were
then transferred into a 1 cm path-length quartz cuvette
and 5 �L of 20 �M ligand, ThT, NMM, QUMA-1 or
ISCH-oa1 (final concentration of 1 �M) was then added.
Excitation was at 425, 394, 555 and 570 nm for ThT,
NMM, QUMA-1 and ISCH-oa1, respectively, and the
emission spectrum was collected from 440–770, 550–750,
575–800 and 590–750 nm, respectively. Measurements were
performed using a HORIBA FluorMax-4 and spectra were
acquired every 2 nm at 25◦C for both WT and rG4mut
RNA oligos. For full transcripts rather than RNA oligos,
the same procedure was followed after in vitro transcrip-
tion, with a few alterations: 200 nM transcript was used
with 4 �M QUMA-1. Spectra were measured using a Cary
Eclipse Fluorescence Spectrophotometer (Agilent).

Circular dichroism assay

As previously reported (35,36), reactions were set up in 2
ml samples of 5 �M RNA prepared in 10 mM LiCac (pH
7.0) and 150 mM KCl or LiCl. All RNAs were folded as
described above and measurements were conducted using a
Jasco CD J1500 spectropolarimeter and a 1 cm path-length

quartz cuvette. Spectra were acquired every 1 nm from 220
to 310 nm at 25◦C for WT and rG4mut RNA oligos. All
spectra reported are the average of 2 scans with a response
time of 2 s/nm, normalised to molar residue ellipticity and
smoothed over 5 nm. All data were analysed with Spectra
Manager™ suite (Jasco Software).

Thermal melting monitored by UV spectroscopy

Thermal melting monitored by UV spectrocopy was per-
formed using a Cary 100 UV–Vis spectrophotometer and a
1 cm path-length quartz cuvette with a reaction volume of
2 ml (36). Samples were prepared and renatured as per the
circular dichroism experiment above. Data were collected
over 0.5◦C increments while heating over the temperature
range 5–95◦C. The unfolding transitions were monitored at
295 nm for the WT and rG4mut RNA oligos to look for
the inverse melting G4 signature. Data were smoothed over
5 nm.

Translation efficiency analysis

Translation efficiency was calculated as the ratio of
ribosome-protected footprints (Ribo-Seq) to mRNA reads
(RNA-Seq) across each mRNA, using published P. fal-
ciparum Ribo-Seq data (37). Significant differences be-
tween the TE distributions of genes harbouring or lacking
rG4s were assessed by Student’s t-test. Coverage of Ribo-
Seq and RNA-Seq for individual genes was visualized via
GWIPS-viz Genome Browser (https://gwips.ucc.ie, (38)) or
the Mochiview browser (39).

Plasmid construction and parasite transfection

To generate the rG4 reporter parasite lines, three genes har-
bouring an rG4 on the positive strand were selected, rifin
(PF3D7 0700200), RAD54 (PF3D7 0803400) and AP2
(PF3D7 0934400). The 3′ portion of each gene contain-
ing the rG4 was cloned in-frame with the 3xHA tag in
a pSLI vector designed for selectable integration into the
P. falciparum genome (40). Briefly, all PCR reactions were
performed using Phusion (NEB) with primers to add a 5′
Eco52I restriction site and a 3′ KpnI restriction site (see
Supplementary Table S3 for oligos). PCR products and
plasmids were digested with Eco52I and KpnI (Thermo
Fisher Scientific), purified using QIAquick PCR Purifi-
cation Kit (Qiagen), then cloned using T4 DNA ligase
(Thermo Fisher Scientific). The G4mut variants with point-
mutations designed to disrupt the G4 motif were gener-
ated as previously described in the methods section on
in vitro transcription. All plasmids were transformed into
PMC103 electro-competent bacteria using a Gene Pulser
Xcell Electroporation System (Bio Rad) and 0.1cm cuvettes
(Bio Rad). All constructs were checked by restriction diges-
tion and sequencing.

Plasmids were transfected into the 3D7 strain of P. falci-
parum using standard procedures (41). Transfectants were
selected with 4 nM WR99210 (Jacobus Pharmaceuticals),
then selection for parasites with genomic integration of the
pSLI plasmid was performed with 400 �g.ml–1 of G418
(Sigma). Recombinant parasites were checked for correct
rearrangement by PCR (Supplementary Table S3).

https://gwips.ucc.ie
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Reporter gene expression analysis and protein quantification

All reporter parasite lines were synchronised twice with 5%
sorbitol and total RNA and protein were then extracted at
∼40hpi, the lifecycle stage of peak gene expression (29).

After saponin lysis to release parasites from erythro-
cytes, total RNA was extracted using the RNeasy Mini
Kit (Qiagen) according to manufacturer’s instructions.
DNA contamination was removed by incubating the
RNA extracts with 2 U TURBO DNase (Ambion) for
30 min at 37◦C. cDNA preparation was performed us-
ing SensiFAST cDNA Synthesis Kit (Bioline) and real-
time qPCR was performed using SensiFast SYBR Lo-
ROX kit (Bioline). RT-qPCR was carried using primer
sets for the three reporter genes and three housekeep-
ing genes (actin I (p100, PF3D7 1246200), serine tRNA
ligase (p60, PF3D7 0717700), fructose-bisphosphate al-
dolase (p61, PF3D7 1444800). ��Ct analysis (Ct, thresh-
old cycle) was used to calculate the relative copy num-
ber of each target gene relative to the average Ct
of the three control genes. All experiments were con-
ducted in three biological replicates, assessed in technical
triplicate.

Secondly, parasite fractions for western blotting were pre-
pared in parallel as previously described (42). Samples were
loaded onto 4–12% polyacrylamide gels (BioRad) and elec-
trophoresed at 100 V for 60 min. Electrophoretic transfer
to nitrocellulose membrane was carried out at 100 V for 60
min. Membranes were blocked in TBST with 5% milk pro-
tein and probed with the following antibodies: 1:1000 anti-
HA (Roche), then 1:1500 goat anti-rat IgG-HRP (Dako);
anti-histone H4 (Abcam), then 1:1000 goat anti-rabbit IgG-
HRP (Abcam). Membranes were washed for 3 × 5 min in
TBST after each antibody step. SuperSignal West Pico
PLUS substrate (Thermo Fisher Scientific) was added for 1
minute and blots were imaged using a FluorChemM chemi-
luminescent detection camera (ProteinSimple).

DNA damage sensitivity assay

The Malaria SYBR Green I-based fluorescence (MSF) as-
say was used to measure parasite growth in the presence
of DNA damaging agents, essentially as previously de-
scribed (43). Trophozoite-stage cultures of each parasite
line were seeded in triplicate into 96-well plates at 1% para-
sitaemia, 4% haematocrit, with serial dilutions of the drugs
etoposide (Millipore) or methyl methanesulphonate (MMS,
Sigma). Plates were incubated for 48 h in a gassed cham-
ber at 37◦C. Following this, 100 �l of sample from each
well was transferred to a plate containing in each well 100
�l MSF lysis buffer (20 mM Tris pH 7.5, 5 mM EDTA,
0.008% saponin, 0.8% Triton X-100) supplemented with
0.2 �l/ml of SYBR Green I (Sigma). After a 1 h incu-
bation in the dark at room temperature, fluorescence was
measured (excitation/emission 485/520 nm) in a FLUOstar
Omega microplate reader (BMG Labtech). Percentage par-
asite growth was calculated as follows from the amount of
DNA detected via SYBR Green I: 100 × [�(s) – �(–)/�(+)
– �(–)] where �(s), �(–) and �(+) are the means of the fluores-
cent readouts from sample wells (�(s)), control wells with
100 �M chloroquine (�(–), representing 0% growth), and
control wells with non-drug-treated parasites (�(+), 100%

growth). 50% inhibitory concentrations (IC50) for each
drug on each parasite line were calculated using GraphPad
Prism.

RESULTS

G-quadruplexes can be detected in P. falciparum RNA

The most direct route to demonstrate the presence of G-
quadruplexes in cells is arguably to visualise them with
microscopy. Cell-permeable G-quadruplex-specific fluores-
cent dyes have therefore been developed, some of which are
specific for RNA rather than DNA (25). Structure-specific
antibodies also exist (6) but do not distinguish RNA and
DNA, although some antibodies can detect both structures
(44).

We attempted to visualise rG4s specifically in cultured
P. falciparum parasites using the rG4 dye QUMA-1 (25)
(Supplementary Figure S1). A fluorescent signal was seen
throughout the parasites and this appeared to be somewhat
RNase-sensitive, but much of the signal was apparently nu-
clear and DNase-sensitive, suggesting that the QUMA-1
dye is not as RNA-specific in P. falciparum cells as it is in hu-
man cells. Similarly, we attempted to visualise rG4s with the
antibody BG4, but although this does give a faint cytoplas-
mic signal indicating rG4s in human cells, it was not success-
ful in very small Plasmodium cells. DNA G4s are likely to
dominate in parasite nuclei, particularly in telomeres, while
rG4s, if present, are likely to be less abundant and more dis-
persed throughout the cytoplasm, so they may be difficult
to detect via microscopy.

We proceeded to use rG4-seq (18) to detect rG4s and
to obtain a comprehensive catalogue of these motifs in
the P. falciparum transcriptome. We conducted rG4-seq
using RNA extracts obtained from duplicate cultures of
mixed-stage asexual parasites (3D7 strain), enriched for
polyadenylated RNA. Under an in vitro rG4 stabilizing con-
dition (buffer containing 150 mM K+), ∼300 reverse tran-
scriptase stalling (RTS) events associated with PQSs were
detected by rG4-seq (Figure 1A). The number of detections
further increased to >2000 when the rG4 stabilizing ligand
pyridostatin (PDS) was included in the buffer (Figure 1A).
Across all rG4-seq experiments, >95% of the RTS events
captured were associated with various categories of PQS
(examples of each category are shown in Supplementary
Figure S2), which confirmed that these events were highly
specific to genuine rG4s and that the false discovery rate
was low (Figure 1A). By comparing the detection results
between biological replicates, we found that >70% of the
RTS events were reproduced, coherent with the outcomes
from an earlier rG4-seq experiment in human cells (18) (Fig-
ure 1B, C). Reproducibility was best amongst what might
be considered the highest-confidence PQSs: both canonical
and non-canonical rG4 motifs, with the non-canonical cat-
egory including bulged and 2-quartet motifs (Figure 1B).
Reproducibility was lower amongst the set of guanine-rich
sequences that may have G4-forming potential, but with
structural imperfections (Figure 1C). Overall, the experi-
ments confirmed that rG4s can fold in P. falciparum mR-
NAs, with a unified set of 2569 rG4s detected (Supplemen-
tary Datasheet S1).
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Figure 1. The landscape of rG4s in the P. falciparum transcriptome. (A) Distribution and reproducibility of RTS sites detected in rG4-seq experiments.
RTS sites were assigned to rG4 structural classes according to their adjacent nucleotide sequences. RTS sites classified as ‘Others’ were considered false
positive detections as their adjacent nucleotide sequences do not satisfy the minimum requirements for forming quadruplex or triplex structures. (B, C)
Reproducibility of RTS sites detected by rG4-seq experiments for the rG4s in the four well-established structural classes (B) and in other classes (C). K+

refers to the rG4-seq experiments conducted in potassium ions alone; K+-PDS refers to RNA folding in potassium plus pyridostatin. (D) Distribution of
detected rG4s of seven different classes within the coding regions and untranslated regions of P. falciparum protein coding genes. (E, F) Summary of the
number of rG4s detected per P. falciparum gene, considering only canonical and non-canonical rG4 motifs (E) or all rG4 motifs (F).
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Detected RNA G-quadruplexes in P. falciparum are mostly
non-canonical

The detected rG4s in the P. falciparum transcriptome were
mostly located in the CDS regions of protein coding genes,
rather than in the UTRs (Figure 1D), as expected in a
genome with G/C content of ∼20–30% in CDS, but only
∼12–15% in non-coding regions. Moreover, based on their
nucleotide sequences, most of the rG4s were classified as
non-canonical motifs (e.g. bulged or two-quartet) (Figure
1A, D), similar to the findings of rG4-seq in human cells
(18). These imperfections do not necessarily compromise
rG4 folding but they have been suggested to have a neg-
ative impact on the thermostability of the resultant rG4
structures (18,45). The P. falciparum transcriptome also
harboured many guanine-rich potential rG4s and RNA
G-triplex (rG3) motifs that could potentially fold into
quadruplex/triplex structures despite their nucleotide se-
quences not matching the four better-established structural
motif definitions (46). We checked a range of these se-
quences biophysically and confirmed their ability to form
rG4s in vitro (Supplementary Figure S3).

The rG4-seq results appeared to contrast with previous
in silico analyses of the P. falciparum genome for PQSs that
might form in DNA (4,8): those analyses examined only
PQSs of the form (G3Nx)4 and ∼100 were found, most no-
tably among the var virulence genes that encode P. falci-
parum Erythrocyte Membrane Protein 1 (PfEMP1). The
rG4-seq experiment revealed very few rG4s of canonical or
long-loop motif types––either in var genes or elsewhere in
the transcriptome (Figure 1A, D). Nevertheless, rG4s ap-
peared overall to be quite prevalent among P. falciparum
genes: out of 5762 annotated genes, nearly 10% of them
(510 genes) contained at least one rG4 from the four better-
established structural motifs (Figure 1E) and this rose to
22% (1325 genes) if the potential rG4/rG3 structures and
G ≥40% motifs were also considered (Figure 1F). It was
also not uncommon to find genes harbouring two or more
rG4s simultaneously (Figure 1E, F). Given the low overall
G/C content of the P. falciparum transcriptome, the preva-
lence of rG4s in these genes is striking.

The P. falciparum transcriptome does contain some canonical
rG4s

To further explore any perceived discrepancies between
rG4-seq results and prior in silico analyses of the P. fal-
ciparum genome (4,8), we first updated the in silico PQS
prediction on the P. falciparum transcriptome for canonical
or long-loop structural motifs fitting the (G3Nx)4 criteria
(Supplementary Datasheet S2). The predicted PQSs were
then further curated for any overlap with DNA repetitive
elements using RepeatMasker software and/or manual cu-
ration (Supplementary Datasheet S2). Among the predicted
355 PQSs across 41 genes, it was striking that the vast ma-
jority of them overlapped with telomeric GGGTT(C/T)A
repeats, AAAGGGG repeats, or regions of exact homol-
ogy within genes, and that none of these was detected by
rG4-seq (Supplementary Table S1, Figure 2A). In con-
trast, among the 28 predicted PQSs that did not over-
lap with repetitive elements, 12 of them were detected by
rG4-seq (Supplementary Table S1). This suggested that the

technique can only detect predicted PQSs in the P. falci-
parum transcriptome if they do not overlap with repetitive
elements––probably due to technical limitations in unam-
biguously assigning short-read Illumina sequencing data to
repetitive sequences. Although our results cannot offer re-
liable information on PQSs associated with repetitive se-
quences, we can still confirm that: a) outside of repetitive
regions, canonical and long-loop rG4s are scarce in the P.
falciparum transcriptome, and b) virulence genes including
var and rifin (as well as a small number of other genes), do
harbour a few non-repeat-associated canonical/long-loop
rG4s in their CDS and/or UTRs.

Detected RNA G-quadruplexes are non-randomly distributed
in the P. falciparum transcriptome

We next explored the distribution and sequence character-
istics of non-canonical CDS rG4s in the bulged and two-
quartet categories. These formed the bulk of the detected
rG4s (and were not considered in previous analyses fo-
cussing on DNA PQSs because such motifs are not expected
to be stable in DNA). We calculated the G/C content of
each rG4 sequence and its 50nt 5′/3′ flanking sequences,
then compared these with the G/C content of the CDS of
the whole rG4-harbouring gene in 50nt sliding windows. As
expected, the G/C content was highly elevated in the rG4
sequences themselves (Figure 2B). In addition, the flank-
ing regions of bulged rG4 motifs had significantly higher
G/C contents than the rest of the transcript, whereas this
difference was much more subtle in the flanking regions of
two-quartet rG4 motifs (Figure 2B).

Through manually examining the nucleotide sequences of
bulged rG4 motifs and their translated peptide sequences,
we found that some of these rG4s overlapped with low-
complexity peptide regions (LCRs) with a compositional
bias of amino acid residues and/or tandem repeats of short
peptides (Figure 2C). This observation motivated us to
search de novo for LCRs in the codons that encoded de-
tected rG4s, and then to annotate all non-canonical CDS
rG4s based on their association with LCRs. Strikingly, we
found that rG4s located in LCRs possessed distinct fea-
tures. They were associated with a higher G/C content in
the flanking regions (Figure 2D) and with multiple occur-
rences of rG4s within a single gene (Figure 2E).

We also examined the per-base G/C content of 5′ and
3′ flanking regions and observed a three-base periodicity in
the average G/C content, reflecting the property of protein-
coding sequences (Figure 2F). Furthermore, this revealed
that the G/C difference between flanking regions of LCR
and non-LCR rG4s was driven by the strength of the G/C
spikes occurring once every three bases (Figure 2F). This
important observation suggests that common repetitive el-
ements in the P. falciparum genome, such as the GGGTTTA
telomeric repeat and other repeats, are unlikely to be a di-
rect cause of LCR CDS rG4s, since their repeat units are
usually 7/8nts long and not a multiple of 3.

Overlap between RNA G-quadruplexes and experimentally
determined DNA G-quadruplexes is limited

To explore any associations between RNA G4s and DNA
G4s in P. falciparum, we compared the list of DNA G4s de-
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Figure 2. Sequence features of P. falciparum RNA G-quadruplexes. (A) Summary of (G3Nx)4 PQS prediction outcomes in protein-coding genes and
their status of detection in rG4-seq. PQSs matching the canonical or long-loop motif definitions were considered as (G3Nx)4 PQSs. Their location and
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termined experimentally using G4-seq (34) with our rG4-
seq results. ∼40% of all DNA G4s fell on the sense strand of
exonic regions (Supplementary Table S2A). Among these,
only ∼20% of the DNA G4s overlapped with RNA G4s
and all such RNA G4s originated from non-canonical se-
quences (Supplementary Table S2B). The lack of overlap
between RNA G4s and DNA G4s is largely expected, ow-
ing to their different conditions for folding (47). Neverthe-
less, the small overlapping subset of RNA and DNA G4s
does suggest that in Plasmodium, it is possible to fold both
types of G4 from the same non-canonical quadruplex se-
quences with significant structural imperfections. Further-
more, among the exonic, sense-strand DNA G4s that reside
within CDS regions, it was found that >50% coincide with
LCRs (Supplementary Table S2C)––including 12 DNA G4s
that also overlap with RNA G4s (Supplementary Datasheet
S3). The observation suggests mutual connections between
LCRs and both DNA and RNA G4s in P. falciparum.

RNA G-quadruplexes tend to occur in genes with specific GO
terms

To evaluate the potential functional significance of P. fal-
ciparum rG4s, we explored the associations between rG4-
harbouring genes and Plasmodium biology via a gene on-
tology (GO) term enrichment analysis conducted on the
rG4-harbouring genes. Some enriched GO terms appeared,
but they were very broad and covered too many genes to
define a clear biological process (Supplementary Figure
S4A). We therefore altered the analysis strategy to iden-
tify the most common GO terms supported by five or more
rG4-harbouring genes (Supplementary Figure S4B). This
revealed at least three categories of interest: firstly, there
were multiple GO terms related to pathogenesis, includ-
ing antigenic variation and cell-cell adhesion – terms that
primarily apply to variantly-expressed virulence genes such
as var genes, confirming the earlier finding that var and
rifin genes can encode rG4s. Secondly, there were multi-
ple terms relating to stress-responsiveness, including pro-
teotoxic stress and oxidative stress, both of which can be
induced by human immune responses to malaria and by an-
timalarial drugs––indeed, the term ‘response to drug’ ap-
peared as well. Thirdly, genes involved in transcription and
regulation of transcription such as ApiAP2 transcription
factors and chromatin modifiers were enriched: this is con-
sonant with the rG4-seq results from human cells, in which
many genes encoding DNA-binding and DNA-modifying
proteins were detected (18).

An RNA G-quadruplex can affect in vitro translation of a P.
falciparum gene

Having analysed the rG4-seq dataset in silico, we pro-
ceeded to investigate the biological effects of Plasmodium
rG4s via in vitro and in vivo experiments. To assess the
potential effect of rG4s on P. falciparum protein produc-
tion we first conducted in vitro translation experiments.
The gene PF3D7 0934400, encoding an ApiAP2 protein,
was selected: it has a 2-quartet PQS on the coding strand
which was found as an rG4 in our dataset. A second gene,
PF3D7 1254400, was selected as a control: this encodes a
rifin protein and has a PQS on the non-coding strand (4),
so it was not found in our rG4 dataset. Both genes were
cloned into an in vitro expression vector, pTnT-HiBiT, con-
taining a T7 RNA polymerase promotor and a HiBiT bio-
luminescent tag. The original gene sequences were termed
wild-type (WT) and site-directed mutagenesis was used to
derive ‘G4mut’ constructs wherein the PQS was disrupted
(Figure 3A).

The formation of the rG4 in the ApiAP2 gene was
confirmed using a range of different biophysical experi-
ments (Supplementary Figure S5) conducted on WT and
G4mut RNA oligos (Supplementary Table S3). We also as-
sessed rG4 formation in full-length transcripts after in vitro
translation––the first time, to our knowledge, that such an
assessment has been made in full-length transcripts. For
this, we used QUMA-1 as the rG4-specific binding agent
(25). QUMA-1 fluorescence was much higher from the
WT gene (both full-length and RNA oligo) than from the
G4mut form (Figure 3B for full-length transcripts and Sup-
plementary Figure S6 for oligos) and this required a G4-
stabilising cation, i.e. K+ rather than Li+. The same exper-
iment performed on the rifin gene (both full-length tran-
script and RNA oligos) gave no enhanced QUMA-1 fluo-
rescence (Figure 3C and Supplementary Figure S6), consis-
tent with the absence of rG4s. Collectively, the results indi-
cate the formation of an rG4 in the ApiAP2 WT transcript
and not in the ApiAP2 G4mut version, nor in the rifin tran-
scripts.

Both versions of both transcripts were used to ex-
plore the effect of an rG4 on in vitro protein translation.
Prior to translation, the transcripts were subjected to heat-
denaturing and cation treatments, ensuring that rG4s would
fold (when RNA was refolded in K+), or would not fold
(when RNA was refolded in Li+ or without any cations:
in these conditions other non-G4 secondary structures are
likely to fold instead). All transcripts were then translated in
rabbit reticulocyte lysate. The HiBiT nanoluciferase fused

←−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−−
overlapping status with repetitive elements are highlighted. (B) Comparative analysis of G/C content in CDS rG4s categorised as either bulged or two-
quartet structural motifs. The G/C content of the rG4 motif, the rG4 flanking regions and the whole rG4-harbouring gene are plotted. P-values shown in
each subplot indicates the outcome of a Kruskal–Wallis one-way ANOVA test comparing the three samples. *** indicates pairwise statistical significance
in the difference between G/C contents (P < 0.005, Wilcoxon rank-sum test); ns indicates not significant. (C) Examples of CDS rG4s that overlap with
gene sequences encoding low-complexity peptide regions. (D) Comparative analysis of G/C content in CDS rG4s that are adjacent/not-adjacent to low-
complexity peptide regions (LCRs), regarding the G/C content of the rG4 motif, the rG4 flanking regions and the whole rG4-harbouring gene. P-values
shown in each subplot indicates the outcome of a Kruskal–Wallis one-way ANOVA test comparing the three samples. *** indicates pairwise statistical
significance in the difference between G/C contents (P < 0.005, Wilcoxon rank-sum test); ns indicates not significant. (E) Summary of the numbers and the
degree of clustering of CDS rG4s that are adjacent/not-adjacent to LCRs. (F) Comparison of per-base average G/C content in the 50nt 5′ upstream and
3′ downstream flanking regions of LCR CDS rG4s and non-LCR CDS rG4s. Dashed lines mark base positions that are multiples of 3. These indicate a
three-base periodicity in the fluctuation of per-base G/C content. While both types of rG4 have similar patterns of fluctuation, the spikes are considerably
higher for LCR CDS rG4s.
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Figure 3. In vitro folding of rG4 motifs in reporter genes and their impact on in vitro translation. (A) Schematic showing the WT and G4mut forms of the
AP2 gene with its rG4-forming motif intact or mutated. (B, C) QUMA-1 fluorescence assay respectively on AP2 (B) and Rifin (C) full-length transcripts
in the presence of LiCl or KCl. Two versions of each transcript were tested, the WT transcript and the rG4mut transcript where the sequence has been
modified to prevent rG4 formation. (D, E) In vitro translation of AP2 and Rifin12 using the nano-luciferase HiBiT moiety as the detection method. The
previously folded transcripts were used on rabbit reticulocyte lysate to produce the protein.

to each protein provided a quantitative readout of pro-
tein production. Luminescence levels obtained from the
ApiAP2 genes showed that the absence of an rG4 could
boost translation: protein production was two-fold higher
from the G4mut transcript than the WT transcript, but only
in rG4-forming conditions with K+ (Figure 3D, ANOVA,
P-value = 0.0001). The same experiment performed on the
rifin transcript, which evidently lacked an rG4, confirmed
that subjecting these transcripts in G4-forming conditions
had no impact on translation (Figure 3E; Supplementary
Table S4).

Ribosome profiling suggests that RNA G-quadruplexes can
affect gene translation in some P. falciparum genes

The effect of rG4s upon translation in P. falciparum was
next investigated in the in vivo cellular context. Ribosome
profiling and parallel RNA-Seq has been conducted in ery-
throcytic parasites at various stages (rings, trophozoites,
schizonts and merozoites), enabling calculation of ribosome
density per messenger RNA, or ‘translation efficiency’ (TE)
(37,48). We calculated TE of all genes found to contain
folded rG4s in our dataset (which covered transcripts from
all erythrocytic stages) and compared this with the TE of

all other genes in the transcriptome (Supplementary Figure
S7A, B). In ring-stage-expressed genes, there was no signif-
icant difference; in trophozoites, TE was higher on average
in rG4-containing genes, whereas in schizonts it was lower
in rG4-containing genes. There was no clear relationship be-
tween TE and the number of rG4 motifs within a gene (data
not shown).

This is a transcriptome-wide analysis: it shows the aver-
age translation efficiency across hundreds of genes with very
different characteristics, and furthermore it assumes that an
rG4 is equally likely to be folded at all erythrocytic stages.
For more gene-specific resolution, we also investigated the
individual profiles of a few genes encoding large clusters
of overlapping rG4 motifs, to detect any relationship be-
tween the location of an rG4 cluster and the stalling or loss
of elongating ribosomes. Five genes were selected that had
the largest clusters of rG4s in which folding was detected,
and four out of these five genes had convincing evidence of
blood-stage expression in RNA-Seq. Figures 4A–D show
the RNA-Seq and Ribo-Seq profiles for these four genes
(data combined across all erythrocytic stages). Both types
of coverage tended to drop in the region of the rG4 cluster,
making it difficult to discern whether ribosomal occupancy
dropped over and above the apparent drop in sequencing
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Figure 4. Translation efficiency of rG4-encoding genes. (A–D) Profiles of
Ribo-Seq coverage and mRNA-Seq coverage for four genes containing
large clusters of rG4s. Data obtained from (37), visualised via the GWIPS-
viz Genome Browser (38). The locations of the rG4 clusters are marked
with dotted lines. The 5′-3′ direction of the gene is indicated with a black
arrow.

coverage (and furthermore, other RNA structures that im-
pede ribosomes may, of course, also exist in these tran-
scripts). However, in at least one instance (Figure 4D), the
loss of Ribo-Seq coverage clearly exceeded the loss of RNA-
Seq coverage, and in two cases (Figure 4A, C) the overall
Ribo-Seq coverage downstream of the cluster dropped, sug-
gesting a reduction in translating ribosomes. Importantly,
the inability of Caro and co-workers (37) to sequence these
regions efficiently in their RNA-Seq experiments does, in
itself, suggest the presence of G-quadruplexes: either in the
RNA, where they may cause fragmentation bias in poorly-
denatured transcripts, or in the sequenced cDNA, where
they may cause DNA polymerase stalling.

Reporter genes demonstrate that RNA G-quadruplexes can
affect the translation of P. falciparum genes in vivo

Finally, we investigated the translation of several individ-
ual rG4 reporter genes in vivo using cultured parasites. For
this experiment, we excluded genes with large clusters of
rG4s, such as those in Figure 5, because these would be
difficult to manipulate experimentally. Instead we focussed
on three genes with a single detected rG4 that could be
point-mutated to remove the rG4 without altering the pro-
tein sequence. This approach is shown in Figure 3A for the
in-vitro-translated ApiAP2 gene. A similar approach was

taken in vivo with this and two additional genes, one gene
with a long-loop 3-quartet rG4 encoding a rifin protein
(PF3D7 0700200) and the other gene with a 2-quartet rG4
encoding a putative homolog of the DNA repair protein
RAD54 (PF3D7 0803400) (Figure 5A).

Two of these genes could be detected in the existing Ribo-
Seq dataset (the rifin gene, which belongs to a large family,
could not be uniquely identified) so their individual RNA-
Seq vz Ribo-Seq coverage was examined. Clear changes in
the region of the single rG4 were not seen, either in the
combined-stages data (Figure 5B, C) or in individual stages
(Supplementary Figure S7C, D). This contrasted with the
data in Figure 4, showing stark drops in coverage across
large rG4 clusters. Therefore, a controlled in vivo experi-
ment was clearly required to discern the effects of these sin-
gle rG4s on protein translation.

We modified each of the three reporter genes in the par-
asite genome to carry a 3′ 3xHA tag. The rG4 was either
mutated or left intact, generating paired parasite lines with
‘WT’ or ‘G4mut’ tagged genes. Transcription of each re-
porter gene was measured by qRT-PCR at the erythrocytic
stage of maximal transcription, controlled to the average
transcriptional level of three housekeeping genes. Transla-
tion was simultaneously assessed by western blotting for the
HA tag, using histone H4 as a loading control (Figure 5D).
At the transcriptional level, none of the reporter genes was
strongly affected by the presence/absence of the rG4 (this
was expected in the case of the 2-quartet G4s, which are
likely to be stable only in RNA, not DNA). At the transla-
tional level, however, the AP2 and RAD54 genes were both
clearly affected, with protein levels of Rad54 being as much
as an order of magnitude higher when the rG4 was mutated
(P = 0.027, n = 3). Translation of the G4mut rifin gene also
trended upwards, but failed to reach statistical significance
(P = 0.082, n = 3) (Figure 5E).

To examine whether levels of the most strongly affected
protein, Rad54, could actually influence parasite biology,
we tested the sensitivity of the WT and G4mut parasite lines
to DNA damage, because Rad54 is expected to act in the
repair of DNA double strand breaks (DSBs). We treated
parasites with a DSB-inducing agent, etoposide, and also a
DNA alkylating agent which is not a direct inducer of DSBs.
The G4mut line, which expresses extra Rad54, was specifi-
cally less sensitive to etoposide when compared to the WT
line (Figure 5F).

The strong biological effect of the presence/absence of
an rG4 in the RAD54 gene led us to examine whether this
variation could occur in wild strains of P. falciparum. Thou-
sands of such strains have been sequenced from across the
endemic world and indeed rG4-disrupting mutations do ex-
ist. A large proportion of the >13 000 strains in the cur-
rent MalariaGEN database (49) were found to have short
deletions encompassing some or all of the rG4-encoding se-
quence, while the commonest SNP (in ∼2% of all strains)
was a G-to-T mutation in the first guanine of the motif
(TGAGGAGGAGG). A variety of other rare SNPs and in-
dels were also found (Supplementary Table S5). We tested
the rG4-forming capacity of the motif when mutated with
the commonest G-to-T SNP, as well as one other rare SNP
found in PlasmoDB (29). Both strongly destabilised the
rG4, such that it was unlikely to fold at physiological tem-
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Figure 5. Translation of rG4-encoding reporter genes in vivo. (A) Schematic showing the WT and G4mut forms of the Rad54 and rifin genes with the
rG4-forming motifs intact or mutated. (B, C) Profiles of Ribo-Seq coverage and mRNA-Seq for two of the selected rG4 reporter genes, Rad54 and AP2.
Data obtained from (37), visualized via the GWIPS-viz Genome Browser (38). The locations of the rG4s are marked. The 5′-3′ direction of the gene is
indicated with a black arrow. (D) Western blots showing HA-tagged Rad54, Rifin and AP2 proteins in the WT and G4mut reporter lines. (AP2 transcription
factors commonly dimerise and this AP2 protein, of predicted MW 24.6 kDa, appears to run primarily as a dimer at ∼50kDa, plus higher-order multimer.)
Control blots shows histone H4 as a loading control. Images are representative of blots from three separate experiments. (E) Quantification by densitometry
of the western blot data shown in (D) from three separate experiments, with the amount of HA-tagged protein controlled to histone H4. Quantification
of the corresponding reporter-gene transcripts via qRT-PCR, controlled to the transcript levels of three housekeeping genes, is also shown. p-values are
from two-tailed t-test: *P < 0.05, **P < 0.01, ns, not significant. (F) Comparison of DNA-damage sensitivity in the Rad54 WT and G4mut parasite
lines, measured as 50% inhibitory concentrations of etoposide and MMS. Data are shown as mean and standard deviation of IC50 from four independent
biological replicate experiments, each conducted in technical triplicate. p-values are from two-tailed t-test: ***P < 0.001, ns, not significant. (G) UV melting
of the Rad54 rG4 and related oligonucleotides, monitored at 295 nm. The melting temperature (Tm) is 72◦C, 30.5◦C and 18◦C for rG4 WT, G-to-T and
G-to-A mutants respectively. The G4mut sequence did not form an rG4 at all (no hypochromic shift observed), thus no Tm can be reported.
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peratures (Figure 5G, Supplementary Figure S8). There-
fore, rG4-based variation in the RAD54 gene can affect pro-
tein translation, and this could be a biologically relevant
phenomenon in the field.

DISCUSSION

This study is the first experimental investigation of rG4s in
the malaria parasite P. falciparum, an early-diverging eu-
karyote with a highly A/T-biased genome and many un-
usual features in its transcriptome (17,50). We present an
initial overview of Plasmodium rG4s and anticipate that fu-
ture work could usefully investigate these RNA structures in
a stage-specific manner across the lifecycle. Nevertheless, we
demonstrate here for the first time that rG4s can be found
in this parasite and can affect gene translation.

Sequences with the potential to form G-quadruplexes are
generally scarce in the P. falciparum genome and detection
of rG4s using structure-specific antibodies or dyes is un-
likely to give a full picture because such reagents probably
do not detect rG4s at single-motif resolution (6). Further-
more, rG4s are likely to be dispersed throughout the cyto-
plasm, not arranged in arrays like telomeric DNA quadru-
plexes, so their visual detection is a particular challenge,
even in large human cells (44). Accordingly, we found lim-
ited microscopic evidence for rG4s in P. falciparum.

By contrast, rG4-seq has very high resolution and it did
reveal a surprisingly large number of rG4s in P. falciparum.
This method also has limitations: the detection of low-
abundance transcripts is inevitably limited by low sequenc-
ing coverage, and in P. falciparum the detection of rG4s in
UTRs was particularly limited because these UTRs are ex-
tremely A/T-rich, repetitive and resistant to NGS sequenc-
ing and assembly. Hence, even accepting the very low gua-
nine density of P. falciparum UTRs, these rG4s were almost
certainly under-detected (just 149 of 2569 motifs were in
UTRs, a stark contrast with the high rG4 density found
in human and plant UTRs (18,19)). In fact, the detection
of rG4s in all repetitive regions of the P. falciparum tran-
scriptome proved to be limited by assembly issues. In future,
long-read sequencing technology could be used to amelio-
rate this.

Our dataset contained a striking preponderance of non-
canonical rG4 motifs, similar to the bias reported in the hu-
man rG4-ome (18), although P. falciparum showed an even
higher proportion of ‘degenerate’ guanine-rich motifs. rG4
clustering was also a common feature in both human and
Plasmodium genes: this may ensure that the biological ef-
fects of these motifs are robust to point mutations. It has
also been proposed that biologically-important G4s may
maintain ‘spare tyres’ of additional guanine tracts, making
them more robust under oxidative stress which can oxidise
guanine residues and thus disrupt G4s (51). Plasmodium
parasites experience high levels of oxidative stress due to
their endogenous metabolism and inflammatory responses
in the host. Overall, it seems likely that both the existence
and the clustering of rG4-forming motifs in some P. falci-
parum genes may be under positive evolutionary selection.

Another factor contributing to rG4 clustering is the in-
teresting association that we observed between rG4s and
sequences encoding low complexity peptide repeats, which

are extremely common in P. falciparum (52). These LCRs
can constitute broad regions that are relatively high in G/C
due to the usage of G/C-rich codons, and they therefore
frequently contained clusters of rG4 motifs, whereas non-
LCR rG4s tended to be isolated and G/C-rich only within
the motif itself. It remains unclear why LCRs are so heav-
ily maintained in P. falciparum proteins but at least some of
them are probably functional, for example in immune avoid-
ance (52–54), and it is likely that a large subset of the rG4s
in this transcriptome are a ‘byproduct’ of evolutionary se-
lection for LCRs. Similar observations of substantial over-
lapping between DNA G4s and LCRs also supports this hy-
pothesis. It would be particularly interesting if the converse
was also true: that selection for clusters of rG4s in certain
genes has led to the maintenance of LCRs.

In seeking biological functions for rG4s in P. falciparum
genes, we found several classes of genes that were en-
riched for rG4s, including variantly-expressed virulence
genes, stress-response genes and genes encoding chromatin
or DNA-modifying proteins. The rG4s in var genes were
probably actually under-detected, due to the repetitive na-
ture of many of these motifs, and because the var gene fam-
ily is mostly transcriptionally silenced. Reasons for DNA
quadruplexes being associated with var genes have been pro-
posed (4,14), but it remains unclear if rG4s have additional
roles in post-transcriptional var gene regulation. Why genes
for DNA-binding proteins should be enriched for rG4s is
also unknown, but this feature appears in the human rG4-
ome too (18). These essential genes may require particularly
close control with layers of post-transcriptional regulation,
since their transcripts are generally enriched in conserved
RNA structures (55). Finally, for stress-responsive genes it
would make sense to evolve several layers of regulation in
a parasite that experiences regular stresses from host im-
mune responses and from temperature and environmental
changes accompanying transitions between hosts. In plants,
the transcripts of stress-responsive genes have been reported
to be particularly unstructured and prone to degradation af-
ter severe heatshock (56); perhaps in P. falciparum it could
instead be beneficial to stabilise these transcripts via stable
quadruplex structures.

Experimentally, we have reported here the first examples
of rG4-dependent gene translation in P. falciparum. Our re-
sults conform to a common model in which sense-strand
rG4s can inhibit ribosomal translation: this effect appeared
in three different reporter genes in vivo, and was similar
in the AP2 reporter gene under in vitro translation. No-
tably, the effects of rG4s can be modulated by binding pro-
teins so they are not always the same in vitro and in vivo:
it may be that different rG4-encoding genes behave differ-
ently within the parasite. Indeed, there are some examples of
translational enhancement by rG4s in vivo (57), but inhibi-
tion is probably more common, as was reported recently in a
transcriptome-wide study in plants (19). Our reporter genes
all showed inhibition, but our transcriptome-wide analy-
sis of translation efficiency in Plasmodium suggested stage-
specific effects, with rG4s affecting translation differently in
trophozoite-expressed versus schizont-expressed genes. To
investigate this interesting possibility further, stage-specific
and in vivo rG4 mapping experiments would be required,
which are beyond the scope of this initial study.
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We detected a particularly strong translation-inhibiting
effect from the 2-quartet rG4s in the RAD54 and AP2 re-
porter genes, and a weaker effect in the rifin gene. This may
be partly because the rG4s were completely ablated in the
G4mut versions of RAD54 and AP2, as shown by biophys-
ical assays, whereas the G4mut rifin gene retained a poten-
tial 2-quartet rG4 instead of a 3-quartet motif. The effect in
the RAD54 gene was particularly interesting because it had
a phenotypic impact, affecting the DNA repair capacity of
mutant parasites, and because this is likely to be replicated
in wild strains of P. falciparum, in which the rG4-forming
motif is commonly mutated or deleted. This could in turn
influence important factors like genomic mutation rates and
responses to DNA-damaging antimalarial drugs such as
artemisinins. Higher and lower levels of Rad54 expression
could be advantageous under different environmental con-
ditions, explaining why only some parasite strains harbour
G4-disrupting mutations.

In conclusion, the G-quadruplex biology of malaria par-
asites remains an exciting area for future study. It is possi-
ble that rG4s may form therapeutic targets, and the idea of
repurposing G4-binding molecules as antimalarial agents
has already been suggested (12). Such work might also in-
clude the development of peptides and aptamers besides
traditional small-molecule drugs: this is a fast-developing
area as highly-specific G4 binding agents are increasingly
being sought. In the area of basic biology, life-cycle-stage-
specific studies, and also in vivo rG4 mapping, are obvious
avenues for discovering how these motifs could affect stage-
specific parasite biology. The discovery of Plasmodium rG4-
binding proteins is another clear avenue for investigation,
particularly since the expression of such proteins proba-
bly varies with life-cycle stage. Finally, although this ini-
tial study focussed on mRNA, biologically-important non-
coding RNAs might also contain rG4s. Since this is only the
first report on the effects of rG4s in P. falciparum, much of
the fundamental biology associated with these interesting
motifs remains to be discovered.
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