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ABSTRACT

Background: Significant progress has been made in the fight against P. falciparum malaria due
in part to the widespread adoption of rapid diagnostic tests (RDTs) that detect histidine-rich
protein 2 (PfHRP2) and its paralog PfHRP3 encoded by the pfhrp2 and pfhrp3 genes,
respectively. Parasites without pfhrp2 and pfhrp3 genes are not detected by these RDTs. Pfhrp3
loss appears to be more common in some geographical regions and has been observed in vitro.
We sought to gain insight into geographic patterns of pfhrp3 deletion and define the mechanism
of gene loss.

Methods: Over 9,830 publicly available, whole-genome sequenced (WGS) P. falciparum field

samples were analyzed for genotypes and coverage using PathWeaver for local assembly .

DNA from two cultured isolates with pfhrp3 deletion, HB3 and SDO01, were sequenced with

Oxford Nanopore Technologies (ONT) long-read sequencing, assembled with Canu and Flye,
and genes annotated with Companion.

Results:

Two distinct pfhrp3 deletion patterns were detected: 1) segmental deletion of chromosome 13
just centromeric to pfhrp3 extending to the end of the chromosome, with co-occurring segmental
duplication of the chromosome 11 subtelomeric region, and 2) segmental deletion of
chromosome 13 starting at various locations centromeric to pfhrp3 without chromosome 11
duplication. Pattern 1 was almost exclusively found in samples from Africa and South America,
while pattern 2 was observed predominantly in Southeast Asia. The pattern 1 boundary fell
within a 15kb nearly identical duplication on both chromosomes containing ribosomal genes.
ONT assembly of HB3 and SDO01 parasite lines revealed hybrid chromosomes and long-reads
spanning the ribosomal duplication, consistent with recombination between non-homologous

chromosomes.
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Conclusion: Our findings demonstrate duplication-mediated non-homologous recombination
creating a hybrid 13-11 chromosome that replaces pfhrp3 and telomeric chromosome 13 with a
translocated telomeric chromosome 11 sequence--essentially yielding a deletion of chromosome
13 sequence and interchromosomal duplication of chromosome 11 sequence. Given that
existing ribosomal duplications likely predispose to the frequent occurrence of this translocation
during meiosis, it suggests that subsequent selective forces are driving its presence or absence
in different geographical regions. This mechanism appears to explain pfhrp3 deletion in South
America and Africa and may explain why pfhrp3 deletions are more prevalent than pfhrp2
deletions in many localities. However, the forces driving emergence of pfhrp3- parasites may be
complex and encompass other genes affected by the recombination event. Further studies of
the origins of pfhrp2- and pfhrp3-deleted strains and the selective pressures suppressing their

occurrence or driving their expansion are needed.

Keywords: non-homologous recombination, segmental duplication, Plasmodium falciparum,

rapid diagnostic tests (RDTs), Nanopore sequencing
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INTRODUCTION

In 2020, almost half of the global population was at risk for malaria caused by
Plasmodium falciparum, one of the most common causes of childhood mortality in Africa [1].
While significant efforts have been made to eradicate the disease, the latest report by the World
Health Organization estimated that there were 241 million cases of malaria and 627,000
fatalities from malaria in 2020 alone [2]. Control efforts have mainly focused on vector control
such as indoor residual spraying (IRS), more effective diagnosis including rapid diagnostic tests
(RDTs), and treatments such as artemisinin-combination therapies [3]. While progress has been
made against malaria, P. falciparum has remained difficult to control. One major reason is its
ability of the parasite to repeatedly infect individuals which in part is due to the generation of
antigenic diversity through gene conversion and non-allelic exchange between variant
antigen-encoding genes that mainly reside in subtelomeric regions. [4].

Recombination between non-homologous chromosomes and non-allelic positions
through misalignment occurs frequently in eukaryotic organisms. For example, Mikus and Petes
reported recombination between genes on different chromosomes in Saccharomyces
cerevisiae, resulting in both non-reciprocal and reciprocal translocations [5]. This recombination
mechanism is critical in the evolution of these organisms and is widely recognized for recurrent,
high-frequency rearrangements often driven by highly-identical segmental duplications through
non-allelic homologous recombination [6-12]. This often leads to further duplications or
deletions of the genome and is a major source of plasticity and copy number variations (CNVs)
[13, 14]. Importantly, in contrast, some of these NAHR-induced CNVs at key sites can also
result in phenotype and disease. Examples in humans include DiGeorge/velocardiofacial
syndrome or 22q11.2 duplication syndrome, which depends on whether the deleted or

duplicated chromosome is inherited at 22q11.2, respectively [15].
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In many eukaryotes, duplications cluster near telomeres or centromeres. For example,
studies reported segmental duplications of olfactory receptor genes near the telomeres of the
human genome, possibly playing a key role in facilitating functional diversity of the olfactory
receptor gene family. In Plasmodium falciparum, subtelomeric regions similarly contain gene
families (var, rifin, stevor, etc) that are undergoing rapid evolution and frequent NAHR between
chromosomes and generating antigenic diversity [16, 17]. While the exact mechanisms of these
exchanges has not been studied in depth, analyses suggest that the parasite is likely unable to
repair DNA double-strand breaks via traditional canonical non-homologous end joining and
instead relies more on homologous recombination [18].

Large recombination events are more robustly studied using long-read sequencing that
can better capture their full extent. In contrast to short-read sequencing, ONT’s portable MinION
sequencer yields sequences up to hundreds of kilobases (kb) in length [19-22]. Furthermore,
while lllumina sequencing requires extensive human and capital resources and is typically
performed in established laboratories [23], the MinlON sequencer is small, cost-effective, and
can be run on a standard desktop or laptop, making it an ideal option for real-time sequencing in
the field, especially in resource-depleted areas [24, 25]. While ONT sequencing has significant
limitations including its relatively high error rate of up to 10% [26], recent studies have used
ONT sequencing to reconstruct repetitive sequences and discover structural variation not
previously detected with lllumina sequencing [27].

The mainstay of malaria diagnosis across Africa is no longer microscopy but rapid
diagnostic tests (RDTs) due to their simplicity and speed. The rapid adoption of these RDTs,
coupled with artemisinin-combination therapies, has led to significant progress in the fight
against malaria [28]. The predominant falciparum malaria RDTs detect the P. falciparum
histidine-rich protein 2 (PfHRP2) and are cross-reactive with PfHRP3. The number of
PfHRP2-based RDTs increased exponentially from less than 1 million sold in 2004 to more than

300 million in 2013 [29]. A number of studies, however, have reported laboratory and field
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isolates with deletions of pfhrp2 and pfhrp3, thereby enabling the parasite to evade diagnosis by
PfHRP2-based RDTs [29-32]. These parasites appear to be spreading rapidly in some regions
and have compromised existing test-and-treat programs, especially in the Horn of Africa
[33-36].

Prevalence of parasites with pfhrp2 and pfhrp3 deletion varies markedly across
continents in a manner not explained by RDT use alone. Parasites with these deletions are well
established in areas where PfHRP2-based RDTs have not routinely been used such as parts of
South America as well as those with low transmission [37]. Studies in Ethiopia, where
false-negative RDTs owing to pfhrp2 and pfhrp3 deletions are common, suggest that the pfhrp3
deletion mutation occurred before that of pfhrp2 given it is more frequent and shows a shorter
haplotype [34]. The reason for pfhrp3 deletions occurring first given the protein is less
detectable by PfHRP2-based RDTs compared to pfhrp2 is puzzling. A 1994 study of a subclone
of HB3 reported a pfhrp3 deletion that was possibly caused by a subtelomeric pairing and
exchange between chromosomes of 11 and 13 in mitosis [38]. To our knowledge, there have
been no studies that further examined this recombination as a possible mechanism for pfhrp3
deletion in current circulating parasites. The lack of such studies on P. falciparum is likely due to
the difficulty of assembling the repetitive and paralogous sequences of its subtelomeres given
the limited read length of traditional Illumina short-read sequencing. Understanding the
mechanism of these deletions, however, could provide key insight into underlying pressures that
allow them to arise and help us better combat their emergence. Thus, the objective of this study
was to complement available lllumina genome sequencing data with ONT sequencing to

elucidate the mechanism responsible for pfhrp3 deletion in P. falciparum field isolates.
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RESULTS

We examined all publicly available whole-genome sequences (WGS) from P. falciparum isolates
from around the world, comprising 9,830 samples with lllumina data. We analyzed read depth
across the genomic regions containing pfhrp2 and pfhrp3 after local assembly to detect
deletions and duplications. We identified 23 isolates with pfhrp2 deletion and 153 with pfhrp3
deletion; global prevalence could not be determined in the absence of representative sampling.
Pfhrp3 deletions outnumbered pfhrp2 deletions in all three geographic regions, particularly in

South America and the Horn of Africa.

Two distinct pfhrp3 deletion patterns with geographical associations.

Analysis of the publicly available WGS data revealed two distinct pfhrp3 deletion patterns based
on read depth analysis: 1) segmental deletion of chromosome 13 just centromeric to pfhrp3
extending to the end of the chromosome, with co-occurring segmental duplication of the
chromosome 11 subtelomeric region, both proximal to a 15.2kb homologous region shared by
chromosomes 11 and 13 (pattern 1), and 2) segmental deletion of chromosome 13 starting at
various locations centromeric to pfhrp3 and without duplicated chromosome 11 region (pattern
2) (Figure 1). Among the 153 field samples with pfhrp3 deletion, 107 and 46 demonstrated
patterns 1 and 2, respectively. Pattern 1 was exclusively found in samples from Africa and South

America, while pattern 2 was observed almost exclusively in Southeast Asia (Figure 1).

Pattern 1 breakpoint resides in ribosomal-gene segmental duplication on

chromosomes 11 and 13.

For pattern 1, the increased chromosome 11 coverage consistent with segmental duplication

began within a 15.2-kb, highly-homologous (98.0% nucleotide identity), pre-existing segmental
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duplication on chromosomes 11 and 13 (1,918,028 to 1,933,288 on 3D7 chromosome 11 and
2,792,021 to 2,807,295 on 3D7 chromosome 13). The duplicated regions are oriented similarly on
both chromosomes and consist of a centromeric 7kb region encoding 2 undefined product
proteins (98.9% identity) and a telomeric 8kb region containing one of the two S-type [16]
ribosomal loci (99.7% identity) (Figure 2). Pfhrp3 (2,840,236 to 2,842,840) is telomeric to the
copy on chromosome 13. In an all-by-all comparison of the chromosomes of the 3D7 genome

using nucmer [39] to perform unique k-mer sharing, this homologous region is the largest

inter-chromosomal duplication in the core genome and second only to a 23.5 kb region between
subtelomeric regions on the 5’ ends of chromosomes 5 and 13, which includes the start of the
telomere itself and a singular var gene. Together, the pattern of chromosome 11 duplicated
segment suggested that this ribosomal segmental duplication could be mediating a translocation

through non-allelic homologous recombination.

Pattern 1 is observed mainly in South America and Africa.

Pattern 1 was observed in 80 South American parasites, 38 African parasites (20 in Ethiopia, 6
in Senegal, 1 Mali, and 1 Ghana), and 2 Asian parasites (1 Cambodia, 1 Thailand) (Figure 1).
Out of the 110 parasites with this deletion pattern, 89 parasites (77 of the 80 South American, 11
of the 28 African parasites, and 1 of the 2 Asian) had near-identical copies of the chromosome
11 duplicated region. Near-identical copies were defined as having >=99% variant sites (n=382)
within the duplicated region identical (same variant allele between copies). The remaining 21
parasites had variation within this region; on average, 10.2% of variant sites differed between
the copies (min 83.8% identity). The segmental duplication of chromosome 11 had several
distinct haplotypes, with distinct haplotypes observed in South American and African strains.
The segment of chromosome 11 found within parasites with the duplication can also be found

within parasite with only a single copy of this segment of 11 and is not only associated with
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duplication (Supplemental Figure 5, Supplemental Figure 6, Supplemental Figure 7,
Supplemental Figure 8, Supplemental Figure 9, Supplemental Figure 10). Given the
significant diversity between the haplotypes within the duplicated region of chromosome 11,
there are either multiple translocation events and duplication of this region is ongoing, or there

was a very distant duplication event that has since significantly diverged between strains.

Pattern 2 is predominantly found in Asia.

For pattern 2, there were several regions centromeric to pfhrp3 where the deletion occurred. Al
deletions appeared to occur after a FIKK family protein gene PF3D7_1371700 and occurred
between the 4 PHIST protein genes located between PF3D7_1371700 and pfhrp3. The majority
of the breaks occurred before the first PHIST (PF3D7_1372100) protein centromeric to pfhrp3
(Figure 1). This deletion type was seen primarily in Southeast Asia with 42 in Southeast Asia -

East, 2 in Southeast Asia - West, 1 in East Africa and 1 in West Africa ( Figure 1).
Previous PacBio assemblies

Given that the pattern of deletion and duplication and the breakpoints were suggestive of
duplication-mediated recombination leading to translocation, we sought to examine high-quality
PacBio genome assemblies of other strains containing the pfhrp3 deletion. However, the gene

annotations by Companion [40] of chromosome 11 of previous PacBio assemblies [41] showed

that the assemblies of strains SD01 and HB3 lacked the sub-telomeric region on chromosome
11, instead this region was found only on chromosome 13 (Supplemental Figure 1,
Supplemental Figure 2). The gene annotations of chromosome 13 of the assemblies found
that the genes of a segment in chromosome 13 centromeric to pfhrp3 corresponded to those of
a subtelomeric region in chromosome 11, providing evidence of a possible segmental

duplication (Supplemental Figure 2). Due to the absence of an assembled sub-telomeric


https://paperpile.com/c/oxrnqw/DYtcP
https://paperpile.com/c/oxrnqw/TEaD7
https://doi.org/10.1101/2022.12.07.519189
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.07.519189; this version posted December 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

chromosome 11, however, these assemblies did not definitively resolve the mechanism behind

the deletion of pfhrp3.

Representative strains from Southern America and Horn of Africa have
long-reads spanning the homologous region of the normal chromosome 11

and hybrid chromosome 13-11

To confirm that pattern 1 involves a hybrid chromosome 13-11 chromosomal product consistent
with a breakpoint within the homologous region described above, we further examined two
parasite isolates with known pfhrp3 deletion, HB3 from Honduras and SD01 from Sudan. We
used the ONT MinION to sequence 7.35 gigabases of HB3 and 6.46 megabases of SD01 for an
average coverage of 319x and 29.3x, respectively. We combined our ONT data with the publicly
available PacBio sequencing data. To test for the presence of hybrid chromosomes we used a
two prong approach 1) mapping raw long reads and 2) de-novo assembly of long reads into
contigs.

We constructed 3D7 representations of hybrid chromosomes 13-11 and 11-13 by joining
the fasta 3D7 chromosomes with breakpoints in the middle of the ribosomal duplication. We
then mapped our Nanopore reads and the publicly available PacBio reads for HB3 and SD01 to
3D7’s normal chromosome 11 and 13, hybrid 13-11, and hybrid 11-13 and identified reads that
completely spanned the homologous region on these normal chromosomes and hybrid
constructs. Reads were considered “spanning” if they extended at least 50 bp into the flanking
unique regions. HB3 had 77 spanning reads across normal chromosome 11 and 91 spanning
reads across hybrid chromosome 13-11, hereinafter referred to as 13-11 spanning reads. SD0O1
had 2 chromosome 11 spanning reads and 1 13-11 chromosome spanning read. Neither strain
had PacBio or Nanopore spanning reads across normal chromosome 13 and hybrid 11-13

(Figure 4) that would be consistent with the reciprocal meiotic product. Although SD01 had a
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small number of reads that spanned the full region, sub-analysis revealed 4 regions within this
homologous region that had chromosome 11 and 13 specific nucleotide variation that was able
to be used to further bridge across this region (Supplemental Figure 14, Supplemental Figure
15). The other 14 strains with pfhrp3 intact from the PacBio dataset [41] had reads that spanned
chromosome 11 and chromosome 13 across these regions but lacked any spanning reads

across the hybrid 13-11 or 11-13 chromosomes.

ONT long-read assemblies

To further prove the presence of the hybridized 13-11 chromosome, de novo assemblies were
created for the HB3 and SDO01 lab strains. HB3 assembly yielded complete chromosomes with
telomere-associated tandem repeat 1 (TARE-1) [17] detected on the ends of all chromosomes
except for the 3’ end of chromosome 7 and the 5’ end of chromosome 5, indicating that close to
entirety of the telomeric regions of HB3 was achieved. SD01, however, likely due to its lower
quality input DNA and consequent lower sequencing coverage, had a much more disjointed
assembly with 200 final contigs, N50 263,459 and L50 30. The HB3 assembly had a
chromosome 11 that closely matched 3D7 chromosome 11 and a hybrid 13-11 that closely
matched 3D7 chromosome 13 up to the ribosomal duplication region where it then subsequently
best matched the 3D7 chromosome 11 (Figure 3a). Both of these chromosomes had TARE-1
[17] at their 5" and 3" end indicating that these were full length chromosome assemblies. The
SDO01 had two contigs - one that matched 3D7 chromosome 11 and the other that matched 3D7
chromosome 13 up to the homologous region and then subsequently matched 3D7
chromosome 11. These new assemblies were then annotated for genes by Companion [40].
The contig matching the hybrid chromosome 13-chromosome 11 for both strains had the genes
normally found on chromosome 11 after the homologous region. The duplicated genes on

chromosomes 11 and 13-11 that shared homology with 3D7 chromosome 11 included
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Pf332(PF3D7_1149000), 2 ring erythrocyte surface antigens genes (PF3D7_1149200,
PF3D7_1149500), 3 PHISTs genes, a FIKK family gene, and 2 hypothetical proteins and ends
with a Dnad gene (PF3D7_1149600) corresponding to 3D7 genes PF3D7_1148700 through
PF3D7_1149600 (Figure 3a, Figure 3b). The number of DnaJ genes in the 3D7 genome is
close to 27 but shared low homology. The closest DnaJ gene to PF3D7_1149600 shared 67%
sequence identity. Homology between HB3 chromosome 11 and chromosome 13-chromosome
11 continued up through a rifin, then a stevor gene, and then the sequence completely diverged
afterward with even a different gene family organization structure. The chromosome 13-11 SDO01
contig reached the DNAJ protein and terminated (Figure 3b), likely because the assembly was
unable to contend with the near complete identical sequence between chromosome 11 and
chromosome 13-11. lllumina sequences mapped to the var regions on SD01 chromosome 11
where chromosome 13-11 terminated, and local assemblies revealed no variation but double
coverage as compared to the rest of the genome, which would be consistent with this region
being perfectly copied. Therefore, it’s likely the SD01 clone has identical copies up and through
the telomere of these two chromosomes. Analysis of the 11 other PacBio assemblies [41] with
normal chromosome 11 showed that homology between strains also end at this DnaJ gene
(PF3D7_1149600) with the genes immediately following being within the stevor, rifin and var
gene families among other paralogous gene families. The genes on chromosome 13 but deleted
in the hybrid chromosome 13-11 corresponded to 3D7 genes PF3D7_1371500 through

PF3D7_1373500 including pfhirp3(PF3D7_1372200) and EBL-1(PF3D7_1371600).

Chr 11/13 homologous region found within all subgenus Plasmodium

laverania.

The P. laverania genomes [42] were not fully assembled within their sub-telomeric regions. P.

praefalciparum, falciparum’s closest relative which diverged about 50,000 years ago, also
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contained the similar S-type rRNA loci on chromosomes 11 and 13 and had a similar gene
structure to falciparum in these regions as well as the region on chromosome 8 close to pfhrp2
(Supplemental Figure 16, Supplemental Figure 17, Supplemental Figure 18). P
praefalciparum also contained the 15.2kb homologous region on both chromosomes 11 and 13

and was 96.7% similar to the 3D7 homologous region.

DISCUSSION

Here we use publicly available short-read and newly generated long-read sequencing data to
identify mechanisms by which pfhrp3 deletion commonly occurs. Our findings are consistent
with a translocation event that appears to be the predominant mechanism in South America and
the Horn of Africa. We confirm the presence of a hybrid 13-11 chromosome and a translocation
breakpoint within a high-identity duplication containing ribosomal genes that resides on
chromosomes 11 and 13, consistent with a mechanism of non-allelic homologous
recombination. The presence of HB3 and SDO01 spanning reads across the homologous region
of chromosomes 11 and 13-11, as well as the assembled complete genome of HB3 and the
partially assembled SD01 genome, indicate an interchromosomal segmental duplication of the
subtelomeric portion of chromosome 11 onto that of chromosome 13 via non-homologous
recombination. This recombination event creates a hybrid 13-11 chromosome and results in the
deletion of pfhrp3 and its surrounding genes from the homologous region and onwards (Figures
3 and 4). Such an event is consistent with the genomic coverage pattern we observed in
publicly available data from 110 pfhrp3-deleted field samples (Figure 1). This non-homologous
recombination mechanism resulting in the translocation and subsequent pfhrp3-deletion has

significant biological and public health implications.
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This duplication-mediated non-allelic homologous recombination event is likely to occur
frequently during meiosis. In human disease, meiotic misalignment in NAHR can lead to
high-frequency chromosomal aberrations (eg. 22q11 deletion syndrome due to misalignment of
duplicated blocks on chromosome 22 occurs in 1 in 4000 births). In the parasite, the
chromosome 11 and 13 translocation is likely a common occurrence within parasite populations
around the world. These events probably result in decreased fithess, and as a result, are
removed quickly from the population. The fact that abundant pfhrp3 deletions have only been
observed in low-transmission areas where within-infection competition is rare is consistent with
this hypothesis.

Mok et al. reported on a segmental duplication of six functional genes unique to P.
falciparum across the subtelomeric regions of chromosomes 1, 2, 3, 6, 7, 10, and 11 [43]. The
authors were unable to determine the biological significance of these copy number variant
segmental duplications, but given the conservation of these genes in otherwise highly varying
subtelomeric regions, they conjectured that this segmental duplication had a functional role. In
this study, the segmental duplication on chromosome 11 and 13-11 likely has multiple significant
functional consequences given the number of genes affected. Not only do these regions contain
members of multi-gene families of rifins, stevors, and var but also pf332 on chromosome 11,
which encodes for a large Duffy-binding-like domain containing a 27KDa protein [44—46]. Pf332
has been found to be essential for the binding of the Maurer cleft to erythrocyte skeleton and is
highly expressed in patients with cerebral malaria [47]. Lack of this protein likely leads to a large
detriment to the survival of the parasite and may be the reason the reciprocal hybrid 11-13 is not
observed. Other genes in this area include two ring-infected erythrocyte surface antigen (RESA)
genes; there is only one other gene of this family which is located on chromosome 1. Little is
known about these two genes. There is also a DnaJd gene within this duplicated region. There
are about 30 genes in this family though this sequence is only 67% similar to the closest related

Dnad protein.
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The benefit in South America and the Horn of Africa conferred by the segmental
duplication of chromosome 11 and 13-11 may not only be due to duplications of certain genes
but deletions of them, with the most obvious deleted gene being pfhrp3. Besides pfhrp3, EBL-1,
which helps enable P. falciparum to invade erythrocytes, is lost, which may cause infected
patients to have fewer symptoms and be less likely to seek treatment [34, 48]. Analysis of one
of the closest relatives of P. falciparum, P. reichenowi, shows a lack of the EBL-1 protein, which
suggests its presence might not be essential to parasite survival. P. reichenowi contains all the
genes within the duplicated chromosome 11, suggesting that these genes might be more
essential than the chromosome 13 genes. Thus, the loss of the pfhrp3 and EBL-1 genes may
increase P. falciparum’s fitness [34]. Only parasites with a duplicated chromosome 11 and
deleted chromosome 13 were detected in our analysis in the field samples; the complementary
situation of segmental duplicated chromosome 13 and deleted chromosome 11 was never
observed in any of the field samples. Only lab isolate FCR3 had any indication from coverage
data that it had a duplicated chromosome 13 and a deleted chromosome 11. Given that the
majority of the publicly available field samples were collected from studies using RDT-positive
samples and that PfHRP3 encoded by duplicated pfhrp3 would likely have been detected by
RDT, samples should not have biased against detecting the reciprocal hybrid 11-13 (which
would have 2 copies of pfhrp3). The apparent absence of parasites with this deletion/duplication
pattern would be consistent with several scenarios: a benefit of duplicated chromosome 11, a
significant detriment to an absence of chromosome 11, a benefit of lacking chromosome 13 (e.g.
lack of pfhrp3 and decreased RDT-based treatment,) or no benefit of a duplicated chromosome
13. The fact that there was not a single strain detected with this pattern seen in areas with large
amounts of hybrid chromosome 13-11 suggests that evolutionary pressures are strong enough
to keep the population of such strains at an undetectable level.

While Hinterberg et al. proposed that a general mechanism of non-homologous

recombination of the subtelomeric regions may be responsible for the deletion of pfhrp3, our
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findings indicate that this event involved the segmental duplication and translocation of
chromosome 11 at bases 1,917,992 to 2,003,604 onto chromosome 13 from base 2,792,047
until the end [38]. The duplicated region of chromosome 11 has significant diversity between
parasites with this duplication indicating that this duplication event is either an event that has
been repeated several times or has an ancient origin. Pattern 2 involves a segmental deletion of
chromosome 13 including pfhrp3 without duplication of chromosome 11. Interestingly, there is a
clear distinctive geographical pattern seen in the pfhrp3 deletion patterns of the samples
analyzed here. Pattern 1 is seen only in South America and Africa and Pattern 2 in South East
Asia. It is not clear why a mechanistic deletion pattern would be geographically distributed in

such a way.

Our findings indicate that the deletion of pfhArp3 in Africa and the Americas is caused by a
translocation driven by duplication-mediated NAHR leading to segmental duplication of
chromosome 11 and deletion of chromosome 13. While further studies are needed to determine
the reasons for these geographical patterns, our results provide an improved understanding of
the mechanism of structural variation underlying pfhrp3 deletion. They also suggest constraints
against emergence in high-transmission regions and specific requirements for emergence in low
transmission settings. If selective constraints of pfhrp2 and pfhrp3 deletions are similar, the high
frequency of the NAHR-mediated loss may explain why pfhrp3 loss precedes pfhrp2 loss
despite RDT pressure presumably exerting stronger survival advantage with loss of pfhrp2 vs
pfhrp3. Future studies involving sequencing of more strains with pfhrp2 deletion are needed to
investigate its mechanism and the interactions between the deletions of pfhrp2 and pfhrp3, as

well as further explore the selective pressures behind these patterns.
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METHODS

Genomic locations and read depth analysis

In order to study genomic deletions in the unstable and frequent recombinant subtelomeric
regions surrounding pfhrp2 and pfhrp3, stable regions surrounding these genes were
determined. Stable genomic regions were created by selecting regions that were conserved
between all strains without pfhrp2/3 deletions and did not contain paralogous regions in order to
best determine where possible deletions were occurring. This was accomplished by first
marking the 3D7 genome with the program tandem repeat finder [49], then taking 200bp
windows, stepping every 100bp between these tandem repeats, and blasting these regions
against currently available chromosomal-level PacBio assembled genomes [41] that did not
contain known deletions of pfhrp2/3. Regions were kept if they hit each genome only once, and
overlapping regions were then merged. Regions from within the duplicated region on
chromosome 11 and chromosome 13 were kept if they hit either chromosome 11 and/or 13 but
not if they hit other chromosomes. This served to eliminate paralogous regions outside of 11 and
13, especially within the rRNA loci that were similar to the other S-type rRNAs on chromosome
1. Local haplotype reconstruction was performed on each region for 9,830 publicly available
whole genome sequences (WGS) of P. falciparum field samples including 24 samples during a
recent study in Ethiopia [34] where pfhrp2-/3- parasites are common. The called haplotypes
were used to determine which subregions contained variation in order to type each
chromosome (Supplemental Figure 4). Coverage was determined for each genomic region
and then normalized to the coverage of the whole genome. Windows were examined on
chromosomes 8, 11, and 13 starting from these positions to the end of each chromosome:
chromosome 8 1,290,239, chromosome 11 1,897,151, and chromosome 13, 2,769,916. All
coordinates in the manuscript are relative to P falciparum 3D7 genome version 3

(version=2015-06-18).
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Genomic structure

To investigate the genomic landscape around the pfhrp genes, an all-by-all comparison
of each of 3D7's chromosomes was performed by first finding kmers of size 31 unique within
each chromosome and then determining the locations of these kmers in the other
chromosomes. If kmers were found in adjacent positions in both chromosomes, they were then
merged into larger regions. These larger regions were then grouped by taking regions that were

located at least 1000bp within each other.

Long read sequences

All PacBio reads for the following strains with known or suspected pfhrp3 deletions were
obtained by SRA accession numbers from the National Center for Biotechnology Information
(NCBI): HB3/Honduras (ERS712858) and SD01/Sudan (ERS746009) [41]. To supplement these
reads and to improve upon previous assemblies that were unable to successfully assemble
chromosomes 11 and 13, these strains were also sequenced with Oxford Nanopore
Technologies’ MinlON device for long-read DNA and RNA sequencing [50-52]. The P.
falciparum lab isolate HB3/Honduras (MRA-155) was obtained from the National Institute of
Allergy and Infectious Diseases’ BEI Resources Repository, while the field strain SD01/Sudan
was obtained from the Department of Cellular and Applied Infection Biology at
Rheinisch-Westfalische Technische Hochschule (RWTH) Aachen University in Germany.

Nanopore base-calling was done with Guppy version 5.0.7. Genome assemblies were
performed with Canu [53], an assembly pipeline for high-noise single-molecule sequencing, and
Flye [54] using default settings. In order to assemble the low coverage and highly similar

chromosome 11 and chromosome 13 segments of SD01, two assemblies were performed with

Flye using chromosome 13 specific reads and chromosome 11 specific reads to get contigs
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that represented the chromosome 11 and 13 segments. HB3 was assembled using the Canu

assembler with default settings. The PacBio/Nanopore reads were mapped to reference

genomes using Minimap2, a sequence alignment program [55]. Mappings were visualized

using custom R scripts [56].

Comparisons within Laverania

To investigate the origins of this region shared between chromosomes 11 and 13, the six closest
relatives of Plasmodium falciparum within the Laverania subgenus were examined [42]. The
genomes of all Laverania have recently been sequenced and assembled using PacBio and
lllumina data [42]. The assemblies were analyzed using their annotations and by using

LASTZ[57] with 80% identity and 90% coverage of the genes in the surrounding regions on

chromosomes 8, 11, and 13.
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Figure 1. Sequence coverage across chromosomes 8, 11, and 13

The heatmap shows the relative normalized sequence coverage of stable regions, as defined by
those conserved between all strains without pfhrp2/3 deletions and not containing paralogous
regions, within 3° telomeric regions of chromosomes 8, 11, and 13 across 9,830 publicly
available global P. falciparum WGS samples subsetted to samples with possible genomic
deletions of at least one of the following: pfhrp2 deletion (chr. 8), pfhrp3 deletion (chr. 11), and/or
deletion of portion of chr 11. Each row is a sample and each column is a genomic region in
genomic order. The top row annotation depicts whether the regions are within genes, while the
second row delineates the locations of the homologous region, pf332, rRNA, and the hrp genes.
The left annotation includes the country, region, and continent of sample origin; pfhrp2/3
deletion calls; and identification of well-characterized strains. Two distinctive patterns can be
seen for chr. 11 pfhrp3 deletion with either a break centromeric to pfhrp3 but occurring telomeric
to the homologous region or a break at the homologous region with a complementary increase
in coverage on chromosome 11 suggesting segmental deletion of chromosome 13 and
co-occurring segmental duplication of 11. Various other coverage patterns are seen (e.g. partial
zero coverage of Pf332), but this is likely an artifact of P. falciparum selective whole-genome
amplification (sSWGA) enrichment performed prior to sequencing.
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Figure 2. Gene annotation of a large 15.2kb homologous region shared by chromosomes
11 and 13. The y-axis is the chromosome position of 3D7 chromosome 11, and the x-axis is the
chromosome position of 3D7 chromosome 13. Black bars plotted diagonally are regions that are
100% conserved between chromosomes (>30bp segments). Conserved segments comprise
89.1% of the whole region, while the alignment identity between these two segments is up to
99.3%.
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Figure 3a: Annotation of HB3 chromosomes 11 and 13. The ONT assembly of HB3 was
annotated by Companion [40], and the ends of chromosomes 11 and 13 are shown above. The
homologous region between chromosomes 11 and 13 is shown in blue under each
chromosome, and the areas where HB3 chromosomes 11 and 13 have exact matches of at
least 31bp are labeled in red underneath. Exact matches of at least 31bp to 3D7 chromosome
11 are shown in green. Both chromosomes end with telomere-associated repetitive elements
(TARE), and both end with TARE1, which indicates that both assembled chromosomes reached
the end of the telomere.
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Figure 3b: Annotation of SD01 chromosomes 11 and 13. The Nanopore assembly of SD01
was annotated by Companion [40] and the ends of chromosomes 11 and 13 are shown above.
The homologous region between chromosomes 11 and 13 is shown in green, and the areas
where SD01 chromosomes 11 and 13 have exact matches of at least 31bp are marked out in
red underneath. Exact matches of at least 31bp to 3D7 chromosome 11 are shown in green.
Due to the low quality of the input DNA of the SD01 sample, the assembly of these
chromosomes did not reach the end of the telomere, given the fact that these assembled
contigs did not contain TARE. The assembly of these two chromosomes shows a high degree of
similarity from the homologous region to the end of the 13 associated contig (98.4% similarity
with only 1,428 difference over the 89,733 base region).


https://paperpile.com/c/oxrnqw/DYtcP
https://paperpile.com/c/oxrnqw/DYtcP
https://doi.org/10.1101/2022.12.07.519189
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2022.12.07.519189; this version posted December 8, 2022. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.
Annotations of SDO1 chr11 and chr13

{111 [

160000 200000 240000

II |1

360000 400000 440000

SD01_11

120000

SD01_13.

[l hypotnetical protein, conserved I Prasmodium exported protein (PHIST) [l rifin
| peroxisome assembly protein 22, putative antigen 332, DBL-like protein B stevor
[l serinerthreonine protein kinase, FIKK family [l ring-infected erythrocyte surface antigen || erythrocyte membrane protein 1 (PIEMP1)

[ mANA

[ exported protein family
[ U2 smail nuctear ribonucleoprotein A', putative
| membrane associated histidine~rich protein

e Homologcus

238 Matches
Genomic . snm—chrn-lo—chne
Elements . Exﬂc‘

Te\omere Assoclaled
Repetitive Element

Genes

Dna protein, putative Dutfy binding domain containing protein, putative

Figure 4. Spanning Reads for HB3, SD01, CD01. The PacBio and Nanopore reads for HB3,
SDO01, and CDO1 overlapping the homologous region. Reads that completely span the region
are shown in green. The reads are mapped to the 3D7 chromosomes 11 and 13 as well as
artificially created hybrid chromosomes 11-13 and 13-11. The number of reads that span entirely
as well as the number that span into and out of the region are shown. CDO01 is being shown as
an example of a strain with 3D7-consistent 11 and 13 with spanning reads as well as reads
entering and leaving the homologous region on both 11 and 13. In contrast, SD01 and HB3 only
have reads that span the homologous region on chromosome 11 but no reads that span out of
the homologous region on chromosome 13. SD01 and HB3 also have spanning reads across
the hybrid chromosome 13-11. No samples have spanning reads across 11 and 13. The other
13 strains were also mapped (not shown) and had a similar pattern to CDO1.
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Supplemental Figure 1. Gene Annotations of Chromosome 11 of PacBio-assembled
Genomes. The genomic annotations across the 3" telomeric regions of PacBio-assembled
genomes[41] across chromosome 11 with the telomere repetitive elements (TAREs) are also
shown if present. The presence of TAREs would suggest that assembly has made its way all the
way through the sub-telomeric region for the chromosome. The previously published PacBio
assembled genomes for SD01 and HB3 did not reach the telomeric regions for chromosome 11
and terminated in the homologous region between chromosome 11 and 13.
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Supplemental Figure 2. Gene Annotations of Chromosome 13 of PacBio-assembled
Genomes. The genomic annotations across the 3" telomeric regions of PacBio-assembled
genomes[41] across chromosome 13 with the telomere repetitive elements (TAREs) are also
shown if present. The presence of TAREs would suggest that assembly has made its way all the
way through the sub-telomeric region for the chromosome. The previously published
PacBio-assembled genomes for SD01 and HB3 have sub-telomeric chromosome 11 sequence
beginning at the homologous region between chromosome 11 and 13.
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Supplemental Figure 3: Exact Matches between Nanopore-assembled HB3 chromosome
13 with HB3 chromosome 11, 3D7 chromosomes 11, 13. The locations of exact matches
between the Nanopore-assembled HB3 chromosome 13 and between the assembled
chromosome 11 as well as the chromosomes of 3D7 11 and 13. The green-shaded region
shows the location of the homologous region between chromosomes 11 and 13. The assembled
chromosome 13 matches the 3D7 chromosome 13 until this homologous region and then more
closely matches 3D7 chromosome 11 as well as its own chromosome 11. Figure begins
50,000bp before homologous region but the new HB3 chromosome 11 matches 3D7
chromosome 11 for the rest of the beginning of the contig.
Exact Matches To HB3 chr13

HB3 chri1

3d7 chri1

3D7 chri13

2800000 2850000 2900000 2950000
HB3-chr13 Position
Homologous Telomere Associated
. 3p7-11 . 3p7-13 . HB3-11 Regiong Repetitive Element

Supplemental Figure 4: Windows of interest. Windows passing filters as described in the
Methods section are colored dark gray on each chromosome. The chromosomes are mapped
from the beginning of the regions of interest to the chromosomes’ ends with all
genes/pseudogenes annotations shown. The orange bars on top of the dark gray bars are
sub-regions of where there is variation that can be used to type the chromosomes. The
homologous region between chromosome 11 and 13 is shown (green bars) as are the regions
containing the HRP genes (blue bars)
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Supplemental Figure 5: Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples Jaccard similarity between samples. An all-by-all distance matrix showing Jaccard
similarity for the chromosome 11 duplicated segment between all samples with HRP3 deletion
pattern 1. The top triangle is identical to the bottom triangle. Samples’ continent, region, and
country are annotated on the sides of the heatmap as well as the pfhrp2/3 deletion calls and
whether the chromosome 11 duplicated segment is a perfect copy or not. There are clearly
several different haplotypes within the duplicated chromosome 11 segment, and there does not
appear to be one specific haplotype associated with the duplication. Haplotypes group strongly
by geographical location.
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Supplemental Figure 6: Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples Jaccard similarity between all samples. Similar to Supplemental Figure 5,
all-by-all heatmap of Jaccard similarity but this figure includes all samples with a similar
chromosome segment to the samples with pattern 1 pfhrp3 deletions. For the side and top
annotation for the samples that do not have chromosome 11 duplication, there is a gray bar for
whether or not they have perfect chromosome 11 duplication. There are many samples with
closely related chromosome 11 segments to the duplicated chromosome 11 segments,
indicating that the duplicated chromosome 11 segments are also circulating within the
population in strains with normal chromosome 11 and 13 arrangements.
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Supplemental Figure 7: Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples. Plotted haplotype variation per sub-genomic regions across the duplicated
chromosome 11 segment for the pfhrp3 pattern 1 samples. Across the x-axis are the genomic
regions in genomic order, and the genomic region genes are colored on the bottom bar. Y-axis is
each sample with pattern 1 of pfhrp3 deletion where this segment of chromosome 11 is
duplicated onto chromosome 13. The continent, region, and country are colored per sample on
the leftmost of the plot. Each column contains the haplotypes for that genomic region colored by
the haplotype rank at that window. If the column is black, there is no variation at that genomic
window. Colors are done by the frequency rank of the haplotypes and shared colors between
columns do not mean they are the same haplotype. If there is more than one variant for a
sample at a genomic location, the bar’s height is the relative within-sample frequency of that
haplotype for that sample. The samples are ordered in the same order as the heatmap
dendrogram seen in Supplemental Figure 6. There are clear distinctive haplotypes for this
duplicated region.
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Supplemental Figure 8. Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples with perfect copies. Subset of the samples from Supplemental Figure 7 for the
samples that have a perfect duplication of the chromosome 11 segment. There are clearly very
divergent haplotypes for the perfect duplications, which would indicate that the duplication event
is happening multiple times and is not stemming from a single event that all parasites are
descended from.

Purict Copes

Supplemental Figure 9: Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples with divergent copies. Subset of the samples from Supplemental Figure 7 for the
samples that have divergent duplicates of the chromosome 11 segment. There are two pairs of
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samples that have divergent chromosome 11 segments, but between samples, they share the
same exact divergent copies, which would be consistent with the inheritance of the divergent
copies. This could mean samples are inheriting from previous duplication events between
divergent copies.

-

Supplemental Figure 10: Chromosome 11 Duplicated Segment HRP3 deletion Pattern 1
samples SD01, HB3, and Salvator 1. Subset of the samples from Supplemental Figure 7 but
for SD01 and HB3, which were sequenced in this paper and for Santa-Luca-Salvator-1, another
lab isolate that shows similar pfhrp3 deletion pattern 1. SD01 and Santa-Luca-Salvator-1 have
perfect copies, while HB3 has divergent copies.
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Supplemental Figure 11: Chromosome 11/13 15.2kb homologous region for pfhrp3
deletion pattern 1 samples. An all-by-all distance matrix showing Jaccard similarity for the
chromosome 11 and 13 homologous region between all the samples with pfhrp3 deletion pattern
1. The top triangle is identical to the bottom triangle. Samples’ continent, region, and country are
annotated on the sides of the heatmap as well as the pfhrp2/3 deletion calls and whether the
chromosome 11 duplicated segment is a perfect copy or not. As is consistent with the fact that
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this region is highly similar between chromosomes 11 and 13 for all strains, there is high
similarity between the samples here.

Santa-Lucia-Salvador-I
He3

Supplemental Figure 12: Chromosome 11/13 15.2kb homologous region for HRP3
deletion Pattern 1 samples haplotypes. Plotted haplotype variation per subgenomic regions
across the region shared between all chromosome 11 and 13 pfhrp3 pattern samples. Across
the x-axis are the genomic regions in genomic order, and the genomic region genes are colored
on the bottom bar. Y-axis is each sample with pattern 1 of pfhrp3 deletion where this segment of
chromosome 11 is duplicated onto chromosome 13. The continent, region, and country are
colored per sample on the left most of the plot. Each column contains the haplotypes for that
genomic region colored by the haplotype rank at that window. If a column is black, there is no
variation at that genomic window. Colors are done by the frequency rank of the haplotypes, and
shared colors between columns do not mean they are the same haplotype. If there is more than
one variant for a sample at a genomic location, the bar’s height is the relative within-sample
frequency of that haplotype for that sample. The samples are ordered in the same order as the
heatmap dendrogram seen in Supplemental Figure 11.
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Supplemental Figure 13: Chromosome 11/13 15.2kb homologous region for HRP3
deletion Pattern 1 samples with perfect chromosome 11 segment copies haplotypes.
Subset of samples from Supplemental Figure 12 for the chromosome 11/13 homologous
region for the samples with perfect chromosome 11 copies. There are several samples with
divergent copies of this region despite the downstream chromosome 11 segment being a perfect
copy. This would be consistent with the breakpoint for the duplication event being within this

region itself.
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Supplemental Figure 14: Chromosome 11/13 15.2kb homologous region for samples
SD01, HB3, and Salvator 1. Subset of the samples from Supplemental Figure 12 but for
SDO01 and HB3, which were sequenced in this paper and for Santa-Luca-Salvator-1, another lab
isolate that shows similar pfhrp3 deletion pattern 1. SD01 and Santa-Luca-Salvator-1 have
perfect copies, but while Santa-Luca-Salvator-1 has no variation within the homologous region,
SDO01 has variation at 4 loci within this region. HB3 has divergent copies of the duplicated
chromosome 11 segment and also contains variation within this region.
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Supplemental Figure 15: Spanning PacBio and Nanopore Reads across the homologous
region for SD01. The spanning Nanopore and PacBio reads across the chromosome 11 and 13
homologous regions. The visualization truncates the reads if they span outside of the range
shown. The left panel is chromosome 11, and the right panel is the hybrid chromosome 13-11.
The homologous region is colored on the bottom of the plot, and the 4 loci that the sample SD01
is found to be homologous are colored in blue over the region. The reads are colored by the
chromosome associated with the variation seen in each read. The association was made by
linking the variation found within each locus and looking at the reads spanning from each
chromosome to see which variants were associated with which chromosome. Each locus had 2
variants and had a strong association with each chromosome. The reads are plotted against
3D7, which does not contain the same variation as SD01, and with the hybrid chromosome
being partially chromosome 11, the genome plotted against has a virtual identical sequence
starting from the homologous region onwards. Therefore, any reads starting in this region on
either plot match both chromosomes equally well, and what is important are the reads that span
from before the homologous region to afterwards.
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Supplemental Figure 16: Gene Annotations of Chromosome 8 of PacBio-assembled P.
Laverania Genomes.
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Supplemental Figure 17: Gene Annotations of Chromosome 11 of PacBio-assembled P.
Laverania Genomes
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Supplemental Figure 18: Gene Annotations of Chromosome 13 of PacBio-assembled P.
Laverania Genomes
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Supplemental Figure 19: Genome coverage of possibly pfhrp2 deleted strains. Subset of
the samples from Figure 1, showing only the strains that had possibly pfhrp2-deleted strains.
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Supplemental Figure 20: Genome coverage of possibly pfhrp3 deleted strains. Subset of
the samples from Figure 1, showing only the strains that had possibly pfhrp3-deleted strains.
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