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The positioning of chromosomes in the nucleus of a eukaryotic cell
is highly organized and has a complex and dynamic relationship
with gene expression. In the human malaria parasite Plasmodium
falciparum, the clustering of a family of virulence genes correlates
with their coordinated silencing and has a strong influence on the
overall organization of the genome. To identify conserved and
species-specific principles of genome organization, we performed
Hi-C experiments and generated 3D genome models for five Plas-
modium species and two related apicomplexan parasites. Plasmo-
dium species mainly showed clustering of centromeres, telomeres,
and virulence genes. In P. falciparum, the heterochromatic virulence
gene cluster had a strong repressive effect on the surrounding nu-
clear space, while this was less pronounced in Plasmodium vivax
and Plasmodium berghei, and absent in Plasmodium yoelii. In Plas-
modium knowlesi, telomeres and virulence genes were more dis-
persed throughout the nucleus, but its 3D genome showed a strong
correlation with gene expression. The Babesia microti genome
showed a classical Rabl organization with colocalization of subtelo-
meric virulence genes, while the Toxoplasma gondii genome was
dominated by clustering of the centromeres and lacked virulence
gene clustering. Collectively, our results demonstrate that spatial
genome organization in most Plasmodium species is constrained
by the colocalization of virulence genes. P. falciparum and P. knowl-
esi, the only two Plasmodium species with gene families involved in
antigenic variation, are unique in the effect of these genes on chro-
mosome folding, indicating a potential link between genome orga-
nization and gene expression in more virulent pathogens.

malaria | genome organization | virulence | Hi-C | epigenomics

Apicomplexans are obligate intracellular parasites that can be
highly pathogenic and are responsible for a wide range of
diseases in humans and animals. The phylum consists of at least
6,000 species, with potentially many undiscovered members (1).
Among apicomplexan parasites that infect humans, Plasmodium
spp., the causative agents of malaria, have the highest health and
economic impact. The most prevalent and deadly human malaria
parasite is Plasmodium falciparum, responsible for an estimated
445,000 deaths per year (2). Other Plasmodium species that in-
fect humans include Plasmodium vivax and Plasmodium knowlesi.
P. vivax is widespread predominantly outside Africa, and P.
knowlesi is a zoonosis in southeast Asia. The natural hosts of P.
knowlesi are long-tailed and pig-tailed macaques. However,
transmission from monkeys to humans through a mosquito vec-
tor has been widely reported in Malaysia and can cause severe,
potentially lethal disease (3). Other human-relevant apicomplex-
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ans include Babesia microti (4), the causative agent of human
babesiosis, a malaria-like illness endemic in the United States but
with worldwide distribution, and Toxoplasma gondii, the causative
agent of toxoplasmosis, an opportunistic infection commonly en-
countered among individuals with weakened immune systems (5).

During millions of years of coevolution with their hosts, api-
complexan parasites have developed species-specific large multigene
families that are involved in host—parasite interactions (6). These
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gene families are important for parasite survival, pathogenesis,
virulence, and immune evasion. All Plasmodium species contain
virulence genes that belong to the Plasmodium interspersed repeat
(pir) superfamily. In addition, P. falciparum and P. knowlesi have
evolved unique gene families that orchestrate these parasites to
undergo antigenic variation, called var and SICAvar, respectively (7,
8). During the process of antigenic variation, the parasite can escape
from host immune responses by changing which members of these
large families of parasite antigens are expressed. The ability of these
parasites to switch their antigenic profile correlates with their high
virulence and persistence in the face of adaptive immune responses.

The biological functions of pir genes are largely unknown, but it
has been suggested that they have many different roles in viru-
lence, signaling, trafficking, protein folding, adhesion, and estab-
lishment of chronic infections (9-11). The availability of genome
sequences for selected apicomplexan parasites has revealed the
genomic landscape of these virulence gene families. Copy num-
bers for the virulence gene families typically range between
150 and 300 genes per organism, although there are some ex-
ceptions (for example, 980 yir genes in Plasmodium yoelii 17X) (6,
12-14). These genes are located close to the telomere ends of
most (sometimes all) of the 14 chromosomes of the various
Plasmodium genomes. Similarly, the subtelomeric regions of B.
microti chromosomes contain several small gene families encoding
exported proteins. These proteins are targets of the antibody re-
sponse in B. microti-infected humans and may be involved in an-
tigenic variation (15-17). T. gondii also has multiple parasite-
specific gene families involved in pathogenesis and immune eva-
sion. Some of these are subtelomeric, but most are dispersed
among the genome, either as individual genes or in smaller and
larger arrays (18). T. gondii does not use classic antigenic varia-
tion, although some of these Toxoplasma-specific gene families
may be involved in escape from immune responses (19).

First discovered in P. knowlesi (20-23), the P. falciparum var
and P. knowlesi SICAvar gene families mediate antigenic variation
and immune escape and may be one of the factors that make P.
knowlesi and P. falciparum so lethal in humans. The var and
SICAvar gene families encode P. falciparum Erythrocyte Mem-
brane Protein 1 (PfEMP1) and Schizont Infected Cell Aggluti-
nation variant antigen, respectively, which are expressed on the
surface of the infected red blood cell. As a result, these proteins
are exposed to the host immune system and elicit strong antibody
responses. Each parasite expresses a single PEEMP1 or a limited
repertoire of SICAvar antigens (24, 25). Parasites can rapidly and
efficiently escape from the host immune response by switching the
gene variant that is expressed, resulting in successive cycles of
antibody production and parasite escape (22, 26). In addition,
PfEMP1 mediates adherence of infected red blood cells to the
vasculature, which prevents clearance of the parasite by the
spleen. Cytoadherence in vital organs causes tissue damage and is
a major cause of pathology in P. falciparum malaria (27).

Similar to the pir genes, most var genes are located in the
subtelomeric regions of all 14 P. falciparum chromosomes, al-
though several chromosomes also harbor internal var genes. The
SICAvar genes are distributed more evenly along the chromo-
somes, with only a few located in subtelomeric regions (7). One
of the mechanisms involved in the complex network of clonal var
gene expression is localization of these genes in perinuclear
clusters of heterochromatin (28, 29). In previous studies (30, 31),
we observed that the requirement for var genes to come together
in 3D space has a strong influence on the overall organization of
the P. falciparum genome. Chromosomes with internal var gene
clusters form loops to accommodate the perinuclear localization
of all var genes. In addition, we observed a strong association
between 3D genome organization and gene expression.

Based on these observations, we hypothesized that gene
families involved in antigenic variation need to be tightly regu-
lated and therefore have a strong influence on genome organi-
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zation. Organisms that do not undergo antigenic variation may
thus have less-stringent requirements with respect to the structure of
their genome in the nucleus. To test this hypothesis, we studied the
genome architecture of five different Plasmodium species parasites,
two that are known to undergo antigenic variation (P. falciparum and
P. knowlesi), and three that are not (P. vivax, Plasmodium berghei,
and P. yoelii). In addition, we studied two related apicomplexan
parasites (B. microti and T. gondii) to identify characteristics of ge-
nome organization that are specific to the Plasmodium genus. When
considering genome-wide clustering of all virulence genes, we ob-
served that all organisms studied here, with the exception of 7. gondii
and P. knowlesi, showed significant colocalization for these genes. In
P. knowlesi, even though contact counts between SICAvar genes
show a moderate enrichment compared with random, these were
found to be scattered throughout the nucleus. However, SICAvar loci
showed cross-shaped patterns in intrachromosomal contact with
enriched contact counts to other SICAvars on the same chromosome
similar to interaction patterns created by P. falciparum var genes,
suggesting that colocalization of these genes is a conserved feature
and may play a role in mutually exclusive expression of SICAvars. T.
gondii virulence genes are not located subtelomerically and did not
cluster in 3D space, pointing toward differences in regulation of gene
expression in this apicomplexan parasite.

Results

Profiling Genome Organization for Apicomplexan Parasites. We
performed Hi-C experiments for five different apicomplexan
parasites using the in situ Hi-C methodology (32) (Materials and
Methods): P. knowlesi, P. yoelii, P. berghei, T. gondii, and B. microti
(SI Appendix, Table S1 and Fig. 1). Hi-C data for P. falciparum and
P. vivax were available from previous studies (30, 31). For all
Plasmodium species except P. vivax, we performed the Hi-C ex-
periment on human blood-stage parasites. The only P. vivax sample
available to this study was from mosquito salivary gland sporozo-
ites, and we therefore also included P. falciparum sporozoites to
allow comparisons between different developmental stages in dif-
ferent parasite species. Even though the global features of genome
organization are comparable in P. falciparum trophozoites and
gametocytes, we also included the P. falciparum gametocyte stage
to allow a direct comparison with P. berghei gametocytes. B. microti
tick isolate (LabS1) and clinical isolate (Bm1438) samples were
obtained from nonsynchronized blood-stage infections in mice and
from cultures that were predominantly at the last stage of intra-
erythrocytic development (tetrads). Finally, for T. gondii we
included the rapidly replicating tachyzoite stage and the more
dormant bradyzoite stage, both cultured in vitro.

For several of these samples, we performed Hi-C experiments for
two or more biological replicates or highly related strains (SI Ap-
pendix, Table S1 and Materials and Methods), which showed a high
degree of similarity as quantified by a Hi-C—specific reproducibility
measure (33) (SI Appendix, Fig. S1). For P. falciparum, we observed
higher reproducibility among replicates of the same stage compared
with samples from different stages. Therefore, we combined the two
gametocyte samples (early and late) as well as the two sporozoite
replicates for subsequent analysis to obtain higher resolution. For P.
vivax, the two sporozoite replicates showed very high reproducibility
and were therefore also combined. For P. berghei, all three condi-
tions (WT and Smc2/Smc4 mutants) were highly similar and, hence,
were combined for further analysis. For B. microti, synchronous and
asynchronous samples had higher reproducibility within compared
with across these two groups regardless of whether the samples were
from the tick or field isolates. Hence, we combined all synchronous
samples together and similarly the asynchronous samples. After
combining specimens with high correlations, we obtained a total of
11 samples from the various stages, strains, and conditions of the
seven different apicomplexan parasites (SI Appendix, Table S1).

For each sample, the Hi-C reads were processed (i.e., mapping,
filtering, pairing, and removing duplicates) using the HiCPro

Bunnik et al.
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Fig. 1. Overview of samples and protocol. (A) Phylogenetic tree showing the
genetic relationship between the seven different apicomplexan parasites used
in this study. Adapted with permission from ref. 61; permission conveyed
through Copyright Clearance Center, Inc. (B) Light microscopy images of the
various parasites. (C) Schematic representation of the in situ Hi-C protocol.

package (34), resulting in a total of ~300 million unique valid read
pairs out of more than 1.5 billion pairs sequenced (SI Appendix,
Table S2). The observed intrachromosomal and interchromo-
somal contacts were aggregated into contact-count matrices at
10-kb resolution and were then normalized using the ICE method
to correct for experimental and technical biases (35) (normalized
contact-count heat maps are accessible at apicomplexan3d.lji.org/).
Next, we inferred a consensus 3D genome structure for each of the
11 samples using the negative binomial model from the PASTIS 3D
modeling toolbox (36) (https:/github.com/hiclib/pastis) (Fig. 2 and
SI Appendix, Fig. S2). When comparing this modeling approach to
the multidimensional scaling method for PASTIS, all major hall-
marks of genome organization are conserved (SI Appendix, Fig. S3).
However, the negative binomial distribution model better captures
the overdispersion of contact counts and was therefore used for
inferring all models in this study. For assessing the stability of the
consensus structures, we used 100 random initializations of the 3D
coordinates and clustered the resulting 100 structures for each
sample (SI Appendix, Fig. S4). For most of our samples, we did not
find any subset of 3D models that distinctly cluster with each other,
suggesting the resulting models are robust to differences in initial-
ization. For P. vivax, which showed some sign of clustering, we
sampled representative models from each potentially distinct clus-
ter. Our comparison of 3D structures from the four most prominent
clusters showed no striking differences in genome organization (S/
Appendix, Fig. S5). Since we observed conservation of all of the
main structural features among the different initializations in either
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case, we used a single representative model for each of our Hi-C
samples. Raw and ICE-normalized contact-count heat maps, Fit-
Hi-C P value heat maps (37), PASTIS Euclidean distance matrices,
and PASTIS 3D models for each chromosome are shown in
Dataset S1.

Detection of Genome Assembly Problems and Their Correction with
Hi-C Data. Hi-C data have been used to detect translocation events
or to improve genome assemblies based on Illumina and/or PacBio
reads in many organisms, including Arabidopsis thaliana, Aedes
aegypti, and humans (38-40). Therefore, we first scanned our
samples using a metric developed to detect genome assembly errors
in Hi-C data (38) to avoid biases in our downstream analysis of 3D
genome organization. Small misassemblies were observed in P.
yoelii chr9 and in B. microti chr1 for the tetrad sample (SI Appendix,
Fig. S6), but these are unlikely to influence our results. For P.
knowlesi, we recently published an assembly of the P. knowlesi ge-
nome based our Hi-C data in combination with sequencing data
generated using Illumina and PacBio platforms (41). All analyses
presented here were performed using the updated version of the P.
knowlesi genome assembly. All other Plasmodium and Babesia
samples were error-free. However, several issues were detected for
T. gondii that were handled as described below.

The current genome assembly of 7. gondii consists of 14 chro-
mosomes, the same number as for Plasmodium species and close
apicomplexan relatives, such as Neospora caninum. For 13 chro-
mosomes, the location of the centromere has previously been
identified by chromatin immunoprecipitation of centromeric and
pericentromeric proteins (42, 43). For chromosome VIIb, the
centromere has thus far remained elusive. In the interchromosomal
heat map using the original genome assembly with 14 chromo-
somes, it can be observed that chrVIIb and chrVIII have a higher
number of interactions than any other combination of chromo-
somes, and that the number of contacts is highest between the right
telomere of chrVIIb and the left telomere of chrVIII (Fig. 34).
These observations suggest that chrVIIb and chrVIII could be
physically linked. After we computationally stitched chrVIIb and
chrVIII together to create one large chromosome, the interchro-
mosomal contact counts were at the expected levels, while no ap-
parent discrepancies were observed in either the interchromosomal
heat map (Fig. 3B) or the intrachromosomal heat map of the
combined chrVIIb and chrVII (Fig. 3C). This stitched chromo-
some showed a single centromere interaction with every other
chromosome. In addition, we did not detect any signs of mis-
assembly in the stitched chromosome (Fig. 3D). The small signal
observed in the tachyzoite sample is not at the junction of the
stitched chrVIIb and chrVIII. Based on these observations, we
propose that chrVIIb and chrVIII are in fact a single chromosome.
This would explain the unusual interaction pattern in our original
interchromosomal interaction plot, as well as the apparent absence
of a centromere in chrVIIb. We have used this stitched chromo-
some in all of our analyses and refer to this chromosome as chrVIIIL.

The misassembly metric detected several other issues in the 7.
gondii genome (SI Appendix, Fig. S6). Most prominently, chrXII
showed an unusual pattern that is most likely caused by an in-
version of a segment spanning from bin 272 to bin 499 (SI Ap-
pendix, Fig. S7A). The fraction of the parasite population
harboring this inversion is ~10% in the tachyzoite sample and is
close to 100% in the bradyzoite population. The tachyzoite and
bradyzoite samples were generated using an unmodified and a
transgenic ME49 strain, respectively. This result indicates that
this inversion most likely arose spontaneously in the ME49
strain and can be selected during bottleneck events such as the
generation of a transgenic strain. For the purpose of this study,
the contact-count patterns caused by this inversion were not
considered a misassembly of the 7. gondii genome.

Finally, chrIX showed an unexpected signal around bin 500 (S/
Appendix, Fig. S7B). Upon inspection of the contact counts in this

PNAS | February 19,2019 | vol. 116 | no.8 | 3185

MICROBIOLOGY


https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
http://apicomplexan3d.lji.org/
https://github.com/hiclib/pastis
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental
https://www.pnas.org/lookup/suppl/doi:10.1073/pnas.1810815116/-/DCSupplemental

L T

\

BN AS  DNAS P

A Pf trophozoites

Pk trophozmtes Py mlxed biood

B

Pftrophozoites Pk trophozoites

Py mixed blood

o rf. (\r
7 - ! ot ! A 2
o E‘c("rr. : e % ; & & .
. q °fw e [ Al T B .
“'F. co’pae® c‘e.r . ..'.:Q; 4 r-'.::l
S s % A T r-rcr o ogse A
S e i o 2°de '::Fr ok ] e,
e b £ “'"r‘ foed el
H 3 %o
° : }' qiff (r (t 2 F L
1T ‘e
Pf gametocytes Pb gametocytes Bm tetrads
° ®
&, % - e [ 3
e 2% ot o ° oo % e °
oy
K rFr. d* '; { oe L4
= '!‘,. ® ., L =
r";;;‘ ° & °
L]
b/ L] .
@,
. . “ *
Pf sporozoites  Pv sporozmte Tg bradyzoites. Pf sporozoites  Pv sporozoite Tg bradyzoites
| ¥ :
5 ] - ’
| 8 . .~ >
' Tl obe . : e, o
el : Rt o R T I
S Pe 0T (L iy Pt Oy
i i s & & ..° 6l ., L a0

Fig. 2. Hi-C data and 3D genome modeling. (A) Normalized interchromosomal contact-count heat maps at 10-kb resolution. Chromosomes are lined up in
numerical order starting with chr1 in the bottom left corner. Individual chromosomes are delineated by dashed lines. Intrachromosomal contacts are not
displayed, hence the white squares along the diagonal of each heat map. Larger versions of the interchromosomal heat maps as well as all intrachromosomal
heat maps are accessible at apicomplexan3d.lji.org/. (B) Representative 3D models for genomes of all organisms studied here. Chromosomes are shown as
transparent white ribbons. Centromeres are indicated with red spheres, telomeres with blue spheres, and virulence genes with orange spheres. Represen-
tative 3D models for asynchronous B. microti blood stages and T. gondii tachyzoites are shown in S/ Appendix, Fig. S2.

region, we noted that bins 498 and 505 showed a much higher
number of interactions than expected based on the surrounding
bins, suggesting amplification of genomic sequences within these
two bins. This effect was observed in both the tachyzoite and bra-
dyzoite samples and may point toward an error in the 7. gondii
genome assembly. Since Hi-C does not provide sufficient resolution
to resolve such potentially tandem array of repeats, we did not
attempt to correct the reference genome for this region. Finally,
smaller potential misassemblies were observed in chrIV and chrV.

Colocalization of Functional Elements and Gene Families in Plasmodium.
In a previous study, we showed that during the blood stages in the
human host the P. falciparum genome has a more complex organi-
zation than the Saccharomyces cerevisiae genome, which is organized
in a classical Rabl conformation. In P. falciparum, similar to yeast, we
observed clustering of telomeres and centromeres on opposite sides
of the nucleus, but in addition we also observed domain-like struc-
tures (DLS), similar to multicellular organisms, surrounding genes
involved in pathogenicity (30, 31). Clustering of telomeres and cen-
tromeres has previously been observed in budding and fission yeast
(44, 45), plants, Drosophila, and recently also in mammalian cells
using advanced single-cell Hi-C analysis and genome modeling (46).
It can also clearly be observed in 3D models for the P. falciparum
trophozoite and gametocyte stages (Fig. 2B).

Here, we analyzed the organization of these genomic hall-
marks in all analyzed apicomplexan parasites by testing for an
enrichment in interactions between loci of interest, as well as for
colocalization in our 3D models (Table 1). The centromeres
interacted with each other in P. knowlesi, P. berghei, and P. yoelii,
although the interchromosomal heat maps showed that these
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interactions were relatively localized in P. knowlesi and P. yoelii
(SI Appendix, Fig. S8). In agreement with this finding, the cen-
tromeres strongly clustered in the 3D models of these organisms.
As highlighted in a previous study (31), and unlike the blood
stages of any of the Plasmodium species where all pairs of cen-
tromeres significantly interact with each other, the centromeres
in P. vivax salivary gland sporozoites showed weaker contacts and
enrichment for only a subset of centromere pairs. Salivary gland
sporozoites from P. falciparum showed no clustering of centro-
meres, suggesting that the loss of centromere interactions could
be a general feature of the sporozoite stage. For P. vivax, the
subset of significantly interacting centromere pairs was sufficient
to drive significance in the contact-count-based Witten—Noble
colocalization test (47), but not for strong colocalization in 3D
models when evaluated visually or using 3D distances (Table 1).

The telomeres of P. yoelii and P. vivax showed strong enrich-
ment in contact counts, while the telomeres in P. berghei and P.
knowlesi did not. However, the telomeres in P. berghei did come
together in 3D space, although to a lesser extent than those in P.
yoelli and P. vivax. All Plasmodium species that were analyzed in
this study harbor virulence genes at the subtelomeric regions of
nearly every chromosome. In line with clustering of the telo-
meres, we also observed colocalization of virulence genes in all
of these organisms, with the exception of the P. knowlesi SICAvar
genes (Table 1). The strong clustering of these genes was re-
capitulated in the 3D models of P. falciparum, P. vivax, P. bergheli,
and P. yoelii. In conclusion, while we observed varying degrees of
clustering of telomeres and centromeres, all Plasmodium ge-
nomes, except for P. knowlesi, showed colocalization of pir genes.
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Fig. 3. Correction of the T. gondii genome assembly by Hi-C data. (A)
Normalized interchromosomal contact-count heat map plotted using the
current version of the T. gondii genome showing unusually high levels of
contact counts between chrVilb and chrVIll (inside the red box). (B) Nor-
malized interchromosomal contact-count heat map plotted using an upda-
ted version of the T. gondii genome in which chrVilb and chrVIIl have been
stitched to form one large chrVIll. All interchromosomal contacts are at
expected levels and the newly formed chromosome shows a single centro-
meric interaction with each other chromosome. (C) The intrachromosomal
contact-count heat map of the newly formed chromosome chrVIlI, showing
no discrepancies in contact counts along the chromosome or at the junction.
(D) Misassembly metric for the newly formed chrVIll, showing no signs of
misassembly. The junction is indicated with a dashed line.

Antigenic Variation Genes Are Associated with Formation of DLS in
Plasmodium Species. In P. knowlesi, SICAvar genes are located in
subtelomeric regions but are also found scattered throughout the
genome, either individually or in small groups of up to four
genes. Due to the highly repetitive nature of their sequences,
31 of the SICAvar genes have low mappability. We were unable
to detect strong colocalization for the 136 remaining SICAvar
genes. However, our colocalization test measures whether all loci

in the genome cluster and does not pick up localized clusters that
consist of only a limited subset of genes. Although Hi-C signals
were weak for loci that consist of only one or a few genes, the
contact-count heat maps showed additional interactions between
large internal and subtelomeric SICAvar gene clusters, most
clearly observed in chr4 (Fig. 4 and SI Appendix, Fig. S9). This
interaction is reminiscent of var gene interaction patterns ob-
served in P. falciparum that give rise to DLS (30). We calculated
a domain score to quantify the insulation of each locus from its
neighborhood (Materials and Methods) and observed a total of six
DLS in P. knowlesi. Using the same metric, we identified three
DLS in P. falciparum and two DLS in P. vivax, but none in any of
the other organisms (Fig. 4 and Dataset S1). It should be noted
that these DLS are distinct from topologically associating do-
mains observed in metazoan genomes, both in size and in
mechanism of formation. Homologs of CCCTC-binding factor
(CTCF) have not been identified in Plasmodium spp., and it is
therefore unlikely that chromatin loop exclusion or any similar
mechanism is involved in the formation and maintenance of
these DLS. These results suggest that subsets of SICAvar genes
throughout the genome may interact with each other, similar to
the var genes in P. falciparum. Such interactions may be crucial to
coordinate mutually exclusive gene expression necessary for
antigenic variation.

Genome Organization in the Apicomplexan Parasites B. microti and T.
gondii. B. microti has a relatively small genome with four chro-
mosomes that showed strong interactions among the telomeres
and the centromeres, resulting in a classic Rabl conformation
(Fig. 2B and SI Appendix, Fig. S2). Consequently, subtelomeric
multigene families were strongly clustered, but additional viru-
lence genes were localized away from the telomeric cluster. The
3D models of the asynchronous and the synchronous sample
were very similar (SI Appendix, Fig. S2). However, the contact-
count heat maps showed additional interaction patterns within
chromosomes for the synchronized samples obtained at the tet-
rad stage, but not for the asynchronous samples (SI Appendix,
Fig. S10). For chr3, these patterns may partially be caused by a
virulence gene of the BMN1 family located at position 272,813—
273,799. These results suggest that these interactions may not be
maintained during the complete cell cycle and underscore the
importance of using tightly synchronized cell populations to be
able to observe transient interactions.

In agreement with a previous microscopy study (42), T. gondii
centromeres showed strong interactions and colocalized in the

Table 1. Colocalization of centromeres, telomeres, and virulence genes
Centromeres Telomeres Virulence genes

Sample Contact counts 3D distance 3D visual Contact counts 3D distance 3D visual Contact counts 3D distance 3D visual
Pf trophozoites ++ ++ ++ ++ ++ ++ ++ ++ ++
Pf gametocytes ++ ++ + ++ ++ ++ ++ ++ ++
Pf sporozoites - - - + ++ + + ++ +
Pv sporozoites ++ + - ++ ++ + ++ ++ +
Pk trophozoites ++ ++ + - - - _ _ _
Pb gametocytes ++ ++ ++ - + + + ++ +
Py mixed IDC ++ ++ + ++ ++ + ++ ++ +
Bm mixed IDC ++ ++ ++ ++ ++ ++ - + +
Bm tetrads + ++ ++ ++ ++ ++ - + +
Tg tachyzoites ++ ++ ++ ++ ++ + - - -
Tg bradyzoites ++ ++ ++ ++ ++ + - - -

++ denotes P < 0.001 for contact counts and P < 0.001 as well as mean and median pairwise distance less than 0.7 of the respective value from a
randomized set of loci on 3D models; + denotes P < 0.05 for contact counts. Two different colocalization tests were used, one based on the statistical
significance (37, 47) of contact counts between bins in the Hi-C data and the other based on the distance between bins in the 3D models. The “3D visual” column
denotes whether the listed functional elements are tightly clustered (++), somewhat clustered (+), or not clustered at all () as a result of visual inspection of the 3D
models. Bm, B. microti; IDC, intraerythrocytic developmental cycle; Pb, P. berghei; Pf, P. falciparum; Pk, P. knowlesi; Pv, P. vivax; Py, P. yoelii; Tg, T. gondiii.
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internal var and SICAvar genes in P. falciparum and P. knowlesi, respectively. Second row: domain score tracks. Dips in the tracks that reach the threshold of a
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conformation extracted from the 3D model of the full genome. P. berghei and P. yoelii chromosomes show a folded structure anchored at the centromere,
with both chromosome arms arranged in parallel. P. falciparum and P. knowlesi chromosomes show additional folding structures to bring virulence genes in

close spatial proximity.

3D models of both the tachyzoite and the bradyzoite stage. The
telomeres also interacted, but to a much lower extent compared
with the centromeres, and this interaction was not readily appar-
ent from the 3D models (S Appendix, Fig. S2). At the resolution
used in our models, no significant differences were observed be-
tween tachyzoites and bradyzoites (SI Appendix, Fig. S2). Most
virulence genes in 7. gondii are not located in subtelomeric re-
gions but are found on every chromosome arranged as single
genes as well as smaller and larger arrays of up to 19 genes. As a
consequence, virulence genes were scattered throughout the 3D
model of the genome and we were unable to detect any significant
colocalization pattern for these genes (Table 1).

Another difference between genome organization in Plasmo-
dium species and T. gondii was observed for the strength of
chromosome territories. The 3D models for 7. gondii exhibited
more territorialized chromosomes whereas Plasmodium chro-
mosomes were more stretched out through the nucleus (SI Ap-
pendix, Fig. S11). To quantify these differences directly from Hi-
C data, we interrogated the relationship between distance and
contact probability, which has been shown to depend on the
arrangement of chromosomes within the nucleus (48, 49).
However, this scaling relationship has been mainly used to
compare different samples of the same organism or organisms
with similar genome sizes. Here we adapted this analysis for
comparing all our samples ranging from ~4.5 Mb (B. microti) to
~70 Mb (T. gondii) in size to each other as well as to human (32)
and budding yeast genomes (50) as reference points. To do that,
at 10-kb resolution, we focused only on intrachromosomal in-
teractions within 1-Mb distance and we computed the logtwofold
change of the average contact for each genomic distance with
respect to the overall average contact count of all possible pairs
within 1 Mb (SI Appendix, Fig. S12). Our results show that,
similar to human genome organization, the contacts within 50 kb
to 500 kb are highly enriched for both T. gondii samples com-
pared with all other apicomplexan parasites and budding yeast.
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Interestingly, this genomic distance range corresponds to topo-
logical domains (TADs) for human genome, which are known to
be enriched for higher within-domain interactions. However, we
have not seen clear TAD patterns in the 7. gondii genome, sug-
gesting that this trend may be related to the larger chromosomes
and genome size of T. gondii compared with other apicomplexan
parasites. Further analysis may be necessary to understand the
relationship between genome size and chromosome territory
formation in the presence and absence of TAD-like structures.

Relation Between Gene Expression and Genome Organization. P.
falciparum gene expression has been shown to be associated with
the position of genes in the nucleus (30, 31). To determine the
relation between gene expression and genome organization in
other apicomplexan parasites, we binned the genes of each or-
ganism into 20 groups based on their distance from the centroid of
all telomeres. For each bin, we calculated the average gene ex-
pression using stage-specific transcriptomics datasets and plotted
these values against the average distances from the telomere
centroid (Fig. 54). We also colored the 20 bins in the 3D models
based on normalized average gene expression values (Fig. 5B).
As expected based on previous work, P. falciparum tropho-
zoites showed the lowest gene expression in the bin closest to the
centroid of the telomere and a gradient of increasing gene ex-
pression in the next three bins. The remaining 16 bins showed
relatively comparable levels of gene expression. The results for P.
falciparum gametocytes were almost identical. For P. vivax spo-
rozoites and P. berghei gametocytes, a similar but much weaker
pattern was observed, with reduced gene expression only in the
bin closest to the telomere centroid. P. yoelii and B. microti did
not show any relation between gene expression and 3D location
relative to the telomeres. Surprisingly, the P. knowlesi tropho-
zoite stage displayed a gene expression gradient across the entire
genome, with the lowest gene expression close to the centroid of
the telomere. In the absence of strong telomere and centromere
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clustering, the 3D model of P. knowlesi looked somewhat un-
organized. However, the gene-expression gradient observed here
suggests that genome organization of this parasite is in fact
strongly correlated with expression with highly expressed genes
preferentially localizing on one side of the 3D genome and the
telomeres localizing on the other side.

Finally, for the T. gondii samples, we observed a decrease in
gene expression in the bin furthest away from the telomere cen-
troid, in stark contrast to all other organisms analyzed here. This
decrease was reproducible between the two stages. As can be
observed in the 3D models, these genes are located at the nuclear
periphery. In both tachyzoites and bradyzoites, the genes in this
bin were strongly enriched for merozoite-specific gene expression
(51) (P < 0.00001, two-tailed Fisher’s exact test), including 19 of
33 members of T. gondii family A proteins. Collectively, these
results suggest that the organization of Plasmodium genomes is to
a large extent driven by virulence genes. However, T. gondii has
adopted different ways to organize gene expression in relation to
its nuclear architecture, although the nuclear periphery may also
function as a site of gene silencing.

Discussion

From yeast to human cells, genome organization in eukaryotes
has a tight relationship to gene expression. In particular, evi-
dence is accumulating that the compartmentalized architecture
of a cell nucleus is critical to many biological functions. Evolu-
tionarily conserved mechanisms in the compartmentalization and
function of yeast and mammalian genomes have been identified,
but genome organization in these organisms also shows differ-
ences due to the fact that the nuclei of single-cell organisms are
typically 1,000 times smaller than those of mammals. While nu-
clear architecture in single-cell eukaryotes has been extensively
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studied in yeast, little is known about the genome organization of
other unicellular organisms. We therefore investigated the genome
architecture of various apicomplexan parasites. Our goal was to
identify common features of genome organization and possible
connections between genome architecture and pathogenicity.

In this study, we demonstrated that the Hi-C methodology can
be employed to correct genome assemblies and study its 3D
organization at the same time. While Hi-C experiments detect
many long-range interactions, genomic segments that are physi-
cally linked and in close proximity along the DNA strand are
preferentially ligated to one another. This results in a highly
reproducible relationship between genomic distance and contact
probability. Using this property, we detected that chromosomes
VIIb and VIII of the T. gondii genome are likely to be physically
linked. Our proposed genome assembly provides a coherent
explanation of the apparent absence of a centromere in our
original chrVIIb contact-count matrix as well as the absence of
centromeric protein TgCenH3 and pericentromeric protein
TgChromol in chrVIIb in previous ChIP-on-chip analyses (42,
43). Our corrected T. gondii assembly has one centromere for
each of the 13 chromosomes and the interaction between all of
these centromeres is clearly visible in interchromosomal contact
maps as well as 3D models.

Once genome assemblies were corrected, we focused our
analysis on the identification of commonalities and differences in
genome organization between members of the Plasmodium
family, as well as related apicomplexan parasites. We previously
showed (30) that although the genomes of P. falciparum and S.
cerevisae are similar in size, the P. falciparum genome has a more
complex 3D structure. In particular, we noted that spatial com-
plexity was added by the requirement for virulence genes of the
var family to colocalize.
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The results from this study demonstrate that the organization
of other Plasmodium genomes is also largely driven by their
virulence genes. However, in contrast to P. falciparum and P.
knowlesi, the rodent malaria species harbor virulence genes only
in subtelomeric regions. The organization of their genomes is
therefore relatively simple and similar to fission and budding
yeast, with clustering of pericentromeric and subtelomeric het-
erochromatin islands driving the overall structure. However, the
internal localization of var and SICAvar genes necessitates the
formation of chromosome loops to bring distal loci in close
spatial proximity. Similarly, P. vivax chr5 harbors a locus that
interacts with subtelomeric regions, generating similar domain-
like patterns compared with internal var gene islands (31). This
locus contains genes of the Py-fam-e family, encoding exported
proteins involved in erythrocyte remodeling. The precise func-
tion of this gene family and the reasons for its association with
subtelomeric heterochromatin remain to be discovered. The
clustered organization of virulence genes allows for increased
rates of recombination to generate additional diversity and co-
ordination of gene expression. We can only speculate why certain
genes in the human malaria parasites are located away from
subtelomeric regions, but the requirements for domain forma-
tion and complex chromosome structure highlight that additional
layers of control are necessary to orchestrate mutually exclusive
gene expression.

The pir genes of P. vivax and the rodent malaria parasites are
not subject to the epigenetically driven mutually exclusive ex-
pression that is observed for the var and SICAvar gene families,
pointing toward additional differences in regulation between
these gene families. While clonal expression of var and SICAvar
genes is thought to enable escape of the parasite from host an-
tibody responses, the expression of certain pir genes has been
associated with the establishment of acute and chronic infec-
tions, independent of adaptive immunity (9). This difference in
virulence gene expression patterns between primate and rodent
malaria parasites is reflected by the absence of several nuclear
proteins in the genome of rodent malaria parasites. Of these,
both the C-terminal extension of Rpbl (52) and the histone
methyltransferase PfSET2 (53, 54) have been shown to contrib-
ute to var gene regulation. These observations suggest that the
various parasite lineages have evolved different strategies to
survive in their respective hosts. One contributing factor could be
the life span of the host. Parasites infecting long-lived primates
may require escape from adaptive immune responses to establish
chronic infections and ensure transmission to a susceptible host,
while parasites infecting short-lived rodent hosts may benefit
from more flexible expression of their virulence genes.

The unique features of Plasmodium genome organization as
described above are highlighted by the analysis of B. microti and
T. gondii. Both parasites show distinct differences in the struc-
ture of their genomes. The B. microti genome showed a classical
Rabl organization, with colocalization of a subset of virulence
genes, those located in subtelomeric regions, in 3D space. From
this observation, we conclude that genome organization in B.
microti is not as strongly involved in regulation of virulence gene
expression as in Plasmodium parasites. In fact, we observed no
association between genome structure and gene expression in
general in this parasite. In 7. gondii, virulence genes were scat-
tered throughout the genome and did not colocalize in the nu-
cleus. The only association between genome organization and
gene expression that we could detect was the possible repression
of stage-specific genes by the formation of perinuclear hetero-
chromatin. Our observation that tachyzoites and bradyzoites
showed similar genome organization is in line with the relatively
small differences in gene expression between these two life-cycle
stages, in particular compared with gene expression profiles of
merozoites and oocysts (55). However, it should be mentioned
that the bradyzoites used here were obtained from in vitro cul-
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ture and may not fully represent bradyzoites in a tissue cyst.
Attempts to prepare Hi-C libraries from bradyzoites isolated
from mouse brain tissue cysts were not successful.

The distinct organization of virulence genes suggests that T.
gondii has adopted different mechanisms for gene regulation
compared with Plasmodium species, which may be related to its
much broader host range and cell tropism. This is reflected in the
larger number of ApiAP2 transcription factors encoded by the T.
gondii genome (67 versus ~27 for Plasmodium species), which
are used for both transcriptional activation and repression (56).
During the evolution from the ancestor of apicomplexan or-
ganisms, the Plasmodium lineage has lost many genes that were
retained in T. gondii (57). Plasmodium species have thus evolved
into highly specialized organisms that control their virulence
through a highly restricted mechanism, whereas 7. gondii has
retained more properties of its free-living ancestor and is more
flexible when it comes to gene regulation.

A limitation of this study is that Hi-C experiments were per-
formed using millions of cells as input. The contact-count ma-
trices and 3D models therefore represent the average of a
population of possible genome organizations. In P. falciparum,
various microscopy approaches have shown clustering of telo-
meres and virulence genes in two to five foci spread around the
nuclear periphery (28, 29, 58-60). The nature of our data does
not allow us to draw a conclusion about whether virulence genes
are organized into a single large cluster as observed in our 3D
model or into multiple clusters that vary in var gene content
among the parasite population.

Another limitation is the dependency of our 3D modeling on
strong contact-count signals to establish hallmarks of genome
organization. In the 3D models, strongly interacting centromeres
and telomeres (as seen for example in the trophozoite stage of P.
falciparum and in B. microti) were organized as clusters located
at the nuclear periphery. In organisms with weaker centromere
interactions (P. yoelii and possibly P. knowlesi), the 3D models
showed clustering of the centromeres in the center of the nucleus.
Similarly, weaker telomere interactions (as seen in P. berghei and T.
gondii) also formed clusters in the nuclear center. To further ex-
plore this behavior, we deleted the centromeres (all bins containing
centromeric sequence) or the telomeres (40-kb region) from each
genome and generated 3D models of these modified genomes.
Removal of one hallmark (centromeres or telomeres) resulted in
distortion of the 3D structure and loss of clustering of the other
hallmark (SI Appendix, Fig. S11). For T. gondii, fluorescence in situ
hybridization (FISH) experiments have shown the colocalization of
telomeres at the nuclear periphery (43). We therefore believe that
the central location of centromere and telomere clusters may be an
artifact of our modeling approach and consider it possible that
these clusters are in fact located at the nuclear periphery. For P.
knowlesi, the telomeres were mostly not mappable and the absence
of a signal from the telomeres may explain the unusual genome
structure that we obtained for this parasite. Even though the cen-
tromeres showed localized interactions in the contact-count heat
maps, the P. knowlesi 3D model displayed only weak centromere
clustering. In the absence of data from telomeres due to mappability
issues, the centromeres may be more dispersed in our 3D model
than in reality. The mappable telomeres showed approximately
threefold higher contact counts compared with background, and it is
therefore not unthinkable that the telomeres in fact cluster as well.
Additional approaches such as immunofluorescence microscopy or
FISH may be necessary to confirm and further investigate our Hi-C
based observations.

In conclusion, this study highlights the association between
spatial organization of virulence gene families and gene expres-
sion in Plasmodium species. In P. falciparum and P. knowlesi,
gene families involved in antigenic variation provide a potential
link between genome organization and pathogenicity. In con-
trast, related human parasites B. microti and T. gondii lack the
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correlation between gene expression and genome organization
observed in human Plasmodium species. Our results emphasize
the importance of 3D genome organization in eukaryotes and
suggest that genome organization in malaria parasites has been
shaped by parasite-specific gene families that affect virulence
and clinical phenotypes. Identifying the molecular components
regulating these parasite-specific genes at the chromatin struc-
ture level will assist the identification of new targets for novel
therapeutic strategies.

Materials and Methods

We provide a brief description of methods below. Full details are available in
SI Appendix, Supplementary Materials and Methods.

In Situ Hi-C Procedure. Parasites were cross-linked in 1.25% formaldehyde in
warm PBS for 25 min on a rocking platform in a total volume between 1 and
10 mL, depending on the number of parasites harvested. Glycine was added
to a final concentration as 150 mM, followed by 15 min of incubation at 37 °C
and 15 min of incubation at 4 °C, both steps on a rocking platform. The
parasites were centrifuged at 660 x g for 20 min at 4 °C, resuspended in five
volumes of ice-cold PBS, and incubated for 10 min at 4 °C on a rocking
platform. Parasites were centrifuged at 660 x g for 15 min at 4 °C, washed
once in ice-cold PBS, and stored as a pellet at —80 °C. To map the inter- and
intrachromosomal contact counts, cross-linked parasites were subjected to
the in situ Hi-C procedure (32), using Mbol for restriction digests.

Hi-C Data Processing. For each sample, the Hi-C reads were processed (i.e.,
mapping, filtering, pairing, and removing duplicates) using HiCPro package
(34). The observed intrachromosomal and interchromosomal contacts were
aggregated into contact-count matrices at 10-kb resolution and were then
normalized using the ICE method to correct for experimental and technical
biases (35).

Reproducibility Score for Samples from the Same Organisms. To compute the
reproducibility scores for Hi-C data from the same organisms, we used
3DChromatin_ReplicateQC and method GenomeDISCO (33) with default
parameters. GenomeDISCO employs graph diffusion and random walks for
transformation and compares the smoothed contact maps between pairs to
estimate global similarity. The reproducibility scores in S/ Appendix, Fig. S1
are genome-wide concordance scores, averaged across all chromosomes.

Three-Dimensional Modeling and Visualization. We inferred a consensus 3D
genome structure for each organism using the negative binomial model from
the PASTIS 3D modeling toolbox (36) (https:/github.com/hiclib/pastis). For
assessing the stability of the consensus structures, we used 100 random
initializations of the 3D coordinates to generate a set of 11 3D models for Hi-
C data from various stages, strains, and conditions of the seven different
apicomplexan parasites. To check the robustness of inferred 3D models to
initialization differences, we calculated a disparity score for each possible
pair of 3D models (100 choose 2) by first performing Procrustes trans-
formation to find the best alignment and then computing the sum of the
squares of the pointwise differences between the pair of structures. To
determine stability of disparity, we clustered these disparity scores in cluster
maps and observed very little variation among models with different ini-
tializations as well as conservation of all of the main structural features
among these initializations (S/ Appendix, Fig. S3). This allowed us to use only
a single representative model for each of our Hi-C samples, which we visu-
alized using Jmol, an open-source Java viewer for chemical structures in 3D
(jmol.sourceforge.net/). PDB files and a manual to recreate the structures as
displayed in Fig. 2 is available at apicomplexan3d.lji.org/.

Colocalization Tests on 3D Distances. For each set of genes or functional an-
notations such as centromeres or telomeres, we characterized each locus/
gene/annotation by including every 10-kb bin that it overlaps with. For
assessing the P value of colocalization of loci within a given set, we com-
puted the median pairwise distance for all pairs of loci within the set. Then,
we randomly generated the same number of bins on the same chromosomes
while preserving the genomic distance relationships for locus on each
chromosome. The latter part is done by selecting an initial random locus and
pairing it with an anchor locus in the real set and then choosing all other
random loci that are at the same distance offset to the random anchor locus
compared with the distance of their counterparts and the real anchor locus.
This approach could be considered a generalization of Witten-Noble
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colocalization test (47) to 3D models instead of contact counts and to handle
intrachromosomal pairs as well as interchromosomal pairs. We performed
the randomization 100,000 times and computed the median pairwise dis-
tance between all pairs of loci for each random selection. This median is
compared with the corresponding median from the real input set to com-
pute the P value of observing a random set of loci that are at least as
proximal to each other as the real set. The smaller the P value the more
significantly colocalized the real set of loci.

Colocalization Tests on Contact Maps. The colocalization test for contact
counts was performed using the Witten—-Noble test (47). Statistical confi-
dences of pairwise contacts were computed using Fit-Hi-C (37) and thresh-
olded at 1% false discovery rate to identify pairs of loci with significant
interactions. The representation of loci by bins, the number of randomiza-
tions, and the process to get a randomized set of loci was identical to the 3D
distance test. The only difference, in this case, is that the number of sig-
nificant pairs was used for the calculation of P values, which corresponds to
the chance of observing at least as many such contacts among pairs of a
random set of loci compared with the real set.

Quantification of Insulation of Each Locus from Neighborhood. We computed a
coverage-based domain score to quantify the extent of insulation of each
region from their nearest neighbors, which deviates from expected or av-
erage for regions of virulence genes in P. falciparum and several other
parasites. For each bin x, this domain score was calculated as the average
normalized contact count from bin x to upstream and downstream bins that
were between 100-kb to 200-kb distance to x and were mappable (not fil-
tered out by ICE normalization) to avoid near diagonal interactions. For bins
that were unmappable (filtered by ICE) the domain score was linearly in-
terpolated from the scores of neighboring mappable bins. The running
median of domain score was computed for each bin + two bins around it
(five bins total) and this smoothed score was further scaled to stay in be-
tween 0 and 1 using the overall range of scores computed for each Hi-C
dataset (organism + stage). The smoothed and scaled domain score was
utilized for visualization and for calling of DLS using scipy.signal package
find_peaks module with default parameters (score is multiplied by —1 to find
dips instead of peaks). The dips corresponding to centromeric regions
(+10 bins) and each telomeric end of a chromosome (10% of total chro-
mosome length) were filtered to identify internal dip regions. We then
further filtered these internal dips using a prominence—that is, the ampli-
tude of the dip relative to the scores of surrounding regions—of 0.25, a
maximum size of 10 adjacent bins.

Distance Scaling Plots. The relationship between genomic distance between a
pair of loci and the expected number of contacts for this pair was computed
using Fit-Hi-C's equal occupancy binning of contact counts (before the spline
fit) with up to 100 distance bins within 30-kb to 1-Mb interval. To account
for differences across genome size, chromosome length, and chromosome
number for each parasite, we normalized the average number of contact
counts per pair at each distance bin by the overall average for the whole
distance range up to 1 Mb. We then log2-transformed these values for y axis;
x axis is simply the log10 of the genomic distance.

Correlation Between Gene Expression and 3D Models. Gene expression was
represented as a function of distance to telomeres. To generate these plots,
all genes are first sorted by increasing distance to the centroid of telomeres (x
axis). Then, the distance was binned into 20 equal width quantiles and the
log average expression value together with the range of values in the bin (y
axis) was plotted for genes in each quantile. For the coloring of 3D models,
all 10-kb bins are first sorted by increasing distance to the centroid of
telomeres (x axis) and these distances are also binned into 20 equal width
quantiles. For each quantile, the representative expression value that is used
as the color gradient in 3D visualization was computed as the overall aver-
age of the average value of gene expression for all 10-kb bins in the
quantile.

Data Availability. Sequence reads have been deposited in the NCBI Sequence
Read Archive with accession number SRP151138. Hi-C data for P. falciparum
trophozoites from a previous study are available from the NCBI Gene Ex-
pression Omnibus (GEO) under accession number GSE50199. Hi-C data for P.
falciparum gametocytes and sporozoites, as well as P. vivax sporozoites from
a previous study (31) are available from the NCBI Sequence Read Archive
(SRA) under accession number SRP091967.
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