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Abstract

Antigenic variation is a mechanism employed by different pathogens, like
Plasmodium among others, to evade the immune response and survive inside
the host environment by altering the antigenic properties of surface proteins.
Antigenic variation is sometimes mediated through the evolution of multi-gene
families, encoding proteins containing hyper-variable regions. The expression of
these proteins is switched during the course of infection, confounding the host
immune system. The use of multi-gene families is widespread within Plasmod-
ium, exemplified by the rif and var gene families in P. falciparum, the causative
agent of malaria. We found evidence of a gene family shared among five different
Plasmodium species, which has undergone differential expansion. In P. knowlesi
(kir gene family) and P. vivar (vir gene family) they constitute a multi-gene
family involved in antigenic variation. Other three species, P. chabaudi, P. yoelii
and P. berghei, have vir/kir single-gene homologous sequences. Sequence and
phylogenetic analyses performed on these gene families confirm these findings
and reveal clues about the evolution of antigenic gene families in the Plasmod-

um genus.
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1. Introduction

Malaria disease is caused by parasites of the genus Plasmodium, which in-
fect humans, primates, rodents and birds. Plasmodium falciparum alone in-
fects yearly more than 500 million infections, with approximately 1 to 3 million
deaths, mainly children under 5 years old". This burden is directly related
to the ability of the parasite to establish persistent infections and evade the
immune system of the host. One mechanism used to accomplish this is by
changing the antigenic properties of parasite proteins exposed to the host im-
mune system, a process called antigenic variation?. Plasmodium parasites use
multi-gene families containing hyper-variable regions to generate the sequence
diversity needed to generate variability in the antigenic properties of the en-
coded proteins®. These gene families are evenly distributed among the differ-
ent plasmodium species and share no sequence similarity among each other® 9.
However, based on multi-character methods, Janssen et al. proposed in 2004
that the different antigenic gene families in Plasmodium comprise a super-family
of homolog sequences. The pir (Plasmodium interspersed repeats) super-family
comprises P. falciparum var, rif and stevor gene families, P. knowlesi kir, P.
vivaz vir, P. berghei bir, P. yoelii yir and P. chabaudi cir”. Within these gene
families, kir and vir share sequence similarity and constitute a family of ho-
mologs sequences in primates (vir/kir gene family). In a similar way, cir, bir
and yir (cir/bir/yir gene family) are homolog sequences in rodents.

We have performed sequence searches on the protein translations of six Plas-
modium species using HMM profiles for vir/kir and found evidence of genes in
the rodent parasites with high similarity to some vir/kir genes a no similarity to
cir/bir/yir. Motif analysis demonstrates that these sequences contain features
distinct of the vir/kir family and suggest that are true homologs of the wir/kir
family in rodents. This finding challenges the current classification of antigenic

variant gene families in Plasmodium.

*1 The real author is the Editorial Board of the Trans. IPSJ.
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2. Materials and methods

Genomes and protein translations were downloaded from PlasmoDB 5.5 for
P. falciparum, P. reichenovi, P. vivax, P. knowlesi, P. yoelii, P. berghei, P.
chabaudi and P. gallinaceum®. P. chabaudi was additionally tested using the
current genome assembly (at 8x coverage) in PlasmoDB 6.0. Sequence were
detected with HMMER package using the HMM models in Pfam 23'%. Both
fragment and full models were used and the results combined to achieve more
sensitivity. The wvir/kir family was detected using the model Plasmodium_vir
(accession: PF05795). Multiple sequence alignments and Neighbor-Joining (NJ)
phylogenetic trees were generated using CLUSTALW-MPI 0.13 (corresponding
to CLUSTALW 1.82)'Y. Consistency of NJ tree topology was assessed with the
bootstrap method, using 1000 replications. Alignment images were created with
Jalview'?). Tree images were created with TreeDyn?). The MEME suite (version
4.1) was used to compute motif analyses. Sequence motifs were detected using
MEME with a limit of 20 motifs and otherwise default parameters'®. MAST
was used to search for motifs from a motif database (kir/vir motifs in cir/bir/yir

and vice versa)'”. TOMTOM was used to compare both libraries of motifs'®.

3. Results

3.1 Detection of vir/kir sequences in Plasmodium

Vir/kir family members were searched by using HMM profiles in P. falci-
parum, P. reichenovi, P. knowlesi, P. vivazx, P. yoelii, P. berghei, P. chabaudi
and P. gallinaceum. We found, as expected, homologs in P. vivaz (255) and P.
knowlesi (64). Sequences in P. yoelii (1), P. berghei (2) and P. chabaudi (1)
were also identified (Table 1). Sequence numbers in the primate parasites are
similar to previously reported values. The rodent parasite sequences, however,
have not been reported before, and their existence contrasts with the currently
accepted paradigm. Interestingly and differently from the primate genes, these
sequences seem to constitute single gene families (except for a presumed dupli-
cation in P. berghei) and therefore may not be related to antigenic variation.

These sequences are annotated as hypothetical proteins in the current genome
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assemblies and therefore little extra information can be obtained.

3.2 Phylogenetic analysis of the entire dataset

It is possible that these new sequences are false positives or share some simi-
larity to the vir/kir family without being homologs. Another possibility is that
the new sequences are indeed wvir/kir homologs, a result that has consequences
to the current classification of antigenic variant gene families in Plasmodium.
Consequently, to get further insight into the evolutionary relation of these new
sequences with the wvir/kir family we studied their phylogenetic distribution.
The 321 protein sequences were aligned using CLUSTALW-MPI with default
parameters. A phylogenetic tree was constructed by using the NJ algorithm
with 1000 replications of bootstrapping to assess topology reliability (Fig. 1).
The tree shows in general clear differentiation between P. vivaxr and P. knowlesi
sequences. There are two big clusters of P. vivax vir protein (C1 and C3) and
one of P. knowlesi kir proteins (C7), plus a small cluster with only two wvir
sequences (C5). There are also some smaller clusters, containing mainly wvir
sequences with a few kir sequences included (C2, C4 and C6). Cluster C8
includes sequences from all the different organisms. The 4 rodent parasite se-
quences cluster with two sequences from the vir/kir family (cluster C9), and is
supported by high bootstrap values (>900).

3.3 Analysis of the core set alignment

Independent alignment and examination of these 6 sequences shows that they
are highly conserved (Fig.2). P. vivar and P. knowlesi sequences contain

a hyper-variable fragment (considerably longer in P. knowlesi ) close to the

Table 1 Distribution of wvir/kir genes in Plasmodium species.
Organism Host # Seq
P. vivaz Primate 255

P. knowlesi  Primate 64
P. berghei Rodent 2
P. yoelii Rodent 1
P. chabaud: Rodent 1
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M P.berghei
M P.chabaudi
P. knowlesi
B P.vivax
M P.yoelii

Fig.1 Tree of vir/kir sequences. Clusters are indicated with shades and

labels. C9 contains the 6 orthologs sequences.
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N-terminal side. The P. chabaudi and P. berghei sequences are truncated,
likely due to the low coverage of the genome assemblies. The sequence from P.
chabaudsi is truncated in the N-terminal, missing important conserved residues,
whereas the two P. berghei sequences miss part of the C-terminal region. Pair-
wise similarity shows that the rodent parasite sequences are more than 95%
similar (the two P. berghei sequences are identical) and the primate parasite
sequences are 63% similar. The truncated P. chabaudi sequence has a similarity
greater than 70% with the rodent parasite sequences, although is only greater
than 39% with the primate parasite sequences. Some positions are apparently
not conserved, but that maintain conservation at physicochemical properties
(e.g. mnegative, aliphatic, etc). In some cases two adjacent positions will have
different but complementary charged aminoacids in the rodent and primate
sequences.

Using a recent P. chabaudi genome assembly (PlasmoDB 6.0; 8x coverage) a
complete sequence is detected (PCAS_010120), which contains the missing con-
served fragment, further supporting our homology hypothesis. Interestingly this
sequence is annotated as CIR. In addition, we searched the genome sequences
of P. berghei with the protein sequences in this subset, using BLAST (tblastn).
Several contigs matched the sequences and were able to reconstruct part of the
C-terminal (data not shown).

3.4 Motif analysis

These results confirm that the rodent and primate sequences in the core clus-
ter are homologs. However, there is the possibility that some of these primate
sequences are not vir/kir genes, but members of a different gene family shar-
ing some similarity to the vir/kir family, and the current HMM profiles cannot
differentiate between them (similar to what happens with the rifin/stevor gene
families). To test this hypothesis we performed a motif analysis to investigate if
the rodent sequences contain features shared among all the vir/kir genes. Mo-
tifs were detected using MEME with a limit of 20 motifs and otherwise default
parameters. Motifs found in the core sequences are indicated in Fig. 2 with the
percentage of sequences containing the motifs. Motifs V1, V3 and are frequently

found in the wvir/kir population, with 88% and 73% of all sequences having the
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Fig.2 Alignment of vir/kir ortholog sequences present in all studied species.

motifs respectively.
56%, 36% and 40% presence. V16 is rare and only 6% of the sequences have it.

Overall, this indicates that most of the motifs found in the core sequences are
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share among the different vir/kir genes.

Another possibility is that these motifs are also present in the cir/bir/yir
gene family. This possibility is unlikely, given the low similarity between the
vir/kir and cir/bir/yir families. To test properly this possibility we searched all
cir/bir/yir sequences in Plasmodium and look for occurrences of the wir/kir
motifs in the cir/bir/yir sequences (Fig.3).
cir/bir/yir sequences contain wvir/kir motifs.
tif (16.6%),

Moreover, in most sequences the ordering of motifs is not conserved.

To check if there any of the motifs found in wir/kir is similar to any mo-

tif in cir/bir/kir be computed a motif comparison of both libraries using the

Motifs V7, V11 and V12 are moderately frequent, with

Only a limited percentage of
V18 is the most abundant mo-
followed by V1 (13.4%), V2 (14.9%) and V7 (8.0%). V3 (6.0%),
V11 (5.7%), V12 (2.1%) and V16 (1.1%) are present but in very low frequency.

2009/12/17
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A) VIR/KIR motif distribution B) CIR/BIR/YIR motif distribution
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C) VIR/KIR motif distribution D) CIR/BIR/YIR motif distribution
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Fig.3 A) Distribution of motifs found in wvir/kir sequences. Motifs marked

with asterisk are found in the core set. B) Distribution of motids found
in cir/bir/yir sequences. C) vir/kir motifs in cir/bir/yir sequences. D)

cir/bir/yir motifs in vir/kir sequences.
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tool TOMTOM (MEME suite). The results indicated that motifs found in
cir/bir/yir are not significantly similar to wvir/kir motifs (data not shown).
This was expected given the low number of vir/kir sequences having match to
any cir/bir/yir motif (Fig. 3D). Overall these results demonstrate that there are
only a few motifs shared between the two sequence sets. Only a small subset of
cir/bir/yir sequences contains some of the vir/kir motifs. In most cases these

motifs do not maintain the organization found in the vir/kir family.

4. Discussion

Antigenic variant gene families are present in most of Plasmodium species,
where perform functions related to immune evasion and establishment of a per-
sistent infection. However, the role of the vir, kir, cir, bir and yir gene families
in antigenic variation is not yet understood. It is also unclear whether these
proteins perform additional functions. The proposal of the pir super-family was
convenient to derive a common origin for antigenic variation in Plasmodium
species. This hypothesis, however, has some controversy. For example, it is
difficult to concur different evolutionary and life cycle characteristics, with a
common antigenic variant gene family®.

On the contrary, our findings indicate that single gene homologs for the
vir/kir gene family are present in the rodent species. This suggests that differ-
ent gene families in primates and rodents perform antigenic variation related
functions. The fact that rodent parasites have a single copy of wvir/kir genes
suggest that these gene families may be performing additional functions not re-
lated to antigenic variation. It is possible, however, that the vir/kir genes have
sub-functionalized after duplication and expansion. In such a case, the core set
of sequences may be performing the original function whereas the multi-copy
genes are only used as a decoy for the immune system.

We believe there is evidence against the pir family paradigm and therefore
propose an alternative hypothesis. Antigenic variation is performed in Plas-
modium parasites by different, non-homolog, gene families. This function will
be performed in concert with their original function, which could be derived

from analysis of the rodent single-gene homologs. This scenario has important
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implications that affect our understanding on how these species evolved. Ad-
ditional analysis of other antigenic variant gene families in Plasmodium should

help elucidate the complex evolutionary history of these parasites.
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