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A B S T R A C T   

The host–parasite evolutionary arms race is a fundamental process with medical implications. During this pro
cess, the host develops parasite resistance, and the parasite develops host immune evasion strategies. Thus, this 
process accelerates relevant protein evolution. This study test hypothesizes that proteins subject to sequence 
evolution structural constraints play a crucial role and that these constraints hinder the modification of such 
proteins in this process. These hypotheses were tested using Plasmodium falciparum model and evaluated protein 
structures predicted for the entire proteome by the AlphaFold method. Based on dN/dS test results and 
P. falciparum and P. reichenowi comparisons, the presented approach identified proteins subject to purifying 
selection acting on the whole sequence and buried residues (dN < dS) and positive selection on nonburied 
residues. Of the 26 proteins, some known antigens (ring-exported protein 3, RAP protein, erythrocyte binding 
antigen-140, and protein P47) targeted by the host immune system are promising vaccine candidates. The set 
also contained 11 enzymes, including FIKK kinase, which modifies host proteins. This set was compared with 
genes for which the dN/dS test suggested that positive selection acts on the whole gene (i.e., dN > dS). The 
present study found that such genes encode enzymes and antigenic vaccine candidates less frequently than genes 
for which evolution is not subject to selection constraints and positive selection acts on only exposed residues. 
The analysis was repeated comparing P. falciparum with P. alderi, which is more distantly related. The study 
discusses the potential implications of the presented methodology for rational vaccine design and the parasi
tology and evolutionary biology fields.   

1. Introduction 

The evolutionary arms race between hosts and parasites is a funda
mental phenomenon in evolutionary ecology. In the case of human 
pathogens, this process has medical implications. 

During this continuous process, the host acquires resistance through 
the evolution of host genes. In the case of vertebrates such as humans, 
the host may even gain immunity due to the activity of the adaptive 
immune system. However, the evolution of parasites leads to the origi
nation of host resistance evasion mechanisms. This mode of evolution is 
described metaphorically as the Red Queen phenomenon(Van Valen, 
1973). 

According to this metaphor, the evolutionary race is similar to the 
race between the Red Queen and Alice described in Lewis Carroll’s book 
Through the Looking-Glass. During this race, both the Red Queen and 
Alice had to run as fast as they could just to stay in the same place. 

I hypothesize that genes encoding proteins that are subject to 
structural constraints on evolution, such as enzymes or factors involved 

in parasitic invasion, play essential roles in this process. Here, the 
structural constraints on evolution and positive selection acting on 
constrained genes were identified. 

The detection of positive selection requires statistical methods, 
among which one of the most fundamental and widely used is the 
analysis of the dN/dS ratio (Yang and Bielawski, 2000). This method 
takes advantage of the fact that there are two types of mutations in 
protein-encoding genes: synonymous (S) and nonsynonymous (N). 
Assuming that synonymous mutations are neutral, the type of selection 
(neutral, positive, or purifying) acting on the protein can be determined 
from the ratio of the two classes of mutations observed in that protein. 

The accumulation of both types of mutations is described by the ratio 
of the nonsynonymous substitution rate (dN) to the synonymous sub
stitution rate (dS), dN/dS; the two rates are determined via the align
ment of coding regions of homologous genes. When it is evolutionarily 
beneficial for a protein sequence to rapidly change, nonsynonymous 
mutations are observed more frequently than synonymous mutations (i. 
e., dN/dS > 1). Conversely, when a change in the protein sequence is 
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deleterious, synonymous mutations accumulate more rapidly than 
nonsynonymous mutations (i.e., dN/dS < 1). Numerous studies have 
revealed that the majority of proteins are subject to purifying selection, 
while surface antigens of viruses and parasites are frequently subject to 
putative positive selection (Endo et al., 1996), as could be expected. 

However, the dN/dS ratio is rarely higher than 1, even in proteins 
that are likely subject to adaptive evolution. The types of selection 
acting on different sites or regions of a protein often differ (Endo et al., 
1996). This phenomenon is called mosaic selection. Some specific sites 
within proteins, such as ligand binding sites or catalytic residues in 
enzymes, are evolutionarily more conserved than others. As a result, the 
dN/dS ratios differ among individual sites, and averaging these ratios 
across the entire protein length obliterates the information they provide 
and is counterproductive. In the case of mosaic selection, when different 
selection types act on different residues, an elevated dN/dS (particularly 
above 1) indicates that there are residues that are subject to positive 
selection. The power of dN/dS analysis can be enhanced by the align
ment of sequences of genes from many species (as in the branch-site test 
(PAML (Zhang et al., 2005)) (HyPhy (Kosakovsky Pond et al., 2011))). It 
is generally accepted that an absolute minimum requirement for such 
analyses is four or five sequences of interest (Yang, 2005). 

Multiple alignments are particularly useful for the detection of se
lection acting on particular residues. The most popular method in this 
regard is the Bayes Empirical Bayes (BEB) inference of amino acid sites 
under positive selection (Yang et al., 2005). Notably, the statistical 
power of these tests cannot be established using real sequence data, as 
the selection acting on genes and different residues is not known. 
Therefore, this question has been investigated via the simulation of 
sequence evolution. An analysis of such simulated evolution with mosaic 
selection showed that this test was able to detect approximately 25% 
cases of positive selection in a comparison of five taxonomic groups and 
approximately 50% of cases of positive selection in a comparison of 30 
taxonomic groups (Yang et al., 2005). 

It is worth mentioning, that besides the dN/dS –based analyses two 
other approaches have been used to uncover non-neutral evolution. 

One group of methods comprises neutrality tests using population 
genetic data. Examples include analyses of allelic frequency at individ
ual loci (Ewens–Watterson test) (Slatkin, 1994) and of the frequency 
distribution of segregation sites at multiple loci (Tajima’s D test) 
(Tajima, 1989). 

Second approach is based on the genetic data of a population with 
sequences from different taxa. The McDonald–Kreitman (MK) test 
(McDonald and Kreitman, 1991) compares the ratio of nonsynonymous 
and synonymous mutations between and within species. The Hud
son–Kreitman–Aguade test (Hudson et al., 1987) is similar and compares 
patterns of polymorphisms and mutations between species in several 
loci. 

As with dN/dS approach statistical power of these tests cannot be 
determined using real sequence data, but based on simulated sequence 
evolution, the dN/dS method almost always shows a better statistical 
power to detect selection than alternative approaches based on popu
lation genetic data. Notably, the dN/dS approach is particularly strong 
in the case of mosaic selection(Zhai et al., 2009). 

Different tests can detect selection affecting different mutations. 
Tests based on population genetics data detect selection acting on 
polymorphic mutations observed in extant populations. Tests based on 
the dN/dS ratio identify selection in all positions, including those in 
which mutations are lethal and cannot manifest as polymorphisms. 

This difference has consequences in the case of rapid male evolution 
i.e. rapid evolution of genes with a male-biased expression (Parsch and 
Ellegren, 2013). It has been shown in model organism D. melanogaster 
that such genes have relatively high dN/dS ratio in comparison with 
other genes, albeit it is still usually well below 1 (Zhang et al., 2004). 
This latter observation indicates that the majority of mutations in these 
genes are deleterious. In contrast, tests based on population genetics 
indicate that the majority of polymorphic mutations in these genes are 

beneficial (Pröschel et al., 2006; Sawyer et al., 2007). 
In this paper, the hypothesis that proteins that are subject to struc

tural constraints on sequence evolution play a crucial role in the 
evolutionary arms race between pathogens and hosts was tested. 

The study used the evolution of the human malaria parasite 
P. falciparum as a model. The genomes of malaria parasites are known. 
The first identified closely related sibling species of P.falciparum was 
P. reichenowi—a chimpanzee parasite. Phylogenetic analyses indicate 
that all extant P. falciparum populations originated from P. reichenowi, 
likely by single host transfer (Rich et al., 2009). 

The recent progress in the taxonomic knowledge has revealed more 
such species: P. praefalciparum, P. billcollinsi, P. gaboni and P. adleri 
(Rayner et al., 2011). 

The analysis of selection based on genomic data still is challenging in 
the case of the human malaria parasite, as methods based on protein 
alignment (such as BEB or side-branch models) are difficult to apply. 
They require correct gene phylogenetic trees, which in turn cannot be 
with high confidence because of ample recent gene flow between sibling 
species (Otto et al., 2018). As a consequence gene trees are often 
different than species trees. Indeed, gene flow indicates recombination 
events, and detection of positive selection in the presence of recombi
nation events is highly challenging and requires to be analyzed 
numerous species (Anisimova et al., 2003) (Wilson and McVean, 2006). 
Initially, I tried to detect selection using PAML, but frequently (in about 
20% of cases), values of likelihood ratio tests were unrealistically high 
(not shown). 

On the other hand, due to the problems caused by codon saturation 
more distantly related species cannot be used in such analysis. 

The genomes of Plasmodium parasites, such as P. falciparum usually 
have a very high AT content (Gardner et al., 2002; Videvall, 2018; 
Weber, 1987), which causes the codon saturation (as synonymous po
sitions are usually occupied only A or T only). This means it is highly 
likely that, when comparing more distant species, synonymous muta
tions will occur more than once in one site (eg. A to T and then T to A) 
resulting in lack of any mutation and thereby making the dN/dS 
approach unreliable. 

This limitation may be circumvented by studying closely related 
species, in which the occurrence of such back-mutations is less likely due 
to the short time since their evolutionary separation. 

Sites were classified according to the tertiary structure into buried 
and nonburied classes, which were then analyzed separately for signs of 
adaptive evolution. Several studies revealed that buried protein residues 
evolve very slowly and are subject to purifying selection(Huang, 2021; 
Yang and Swanson, 2002; Zhou et al., 2008). 

I took advantage of the AlphaFold method shown earlier to predict 
protein structures with high accuracy (Jumper et al., 2021) and the 
database containing whole-proteome prediction for the human malaria 
parasite P. falciparum. Unfortunately, the AlphaFold method usually 
provides good models only for some parts of proteins. Therefore, this 
method provides information only on the structural constraints on the 
evolution of buried sites. 

Since predicting the ancestral state is difficult in the presence of gene 
flow, a comparison of extant gene sequences with ancestral sequences 
was not feasible. Therefore, I aligned only extant sequences and 
compared these sequences between P. falciparum and P. reichenowi and 
between P. falciparum and P. adleri. 

2. Materials and methods 

The study applies the method introduced by Yang and Swanson. The 
sites experiencing mutation were grouped into different classes, using 
AlphaFold to detect positive selection. In dN/dS analyses the sites un
dergoing mutations are often grouped into different classes. For 
example, surface residues of proteins evolve more rapidly than buried 
ones and antigenic sequences tend to change more rapidly. 

Thus, adaptive evolution can be detected more easily in a more 
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rapidly evolving class (Yang and Swanson, 2002). 
As mentioned in the introduction, I applied the method of Yang and 

Swanson. I grouped the sites experiencing mutation into different classes 
using AlphaFold to detect positive selection. 

Protein structures were obtained from the AlphaFold protein struc
ture database (https://www.alphafold.ebi.ac.uk/) (Jumper et al., 2021). 
Sites were classified according to their buried or exposed status using 
relative solvent accessibility (RSA), as described previously (Serafimova 
et al., 2020). 

Confidence in the protein structure was predicted using a per-residue 
confidence score (referred to as pLDDT in AlphaFold) produced by 
AlphaFold. Confidence in the structure is high when pLDDT>70. Some 
regions with a score below 50 pLDDT may be unstructured in isolation. 
A protein will usually contain fragments with both high and low confi
dence (see Fig. 1). 

The calculation of RSA is important because amino acids differ in 
their surface area. To account for these differences, RSA is calculated by 
normalizing the solvent-accessible surface area of a residue in a struc
ture of interest based on its accessible surface area in a reference state (e. 
g., residue X in an extended tripeptide, such as Gly-X-Gly). Although 
nonnormalized surface areas can also be used to classify residues as 
buried or exposed, normalization reduces the bias toward classifying 
smaller residues as more buried and larger ones as more exposed. A 
residue was considered buried when its RSA < 0.2 and pLDDT>70. 

In my analysis, I grouped sites into the following two classes: buried 
and nonburied. Additionally, I detected positive selection using the 
second classification at sites that were probably incorrectly modeled by 
AlphaFold (pLDDT<50) and other sites (‘confident’ and ‘non-confident’ 
classes in the ‘non-buried’ class). 

The dN/dS ratios were calculated separately for different classes of 
residues in entire genes. 

It is worth mentioning that the software also produces dN and dS 
likelihood estimates based on the more complex model of Goldman and 
Yang (Goldman and Yang, 1994). This algorithm is not very useful in the 
case of the analyzed genomes, as it underestimates the dS/dN ratio in 
AT-rich genomes and, thus, is not able to detect positive selection in the 
malaria genome (Yap et al., 2010). 

Orthology tables based on OrthoMCL (Chen et al., 2006) were 
downloaded from PlasmoDB (Aurrecoechea et al., 2009). The dN/dS 
ratios were calculated separately for different classes of residues in 
entire genes using ClustalW (Thompson et al., 2002), PAML (Yang and 
Bielawski, 2000) and the author’s own pipeline written in UNIX C shell 
(see SOM 2). ClustalW was used for the pairwise alignment of Plasmo
dium falciparum and P. reichenowi (or P. adleri) sequences. It was math
ematically proven that pairwise global alignment was optimal (Altschul 
et al., 1990; Needleman and Wunsch, 1970). 

I estimated dN and dS using the method of Nei and Gojobori (Nei and 
Gojobori, 1986), calculated by PAML. 

I also applied the Fisher one-sided test to test the results obtained via 
the Nei and Gojobori method. (Zhang et al., 1997). Here, the numbers of 
synonymous and nonsynonymous changes and positions were estimated 
using PAML. PAML provides estimates of both dS/dN and the numbers of 
synonymous (S)/nonsynonymous (N) sites. 

The numbers of synonymous and nonsynonymous changes can easily 
be estimated by multiplying their rates by the number of sites of a given 
type: dN*N or dS*S. The resultant values were rounded to obtain natural 
numbers. 

3. Results 

The main aim of this paper was to detect P. falciparum genes that are 
subject to structural constraints on sequence evolution and in which 
only a fraction of sites are subject to positive selection. I hypothesize that 
such proteins play important roles in the parasite-host arms race. 

As previously mentioned, based on protein structures and the per- 
residue confidence score (pLDDT), the evaluated protein sites were 
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divided into the following two classes: buried and nonburied (actually, 
‘confidently’ buried sites and other sites). 

According to this classification, 18% of sites were ‘confidently 
buried’. Additionally, based on pLDDT, sites were classified as ‘confi
dent’ or ‘nonconfident’. 

According to the second classification, 45% of sites were members of 
the confident class, and the other sites belonged to the ‘nonconfident’ 
class. 

As expected, buried sites were observed to evolve significantly more 
slowly than other sites. Additionally, the poor quality of the protein 
model is a good predictor of rapid evolution. It should be noted that the 
differences in the speed of neutral evolution among different classes, 
estimated using the dS parameter, were very small. 

See Fig. 2. 
In this paper, I focus on detecting signs of positive selection among 

these genes, and the analysis of complete sequences identified purifying 
selection (dN < dS). In the comparison of whole P. falciparum vs. 
P. reichenowi genes, 105 genes were indicated to be subject to positive 
selection (dN > dS) and 4382 to purifying selection.The results are 
presented in Table 1. 

However, when dN was calculated only for the ‘nonburied’ class, the 
dN was higher than the dS calculated using whole genes in the case of an 
additional 26 protein-coding genes (see Table 1) and was higher than 
the dS calculated using only ‘nonburied’ sites in the case of an additional 
63 protein-coding genes. In a set of 15 additional genes, the dN of the 
nonburied class was higher than the dS estimated using both methods. 

In the above-described set of 63 protein-coding genes in which the 
dN calculated for the buried class was higher than the dS estimated for 
the buried class, the dS estimated for the exclusively buried class was 
smaller than the dS estimated for the whole gene in the majority of cases 
(58). This observation suggests that it is likely that dS is underestimated 

in these 63 genes. In the signal results indicating positive selection, dN 
> dS was observed due to the underestimation of dS. Therefore, I 
concluded that the detection of positive selection using dS estimated 
based on whole genes provides more accurate results. 

I tested the statistical significance of the obtained results using the 
one-sided Fisher exact test. None of the 26 cases of putative selection 
acting on “nonburied” sites were found to be statistically significant 
(dNBuried > dS)(see Table 1). As explained in the introduction however, if 
dN/dS = 1 (or is even slightly <1), since there are amino acid re
strictions, it can be concluded with a high probability that there is 
positive selection on some protein sites. 

Therefore, I checked the assumptions of this reasoning. 
I used another site classification approach to detect signals of puta

tive positive selection. Sites were divided into ‘confident’ and ‘not- 
confident’ sites. The ‘nonconfident’ sites are actually a subclass of the 
‘nonburied’ class, as I included ‘nonconfident’ sites in this class. The 
signals of positive selection were statistically significant for three genes 
according to the Fisher test. Moreover, the P values were very low (in the 
range of 0.00059—10− 8), indicating that it is unlikely that the signal of 
positive selection is false. This observation confirms that some sites are 
subject to positive selection. 

I also checked the expectation that the evolution of the 26 proteins 
would be subject to selection constraints on exposed residues. For this 
purpose, I applied dN and dS analysis to compare these 26 genes of 
P. falciparum with syntenic orthologs of the remotely related Plasmodium 
species P. knowlesi. Fourteen of these genes had appropriate orthologs. 
The analysis of dS indicated that during the evolution of each synony
mous position, many mutations have appeared. In most cases (ten cases 
in a set of fourteen genes); the rate was too high to be estimated, and the 
program showed an error. The smallest dS was 1.8. The nonsynonymous 
substitution rates at nonburied positions ranged from 0.19 to 1.14, 

Fig. 2. Orthologous genes were compared in a pairwise manner between P. falciparum and P. reichenowi (top) and between P. falciparum and P. adleri (bottom).  
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suggesting that some nonsynonymous ‘nonburied’ sites have remained 
unchanged during the evolution of these remotely related Plasmodium 
species, while many mutations have occurred at the majority of synon
ymous sites. This observation confirms that it is likely that selection 
constraints acting on ‘nonburied sites’ have removed some non
synonymous mutations changing the residues at these sites. Addition
ally, I confirmed that buried positions were subject to structural 
constraints acting on sequence evolution. The nonsynonymous rates at 
buried positions were much lower (0.05–0.42) than those at exposed 
positions, suggesting that these sites are subject to selection constraints. 

In summary, the above method identified a set of 26 proteins subject 
to putative positive selection acting on the protein surface and purifying 
selection acting on buried sites. Fig. 3 shows two examples of models of 
such proteins. Accelerated evolution occurs across the whole protein 
surface, as mutations appear on the surfaces of different parts of a 
protein. 

I used this set of 26 genes to test the hypothesis that the evolution of 
structurally constrained proteins plays a crucial role in a host-parasite 
evolutionary arms race. According to this hypothesis, structurally con
strained proteins are promising vaccine candidates. 

I compared proteins subject to putative positive selection to test this 
hypothesis: 1. structurally constrained proteins were compared with 2. 
other proteins whose speed of evolution is not significantly constrained 
by the protein structure (positive selection indicated by the conventional 
dN/dS test). 

Similar fractions of the genes in the two sets encoded putative anti
gens. However, the group of proteins whose speed of evolution was not 
structurally constrained contained 11 exported proteins with unknown 
functions. The predictions of the antigenic properties of these proteins 
are very uncertain, as they are based only on the fact that they are 
exported. 

A significant fraction of antigens from both sets consisted of clonally 
variant genes (and putative clonally variant genes) belonging to multi
gene families such as the pfmc-2tm, phist, hyp, and surfin families 
(Guizetti and Scherf, 2013; Rovira-Graells et al., 2012). “Clonally 
variant gene expression” refers to the occurrence of genes in different 
states (active or silent) in different individual parasites with identical 
genomes in the same stage of life cycle progression. The parasite can 
thereby evade host immunity by switching the expression of clonally 
variant genes from genes recognized by the host immune system to 
genes that are not yet recognized. This property means that such genes 
are not promising targets for vaccination. The assumption that multi
gene families are not good vaccine candidates was applied in a very 
recent study describing discovery of novel vaccine antigens against 
Trypanosoma vivax (Autheman et al., 2021). 

Therefore, I hypothesized that antigens whose function is described 
in the PlasmoDB database and are not encoded by clonally variant genes 
may be promising vaccine candidates. The currently available evidence 
supports this assumption. Some of these proteins are already accepted 
vaccine candidates and are being subjected to different types of studies, 

Table 1 
Genes under putative positive selection according to analysis of P. falciparum vs. P. reichenowi alignments.   

Genes under positive selection and structural constraints dN < dS but dNnon- 

buried > dS for nonburied residues 
Genes under positive selection 
dN > dS 

Total number of genes 26 105 
Putative antigenes 11 40 
Promising vaccine 

candidates 
6 (merozoite surface protein 1, erythrocyte binding antigen-140, RAP,P47, 
ring-infected erythrocyte surface antigen, ring-exported protein 3) 

13 (MSP-2 MSP-4, MSP-7 like, merozoites-associated armadillo repeats 
protein, erythrocyte binding antigens-181 and 175,sporozoite threonine 
and asparagine-rich protein, SAS-6, gametocyte exported protein 2, 
sporozoite invasion-associated protein 2, thrombospondin-related 
anonymous protein, EMP1-trafficking protein, exported protein 1) 

Clonally variant genes 5 (Hyp *1, PHIST *2, Surfin *1 Pfmc-2TM *1) 16 (Hyp *7, PHIST *6, Pfmc-2TM *1,DnaJ *1, early transcribed 
membrane protein *1) 

Exported proteins 
unknown function 

0 11 

Other proteins than 
putative antigens 

15 65 

Translation and DNA/ 
RNA metabolism 

0 3 

Enzymes and 
mitochondrial carriers 

10 (protein phosphatase PPM8, FIKK9.3 kinase, lysophospholipase LPL20, 
haloacid dehalogenase-like hydrolase, putative esterases (2), 4- 
diphosphocytidyl-2-C-methyl-D-erythritol kinase, S-adenosylmethionine, 
phosphatidylinositol N-acetylglucosaminyltransferase, mitochondrial carrier 
protein 6) 

3 (shikimate dehydrogenase, 1-acyl-sn-glycerol-3-phosphate 
acyltransferase, ATP synthase subunit O, bifunctional 
methylenetetrahydrofolate dehydrogenase/cyclohydrolase,12) 

Calodulin 1 0 
Tetratricopeptide repeat 

protein 
1 0 

Not known function 3 45 
Other genes not 

mentioned above 
0 14 

Reanalysis of dN/dS results presented above. Detection of statistically significant cases of positive selection was based on the comparison of nonsynonymous substitution 
rates at sites belonging to the ‘nonconfident’ classdNnon-confident > dS (P < 0.05) 

Total number of genes 3 7 
promising vaccine 

candidate 
1 (merozoite surface protein) 2 (erythrocyte-binding antigen 181, TRAP)  

Fig. 3. Models of proteins encoded by genes that are subject to putative posi
tive selection acting on ‘nonburied’ residues according to the alignment of 
P. falciparum vs. P. reichenowi (dNburied > dS) and for which there is a signal of 
purifying selection. Mutations are indicated by different colors. Very long loops 
with low confidence scores are not shown. 
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including clinical tests, as reported for merozoite surface protein-1 
(MSP1) [73, 74], MSP2 (Tuju et al., 2017), and erythrocyte-binding 
antigens 140 [75], 175 (Koram et al., 2016), RAP-1 (Tuju et al., 
2017), and P47 (Molina-Cruz et al., 2017; van Dijk et al., 2010). In fact, a 
higher fraction of promising vaccine candidates were identified in my 
analysis of the set of genes whose evolution is structurally constrained 
and subject to positive selection on nonconstrained sites (although this 
difference was not statistically significant). 

Among the identified protein-coding genes subject to putative posi
tive selection, the set whose evolution is structurally constrained con
tained substantially more enzymes. This result indicates that enzymes 
are subject to structural constraints and that positive selection acts only 
on “nonburied” residues. As a result, it is difficult to detect positive se
lection acting on the whole sequence. 

Relevant published experimental studies suggest that the prediction 
of enzymes under positive selection performed in this study was correct. 
The obtained results revealed molecular mechanisms that may lead to 
the accelerated evolution of FIKK9.3 kinase and dehalogenase-like hy
drolase. FIKK is a member of the FIKK kinase family. The parasite ex
ports FIKK kinases, which phosphorylate host erythrocyte proteins (for 
example adducin S726 phosphorylation) (Davies et al., 2020). There
fore, it is likely that mutations altering the substrates of FIKK kinases are 
frequently beneficial for the host. (particularly if FIKK kinases cannot 
phosphorylate modified substrates). It is also likely that the evolution of 
FIKK kinases may change their activity in response to changes in their 
targets. Furthermore, it has been shown that dehalogenase-like hydro
lases participate in the metabolic plasticity of parasites. Mutations in 
this enzyme confer drug resistance (Frasse and Odom John, 2019). 
Therefore, the experimental results presented above indicate that it is 
likely that my predictions of enzymes under positive selection are 
correct. 

I repeated the whole analysis comparing P. falciparum and P. alderi. 
The results are presented in Table 2. The number of identified genes with 
signals of positive selection was smaller than that in the comparison of 
P. falciparum vs. P. reichenowi. There were only 40 genes with dN > dS 
among 4244 genes aligned with P. falciparum. Methodology based on the 
detection of positive selection acting only on nonburied sites again 
identified antigens more frequently. However, this method did not 
identify enzymes in this case, and only 6 cases of positive selection were 
identified. 

4. Discussion 

This paper tests the hypothesis that proteins that are subject to 
structural constraints on sequence evolution play a crucial role in the 
evolutionary arms race between pathogens and hosts. 

I tested this hypothesis using P. falciparum as a model. Malaria is one 
of the world’s major medical problems, and despite of years of medical 
trials, an effective malaria vaccine is still lacking (Kaslow, 2020; Max
men, 2021). However, the evolutionary arms race in which this organ
ism is engaged is relatively well studied in the context of vaccination. 

Early studies showed promising results, and an effective malaria 
vaccine was believed to be just around the corner (Miller et al., 1986). 
However, immune escape has been one of the main challenges to pro
ducing an effective vaccine (Gomes et al., 2016; Good et al., 1988; 
Neafsey et al., 2015). Modern attempts aimed at malaria vaccine 
development began with a 1960s study of mice immunized with irra
diated sporozoites (Nussenzweig et al., 1967). Subsequent now-classical 
studies described different malarial antigenic proteins that could be 
potential targets for vaccination (Bull et al., 1998). Both host-protecting 
vaccines (Kaslow et al., 1988; Miller et al., 1986) and transmission- 
blocking vaccines (Carter, 2001), which induce immunity against the 
stages of parasites that infect mosquitos appeared to be effective. 
However, progress in the field has been very slow. Despite decades of 
efforts, only one vaccine candidate, the pre-erythrocytic circum
sporozoite (CSP)-based RTS,S/AS01E, has advanced through licensure 

and pilot implementation (Kaslow, 2020; Maxmen, 2021). 
The main difficulty in producing an effective vaccine is immune 

escape (i.e., selection of mutations in antigens that are not recognized by 
the host immune system) (Good et al., 1988; Krzyczmonik et al., 2012). 

Another mechanism of immune evasion is host immune suppression. 
Plasmodium parasites have been shown to modulate the maturation of 
dendritic cells, which subsequently suppresses the activity of T-cells 
(Urban et al., 1999; Wykes and Good, 2008). Malaria infection has also 
been shown to induce regulatory T-cells and suppress experimental 
autoimmune encephalomyelitis(Farias et al., 2011). The plasmodial 
factors involved in host immune suppression are not well described. 
However, homology searches indicate that there are two protein ho
mologues of animal proteins that may be involved in this process: a 
Macrophage Migration Inhibitory Factor (MIF) (Miller et al., 2012) and 
a T-cell Immunomodulatory Protein of Plasmodium (TIP) (Fiscella et al., 
2003; Kaczanowski and Zielenkiewicz, 2003). 

As it was already mentioned, another important mechanism of host 
immune evasion is the mono-allelic expression of multi-gene families by 
malaria parasites. The best-described example is the group of var genes, 
which encode PfEMP1 surface proteins. There are approximately 60 var 
genes encoded by the P. falciparum parasite (Guizetti and Scherf, 2013). 
These proteins are highly antigenic, and each individual of P. falciparum 
expresses only a single type of this gene. Other copies are transcrip
tionally silent. As the antibody response against a given type of PfEMP1 
develops, a subgroup of the parasites switches the expression to an 
alternative form of PfEMP1 and re-establishes the infection. 

To sum up, the good vaccine should be evolution prove and should 
induce long lasting memory prove to parasitic immunosuppression 
mechanisms. 

As it was already mentioned, evolution of the human malaria para
sites is relatively well studied. 

Table 2 
Genes under putative positive selection according to analysis of P. falciparum vs. 
P. alderi alignments.   

Genes under positive selection 
and structural constraints dN <
dS but dNnon-buried > dS for 
nonburied residues 

Genes under positive 
selection 
dN > dS 

Total number of 
genes 

6 40 

Putative antigenes 5 16 
Promising vaccine 

candidates 
3 (2 genes encoding membrane 
associated erythrocyte binding- 
like protein, Reticulocyte 
binding protein homolog 5) 

5 (MSP-2,MSP4, MSP7, 
MSP-11 
S-antigen) 

Clonally variant 
genes 

1 (Hyp) 3 (Hyp, PHIST, Parasite- 
infected erythrocyte 
surface protein) 

Exported proteins 
unknown function 

1 8 

Other proteins than 
putative antigens 

1 24 

Translation and 
DNA/RNA 
metabolism 

0 3 

Enzymes and 
mitochondrial 
carriers 

0 1 

Not known function 1 11 
Other genes not 

mentioned above 
0 9 

Reanalysis of dN/dS results presented above. Detection of statistically 
significant cases of positive selection was based on the comparison of 
nonsynonymous substitution rates at sites belonging to the ‘nonconfident’ 
classdNnon-confident > dS (P < 0.05) 

Total number of 
genes 

2 7 

promising vaccine 
candidate 

1 (membrane associated 
erythrocyte binding-like 
protein) 

4 (MSP-2, MSP-4, MSP- 
7, S-antigen)  
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The analysis of the action of selection on genes of these parasites has 
a long history. After the P. falciparum genome was published (Gardner 
et al., 2002), Plotkin developed and applied a method for detecting 
positive selection based on a single nucleotide sequence (the volatility 
method)(Plotkin et al., 2004). However, the strong codon bias in 
P. falciparum genomes makes this ineffective (Hahn et al., 2005). 

The first identified closely related sibling species of P.falciparum was 
P. reichenowi a chimpanzee parasite. Phylogenetic analyses indicate that 
all extant P. falciparum populations originated from P. reichenowi, likely 
by single host transfer (Rich et al., 2009).When compared with 
P. reichenowi, almost all P. falciparum genes had dN/dS below 1 in 
(Jeffares et al., 2007), indicating that most residues in proteins are 
subject to putative purifying selection. However, some genes had a 
significantly higher dN/dS ratio. Authors hypothesized that putative 
positive selection acts on part of the residues of such genes. A similar 
conclusion was drawn from an earlier analysis of the rodent malaria 
parasites: P. yoelii and P. berghei (Carlton et al., 2002). A whole-genome 
scan of P. falciparum based on the MK test revealed genes in which 
polymorphic mutations are subject of putative positive or purifying se
lection. For example, indications of putative positive selection were 
found for the MSP-8 gene (Jeffares et al., 2007). Analysis of whole- 
genome sequences of different sibling species revealed that 136 genes 
are subject to putative episodic positive selection in P. falciparum ac
cording to the branch-site test (Otto et al., 2018). 

Earlier we used the BEB method to study the evolution of three ro
dent species P. berghei, P. yoelii and P. chabaudi, and identified residues 
in the p47 and p230 proteins, subject to adaptive evolution (van Dijk 
et al., 2010). Using the MK test we also showed rapid male evolution 
phenomenon in Plasmodium species: polymorphisms in genes with male- 
biased expression (in contrast to genes with female-biased expression), 
showed signs of positive selection. The male-biased genes in both rodent 
and human Plasmodium parasites had elevated dN/dS ratios in com
parison with the female-biased genes Khan et al., 2013). 

Notably we showed that the antigenic proteins of P. falciparum were 
likely to undergo positive selection, as they showed elevated levels of 
non-synonymous to synonymous polymorphisms (Krzyczmonik et al., 
2012; Khan et al., 2013). 

This paper presents a novel approach to the study of evolution of 
parasitic protein. It identifies constrained protein sites (confidently 
predicted buried sides) to answer this question, using AlphaFold models. 
Based on this information, the cases of positive selection acting only on 
nonconstrained sites were identified. 

The above results show that the developed methodology correctly 
identifies structural constraints and detects cases of positive selection 
that are not detected by the conventional dN/dS test considering the 
entire sequence. 

The identified cases of positive selection are promising vaccine 
candidates. 

Therefore, this method could be useful in the process of deriving 
vaccines from the starting point of genomic sequence data named 
“reverse vaccinology,” which involves the following steps: bioinformatic 
software to screen genomes for surface-expressed proteins; high- 
throughput expression of these proteins and in vitro confirmation of 
their surface location; animal-based immunogenicity testing; and 
finally, conventional human vaccine trials (see as a review (Kelly and 
Rappuoli, 2005; Masignani et al., 2002). Using bioinformatic methods, 
for instance, one can predict the protein epitopes recognized by the 
immune system, secreted proteins, and proteins exposed on the surface 
of the pathogen (see as a review (Dalsass et al., 2019)). 

Additionally, the presented methodology detects enzymes under 
putative positive selection that are not detected by the conventional dN/ 
dS test. It is well established that enzymes are subject to structural 
constraints on sequence evolution. There are two different nonexclusive 
potential explanations for the rapid evolution of parasite enzymes. The 
first is the pressure imposed by the host immune system targeting them. 
Such enzymes are promising vaccine candidates. Parasites require the 

activity of these enzymes for life, and they are subject to structural 
constraints. Therefore, they cannot readily undergo changes to achieve 
immune escape (i.e., modification in a form that is not recognized by the 
host immune system). The second explanation for the rapid evolution of 
enzymes is the rapid evolution of their enzymatic activity, which is 
likely the case for FIKK9.3 kinase and dehalogenase-like hydrolase. 

It is worth mentioning that I identified signals of positive selection 
acting on PPM8 protein phosphatase. This represents a case of guilt by 
association with FIKK9.3 kinase, as kinases show the opposite activity to 
phosphatases. 

5. Conclusions 

In summary, this paper shows that proteins whose evolution is sub
ject to structural constraints play fundamental roles in the host-parasite 
arms race. The presented methodology based on the analysis of Alpha
Fold models identifies such proteins, which are promising vaccine can
didates. Progress in protein modeling may improve the ability of this 
method to predict promising vaccines, as the AlphaFold method has its 
own limitations and cannot predict the structures of many protein 
fragments. 
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Tunyasuvunakool, K., Bates, R., Žídek, A., Potapenko, A., Bridgland, A., Meyer, C., 
Kohl, S.A.A., Ballard, A.J., Cowie, A., Romera-Paredes, B., Nikolov, S., Jain, R., 
Adler, J., Back, T., Petersen, S., Reiman, D., Clancy, E., Zielinski, M., Steinegger, M., 
Pacholska, M., Berghammer, T., Bodenstein, S., Silver, D., Vinyals, O., Senior, A.W., 
Kavukcuoglu, K., Kohli, P., Hassabis, D., 2021. Highly accurate protein structure 
prediction with AlphaFold. Nature 596, 583–589. https://doi.org/10.1038/s41586- 
021-03819-2. 

Kaczanowski, S., Zielenkiewicz, P., 2003. A TIP on malaria (genomics). Nat. Biotechnol. 
21, 733. https://doi.org/10.1038/nbt0703-733. 

Kaslow, D.C., 2020. Malaria vaccine research & innovation: the intersection of IA2030 
and zero malaria. NPJ Vaccines 5, 109. https://doi.org/10.1038/s41541-020- 
00259-3. 

Kaslow, D.C., Quakyi, I.A., Syin, C., Raum, M.G., Keister, D.B., Coligan, J.E., 
McCutchan, T.F., Miller, L.H., 1988. A vaccine candidate from the sexual stage of 
human malaria that contains EGF-like domains. Nature 333, 74–76. https://doi.org/ 
10.1038/333074a0. 

Kelly, D.F., Rappuoli, R., 2005. Reverse vaccinology and vaccines for serogroup B 
Neisseria meningitidis. Adv. Exp. Med. Biol. 568, 217–223. https://doi.org/ 
10.1007/0-387-25342-4_15. 

Khan, Shahid M., Andrew, S.E.R., Waters, P., Janse, Chris J., Kaczanowski, Szymon, 
2013. Why are male malaria parasites in such a rush?: sex-specific evolution and 
host–parasite interactions. Evol. Med. Public Health 2013 (3), 13. 

Koram, K.A., Adu, B., Ocran, J., Karikari, Y.S., Adu-Amankwah, S., Ntiri, M., Abuaku, B., 
Dodoo, D., Gyan, B., Kronmann, K.C., Nkrumah, F., 2016. Safety and 
immunogenicity of EBA-175 RII-NG malaria vaccine administered intramuscularly in 
semi-immune adults: a phase 1, double-blinded placebo controlled dosage escalation 
study. PLoS One 11, e0163066. https://doi.org/10.1371/journal.pone.0163066. 

Kosakovsky Pond, S.L., Murrell, B., Fourment, M., Frost, S.D., Delport, W., Scheffler, K., 
2011. A random effects branch-site model for detecting episodic diversifying 
selection. Mol. Biol. Evol. 28, 3033–3043. https://doi.org/10.1093/molbev/msr125. 
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