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Significance: Genomic sequences of 159 isolates of the malaria parasite 30	  

Plasmodium falciparum exhibited highly unusual patterns of single-nucleotide 31	  

polymorphism. We hypothesized that these patterns might result from the 32	  

repeated bottlenecks in host–vector and vector–host transmission as well as the 33	  

intense competition between parasites within a single host. Computer simulations 34	  

of the malaria life cycle recapitulated the unusual patterns of polymorphism 35	  

observed. In the classical Wright-Fisher (WF) model in population genetics, 36	  

random changes in gene frequency caused by finite population size (random drift) 37	  

diminish the efficiency of natural selection. The trade-off between drift and 38	  

selection has been widely assumed to be robust to details of the life cycle. In the 39	  

malaria parasite, however, both selection and drift are simultaneously enhanced. 40	  
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Abstract 41	  

Analysis of genome sequences of 159 isolates of Plasmodium falciparum from 42	  

Senegal yields an extraordinarily high proportion (26.85%) of protein-coding 43	  

genes with the ratio of nonsynonymous to synonymous polymorphism greater 44	  

than one. This proportion is much greater than observed in other organisms. Also 45	  

unusual is that the site-frequency spectra of synonymous and nonsynonymous 46	  

polymorphisms are virtually indistinguishable. We hypothesized that the 47	  

complicated life cycle of malaria parasites might lead to qualitatively different 48	  

population genetics from that predicted from the classical Wright-Fisher (WF) 49	  

model, which assumes a single random-mating population with a finite and 50	  

constant population size in an organism with nonoverlapping generations. This 51	  

paper summarizes simulation studies of random genetic drift and selection in 52	  

malaria parasites that takes into account their unusual life history. Our results 53	  

show that random genetic drift in the malaria life cycle is more pronounced than 54	  

under the WF model. Paradoxically, the efficiency of purifying selection in the 55	  

malaria life cycle is also greater than under WF, while the relative efficiency of 56	  

positive selection varies according to conditions. Additionally, the site-frequency 57	  

spectrum under neutrality is also more skewed toward low frequency alleles than 58	  

expected with WF. These results highlight the importance of considering the 59	  

malaria life cycle when applying existing population genetic tools based on the 60	  

WF model. The same caveat applies to other species with similarly complex life 61	  

cycles. 62	  
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\body 63	  

Introduction 64	  

 Malaria, caused by the parasite, Plasmodium falciparum, is one of the 65	  

major causes of death worldwide. To aid the development of vaccines and drug 66	  

treatments for malaria, researchers have studied the P. falciparum genome and 67	  

identified genes that are essential to malaria parasites as well as genes that are 68	  

related to drug-resistance phenotypes using population genetic tools (1-6). 69	  

Researchers have also focused on particular genes related to drug resistance 70	  

and characterized the evolutionary pathways of emerging drug resistance using 71	  

Escherichia coli and Saccharomyces cerevisiae as model systems (7-10).	  72	  

 Malaria parasites have a complex life cycle with two types of host 73	  

organisms — humans and female Anopheles mosquitoes. Malaria parasites are 74	  

transmitted from mosquito to humans through the bite of an infected mosquito. In 75	  

the human host, the parasite reproduces asexually multiple times, and the within-76	  

human population size increases from 10–102 at the time of infection to 108–1013 77	  

within a few weeks. When another female mosquito feeds on the blood of the 78	  

infected human, 10–103 malaria gametocytes are transmitted back to the 79	  

mosquito host, and these immature gametes undergo maturation, fuse to form 80	  

zygotes, undergo sexual recombination and meiosis, and the resulting haploid 81	  

cells reproduce asexually and form sporozooites that migrate to the salivary 82	  

glands to complete the life cycle (11). These features of the malaria life cycle 83	  
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pose potential problems when attempting to analyze population genetic data 84	  

using simpler models of life history and reproduction.	  85	  

 Much of population genetics theory is based on the concept of a Wright-86	  

Fisher (WF) population (12, 13). In the WF model, the population size is constant, 87	  

generations are non-overlapping, and each new generation is formed by 88	  

sampling parents with replacement from the current generation. The major 89	  

differences between the malaria life cycle and the WF model are that each 90	  

malaria life cycle includes two transmissions, multiple generations of asexual 91	  

reproduction, and population expansions and bottlenecks. Before population 92	  

genetic inferences can be conducted through analysis based on WF assumptions, 93	  

it is necessary to determine whether the malaria life cycle is sufficiently well 94	  

described by the WF model. If the life cycle impacts features of population 95	  

genetics, then inferences based on conventional interpretations of the WF model 96	  

may need to be adjusted. 	  97	  

 In a previous study based on only 25 parasite isolates, we observed two 98	  

unusual patterns in the P. falciparum genome that had not been reported in any 99	  

other organism (4). First, we observed synonymous and nonsynonymous site-100	  

frequency spectra that were more similar than expected given that 101	  

nonsynonymous sites likely experience stronger selection. Second, almost 20% 102	  

of the genes showed a ratio of nonsynonymous to synonymous polymorphism 103	  

(πN/πS) greater than 1. In D. melanogaster (14), fewer than 2% of the genes have 104	  

πN/πS greater than 1. Because nonsynonymous mutations result in changes to 105	  
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amino acids, they are likely to have a deleterious effect and exist in low 106	  

frequencies in the population or be completely eliminated. In other organisms, the 107	  

nonsynonymous site-frequency spectrum is more skewed toward low-frequency 108	  

alleles than the synonymous site-frequency spectrum; examples include humans 109	  

(15-17), Oryctolagus cuniculus (18), Drosophila melanogaster (19), and Capsella 110	  

grandiflora (20).  	  111	  

 Potential explanations for these unusual patterns including sequencing 112	  

error and annotation error could be ruled out, and dramatically relaxed or 113	  

diversifying selection for almost 20% of protein-coding genes seems unlikely. 114	  

Although selection on antigens could possibly explain the high prevalence of 115	  

genes with πN greater than πS, the nonsynonymous site-frequency spectrum is 116	  

skewed toward low frequency alleles, which is not what one would expect if 117	  

frequency-dependent balancing selection explains the phenomenon. Because of 118	  

the complexities of the malaria life cycle, we wondered whether the malaria life 119	  

cycle itself could explain part of these unusual patterns. More recent work in P. 120	  

vivax, a close relative with similar life history to P. falciparum, also revealed large 121	  

numbers of genes with πN/πS greater than 1 (21), supporting the idea that factors 122	  

common to Plasmodium species but different from most other species may cause 123	  

allele-frequency patterns that deviate from WF expectations. 124	  

 Although the behavior of the WF model is relatively robust to deviations 125	  

from many underlying assumptions, there are examples in which the WF model is 126	  

known to perform poorly. For instance, it was recently shown that the effect of 127	  
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selection is increased relative to the WF model when the distribution of offspring 128	  

number allows occasional large family sizes (22). While Otto and Whitlock (1997) 129	  

define a “fixation effective population size," they also emphasize that it is a 130	  

function of the selection coefficient when population size changes in time (23). 131	  

Their results highlight the importance of studying the effect of various 132	  

reproductive mechanisms on basic evolutionary outcomes. Although there has 133	  

been research on the evolution of drug resistance in malaria parasites, in both 134	  

mathematical models and computational simulations (24-27), it has not been 135	  

ascertained whether the underlying processes of random genetic drift, natural 136	  

selection, and their interactions yield outcomes in the malaria life cycle that are 137	  

congruent with those of the WF model.  138	  

Here, we sequenced 159 genomes of P. falciparum isolates from Senegal	  139	  

and studied the patterns of polymorphism. We find virtually identical site-140	  

frequency spectra for synonymous and nonsynonymous polymorphisms, and 141	  

26.85% of the protein-coding genes exhibit πN/πS > 1. To investigate whether the 142	  

life cycle could explain the observed unusual patterns of polymorphism, we used 143	  

Monte-Carlo simulations to examine how the malaria life cycle influences random 144	  

genetic drift, natural selection, and their interactions. First, we compared 145	  

quantities from generation to generation between a malaria model and the WF 146	  

model, including the number of mutant alleles after one generation and 147	  

probability of loss. Second, we considered properties on a longer time scale, 148	  

including time to fixation or loss, segregation time, and probability of fixation or 149	  
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loss. Third, we simulated the site-frequency spectrum under a neutral model with 150	  

the malaria life cycle. The flexibility of the simulation framework enables us to 151	  

investigate various combinations of selection coefficients. Finally, we discuss the 152	  

simulation results and suggest how the malaria life cycle could possibly lead to 153	  

these unusual population genetic patterns.	  154	  

 155	  

Results 156	  

Unusual patterns of genetic diversity 157	  

 Among genome sequences of 159 isolates of P. falciparum from Senegal, 158	  

we calculated the ratio of nonsynonymous to synonymous polymorphism (πN/πS ) 159	  

for genes with synonymous polymorphism πS greater than zero. Among 4395 160	  

such genes, 1157 (26.85% ± 0.67%) exhibited a ratio πN/πS greater than 1. We 161	  

also compared the synonymous and nonsynonymous site-frequency spectra, and 162	  

found that they are indistinguishable (Mann-Whitney test, P value = 0.46) (Fig. 1). 163	  

These results are consistent with an earlier report based on a much smaller 164	  

sample size (4). 165	  

 166	  

Allele frequency change from generation to generation 167	  

 The forward-time Monte-Carlo simulation framework of the malaria life 168	  

cycle is described in detail below (Fig. 2). The key parameters in the model are: 169	  

the selective advantage or disadvantage of a mutant allele within the human host 170	  
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per cycle of asexual reproduction (sh), the selective advantage or disadvantage 171	  

of a mutant allele within the mosquito vector per cycle of asexual reproduction 172	  

(sm), the transmission advantage or disadvantage of a mutant allele from the 173	  

human host to the mosquito vector (tm) and from the mosquito vector to the 174	  

human host (th), the number of human hosts (N), the number of mosquito vectors 175	  

per human host (a), the number of sporozoites and gametocytes transmitted 176	  

between the vector and the human host (D), the probability that a parasite 177	  

undergoes replication in a given asexual cycle (P), and the number of asexual 178	  

generations that the parasite population remains at its maximum size (i.e. peak 179	  

parasitemia) in the human host (e). Using this model, we examined random 180	  

genetic drift during the malaria life cycle by comparing the probability of loss of a 181	  

selectively neutral mutant allele after one complete life cycle (regarded as one 182	  

generation in the malaria model) with that after one generation in the WF model. 183	  

In the malaria model, the probability of loss of a new neutral allele is as high as 184	  

74%, whereas it is approximately e–1 ≈ 37% under the WF model (e–1 is the 185	  

probability of observing 0 outcomes in a Poisson model with mean 1, which is the 186	  

approximation of a binomial model with large n and small p where np = 1; the 187	  

latter is equivalent to the WF model). Moreover, while the average  frequency is 188	  

the same, the variance in the frequency of the mutation after one generation in 189	  

the malaria model is higher than that in the WF model [5.71 (malaria) vs 1.00 190	  

(WF)]. These discrepancies indicate that random genetic drift has much stronger 191	  

effects in the malaria model. 192	  
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 In the case of a non-neutral allele, the probability of loss in the malaria 193	  

model is greater than that in the WF model (Fig. 3A), irrespective of whether the 194	  

mutation is beneficial or deleterious. Interestingly, the average number of copies 195	  

of a mutant allele one generation after its occurrence is also more extreme in the 196	  

malaria life cycle (Fig. 3B). On average, after one generation, beneficial alleles 197	  

leave more copies than in the WF model, and deleterious alleles leave fewer 198	  

copies, suggesting that selection works more efficiently in the malaria life cycle. 199	  

This result is in contrast to that expected from existing population genetic theory. 200	  

It is commonly thought that, when random genetic drift increases, the selection 201	  

efficiency must decrease (28). The results in Fig. 3 imply that, in the malaria life 202	  

cycle, random genetic drift and selection efficiency can increase simultaneously. 203	  

 We tested whether the difference between the malaria life cycle and the 204	  

WF model is sensitive to other parameters by varying the values of other 205	  

parameters in the simulation including a, e, P and D. The results show 206	  

differences in detail, but are qualitatively consistent (Fig. S1). 207	  

 208	  

Allele frequency change on a longer time scale 209	  

 We then considered properties on a longer time scale, including the 210	  

segregation time (the average time until a mutation becomes fixed or lost in the 211	  

population), the time to fixation, time to loss, and the fixation probability. We 212	  

treated one complete life cycle as one generation in the malaria model and 213	  

compared it with one generation in the WF model. The results indicate that the 214	  
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segregation time in the malaria model is shorter than in the WF model (Fig. 4A). 215	  

The mutations segregate on average for less than 8 generations in the malaria 216	  

model, even when the selection coefficient is as high as 0.1, because of the 217	  

enhanced genetic drift during the malaria life cycle. The shortening of the 218	  

segregation time also indicates that a large proportion of segregating sites in the 219	  

genome of malaria parasites are likely to be recently derived.  220	  

 The time to fixation for beneficial mutations in the malaria model is shorter 221	  

than that in the WF model when the selection coefficient is smaller than a 222	  

threshold value, and longer for larger selection coefficients (Fig. 4B). When the 223	  

selection coefficient is small, the time to fixation of beneficial mutations is shorter 224	  

in the malaria model because, after a mutation becomes fixed in the population of 225	  

parasites infecting	  one host, it benefits from a greater increment in allele 226	  

frequency in each generation because of the transmission of multiple parasites 227	  

between human and mosquito. However, in the simulation shown in Fig. 4B, 228	  

because only the within-host selection coefficient (sh or sm) is positive and the 229	  

transmission coefficient (tM or tH) is 0, there is no transmission advantage 230	  

between hosts for a beneficial allele and this could lower the fixation time. Thus, 231	  

when the selection coefficient exceeds a threshold, selection in the WF model is 232	  

so efficient that fixation takes less time than in the malaria model in spite of the 233	  

transmission of multiple parasites. Nevertheless, the probability of fixation of 234	  

beneficial alleles in the malaria model is always smaller than that in the WF 235	  
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model (Fig. 4C) owing to the enhanced random genetic drift and the stochastic 236	  

nature of parasite transmission among hosts.  237	  

 The time to loss for deleterious mutations in the malaria model is also 238	  

shorter than that in the WF model (Fig. 4D), suggesting that purifying selection is 239	  

more efficient in the malaria model and deleterious mutations are removed from 240	  

the population very quickly, hence segregating mutations in the malaria parasite 241	  

are less likely to be deleterious than mutations observed in other organisms with 242	  

similar effective population sizes that evolve in accord with the WF model. 243	  

 We examined whether these results are sensitive to values of parameters 244	  

other than the selection coefficient by varying the values of the parameters a, e, 245	  

P and D in the simulation. The results are again qualitatively consistent and differ 246	  

only quantitatively (Fig. S2). 247	  

 248	  

Preferential transmission  249	  

 It has been suggested that genetic factors influence the rate of conversion 250	  

of gametocytes into male or female gametes (29). Because gametocyte 251	  

differentiation is critical for forming zygotes in the mosquito host and successful 252	  

transmission, transmission between hosts could be affected by mutations in the 253	  

parasite genome. We therefore performed the simulations in which transmission 254	  

probabilities could be altered by mutations.  255	  

 When mutation only affects the transmission probability (tm-only model in 256	  

Fig. 5A), beneficial mutations have even shorter segregation times than when 257	  
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selection occurs only in the host (sh-only model), and deleterious mutations have 258	  

slightly longer segregation times than in the sh-only model (Fig. 5A). Fixation 259	  

times for beneficial mutations in the tm-only model and the tm = sh model are both 260	  

shorter than in either the sh-only model or the WF model (Fig. 5B), suggesting 261	  

that transmission advantage or disadvantage is  major determinant of the fixation 262	  

time. The fixation probabilities for beneficial mutations in the tm-only model and 263	  

the tm = sh model are larger than in the sh-only model, but still smaller than in the 264	  

WF model (Fig. 5C). Among the three malaria models, the tm = sh model has the 265	  

greatest efficiency for positive selection because it has higher probability of 266	  

fixation and shortest time to fixation for beneficial alleles. All three malaria models 267	  

show patterns that are qualitatively different from the WF model. 268	  

 269	  

Site-frequency spectrum 270	  

 We also simulated the site-frequency spectrum for neutral alleles when the 271	  

sample size is 159, matching the number of genomes sequenced. The result 272	  

shows that the malaria life cycle skews the site-frequency spectrum to the lower 273	  

frequency alleles (Fig. 6). When interpreted in the WF framework, this skewing 274	  

implies an increasing parasite population size. But in the simulations the parasite 275	  

and host population sizes do not change; the skewing is entirely the result of the 276	  

differences between the actual malaria life cycle and that assumed in the WF 277	  

model. The difference is in part due to the population expansion within hosts in 278	  

each generation; this makes estimation of parasite demographic history more 279	  
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difficult than in other organisms, and a previous study may overestimate the 280	  

population expansion (4). The simulation results also imply that intrinsic 281	  

differences in evolutionary processes caused by the complex malaria life cycle 282	  

alter the null distributions of tests of selection based on the site frequency 283	  

spectrum (30-32). This emphasizes the importance of considering the 284	  

complexities of the malaria life cycle when analyzing genomic data to infer 285	  

demographic history and to identify genes under selection. 286	  

 287	  

Discussion 288	  

 We examined complete genome sequences of 159 malaria parasites from 289	  

Senegal and observed that extraordinarily high proportion of genes (26.85% of 290	  

4395 protein-coding genes) with πN/πS ratio greater than 1. We also observed that 291	  

the site-frequency spectrum of polymorphisms was indistinguishable between 292	  

synonymous and nonsynonymous sites in protein-coding genes. Our simulations 293	  

demonstrate that both of these unexpected features in the data could result from 294	  

the complex life cycle of malaria and its effects on allele-frequency change. In 295	  

comparing the malaria life cycle with the classical WF model, we found that 296	  

mutations in the parasite population segregate for a shorter time (Fig. 4A) and 297	  

that, for deleterious alleles, the probability of loss is greater (Fig. 3B) and the time 298	  

to loss shorter (Fig. 4D). These results suggest that purifying selection works 299	  

more efficiently in the malaria life cycle. The malaria parasite shows evidence for 300	  

efficient selection that affects base composition at synonymous sites and in 301	  
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intergenic regions, supporting the inference that purifying selection is efficient. 302	  

For example, there are significant differences between the C/G to A/T and the 303	  

A/T to C/G site-frequency spectra in the genomes of malaria parasites from 304	  

Senegal (4). Because purifying selection works so efficiently in the parasite life 305	  

cycle, and the probability of loss is so high, most of the segregating mutations 306	  

are either very new or very nearly neutral. A corollary result is that the expected 307	  

difference between the synonymous and nonsynonymous site-frequency spectra 308	  

is reduced. 309	  

 In addition, because of the high efficiency of purifying selection in the 310	  

parasite, sites with relatively small selection coefficients could nevertheless have 311	  

their ultimate fate determined by selection whereas the same selection 312	  

coefficients would segregate as nearly neutral in the WF model. This finding 313	  

suggests that polymorphisms at synonymous sites, which are commonly thought 314	  

to be effectively neutral or under weak selection, experience more efficient 315	  

selection in the malaria parasite. Although both nonsynonymous and 316	  

synonymous polymorphisms are expected to be reduced in frequency due to the 317	  

enhanced efficiency of selection, one expects a greater effect on synonymous 318	  

sites than on nonsynonymous sites because an increased efficiency of selection 319	  

will have a greater effect on slightly deleterious alleles than on strongly 320	  

deleterious alleles (Fig. S3). The upshot of a greater reduction in πS than in πN is 321	  

an increased proportion of genes with πN/πS > 1. It should also be noted that 322	  

P. vivax, which has a life cycle that is similar to that of P. falciparum, also shows 323	  
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a large number of genes with πN/πS greater than 1 (21). The observed population 324	  

genetic patterns are not likely to be due to the structure of the parasite population 325	  

being divided between hosts. In a structured population with limited gene flow, 326	  

the coalescence time and the level of polymorphism are expected to be higher 327	  

than a random-mating population. However, because the structured population 328	  

affects both synonymous and nonsynonymous sites, it does not increase πN/πS or 329	  

decrease the expected difference between synonymous and nonsynonymous 330	  

site-frequency spectra due to different levels of selective constraints. 331	  

 In regard to positive selection, whether the efficiency of positive selection 332	  

is higher or lower with the malaria life cycle depends on the selection coefficient. 333	  

When the selection coefficient is small, the time to fixation for beneficial alleles is 334	  

shorter than in the WF model. When a mutation increases both the selection 335	  

coefficient and the transmission probability, or when a mutation increases only 336	  

the transmission probability, the time to fixation in the malaria life cycle is less 337	  

than in the WF model across the whole range of simulated selection coefficients. 338	  

However, it should be noted that the probability of fixation in the malaria model is 339	  

less than in the WF model owing to the enhanced random genetic drift. Otto and 340	  

Whitlock (1997) have studied the probability of fixation of beneficial alleles in a 341	  

model with cyclical changes in population size, and they emphasize the 342	  

importance of the cycle time relative to the time scale of selection. While their 343	  

model yields important insights (e.g., the probability of fixation of a mutant allele 344	  

depends on when in the population cycle the mutation occurs), the model does 345	  
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not really apply to malaria owing to the natural population subdivision among 346	  

hosts. In malaria, each infected host, and each infected vector, represents a 347	  

separate local population or deme of parasites. The situation is further 348	  

complicated by the fact that the selection coefficient may depend on events that 349	  

take place in the host, in the host-vector transmission, in the vector, in the vector-350	  

host transmission, or in any combination of these stages. 351	  

 Looking at the larger picture, random genetic drift and natural selection are 352	  

two major forces that shape genetic variation. In standard population genetic 353	  

models including the WF model, when population size increases, the influence of 354	  

random genetic drift decreases and that of natural selection increases, and 355	  

conversely (28). Our main finding reported in this paper is that, in the malaria life 356	  

cycle, both random genetic drift and natural selection are intensified 357	  

simultaneously. Because of the unique parasite features of multiple asexual 358	  

generations, population expansion within hosts, and stochastic transmission in 359	  

each iteration of the life cycle, natural selection and random genetic drift can both 360	  

increase at the same time. The lack of any tradeoff between random drift and 361	  

selection contrasts with classical theoretical population genetics, and it 362	  

demonstrates the importance of taking the parasite life cycle into account when 363	  

interpreting genomic sequence data. Many microbial populations and parasite 364	  

species have population growth and population bottlenecks during their life 365	  

cycles, and these species may be affected by similar dynamics. Our results also 366	  

suggest that other parasite species that are transmitted among hosts with 367	  
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population-size expansion within hosts may evolve in a way that is qualitatively 368	  

different from the Wright-Fisher model. Caution is therefore in order when 369	  

interpreting data based on standard population genetic methods in organisms 370	  

with unconventional life histories.  371	  

 Recombination is another important force in shaping genomic variation 372	  

(33-36). In the malaria life cycle, mutation can happen in any asexual generation 373	  

within host or vector, but meiotic recombination takes place only once per life 374	  

cycle within the mosquito host. As well, the proportion of multiple infections 375	  

differs among geographical locations, and therefore the level of inbreeding differs. 376	  

Previous theoretical work has reported the effect of hitchhiking and partial selfing 377	  

on genetic variation (37), modeled the hitchhiking effect of drug-resistant alleles, 378	  

and demonstrated that selection and recombination cannot be decoupled in the 379	  

malaria life cycle (27). While the observed level of linkage disequilibrium in the 380	  

Senegal population is very low	  (4), the next step in the modeling will be to allow 381	  

for the possibility of mixed infections in a multilocus model to examine the relation 382	  

between transmission intensity and linkage disequilibrium.	   383	  

 384	  

Comparison of malaria with WF across multiple generations 385	  

 It could be argued that the simulated malaria life cycle shows different 386	  

effects of drift and selection from the WF model simply because we treat multiple 387	  

asexual generations in one life cycle as one "generation." We therefore 388	  

compared the probability of loss and the average number of mutations after 389	  
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multiple WF generations with the model of the malaria life cycle (Fig. S4). The 390	  

comparison makes it clear that, even if we increase the generation numbers in 391	  

the WF model, the malaria life cycle gives qualitatively different results from the 392	  

WF model. The change in probability of loss as a function of change in selection 393	  

coefficient is consistently greater in the malaria life cycle. 394	  

 The finding that the discrepancies between malaria and the WF model 395	  

cannot simply be remedied by redefining a "generation" in malaria is somewhat 396	  

reassuring. Malaria researchers traditionally regard a single malaria "generation" 397	  

as the time between sexual cycles. If the number of asexual cell divisions 398	  

between sexual cycles also had to be taken into account, then certain oddities 399	  

would arise. For example, applying the same logic to humans would produce a 400	  

generation time in males that is substantially longer than that in females owing to 401	  

the larger number of germ-cell divisions in males.  402	  

 403	  

An "effective s" for malaria?  404	  

 The effective population size of a real population is defined as the 405	  

population size of an ideal population that has the same level of random genetic 406	  

drift as the population of interest (12). This concept is useful when the population 407	  

under consideration deviates in specified ways from the WF model. In principle, 408	  

one could try to define an "effective selection coefficient" in malaria and use this 409	  

to make predictions or inferences from tools based on the WF model. The 410	  

effective selection coefficient for malaria would correspond to that in an ideal WF 411	  
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model that has the same population dynamics as in the malaria model. To 412	  

evaluate the feasibility of this approach, we identified selection coefficients in the 413	  

WF model that have the same probability of loss and average number of 414	  

mutations as in the malaria model (Table S1). We found that it is not possible to 415	  

fit these two properties at the same time, and hence an effective selection 416	  

coefficient that holds for all aspects of the population dynamics does not exist. 417	  

 418	  

Comparison with selectively neutral conditions 419	  

 Besides comparing the absolute values of time to fixation or probabilities 420	  

of fixation in the two models, we also examined the ratio of these quantities in the 421	  

neutral case in the malaria model versus the WF model (Fig. S5). Fig. S5 shows 422	  

that both the relative time to fixation of beneficial alleles and the relative time to 423	  

loss of deleterious alleles are longer in the malaria model. This difference 424	  

indicates that equal transmission probability among hosts reduces the fold-425	  

difference between the neutral and selective cases. However, for deleterious 426	  

mutations, the absolute time to loss is probably more relevant than the relative 427	  

values because most of deleterious mutations are lost within few asexual 428	  

generations in the host in which the mutation happens, and therefore neutral 429	  

transmission among hosts does not play an important role. Random genetic drift 430	  

(and the probability of loss) is so high that even neutral mutations are quickly lost, 431	  

and the fold-difference between deleterious mutations and neutral mutations is 432	  
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smaller than in the WF model. Hence, this result also supports the conclusion of 433	  

greater efficiency of purifying selection during the malaria life cycle. 434	  

 435	  

 In summary, this study used computer simulation to investigate the effect 436	  

of the malaria life cycle on population genetic behaviors. The results suggest that 437	  

both genetic drift and the efficiency of purifying selection are intensified by the 438	  

malaria life cycle. Because these two properties typically cannot be enhanced at 439	  

the same time in traditional models, this demonstrates the intrinsic differences 440	  

between the WF model and the malaria life cycle. Furthermore, the site-441	  

frequency spectrum in the malaria model is more skewed toward low frequency 442	  

alleles even if the host population size remains constant. Our study suggests that 443	  

malaria life cycle itself leads to unusual patterns of polymorphism, and hence life 444	  

cycle should be considered explicitly in order to study the evolution of malaria 445	  

parasites or other organisms with similar life cycle through patterns of genetic 446	  

diversity. 447	  

 448	  

Materials and Methods 449	  

Dataset and data processing 450	  

 A total of 159 isolates of P. falciparum from Senegal were sequenced and 451	  

investigated in this study. Sample preparation method for each isolate is listed in 452	  

Table S2. Genomic DNA was sequenced using Illumina HiSeq machines and 453	  

sequence reads were aligned to the P. falciparum 3D7 reference genome (38) 454	  
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from PlasmoDB version 9.0 (http://PlasmoDB.org) using Burrows-Wheeler 455	  

Aligner (BWA) 0.6.2 (39) and the SAMTools version 0.1.18 (40). Genotypes were 456	  

called from the reads for each isolate separately using the GATK Unified 457	  

Genotyper version 2.1-13-g1706365 (diploid mode with hard-filtering of 458	  

heterozygotes) (41) because calling genotypes jointly calls more heterozygous 459	  

calls in error. Picard version 1.473 was used to strip preexisting alignment 460	  

annotations from BAM files prior to realigning against our chosen reference 461	  

sequence, the PlasmoDB v9.0 3D7 assembly. Sites with PHRED -style GQ 462	  

scores above 30 and QUAL scores above 60 were kept. Repeat-rich sequences 463	  

near the telomeres of each chromosome were excluded from the analyses (Table 464	  

S3) (42). Highly variable PfEMP1 (var) genes were excluded from the analyses 465	  

because the reads from these genes are difficult to align to the reference genome 466	  

correctly. Sequences were submitted to the NCBI Sequence Read Archives (SRA) 467	  

under the accession numbers SRP000316, SRP000493, SRP003502, 468	  

SRP007838, SRP007883, SRP007923, and SRP012397. 469	  

 470	  

Sequence analysis 471	  

 Nonsynonymous and synonymous polymorphism (πN and πS) were 472	  

calculated using the same method as described (4). For the analyses of 473	  

synonymous and nonsynonymous site-frequency spectra and polymorphism, we 474	  

only used codons where each of the three nucleotides has less than 20% missing 475	  

data and less than two nucleotides are polymorphic. 476	  
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 477	  

Simulation 478	  

 To simulate the evolution that takes into account the malaria life cycle, we 479	  

used the following forward-time Monte-Carlo simulation framework (Fig. 2):  480	  

(i)  Assume there are N human hosts and a × N mosquito hosts, with D 481	  

parasites (sporozoites) transmitted from the mosquito host to the human 482	  

host. The initial condition is the number of mutations in the initial parasite 483	  

pool within each human host. 484	  

(ii)  Within a human host, the probability of a parasite that carries a particular 485	  

allele surviving from one asexual generation to the next is P × (1 + sh), 486	  

where P is the probability that a parasite survives and undergoes a given 487	  

round of replication and sh is selection coefficient of the allele within the 488	  

human host. Whether or not a parasite does or does not undergo a round 489	  

of asexual reproduction is determined by the outcome of a Bernoulli trial. 490	  

Each round of parasite replication creates two daughter cells. The 491	  

maximum population size within a single human host is NeH. After the 492	  

population size reaches the maximum, it stays at the same population size 493	  

for e additional WF generations.  494	  

(iii)  The number of mosquitoes that obtain parasites (gametocytes) from each 495	  

human host is based on multinomial sampling. If the mutation has a 496	  

transmission advantage, the human host with the mutation has a (1 + tm)-497	  

fold higher probability of transmitting gametocytes to mosquitoes. D 498	  
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parasites (gametocytes) are transmitted from the human host to the 499	  

mosquito host during each bite. 500	  

(iv)  Within a mosquito host, the probability of surviving from one generation to 501	  

the next is P × (1 + sm), where sm is the selection coefficient of the allele 502	  

within the mosquito host. As in step (ii) in the human host, whether or not 503	  

a parasite survives and undergoes a round of replication is determined by 504	  

the outcomes of a Bernoulli trial, and if parasites do reproduce, they create 505	  

two daughter cells. The maximum population size within the mosquito host 506	  

is NeM. The population size increases until it reaches maximum size. 507	  

(v)  The number of humans that acquire parasites (sporozoites) from each 508	  

mosquito host is based on multinomial sampling. If the mutation has a 509	  

transmission advantage, the mosquito host with the mutation has a [(1+ 510	  

th)-fold] higher probability to transmit sporozoites to human individuals.  511	  

(vi)  Repeat steps (ii) to steps (v) until the mutation becomes lost or fixed in the 512	  

entire population. Steps (ii) to (v) correspond to a “generation” in the 513	  

malaria life cycle model. 514	  

  515	  

 We repeated the simulation 500,000 times for each initial condition. Table 516	  

S4 lists all the relevant parameters and their default values. Unless stated 517	  

otherwise, the default values were used in the simulations. Note especially that, 518	  

while each human host can transmit parasites to multiple uninfected mosquito 519	  

vectors, and each mosquito vector can infect multiple uninfected human hosts, 520	  
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the model does not allow for any human host to be multiply infected by different 521	  

parasite lineages. In other words, the simulation model is one of complete 522	  

inbreeding. We chose complete inbreeding as the default model to mimic 523	  

populations as in Senegal, where most infections are of single parasite 524	  

genotypes (43). When selection takes place in the host, mixed infections would 525	  

make selection even more efficient, and therefore our finding of enhanced 526	  

efficiency of purifying selection would be even stronger if mixed infections were 527	  

allowed. Simulations were performed using custom code written in C. This is 528	  

available from the authors by request. 529	  

 The results of the WF models used for comparison were also obtained by 530	  

simulations. In the malaria model, we treated one complete life cycle as one 531	  

generation and compared it with one generation in the WF model. We used 532	  

10,000 as the population size in the WF model because the default total parasite 533	  

population size is 10,000 (10 transmitted parasites per host × 1000 hosts). The 534	  

results of the WF models with population sizes 103, 108 and 1011 are also shown 535	  

in Fig. S6. They are not qualitatively different from those obtained assume a 536	  

population size of 104 and hence do not significantly alter the results of 537	  

comparing the WF model with the malaria model.  538	  

 539	  

Site-frequency spectrum 540	  

 To obtain the null site-frequency spectrum that takes into account the 541	  

malaria life cycle, we simulated mutations and kept track of them until they 542	  
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became fixed or lost in the population. Then we sampled mutations weighted by 543	  

the time that they remained segregating in the population. Mutations that remain 544	  

in the population longer are more likely to be sampled. After a mutation was 545	  

chosen, we randomly selected one time point during the interval that the mutation 546	  

was segregating in the population, and at that time point sampled 159 parasites 547	  

from 159 different human hosts, and recorded the allele frequency. To minimize 548	  

the computational time for simulating new mutations, we first calculated the 549	  

relative probabilities of different initial conditions, and combined the site 550	  

frequency spectra according to their weighted average. Initial conditions with 551	  

probability less than 1/1000 of the most probable conditions contribute little to the 552	  

null distribution and therefore were ignored in the analysis (see Supplementary 553	  

Method for more details.).554	  
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Fig. 1. Synonymous and nonsynonymous site-frequency spectra. 677	  

Synonymous and nonsynonymous site-frequency spectra are very similar (Mann-678	  

Whitney test, P value = 0.46; n for synonymous and nonsynonymous sites are 679	  

4091 and 8778, respectively). Singleton SNPs were excluded in this analysis to 680	  

reduce the effect of sequencing errors.  681	  

 682	  

Fig. 2. Simulation diagram. The simulation model is complete inbreeding 683	  

because it does not allow for any human host to be multiply infected by parasite 684	  

lineages from different mosquito vectors. The definitions of parameters are 685	  

shown in the main text and Table S4. 686	  

  687	  

Fig. 3. Comparison of probability of loss and average number of mutations 688	  

after one generation between the malaria life cycle and the WF model. (A) 689	  

Probability of loss is greater in the malaria model. (B) Average number of 690	  

mutations after one generation is more extreme in the malaria model except 691	  

when the mutation is neutral. 692	  

 693	  

Fig. 4. Comparison of longer time scale properties between the malaria life 694	  

cycle and the WF model. (A) Segregation time is shorter in the malaria model. 695	  

(B) Time to fixation for beneficial alleles is shorter in the malaria model when the 696	  

selection coefficient is smaller than threshold value (s = 0.01 under the default 697	  

settings), and is greater than in the WF model if the selection coefficient exceeds 698	  
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the threshold. (C) Probability of fixation of beneficial alleles in the malaria model 699	  

is smaller than in the WF model, due to greater effects of random genetic drift 700	  

and stochastic transmission among hosts in the malaria life cycle. (D) Time to 701	  

loss of deleterious alleles is shorter in the malaria model, suggesting highly 702	  

efficient purifying selection in the malaria parasite. 703	  

 704	  

Fig. 5. Simulations for non-neutral transmissions. In the "sh-only" model (red 705	  

line), only sh varies and transmission probabilities are all the same. In the  "tm-706	  

only" model (yellow line), only tm varies and sh are all zero. In the “tm = sh” model 707	  

(blue line), tm and sh are the same. (A) In the tm-only model, beneficial mutations 708	  

have shorter segregation times and deleterious mutations have slightly longer 709	  

segregation times than in the sh-only model. (B) Fixation times for beneficial 710	  

mutations in the tm-only model and the tm = sh model are both shorter than in the 711	  

sh-only model as well as in the WF model. (C) The fixation probabilities for 712	  

beneficial mutations in the tm-only model and the tm = sh model are larger than in 713	  

the sh-only model, but still smaller than in the WF model. (D) The time to loss for 714	  

deleterious mutations is shorter in the sh-only model and the tm = sh model than in 715	  

the tm-only model. 716	  

 717	  

Fig. 6. Allele-frequency spectrum of neutral alleles in the malaria model 718	  

compared with WF. The allele-frequency spectrum in the malaria model is more 719	  

skewed toward lower frequency alleles than in the WF model. 720	  

 721	  


