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ABSTRACT 50 

Background. Many genes of the malaria parasite Plasmodium falciparum show clonally 51 

variant expression regulated at the epigenetic level. These genes participate in fundamental 52 

host-parasite interactions and contribute to adaptive processes. However, little is known 53 

about their expression patterns during human infections. A peculiar case of clonally variant 54 

genes are the two nearly identical clag3 genes, clag3.1 and clag3.2, which mediate nutrient 55 

uptake and are linked to resistance to some toxic compounds. 56 

Methods. We developed a procedure to characterize the expression of clag3 genes in 57 

naturally-infected malaria patients and in experimentally-infected human volunteers.  58 

Results. We provide the first description of clag3 expression during human infections, which 59 

revealed mutually exclusive expression and identified the gene predominantly expressed. 60 

Adaptation to culture conditions or selection with a toxic compound resulted in isolate-61 

dependent changes in clag3 expression. We also found that clag3 expression patterns are 62 

reset during transmission stages. 63 

Conclusions. Different environment conditions select for parasites with different clag3 64 

expression patterns, implying functional differences between the proteins encoded. The 65 

epigenetic memory is likely erased before parasites start infection of a new human host. 66 

Altogether, our findings support the idea that clonally variant genes facilitate the adaptation 67 

of parasite populations to changing conditions through bet-hedging strategies. 68 

 69 
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BACKGROUND 75 

Plasmodium falciparum is responsible for the most severe forms of malaria. Asexual growth 76 

of the parasites in the human blood is responsible for all clinical symptoms and also for 77 

chronic infection. During the ~48 h asexual multiplication cycle parasites live inside of 78 

human erythrocytes except for the short time between bursting of parasites at the schizont 79 

stage and invasion of new erythrocytes [1]. While the human blood is a relatively stable 80 

environment, parasites need to adapt to fluctuating conditions such as nutrient concentrations, 81 

presence of drugs, occurrence of fever episodes, or immune responses. Recent studies have 82 

demonstrated that populations of genetically identical parasites show extensive 83 

transcriptional heterogeneity [2], which potentially allows adaptation by dynamic natural 84 

selection of parasites with transcriptional patterns associated with increased fitness as the 85 

environment changes. This type of adaptive strategies, known as bet-hedging, is used by 86 

many microbial organisms [3-5]. Genes that can be found in either an active or a silenced 87 

state in genetically identical parasites at the same stage of cycle progression, known as 88 

clonally variant genes, participate in multiple biological pathways involved in fundamental 89 

host-parasite interactions [2, 6, 7]. The silenced or active state of these genes is transmitted 90 

from one generation to the next by epigenetic mechanisms [8-10]. Switches between the two 91 

alternative states of these genes occur spontaneously, albeit with low frequency, allowing for 92 

the constant generation of transcriptional diversity within parasite populations. 93 

 94 

In spite of the large number of families of clonally variant genes identified in P. falciparum, 95 

there are few for which an adaptive role or an association between the transcriptional state of 96 

specific genes and the resulting phenotypes has been clearly established. The best 97 

characterized family of clonally variant genes is var, which consists of about 60 genes per 98 

genome encoding PfEMP-1, a major virulence factor linked to cytoadherence and antigenic 99 
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variation. var genes show mutually exclusive expression, such that a single parasite typically 100 

expresses only one var gene at a time and keeps all the others silenced [11]. Spontaneous 101 

switches in the expression of var genes play an adaptive role, mediating immune evasion and 102 

altering the sequestration tropism of infected erythrocytes [12]. 103 

 104 

A second case of P. falciparum clonally variant genes for which transcriptional switches have 105 

been associated with specific phenotypes and adaptation to changes in the environment is 106 

clag3. The two clag3 genes, clag3.1 (PF3D7_0302500) and clag3.2 (PF3D7_0302200), are 107 

separated by only 10 kb and show 95% sequence coincidence. The clag3.1 or clag3.2 identity 108 

is determined by the relative position of each gene in the chromosome and by the conserved 109 

clag3.1- or clag3.2-specific flanking regions [13]. These genes are part of the five-member 110 

clag family, which encodes the CLAG/RhopH1 component of the RhopH complex. While 111 

early reports linked CLAG proteins with erythrocyte invasion or cytoadherence [14], more 112 

recent research has provided strong genetic and biochemical evidence for a key role of 113 

CLAG3 proteins in the formation of the Plasmodial Surface Anion Channel (PSAC), a broad 114 

selectivity channel that mediates the uptake of nutrients and several other solutes at the 115 

infected erythrocyte membrane [14-17]. CLAG3 proteins are validated drug targets [16]. 116 

Epigenetic silencing of clag3 genes is mediated by formation of heterochromatin, similar to 117 

other clonally variant genes [10, 18]. Together with the var family, clag3 is the only known 118 

example of mutually exclusive expression in P. falciparum [19]. However, while under 119 

normal conditions the vast majority of parasites express only one of the two clag3 genes at a 120 

time, mutually exclusive expression is not strict, which allows for the occurrence of small 121 

selectable subpopulations of parasites with alternative expression patterns that enable 122 

additional phenotypic plasticity [20]. We and others have recently demonstrated that a 123 

compound that is toxic for the parasite, blasticidin S (BS), can select for low-abundance 124 
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subpopulations of parasites with both clag3 genes simultaneously silenced [21, 22]. However, 125 

lower concentrations of the drug select for parasites that express a specific paralog, which is 126 

suggestive of phenotypic differences associated with expression of one or the other clag3 127 

gene [22]. Altogether, these results indicate that clag3 expression patterns determine the 128 

permeability phenotype of infected erythrocytes and can mediate drug resistance at the 129 

epigenetic level. Variant expression of these genes needs to fulfill two competing 130 

requirements: efficiently acquiring nutrients, and restricting the entrance of harmful 131 

compounds. 132 

 133 

While the expression patterns of var genes in field isolates have been the subject of intensive 134 

investigation [12, 23-26], very little is known about the expression of clag3 genes during 135 

human infections. Previous studies of clag3 expression were conducted with culture-adapted 136 

parasites. Genome-wide transcriptomic analysis of P. falciparum field isolates [27-29] could 137 

not reliably characterize the expression patterns of these genes because the sequences of 138 

clag3.1 and clag3.2 are almost identical and the regions that are more distinct between the 139 

two genes are highly polymorphic between parasite isolates [13]. Here we developed a 140 

procedure to analyze clag3 expression in natural human infections and applied it to study the 141 

expression of these genes in clinical malaria cases and after parasite adaptation to culture 142 

conditions or to BS pressure. We also studied clag3 expression in experimental human 143 

malaria infections.  144 

 145 

METHODS  146 

Ethics approval 147 

This study was approved by the Institute of Tropical Medicine review board (ITM IRB) 148 

(ITG913/13), University Hospital of Antwerp review board (UZA IRB) (B300201319284), 149 
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and The Gambia Government/MRC Joint Ethics Committee (SCC1392). Approval for the 150 

controlled human malaria infection (CHMI) trial has been previously described [30]. All 151 

participants provided written informed consent before enrolment. The study was conducted 152 

according to the principles stated in the Declaration of Helsinki.  153 

 154 

Sample collection 155 

P. falciparum clinical malaria blood samples were obtained from returning travelers (18 156 

years old) attending clinics in Antwerp (Belgium), and from children (12 years old) 157 

attending Health Centers in The Gambia. We also analyzed blood samples collected from 158 

volunteers participating in a CHMI study [30]. Additional details of sample collection and 159 

processing are provided in the Supplemental Methods. 160 

 161 

Genetic and transcriptional analysis 162 

Multiplicity of infection was estimated by genotyping the msp1 and msp2 loci [31]. To 163 

assess for recombination events between the two clag3 genes, the clag3 loci were analyzed 164 

by long PCR [13]. For each isolate, we sequenced the hypervariable region (HVR) [13] of 165 

each clag3 gene from the long PCR products to design gene- and isolate-specific primers. 166 

 167 

To prepare RNA for clag transcriptional analysis, cultures were harvested when the majority 168 

of parasites were at the schizont stage. For natural infections, parasites were cultured only 169 

until they reached the schizont stage, with the exception of two samples (see Supplemental 170 

Methods). Day 9 and day of malaria samples from the CHMI were cryopreserved and, after 171 

thawing, parasites were cultured for 2-3 weeks or ~1 week, respectively, until they reached a 172 

≥0.02% parasitaemia.  173 

 174 
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RNA was purified approximately as described [32]. The protocol was validated for use at 175 

very low parasitaemias (Supplemental Fig. S1). Quantitative PCR analysis was performed 176 

using the standard curve method approximately as described [10] with primers listed in 177 

Supplemental Table S1.  178 

 179 

All new sequences obtained in this study have been deposited to GenBank with accession 180 

numbers KY092485-KY092488 (full sequences) and KY364642-KY364689 (HVR 181 

sequences). Additional details of the methods for the genetic and transcriptional analysis and 182 

also for the CLAG3 sequence analysis can be found in the Supplemental Methods. 183 

 184 

RESULTS 185 

Parasites predominantly express clag3.2 in natural malaria infections 186 

We analyzed clag3 expression patterns in blood from P. falciparum-infected symptomatic 187 

patients. Parasites were cultured ex vivo until they reached the schizont stage, when clag3 188 

genes are expressed, and harvested for genomic DNA and RNA extraction (Fig. 1A). To 189 

reduce the complexity of the analysis, only samples with a single infection or a clearly 190 

predominant clone were retained for clag3 expression characterization. Isolates presenting a 191 

single clag3 gene in their genome as a consequence of recombination [13] were excluded. 192 

For the twenty remaining samples, we sequenced the HVR of the two genes to design isolate-193 

specific primers for clag3.1 and for clag3.2, and used them to analyze clag3 expression by 194 

reverse transcription followed by quantitative PCR. All isolates show predominant expression 195 

of one of the two clag3 paralogs (Fig. 1B), consistent with the mutually exclusive expression 196 

observed in culture-adapted parasite lines [15, 16, 18, 19]. However, in contrast to the 197 

majority of culture-adapted lines, which predominantly express clag3.1 [15, 18], we observed 198 

predominant clag3.2 expression in all isolates (Fig. 1B).  199 
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 200 

Adaptation of field isolates to culture conditions or to low drug pressure is associated 201 

with isolate-dependent changes in clag3 expression 202 

Two of the field isolates, P04 and P12, were maintained under culture conditions for 17 or 13 203 

weeks, respectively, with regular monitoring of clag3 expression (Fig. 2A). In the P12 204 

isolate, parasites expressing clag3.2 were progressively replaced by parasites expressing 205 

clag3.1. In contrast, in the P04 isolate the majority of parasites maintained clag3.2 expression 206 

throughout the experiment. Next we selected the same isolates with a sub-lethal concentration 207 

of BS that in the 3D7 genetic background selects for parasites that express clag3.1 [22]. In 208 

the P04 isolate, parasites expressing clag3.1 were quickly selected and by 10 weeks of 209 

selection they had almost completely displaced clag3.2-expressing parasites (Fig. 2B). 210 

However, BS had the opposite effect on the P12 isolate and rather favored survival of 211 

parasites expressing clag3.2: while normal culturing of this isolate resulted in selection of 212 

clag3.1-expressing parasites (Fig. 2A), this did not occur in the presence of BS (Fig. 2B). 213 

These results indicate that the selective advantage conferred by expression of one or the other 214 

clag3 paralog under different conditions is isolate-specific and likely depends on the clag3 215 

genes sequences.  216 

 217 

Analysis of clag3 sequences identifies paralog-specific and promiscuous sequence 218 

features  219 

To gain insight into the sequence determinants of the fitness advantages conferred by 220 

expression of one or the other protein, we analyzed publicly available CLAG3 sequences and 221 

the newly obtained sequences from the P04 and P12 isolates. We identified a sequence 222 

feature at the N-terminal end of the protein (positions 10-23) that is different between 223 

CLAG3.1 and CLAG3.2 but is conserved for each protein among all isolates analyzed (Fig. 224 
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3A). This hydrophobic region, which likely corresponds to either a signal peptide or a 225 

transmembrane domain, is a candidate for determining general CLAG3 properties that under 226 

normal human blood conditions confer a selective advantage to parasites expressing 227 

CLAG3.2. At other positions, polymorphisms are not paralog-specific, such that the same 228 

sequence can be found in CLAG3.1 or in CLAG3.2 in different isolates. This is probably 229 

attributable to frequent recombination and gene conversion events between the two paralogs 230 

(Supplemental Fig. S2A). However, clustering analysis of the full CLAG3 sequences 231 

confirmed that CLAG3.1 and CLAG3.2 separate into discrete clades (Fig. 3B), as previously 232 

reported [21]. This is a consequence of several polymorphisms occurring at very different 233 

frequencies between the two paralogs. In contrast, clustering analysis of the HVR does not 234 

show separation of CLAG3.1 and CLAG3.2 sequences (Fig. 3C), which indicates that a 235 

CLAG3.1 HVR can be as similar to a CLAG3.2 HVR as to another CLAG3.1 HVR, and vice 236 

versa. HVR sequences separate in two distinct clades, both including CLAG3.1 and 237 

CLAG3.2 sequences (Fig. 3C and Supplemental Fig. S2B).  Phenotypic traits such as 238 

resistance to BS that are associated with clag3.1 expression in some isolates and with clag3.2 239 

expression in others likely depend on polymorphism at the HVR or other positions where 240 

polymorphism is not paralog-specific.  241 

 242 

clag3 expression in parasites obtained from experimentally infected humans 243 

We analyzed clag3 expression patterns in parasites collected from human volunteers 244 

participating in a CHMI trial [30] in which cryopreserved sporozoites of the culture-adapted 245 

line NF54 (from which 3D7 was derived) were used for infection (Fig. 4A). In samples 246 

collected from six different volunteers when parasites were first detected by microscopy (day 247 

of malaria, 12-15 days post-injection), we observed higher levels of clag3.2 transcripts 248 

compared with clag3.1, in contrast to the parental NF54 line used to infect the mosquitoes 249 
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that almost exclusively expresses clag3.1 (Fig. 4B). Next we re-adapted to culture conditions 250 

the parasites obtained from two of the volunteers, and in both cases we observed a 251 

progressive increase in the ratio of clag3.1 to clag3.2 transcripts, reflecting selection of 252 

parasites expressing clag3.1 (Fig. 4C). This result indicates that clag3.1 expression confers a 253 

fitness advantage under culture conditions in the NF54 genetic background. Similar levels of 254 

transcripts for both clag3 genes in volunteer samples (Fig. 4B) imply that they likely consist 255 

of a mixture of parasites expressing clag3.2 and parasites expressing clag3.1, rather than a 256 

homogeneous population of individual parasites expressing the two genes simultaneously. 257 

This idea is based on previous results with culture-adapted parasite lines with similar 258 

transcript levels of clag3.1 and clag3.2 [19, 20] and is also supported by the analysis of clag3 259 

expression in subclones of one of the volunteer samples (Supplemental Fig. S3).  260 

 261 

The expression patterns of clag3 genes are reset during transmission stages 262 

The clag3 expression patterns observed in parasites obtained from experimentally infected 263 

volunteers can be explained by two non-exclusive scenarios: clag3.2-expressing parasites are 264 

selected under the conditions of the human circulation, or there is a reset of clag3 expression 265 

patterns during transmission stages. To distinguish between the two possibilities, we analyzed 266 

clag3 expression in blood samples from two of the volunteers collected at day 9 post 267 

sporozoite injection. Considering that parasite liver stage development takes 6-7 days [33], 268 

parasites collected at day 9 had been in the peripheral blood for only about one multiplication 269 

cycle. In spite of this, we observed similar levels of transcripts for both clag3 genes at day 9 270 

(Fig. 4D), a pattern similar to that observed at the day of malaria. This result is inconsistent 271 

with a ‘blood stages selection only’ scenario and supports the idea that clag3 expression 272 

patterns are reset when parasites go through transmission stages. Because parasite densities 273 

were extremely low at day 9 post injection, parasites had to be cultured for 2-3 weeks before 274 
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we could obtain sufficient material for transcriptional analysis. However, this is unlikely to 275 

be a confounder for these results because in parasites of the NF54 genetic background, 276 

culture conditions progressively select for parasites that express clag3.1 (Fig. 4C). Hence, at 277 

day 9 post-injection the parasites population contains a large proportion of parasites 278 

expressing clag3.2, a composition that is clearly distinct from the parental NF54 line.  279 

 280 

Transcript levels of clag2, clag8 and clag9 did not show major differences among 281 

isolates or between different growth conditions 282 

We also analyzed the expression of clag2 (PF3D7_0220800), clag8 (PF3D7_0831600) and 283 

clag9 (PF3D7_0935800) in all samples described in this study. There was little variation in 284 

the transcript levels of these genes (Supplemental Fig. S4-8). Even clag2, which shows 285 

clonally variant expression in culture-adapted lines [2, 19], was expressed at similar levels in 286 

all samples.  287 

 288 

DISCUSSION 289 

Variantly expressed genes play key roles in malaria host-parasite interactions and contribute 290 

to parasite adaptation to changes in its environment, but little is known about the expression 291 

patterns of these genes during human infections. This is an important limitation because the 292 

expression of clonally variant genes in a population of parasites is shaped by the 293 

environment, and the environment is different between culture conditions and the natural 294 

conditions of the human blood circulation. Here we characterized the expression in human 295 

infections of the clonally variant P. falciparum clag3 genes, which provide one of the best 296 

models in malaria to study functional variation linked to epigenetic switches. We observed 297 

differences from the clag3 expression patterns commonly observed under culture conditions, 298 

but expression conformed with the mutual exclusion principle previously described in 299 
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cultured parasites. By comparing expression patterns in the same parasite lines between 300 

human circulation and culture conditions, or challenging parasites with a toxic compound, we 301 

observed that different environments dynamically select for parasites with different patterns 302 

of clag3 expression in an isolate-dependent manner. These results support the idea that 303 

transcriptional variation and bet-hedging strategies play an important role in malarial 304 

adaptation. 305 

 306 

In twenty clinical malaria infections, parasites predominantly expressed clag3.2, in contrast 307 

to most culture-adapted parasite lines that predominantly express clag3.1 [15, 18]. This result 308 

suggests that under the conditions of the human circulation, with lower concentrations of 309 

most nutrients than in the regular parasite culture medium [16], expression of clag3.2 confers 310 

a growth advantage. Whether different clinical presentation (e.g. asymptomatic or severe 311 

malaria), host malnutrition, exposure to drugs, or other conditions are associated with 312 

different clag3 expression patterns remains to be determined. Together with previous 313 

observations showing that in the 3D7 genetic background expression of clag3.1 appears to 314 

restrict the entrance of the toxic compound BS [22], this result may suggest that the PSAC 315 

resulting from clag3.1 expression mediates less efficient solute uptake than the PSAC 316 

resulting from clag3.2 expression. However, we found that BS pressure or growth under 317 

culture conditions select for parasites expressing a different clag3 gene in isolates of different 318 

genetic background, revealing a more complex scenario. Predominant expression of clag3.2 319 

during clinical malaria infections was the only observation common to all isolates, which 320 

suggests that the advantage conferred by clag3.2 expression in this type of infections depends 321 

on characteristics unique to the CLAG3.2 protein, such as the conserved sequence feature 322 

identified at its N-terminus. On the other hand, phenotypic characteristics that in different 323 

isolates are associated with the expression of a different clag3 paralog may depend on non-324 
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conserved CLAG3 sequence features that in some isolates occur in CLAG3.1 and in others in 325 

CLAG3.2. In any case, considering that natural selection only operates on phenotypes, our 326 

culture adaptation and BS selection experiments (together with our previous studies using BS 327 

selection of a culture-adapted line [22]) clearly demonstrate that expression of one or the 328 

other clag3 paralog results in phenotypic differences. This is remarkable considering that the 329 

two CLAG3 proteins have nearly identical sequences. These phenotypic differences are likely 330 

linked to infected erythrocyte permeability, although we cannot exclude the possibility that 331 

they also involve processes such as cytoadherence or erythrocyte invasion in which CLAG3 332 

proteins may also play a role [14].  333 

 334 

Mutually exclusive expression is a phenomenon that affects gene families of utmost 335 

importance in several pathogens [34]. In P. falciparum, it has been observed for var [11] and 336 

clag3 [15, 16, 18, 19] genes in culture-adapted parasites, although it was found not to be 337 

strict: for both gene families, single-cell analysis or strong selection applied to cultures 338 

revealed the existence of small parasite subpopulations that do not conform with mutually 339 

exclusive expression patterns [20, 22, 35-37]. Considering that the selective pressures 340 

operating on parasites in the human blood circulation are different from those under culture 341 

conditions, this raises the formal possibility that mutual exclusion may not be the most 342 

common pattern in human infections. By focusing only on single infections and using isolate-343 

specific clag3.1 and clag3.2 primers, here we provide evidence for predominant mutually 344 

exclusive expression in P. falciparum genes during natural infections. In the majority of 345 

isolates, clag3.2 transcript levels were more than 10-fold higher than clag3.1 levels, although 346 

residual expression of the latter was observed in all cases. Residual expression of the silenced 347 

paralog is also observed in clonal culture-adapted parasite lines and likely corresponds to 348 

small subpopulations of parasites that spontaneously switch the active clag3 at each cycle of 349 



15 
 

multiplication. The existence of these subpopulations of parasites with alternative expression 350 

patterns is essential to enable natural selection when changes in host conditions occur.  351 

 352 

We compared clag3 expression between blood stage parasites obtained from infected 353 

volunteers and the parental cultured parasite line used for the infections. An analogous 354 

approach has been previously used to study the expression of var genes in the context of a 355 

human infection, which revealed a reset of the expression patterns of this gene family during 356 

transmission stages [38-40]. Here we show that the expression of clag3 genes is also reset. 357 

This result strongly suggests that the epigenetic memory for the expression of clag3 genes is 358 

erased during gametocyte, mosquito or liver stages and stochastically re-established before 359 

the onset of a new blood infection, thus providing support to the idea that the epigenetic 360 

memory for the expression of clonally variant genes in general is erased during transmission 361 

stages, rather than only the epigenetic memory for the peculiar var family. An alternative 362 

explanation would be that the reset of clag3 expression depends on selection of parasites 363 

expressing a specific clag3 gene during one or more of the transmission stages, but we 364 

consider this an unlikely possibility because such selection seems incompatible with the 365 

relatively small parasite population sizes and few multiplications cycles occurring during 366 

transmission stages [41]. Furthermore, no function has been described for CLAG3 proteins 367 

outside the asexual cycle. The idea that mosquito passage resets the epigenetic patterns for 368 

virulence genes has also been proposed for P. chabaudi [42]. Erasing the epigenetic memory 369 

and releasing a transcriptionally diverse population of parasites at the onset of a blood 370 

infection is an intuitively advantageous strategy for the parasite to ensure the survival of the 371 

population in a new human host with unpredictable conditions.  372 

 373 



16 
 

Altogether, our results support the idea that variant expression of clag3 genes plays an 374 

important adaptive role, and provide the first insight into how these genes are used under the 375 

natural conditions of a human infection. 376 
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FIGURE LEGENDS 510 

Fig. 1. Transcriptional analysis of clag3.1 and clag3.2 in P. falciparum natural human 511 

infections. (A) Schematic of the workflow. Forty field isolates were cultured ex vivo until 512 

they reached the schizont stage and harvested for genomic DNA and RNA extraction. In 513 

samples with multiplicity of infection (MOI) =1 (single infections) or a clear predominant 514 

clone and without recombination between the two clag3 genes, the hypervariable region 515 

(HVR) of clag3.1 and clag3.2 was sequenced to design paralog- and isolate-specific primers 516 

for the analysis of clag3 expression by reverse transcription followed by quantitative PCR 517 

(RT-qPCR).  (B) Expression of clag3.1 and clag3.2 in twenty field isolates. Pxx are samples 518 

collected in Belgium, FRxx are samples collected in The Gambia and analyzed directly 519 

without freezing, and CRxx are cryopreserved isolates collected in The Gambia. Of note, 520 

clag3.1 has a stronger promoter than clag3.2 [10, 20], implying that the actual proportion of 521 

clag3.1-expressing parasites in each isolate is even lower than the proportion of clag3.1 522 

transcripts relative to total clag3 transcripts. The significance of variation in total clag3 523 

transcript levels (clag3.1 + clag3.2 transcripts) among these samples is unclear (see 524 

Supplemental Methods); the focus of this analysis is on the relative transcript levels between 525 

the two clag3 genes. Transcript levels are normalized against rhoph2. Error bars are SD.  526 

 527 

Fig. 2. Expression of clag3.1 and clag3.2 in field isolates maintained under culture 528 

conditions or under drug pressure. (A) Transcript levels of clag3.1 and clag3.2 in the P04 529 

and P12 isolates maintained under culture conditions. (B) Transcript levels of clag3.1 and 530 

clag3.2 in the same isolates selected with a low concentration of BS (0.3 µg/ml). Transcript 531 

levels are normalized against rhoph2. Error bars are SD. 532 

 533 
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Fig. 3. Analysis of CLAG3 sequences. (A) Schematic of CLAG3 sequences showing the 534 

single paralog-specific conserved sequence feature identified (positions 10-23) and the 535 

hypervariable region located near the C-terminal end of the protein (HVR, starting at position 536 

~1110). The analysis is based on publicly available full CLAG3 sequences and the newly 537 

obtained sequences from the P04 and P12 isolates (ten sequences for each gene in total). (B) 538 

Cladogram of full CLAG3 sequences. (C) Cladogram of HVR sequences including publicly 539 

available sequences and new sequences from 24 patient isolates. In panels B and C, 540 

CLAG3.1 and CLAG3.2 sequences are represented as black and red branches, respectively 541 

(black and dark grey in the black and white printed version of the manuscript). Asterisks 542 

indicate bootstrap values >70%. 543 

 544 

Fig. 4. Expression of clag3.1 and clag3.2 in controlled human malaria infections. (A) 545 

Schematic of the controlled human malaria infection trial. Sporozoites obtained from 546 

mosquitoes fed with NF54-infected blood were cryopreserved and injected into healthy 547 

volunteers. (B) Expression of clag3.1 and clag3.2 in the NF54 parental line used to infect the 548 

mosquitoes and in parasites collected from volunteers at the day of malaria diagnosis by light 549 

microscopy (day of malaria).  The significance of variation in total clag3 transcript levels 550 

(clag3.1 + clag3.2 transcripts) among these samples is unclear (see Supplemental Methods); 551 

the focus of this analysis is on the relative transcript levels between the two clag3 genes.  (C) 552 

Relative transcript levels of clag3.1 and clag3.2, expressed as the log2 of the ratio of 553 

clag3.1/clag3.2 transcript levels, in parasites from two volunteers maintained under culture 554 

conditions for 9 weeks. (D) Expression of clag3.1 and clag3.2 in parasites collected from two 555 

volunteers at day 9 after sporozoite injection (~1 cycle in the blood circulation). In all panels, 556 

transcript levels are normalized against rhoph2. Error bars are SD.  557 

  558 
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Figure 1. 559 
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Figure 2. 561 
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Figure 3. 563 
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Figure 4. 565 

 566 

 567 

BA

0.0

0.5

1.0

1.5

Parental
NF54

V006 V018 V033 V035 V043 V065

R
e

la
ti
v
e

 t
ra

n
s
c
ri
p

t 
le

v
e

ls

clag3.1

clag3.2

0.0

0.5

1.0

1.5

Parental
NF54

V018 V065
R

e
la

ti
v
e
 t

ra
n
s
c
rp

it
 l
e

v
e
ls

clag3.1

clag3.2

-1

0

1

2

3

4

5

1 2.5 6 9 1 2.5 6 9

L
o

g
2

 (
c
la

g
3

.1
/c

la
g

3
.2

)

V006

Time in culture (weeks)

V035

Time in culture (weeks)

C D

NF54 

culture

Liver infection      Blood infection 

(6-7 days)



1 
 

SUPPLEMENTAL METHODS  

 

Sample collection 

P. falciparum-infected blood samples were obtained from returning travelers (18 years old) 

attending the clinics at the Institute of Tropical Medicine or University Hospital in Antwerp 

(Belgium), and from children (12 years old) attending the Brikama Health Centre (The 

Gambia) as part of an ongoing drug efficacy study. 1-3.5 ml of venous-blood were collected 

in citrate phosphate dextrose adenine (CPDA) or EDTA vacutainers. Parasites were placed in 

culture within 6 h of collection. In addition, cryopreserved parasite isolates obtained from 

children participating in previous studies at MRC Unit The Gambia (MRC biobank) were 

included in the study. We also analyzed blood samples collected from volunteers 

participating in a controlled human malaria infection (CHMI) study [1]. In brief, P. 

falciparum sporozoites of the NF54 parasite line at Sanaria were injected into malaria-naïve 

volunteers and venous blood samples were collected and cryopreserved at day 9 after 

sporozoites injection and at the day of malaria (when parasites are first detected by 

microscopy, 12-15 days post-injection).  

 

Parasite cultures 

Parasites were cultured at 3% hematocrit under standard conditions, with Albumax II or 

inactivated human serum according to regular procedures at each of the laboratories involved 

in this study. To verify that supplementing with Albumax II or inactivated serum does not 

affect clag3 expression, transcript levels of these genes were compared between 3D7 

cultures maintained in parallel under both conditions, which confirmed similar clag3 

expression patterns (Supplemental Fig. S1A). To prepare RNA for clag transcriptional 

analysis, cultures were harvested when the majority of parasites were at the schizont stage. 
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In the case of natural infections, parasites were cultured only until they reached the schizont 

stage of the first cycle, with the exception of two of the samples (FR39 and CR100), which 

had to be cultured for one additional cycle due to very low parasitaemia. Day 9 and day of 

malaria samples from the CHMI were cryopreserved and, after thawing, parasites were 

cultured for 2-3 weeks or ~1 week, respectively, until they reached a ≥0.02% parasitaemia. 

Cultures were then sorbitol-synchronized and harvested at the schizont stage. Selection with 

BS (ThermoFisher) was performed with a sub-lethal concentration of the drug (0.3 µg/ml) as 

previously described [2].  

 

Genetic analysis 

Genomic DNA (gDNA) was extracted using the QIAamp DNA Blood Mini Kit (Qiagen) 

following manufacturer’s instructions. The multiplicity of infection of field samples was 

estimated as the highest number of alleles observed by genotyping the msp1 and msp2 loci. 

Amplification of the msp1 and msp2 target sequences was performed using fluorescently-

labeled primers and analyzed by capillary electrophoresis approximately as previously 

described [3]. To assess for recombination events between the two clag3 genes, the clag3 loci 

were analyzed by long PCR with primers against the conserved paralog-specific regions 

flanking the genes, as previously described [4].  

 

We also used msp1 and msp2 genotyping to confirm that samples P04 and P12 contained the 

same haplotype at different times along the selection experiments reported in Fig. 2 in the 

main manuscript, thus excluding the possibility that changes in clag3 expression were 

associated with selection of genetically different parasites present in the population. We also 

excluded recombination between the two clag3 genes [4] during adaptation. 
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For each isolate, we sequenced the hypervariable region (HVR) of each clag3 gene from the 

long PCR products, using primers against the conserved regions around the HVR 

(Supplemental Table S1). The sequences obtained were used to design new gene- and isolate-

specific primers or to determine which existing primers are suitable for the analysis of 

clag3.1 and clag3.2 transcript levels in each isolate. The full clag3.1 and clag3.2 genes from 

isolates P04 and P12 were sequenced from long PCR products using conventional Sanger 

sequencing.  

 

Preparation of RNA, reverse transcription and quantitative real time PCR 

RNA was purified approximately as described [5]. In brief, parasites were collected in Trizol 

(Invitrogen) and, after phase separation, RNA was purified using the RNeasy Mini Kit 

(Qiagen), following the supplier instructions except for DNase digestion that was performed 

on-column. RNA was reverse transcribed using the High Capacity RNA-to-cDNA Kit 

(Applied Biosystems). To exclude the possibility of gDNA contamination, parallel reactions 

were performed in the absence of reverse transcriptase (-RT controls). The optimized 

protocol was validated for use at very low parasitaemias by comparing clag3 expression in 

two parasite lines between 2% and 0.02% parasitaemia (Supplemental Fig. S1B). 

Quantitative PCR analysis of cDNAs and -RT controls was performed in triplicate wells 

using the Power SYBR Green Master Mix (Applied Biosystems) or SensiMix SYBR No-

ROX Kit (Bioline). Each 96-well plate contained a standard curve made with serial dilutions 

of 3D7 gDNA, except in the case of clag3 analysis of field isolates for which the standard 

curve was prepared with gDNA from the same isolate. Expression values, in arbitrary units, 

were calculated using the standard curve method as previously described [6]. Expression 

values of clag genes were normalized against expression of rhoph2 (PF3D7_0929400), which 
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shows a similar temporal expression pattern. We also measured expression of the constitutive 

gene seryl tRNA synthetase (seryl, PF3D7_0717700) to estimate the proportion of parasites at 

the schizont stage. Samples with a rhoph2/seryl ratio <2 were excluded from further analysis 

based on our previous observations that well-synchronized cultures with a predominance of 

schizonts show higher values of this ratio. In spite of using rhoph2 for normalization and 

always harvesting cultures for transcriptional analysis at a similar stage of parasite 

development, total normalized clag3 transcript levels (clag3.1 + clag3.2 transcript levels) 

show intrinsic variability that may not reflect actual biological differences, especially among 

samples from patients or volunteers that had to be analyzed at very low parasitaemia after 

minimal in vitro culture and could not be tightly synchronized. Variability in total normalized 

clag3 transcript levels, which sometimes is observed even between biological replicates, is 

probably attributable to small differences in the temporal expression pattern between rhoph2 

and clag3 genes and to small differences in life cycle progression between samples. Hence, 

we drew our conclusions from the analysis of the relative abundance of clag3.1 and clag3.2 

transcripts, which can be measured accurately and is highly reproducible.  

 

For clag3 genes we used paralog- and isolate-specific primers, whereas for other clag genes 

we designed primers against conserved regions in which no polymorphism is reported at 

www.malariagen.net [7] (Supplemental Table S1). Absence of polymorphism was also 

confirmed by sequencing these regions in some of the isolates. 

 

CLAG3 sequences analysis 

Publicly available CLAG3.1 and CLAG3.2 full length or HVR sequences were obtained from 

PlasmoDB (www.plasmodb.org) and GenBank. Alignments were performed with ClustalW 

and manual refinement. Pairwise sequence distances were computed using the Jones-Taylor-

http://www.malariagen.net/
http://www.plasmodb.org/
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Thorton substitution model with a gamma distribution (shape parameter = 1) as implemented 

in MEGA6 [8]. A phylogenetic tree was then generated in MEGA6 using the Neighbor-

Joining method with pairwise removal of gaps and 500 bootstrap replicates to assess topology 

reliability. An unrooted radial cladogram was generated using FigTree v1.4.2 

(http://tree.bio.ed.ac.uk), whereas split networks of CLAG3 sequences were inferred using 

SplitsTree4 (www.splitstree.org) [9].  
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Supplemental Table S1. Primers used in this study.  

Name  Sequence 5’--3’ Target gene Samples 

long PCR     
clag3.1_long_F* TGTGCAATATATCAAAGTGTACATGC clag3.1 All 
clag3.1_long_R* TAGAAAATATTAGAATTGCTATTATGTAC clag3.1 All 
clag3.2_long_F* AATAGTTGAGTACGCACTAATATGTC clag3.2 All  
clag3.2_long_R* ACACAAATTCTTAATAATTATATAAAACC clag3.2 All 

HVR Sequencing        
seq3.1&3.2B F ATCAGGCTGTGGCAAGTGC clag3.1 & clag3.2 Field isolates 
seq3.1&3.2B R CTGACGGTTTGCGTTCGTAGG clag3.1 & clag3.2 Field isolates 

RT-qPCR       
PF07_0073 F* AAGTAGCAGGTCATCGTGGTT seryl All  
PF07_0073 R*  TTCGGCACATTCTTCCATAA seryl All  
rhopH2_qRT_P2F* TGTTGCTGTCCATATTTAGTTTT rhoph2 All  
rhopH2_qRT_P2R* AATATATCGCTACATAACTTCGT rhoph2 All  
clag3.1 clag3.2 – 6F* TAGTAATGAGAATTAGTTGGACA clag3.1 & clag3.2 NF54/3D7, some field isolates  
clag3.1 –6R* ATAAATATTTGGATGCTTCAGCA clag3.1 NF54/3D7, some field isolates 
clag3.2 –6R* ACAAATATGTTTCTGAACTAGGA clag3.2 NF54/3D7, some field isolates 
BR054 _3.1F TCTGCTAAAAAGGTAGGTCAGT clag3.1 Some field isolates 
BR054 _3.1R GGATTTATATTTACCACTTGCAC clag3.1 Some field isolates 
BR054 _3.2R CGCACTAGGACAAGTTTTCTG clag3.2 Some field isolates 
CRYO947 _3.2F ACACATGCTTTTACAACTGGAC clag3.2 Some field isolates 
CRYO1000_3.1R GCTTTTATAGAATTAGTATTAGCG clag3.1 Some field isolates 
CRYO1000_3.2R TTACAATTAGTAGTAGAACTTGAG clag3.2 Some field isolates 
CRYO1029 _3.1R CTTTTATAGAATTAGTATTAGCGG clag3.1 Some field isolates 
CRYO1029 _3.2R ACAATTAGTAGTAGAACTTGAGG clag3.2 Some field isolates 
CRYO1029 _3.1&3.2F TATCAGGCTGTGGCAAGTGC clag3.1 & clag3.2 Some field isolates 
BR044 & BR026_3.1F GATCCCAAAAGTTGTACTAGTAG clag3.1 Some field isolates 
BR044 & BR026_3.1R CAGCAAGTGCGTGAGTGAAG clag3.1 Some field isolates 
BR044 & BR026_3.2F CCTCAAGTTCTACTACTAATTGT clag3.2 Some field isolates 
BR044 & BR026_3.2R CAGCAAGTCCGTGAGTAAAGA clag3.2 Some field isolates 
clag9_qRT_F2 AATCACTTACCTGAAGAATTGAG clag9 Field isolates, Selection 
clag9_qRT_R2 ACGAAAGGGACAAACCATGAC clag9 Field isolates, Selection 
clag9_qRT_F1* GTAAATCAATGGCAAATACTTGG clag9 CHMI 
clag9_qRT_R1* CTGGTTGTTGTAATTCTACACC clag9 CHMI 
clag8_qRT_F2 ACGGAAGATACGGATTTCGAC clag8 Field isolates, Selection 
clag8_qRT_R2 TCGAAAGTATCTTCCTCATCCT clag8 Field isolates, Selection 
clag8_qRT_F1* CATCGGTTCATGGTTTTACACA clag8 CHMI 
clag8_qRT_R1* AAGCATATATTTGTGAAAGGCTC clag8 CHMI 
clag2_qRT_F3 GTCATAAGGAAGAAACCAACAC clag2 Field isolates  
clag2_qRT_R3 TGTTTGAATATAGAAATGCCCCT clag2 Field isolates  
clag2_qRT_F1* TTCGTGCATCATATGGTTGGG clag2 CHMI  
clag2_qRT_R1&2* TATATAGGTGCATCAGATTTCCA clag2 CHMI, Selection  
clag2_qRT_F2 ATCTATCTCTCAGAATTCGTGC clag2 Selection  

Others       
clag9_long_F1 GATTCCAATAATGAAAGGTGATCTTG clag9 Field isolates  
clag9_long_R1 TCATAACGTTTCGTTCTATCTATACC clag9 Field isolates  
clag2_seqF1 GTCTTTTGTGTGAATACCAAGC clag2 Field isolates  
clag2_seqR1 ATGAAGTAGAAAATCCTCCAGG clag2 Field isolates  
clag9_seqF1 AATATCAAGCCATTGGAAGTGC clag9 Field isolates  
clag9_seqR1 TTGCCAATCAATACTATGAACAG clag9 Field isolates  
seqR3.2_BR044 & BR026 TGACGGTTTGCGTTCATACGT clag3.2 Some field isolates 
seqC_R ATACTTAAATAAGCCTCACGTTC clag3.1 & clag3.2 Some field isolates 

The primers marked with an asterisk have been previously described [1-3]. “Selection” refers to the samples 

from the selection experiments shown in Figs. 2 and S4. Primers for clag3 genes were used to analyze clag3.1 

expression in some isolates and to analyze clag3.2 expression in other isolates. The name of the primer only 

indicates the isolate and the paralog against which the primer was originally designed. “Others” corresponds to 

primers used to obtain sequences for the genes indicated to confirm the absence of polymorphism in the regions 

where the primers for transcriptional analysis were designed.   
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Supplemental Fig. S1. Validation of the methods used. (A) Expression of clag3.1 and 

clag3.2 in the P04 isolate maintained in culture media supplemented with human serum 

relative to expression in media supplemented with Albumax II. Cultures were maintained 

under the different conditions for up to 6 weeks. (B) Validation of the RT-qPCR protocols for 

the analysis of samples with low parasite densities. We compared clag3 expression in the 

10G and 3D7-ITM parasite lines (expressing predominantly clag3.2 and clag3.1, 

respectively) between 2% and 0.02% parasitaemia. Results are expressed as the transcript 

levels (normalized against rhoph2) at 0.02% parasitaemia relative to transcript levels at 2% 

parasitaemia. Values are the average of three independent experiments, with SD.  
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Supplemental Fig. S2. CLAG3 sequence analysis. (A) Split network of full CLAG3 

sequences (publicly available sequences and new sequences from the P04 and P12 isolates). 

Connections between branches (parallel edges) represent recombination events. The 

distribution of these branches indicates that recombination events between the two paralog 

genes have likely occurred.  CLAG3.1 and CLAG3.2 sequences are represented as black and 

red branches, respectively. (B) Alignment of a subset of CLAG3 hypervariable region (HVR) 

sequences (from the same parasite lines as in panel A) ordered according to the two separate 

clades observed in Fig. 3C. Dots indicate identity with the first sequence. This subset of 

sequences is representative of the full set of sequences analyzed (22 additional new 

sequences for each gene). Conserved sequence features specific for clades 1 or 2 are 

highlighted. These features are also conserved in all other clade 1 and clade 2 sequences 

analyzed. Each isolate had at least one clag3 gene belonging to clade 1, which is suggestive 

of a non-random distribution of HVR sequences.   
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Supplemental Fig. S3. Expression of clag3.1 and clag3.2 in subclones of isolate V033 

(obtained from a volunteer infected with parasites of the NF54 line). Subclones were obtained 

by limiting dilution. Two out of nine subclones (5H and 7H) expressed clag3.1 almost 

exclusively, whereas all other subclones likely originated from clag3.2-expressing single 

parasites. In the latter subclones, during the 3-4 weeks in culture elapsed between limiting 

dilution and transcriptional analysis parasites that spontaneously switched to clag3.1 

expression were progressively selected. This interpretation is based on the observation that in 

the NF54 genetic background parasites that express clag3.1 are selected under culture 

conditions (Fig. 4C). The similar transcript levels of clag3.1 and clag3.2 observed in 

parasites from volunteer V033 (Fig. 4B) are consistent with the number of clag3.1-expressing 

subclones obtained (two out of nine) because clag3.1 has a stronger promoter than clag3.2 [1, 

2], implying that similar transcript levels of clag3.1 and clag3.2 reflect a higher proportion of 

clag3.2-expressing parasites. Altogether, the transcriptional analysis of V033 subclones 

revealing two clearly distinct types of subclones suggests that the V033 isolate predominantly 

consists of a mixture of parasites expressing clag3.1 and parasites expressing clag3.2, rather 

than a homogeneous population of parasites expressing the two genes simultaneously, but 

mutual exclusion is directly demonstrated only for parasites expressing clag3.1, and inferred 

for parasites expressing clag3.2. Transcript levels are normalized against rhoph2. Error bars 

are SD.  
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Supplemental Fig. S4. Expression of clag2, clag8 and clag9 in P. falciparum natural 

infections. RNA from field isolates cultured ex vivo to the schizont stage was used for this 

analysis, as in Fig. 1B. Transcript levels are normalized against rhoph2. Error bars are SD. 

Only isolate FR39 presented substantially higher expression of clag9 than other isolates. 

Analysis of FR39 genomic DNA by qPCR ruled out altered clag9 copy number in this isolate 

(data not shown).  
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Supplemental Fig. S5. Expression of clag2, clag8 and clag9 in field isolates maintained 

under culture conditions or under drug pressure. Transcript levels were measured in the 

P04 and P12 isolates maintained under culture conditions for up to 13 weeks (A) or selected 

with a low concentration (0.3 µg/mL) of blasticidin S (BS) for up to 10 weeks (B). Transcript 

levels are normalized against rhoph2. Error bars are SD. Only one of the samples, P12 after 5 

weeks of BS pressure, presented a substantially lower expression of clag8, but after 10 weeks 

of selection clag8 expression was back to normal levels.   
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Supplemental Fig. S6. Expression of clag2, clag8 and clag9 in parasites collected from P. 

falciparum-infected volunteers at the day of malaria and in cultures of the parental 

NF54 line used to produce the sporozoites. Parasites were cultured until parasitaemia was 

high enough for transcriptional analysis (3-4 cycles). Transcript levels are normalized against 

rhoph2. Error bars are SD. NA: not analyzed.  
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Supplemental Fig. S7. Expression of clag2, clag8 and clag9 in parasites collected from 

two infected human volunteers at the day of malaria and maintained under culture 

conditions for up to 9 weeks. Transcript levels are normalized against rhoph2. Error bars are 

SD.   
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Supplemental Fig. S8. Expression of clag2, clag8 and clag9 in parasites collected from 

infected human volunteers at day 9 and in the parental NF54 line. Parasites were cultured 

until parasitaemia was high enough for transcriptional analysis (2-3 weeks). Transcript levels 

are normalized against rhoph2. Error bars are SD.   
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