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SUMMARY  29 

The majority of Plasmodium falciparum field isolates are defined as complex infections because they contain 30 

multiple genetically distinct clones. Studying interactions between clones in complex infections in vivo and in vitro 31 

could elucidate important phenomenon in malaria infection, transmission and treatment. Using quantitative PCR 32 

(qPCR) of the P. falciparum merozoite surface protein 1, block two (PfMSP1-B2), we provide a sensitive and 33 

efficient genotyping method. This is important for epidemiologic studies because it makes it possible to study 34 

genotype specific growth dynamics. We compared three PfMSP1-B2 genotyping methods by analyzing 79 field 35 

isolates from the Peruvian Amazon. In vivo observations from other studies using these techniques led to the 36 

hypothesis that clones within complex infections interact. By co-culturing clones with different PfMSP1-B2 37 

genotypes, and measuring parasitemia using qPCR, we found that suppression of clonal expansion was a factor of 38 

the collective density of all clones present in a culture. PfMSP1-B2 qPCR enabled us to find in vitro evidence for 39 

parasite-parasite interactions and could facilitate future investigations of growth trends in naturally occurring 40 

complex infections.  41 
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INTRODUCTION  57 

In Plasmodium falciparum malaria infections, symptoms, immunity, parasite genetic diversity, and 58 

interactions of parasites co-infecting a given individual are all likely interrelated. The number of parasites in a given 59 

infection, detected by genetic typing of a polymorphic single copy gene, is called the complexity of infection (COI), 60 

and is also referred to as the multiplicity of infection.  The merozoite surface protein 1, block two region (PfMSP1-61 

B2) has often been used to classify parasites.  The traditional method of genetic typing uses a nested primer PCR 62 

approach, which provides a non-quantitative but sensitive method to determine at a minimum how many different P. 63 

falciparum parasite clones are within an infected host (Robert et al., 1996). Each polymorphism generally represents 64 

a distinct population of parasites and these clones can be mixed within both the Anopheles spp. vector and Homo 65 

sapiens host.  66 

In high transmission regions, such as those in Sub-Saharan Africa, COI is high due to mosquitoes carrying 67 

more than one P. falciparum genotype and frequent mosquito biting causing overlapping complex co-infections in 68 

the human host. There are three major PfMSP1-B2 allelic families detected worldwide: K1, Mad20 and RO33 69 

(Certa et al. 1987; Tanabe et al. 1987), but the PfMSP1-B2 genotyping method also detects subtypes within these 70 

three major allelic families.  For example, we studied COI in Western Kenya and found that up to 85% of infections 71 

had more than five different PfMSP1-B2 genotypes in one infection (Branch et al., 2001).  72 

Within host COI and parasite genotype are critical variables for in vitro experiments testing the efficacy of 73 

chemotherapy and vaccines in the developmental pipeline (Trager & Jensen, 1997). For example, an isolate 74 

containing drug sensitive and drug resistant clones will appear unaffected by drug treatment, when in reality, drug 75 

sensitive clones are lost (Huijben et al. 2011). Experiments designed to study ligand/receptor mediated invasion 76 

pathways utilized by merozoites are commonly performed on field isolates from complex infections. If clones in 77 

complex infections utilize different invasion pathways, results would show a composite of all pathways present in an 78 

infection (Bei et al., 2007).  Knowing the COI of P. falciparum isolates, even if not directly related to the phenotype 79 

being tested, provides valuable information for interpreting in vitro experiments (Farnert et al., 2001). 80 

A low malaria transmission setting in the Peruvian Amazon was chosen to avoid the high parasite genetic 81 

diversity and COI observed in high transmission settings.  In this site, the transmission rate is <1 P. falciparum 82 

infection/person/year (Branch et al. 2005).  Although lower than in high transmission settings, there is considerable 83 

genetic diversity (Chenet et al., 2008; Sutton et al., 2009; Sutton et al., 2010; Branch et al., 2011). Approximately 84 
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20% were mixed genotype infections, most of which appeared to be caused by a mosquito bite containing more than 85 

one genotype (Sutton et al., 2009). We detected mixed genotype infections with oscillating genotypes, where there 86 

was one clone detected and then additional or different clone(s) detected in the next days’ blood sample(s) (Sutton et 87 

al., 2009).  This is consistent with many prior studies following genotype dynamics of higher transmission (Smith et 88 

al., 1999; Bruce et al., 2000; Farnert et al., 2008). Therefore, even in our low transmission region, we need a 89 

sensitive, reliable, robust and high-throughput method to evaluate parasite genotype and within-host COI over time.  90 

In this study, we compared a method of quantitative PCR (qPCR) with traditional PCR (McBride & 91 

Heidrich, 1987) and capillary gel electrophoresis (CGE) (Liljander et al., 2009).  Natural infections from our Peru 92 

cohort were used to compare sensitivity of these methods. qPCR was then used to quantify mixed clones in an in 93 

vitro culture model system and track growth dynamics over time. A PfMSP1-B2 method was previously developed 94 

introducing a highly sensitive diagnosis of P. falciparum amongst a batch of various infectious diseases (Colborn et 95 

al, 2006). We developed our method specifically to quantify different genotypes over time. 96 

In addition to demonstrating sensitivity of the qPCR method, the experimental co-infections showed 97 

evidence of density dependent dynamics.  Previously, rodent malaria model infections were used to investigate 98 

experimental co-infections of different Plasmodium chabaudi genotypes (Taylor et al., 1997).  Recently, a qPCR 99 

method was developed to investigate density dependent parasite-parasite interactions in the rodent malaria 100 

experimental infections, using an analogous gene for genotyping (Cheesman et al., 2003). We used recently isolated, 101 

single-clone, P. falciparum field isolates to make experimental genotype mixtures and found that density was 102 

associated with genotype dynamics. This method of qPCR appears effective and can be utilized in conjunction with 103 

traditional PCR and CGE to track genotypes in vitro and in the field. 104 

 105 

MATERIALS AND METHODS 106 

Sample collection  107 

Isolates in this study were collected from 2003-2009 within the State of Loreto in communities surrounding 108 

the central city of Iquitos, Peru. Study design, human subjects ethical approval (2003-2005), sample collection and 109 

field site description were previously described (Branch et al., 2005). All protocols were reviewed and approved by 110 

the Institutional Review Boards at New York University and the Peruvian Ministry of Health Institutes of National 111 
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Health during the period of 2005-2009 and the University of Alabama prior to 2005. We detected Plasmodium 112 

falciparum malaria infections by weekly active case sampling. Infections were treated immediately if the participant 113 

had a fever (reported or measured >37.5
o
C) or a hematocrit level of >30.0%. Approximately 30% remained 114 

asymptomatic for seven days at which time asymptomatic infections were treated (Branch et al., 2005; Torres et al., 115 

2008). In brief, when a positive case (asymptomatic or symptomatic) was detected, 5.0-8.0mL of whole blood was 116 

taken intravenously before treatment, and stored in a vacutainer containing EDTA. DNA was extracted from 117 

200.0uL of whole blood for genotype characterization and the remaining blood was used for the in vitro culture of P. 118 

falciparum parasites. After expanding cultures in our Peruvian field site, they were frozen in a glycerolyte solution 119 

and transported on dry ice to New York University Medical Center. 120 

P. falciparum isolate culture and competition assay design 121 

 P. falciparum isolates K1 (MRA-159), FCR3 (MRA-737) and Dd2 (MRA-150) were obtained from the 122 

MR4 repository. These are commonly used reference strains with robust growth and similar multiplication rates. 123 

Clones designated 6390 and MZ1187 were isolated in our field site near Iquitos, Peru. After cultivation of field 124 

isolates for seven consecutive days, they were cryo-preserved and transported on dry ice. Prior to experimentation, 125 

field isolates were cultured for two weeks in continuous culture to ensure parasite viability between generations. 126 

Isolates were cultured according to previously described methods (Trager & Jensen, 1976) at 5% hematocrit using 127 

Albumax II (Invitrogen, CA) as a substitute for human serum and gassed in a modular incubator chamber (Billups-128 

Rothenberg inc., CA). Uninfected, leukocyte reduced O+ erythrocytes, obtained from anonymous donors were 129 

washed three times in RPMI. Donor erythrocytes were consistent between experiment duplicates. Gelatin flotation 130 

was used to synchronize cultures during expansion (Goodyer et al., 1994). It was not possible to synchronize Dd2 131 

using gelatin flotation. Prior to competition assays, cultures were synchronized using a sorbitol lysis technique 132 

(Lambros & Vanderberg, 1979). After experimentation, cultures were confirmed negative for Mycoplasma spp. and 133 

Acholeplasma spp. contamination using PCR (Tang et al., 2000). 134 

During the first in vitro experiment, 4.0mL cultures were grown in duplicate within tissue culture treated 135 

culture dishes (Corning, Lowell, MA). Media was changed daily. The fastest growing clone, Dd2, was previously 136 

determined to expand at an approximate rate of four times per division, so to maintain a parasitemia less than four 137 

percent over 10 days, one fourth of all infected erythrocytes were replaced every other day. Erythrocytes from the 138 
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same donor were added throughout the experiment. Parasitemia was counted daily using microscopy and 0.5mL of 139 

sample taken in 24-hour intervals for DNA extraction and subsequent qPCR analysis (Fig. 2).  140 

In the second in vitro experiment (Fig. 3), cultures were grown in duplicate in multi-well cell culture plates 141 

for four days with daily media changes. Giemsa stained slides were made every day and 0.5mL of culture was taken 142 

every other day for DNA extraction starting with 4mL cultures. No additional erythrocytes were added after day 143 

zero during the second experiment. Unlike the first experiment, FCR3, which has a greater multiplication rate than 144 

the field isolates, was permitted to reach a maximum density since infected erythrocytes were not replaced.  145 

PfMSP1-B2 amplification by nested PCR: gel and capillary electrophoresis  146 

Amplification of sufficient target gene(s) for visualization on a 1.5% Invitrogen UltraPure™ agarose gel 147 

with ethidium bromide requires a nested amplification. Genomic DNA from reference strains 7C424, Dd2 (Mad20 148 

genotypes), K1, 3D7 (K1 genotypes), RO33 and 7G8 (RO33 genotypes) were obtained from MR4 and used as PCR 149 

controls. A region flanking PfMSP1-B2 is first amplified using external primers 5’ AAG CTT TAG AAG ATG 150 

CAG TAT TGA C and 3’ ATT CAT TAA TTT CTT CAT ATC CAT C (Branch, 2001). The internal primers are 151 

specific to three allelic families: K1-5’ GAA ATT ACT ACA AAA GGT GCA AGT G, K1-3’ AGA TGA AGT 152 

ATT TGA ACG AGG TAA AGT G; Mad20-5’ GCT GTT ACA ACT AGT ACA CC, Mad20 3’ TGA ATT ATC 153 

TGA AGG ATT TGT ACG TC; RO33-5’ GCA AAT ACT CAA GTT GTT GTT GCA AAG C, RO33-3’ AGG 154 

ATT TGC AGC ACC TGG AGA TCT. Reactions were performed on an Eppendorf Mastercycler (Westbury, NY). 155 

Capillary gel electrophoresis was conducted according to methods described previously (Liljander et al., 156 

2009) with minor modifications. Following nested PCR reactions, products from independent Mad20, K1 and RO33 157 

reactions were analyzed on an ABI 3130xl genetic analyzer (Applied Biosystems, Foster, CA). K1 probes were 158 

labeled with NED™ (yellow), MAD 20 with PET
® 

(red), and RO33 with VIC
® 

(green) fluorophores to allow 159 

multiplexing of reactions. Allele length was determined using an internal size standard (GeneScan 500 LIZ Size 160 

standard, Applied Biosystems). Data was analyzed using GeneMapper v4.0 software.  161 

QPCR of PfMSP1-B2 162 

Taqman probes® for quantitative PCR were designed in order to anneal with conserved polymorphisms 163 

specific to each allele allowing product-specific detection and multiplexing of reactions. Reactions for qPCR 164 

implemented the same internal primers used during nested PCR at a final concentration of 900.0nM. K1 and Mad20 165 

alleles, from the most common size polymorphisms (170 base pairs (bp), 195bp, 200bp and 210bp, respectively) 166 
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were sequenced. Dual labeled probe oligo sequences were chosen through the alignment of 11 K1-170 (GenBank 167 

accession numbers: FJ612009–FJ612019), 18 K1-195 (FJ612020–FJ612037), 2 Mad20-200 (FJ612038 and 168 

FJ612039) and 24 Mad20-210 (FJ612040–FJ612063) allele sequences. K1-probe 6FAM CAA GTG GTA CAA 169 

GTC CAT CAT CTC GTT C MGBFQ and Mad20-probe VIC CAG GTG GTT CAG TTA CTT CAG GTG GTT 170 

CAG MGBNGQ were used at a final concentration of 250.0nM. Rotor-Gene multiplex kit (Qiagen, CA) was used at 171 

a final buffer concentration of 1X. 25.0uL reactions performed in triplicate contained 5.0uL of DNA each extracted 172 

using a DNeasy Blood and Tissue Kit (Qiagen, CA) according to manufacturer’s instructions. Amplification was 173 

performed on a Rotor-Gene, RG-3000, qPCR machine (Corbet research, CA) and data was processed using Rotor 174 

Gene 6 software. Temperature cycling occurred as follows: denature for 10.0 minutes at 95.0
o
C; cycle 40 times at 175 

95.0
 o
C for 10 seconds, anneal at 62.0

 o
C for 15 seconds and extend at 72.0

 o
C for 25 seconds; extend for five 176 

minutes at 72.0
o
C. Ct values were converted to ng of DNA /uL through standard curve analysis of K1 and Dd2 177 

genomic DNA provided and quantified by MR4. Parasitemia was also associated with Ct values using microscopy 178 

counts from cultured isolates as standards.  179 

SYBR green fluoresces when bound to double-stranded DNA, which allows non-specific detection of DNA 180 

amplification during qPCR. Internal primers described above were used at a final concentration of 500.0nM in 181 

separate reactions. SYBR buffer (Applied Biosystems, Warrington, UK) was used at a final 1x concentration. 182 

25.0uL reactions contained 5.0uL of DNA and were performed in triplicate.  183 

 184 

RESULTS 185 

A new method of quantitative PCR 186 

Quantitative PCR was the most sensitive method for detecting low density alleles compared with gel and 187 

capillary electrophoresis; however, it is limited by its inability to determine sequence length (Table 1). Mixed K1-188 

K1 and Mad20-Mad20 complex infections of differing base pair length appear as single clone infections. Within the 189 

79 non-cultured, clinical samples tested, qPCR detected 17 complex infections whereas CGE detected seven and gel 190 

electrophoresis detected four (Table 1). In seven of the samples, there was no detectable amplification of product 191 

using CGE or gel electrophoresis, but alleles were detected in all samples using qPCR. No RO33 alleles were 192 

detected using CGE or gel electrophoresis. Different CGE and gel electrophoresis methods were not tested for 193 

variation in sensitivity. Using SYBR green, non-specific binding with human DNA and primer-dimer formation 194 
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produced a separate melt peak occurring between 72-73
O
C. It was also not possible to multiplex reactions using this 195 

method, which leads to increased requirements for reagents and time compared with the Taqman Probe® technique.  196 

The Taqman® multiplex approach was verified by combining genomic DNA from K1 and 7C424 reference 197 

strains in proportions of 0:1, 1:4, 2:3, 1:1, 3:2, 4:1 and 1:0. Data for FAM and VIC fluorescence channels yielded a 198 

standard curve with R
2 
>0.99 and an efficiency (E) > 0.98, which was similar to R

2 
and E values obtained during 199 

separate ten-fold dilutions of either independent DNA standard, validating the multiplex assay (data not shown). 200 

Interactions in vitro, considering reference laboratory strains:  201 

We tested for the loss of either clone during ten days of co-culture when originally mixed in proportions of 202 

0:1, 1:19, 1:4, 1:1, 4:1, 19:1 and 1:0. Controls started with the same parasitemia (1.0%) as the mixture group’s total 203 

(e.g. 0.5% for each clone in the 50:50 mixture). Growth of each control group was multiplied by the fraction of 204 

same-genotype clones in each mixture and graphed as dotted lines (Fig. 2). Fig. 2 plots the growth of each individual 205 

clone in a mixed culture, represented by solid lines in comparison with adjusted controls. By graphically 206 

representing adjusted growth rates of control cultures with respective clones in experimental groups, it is possible to 207 

directly compare the growth of each clone when they are in competition with genetically different verses single 208 

clone growth.  209 

Dd2 parasites grew more quickly and had a shorter life cycle than K1 parasites. Dd2 and K1 control 210 

cultures had the same overall parasitemia as the respective clones in mixed cultures during the first 48 hours. 211 

Likewise, the growth of controls was statistically the same as mixed groups during this time (Fig. 2). After the first 212 

round of replication, the adjusted parasitemia for Dd2 controls was lower than Dd2 in mixed cultures (Fig. 2). This 213 

was because K1 grows more slowly than Dd2, so Dd2 parasites in mixed cultures were able to outgrow their single 214 

clone counterpart even though the total density of both cultures was the same. On day ten we saw a dramatic 215 

increase in the proportion of Dd2 relative to K1 in mixed cultures. Dd2 has a shorter lifecycle than K1, and by day 216 

ten Dd2 had undergone an extra round of division. Supporting this further, K1 controls relative to K1 mixed cultures 217 

had the opposite trend of Dd2. These data suggest that growth was mediated by the additive density of all clones in a 218 

culture as opposed to genotype specific densities.  219 

The increase in ng/uL of DNA from day zero to day one results from the replication of DNA during the 220 

trophozoite stage. This pattern is repeated on a 48 hour interval. The difference in average DNA content increase 221 

between K1 and Dd2 during trophozoite development is likely explained by variation in the number of merozoites 222 
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per schizont between these two strains. We found that Dd2 had an average of 30 merozoites/schizont whereas K1 223 

had 24. It was not possible to represent parasitemia on the y-axis of Fig. 2 due to this increase in copy number per 224 

parasite during development. However, when sampling is conducted every other day during the same stage of 225 

development, parasite counts can be correlated with Ct values.  226 

Interactions in vitro, considering native Peruvian strains: 227 

Next, we mixed various K1 genotype clones (K1, 6390 and MZ1187) with a Mad20 genotype clone 228 

(FCR3) and allowed the cultures to grow exponentially until FCR3 reached a maximum density and parasites failed 229 

to consistently mature into late stage trophozoites, thus growth significantly decreased. The time to maximum 230 

parasite density was consistent in all experiments.  We selected these isolates based on their genotypes (single clone) 231 

and being outside the host for less than fifteen generations, which permits the study of density sensing using clones 232 

that have not lost natural phenotypes due to laboratory propagation. 233 

Unlike the previous experiment, single clone controls started with the same parasitemia (0.5%) as each 234 

respective clone in the 50:50 mixtures. Under these conditions we found that clones grew more quickly alone than 235 

when they were mixed with FCR3 (Fig. 3). This effect was independent of multiplication rate and isolate region of 236 

origin. We also found that all three clones suppressed FCR3 to the same extent despite growing at different rates 237 

(not shown). Therefore, the overall parasitemia in mixtures varied according to the growth of K1 genotype clones. In 238 

both experiments, the additive density of all clones present in a given culture influenced growth rate.  239 

 240 

DISCUSSION 241 

qPCR of PfMSP1-B2 can be used to explore complex infections in greater detail than with other techniques 242 

since it is quantitative. The conventional nested, end-point PCR method is long, prone to error and stochastic; 243 

moreover, band intensity is a poor indicator of DNA concentration in the original sample during nested PCR. Our 244 

qPCR method provides quantitative data and increased sensitivity. However, while it discriminates between allelic 245 

families (e.g. MAD20, K1 and RO33), it is unable to characterize sub-families (e.g. K1-170 and K1-195), which 246 

represent allele length in base pairs. This limitation makes qPCR appropriate for controlled experiments where 247 

parasite genotype is selected for or clinical isolates where methods like gel electrophoresis, CGE, MSP-2 genescan-248 

based genotyping are first used to establish the lack of sub-family alleles (Falk et al., 2006). Our PfMSP1-B2 qPCR 249 

was developed as a high throughput assay specifically to evaluate co-infections of P. falciparum infections. Colborn 250 
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et al. developed a qPCR method to detect malaria infection when testing batches of samples for potential 251 

bioterroristic agents, but this was not intended to be genotype specific (Colborn et al., 2006). PfMSP1-B2 has been 252 

shown to be a valuable epidemiologic marker when comparing one P. falciparum genotype to another. This 253 

quantitative method can be used to study in vivo intra-species growth competition dynamics. In conjunction with 254 

CGE and gel electrophoresis PfMSP1-B2 methods, the qPCR method can also be used to study natural infection in 255 

field samples.  256 

The application of qPCR to study within-host competition between distinct clonal populations within 257 

complex infections may lead to a better understanding of disease severity, drug treatment, vaccine efficaciousness, 258 

and malaria transmission (Smith et al., 1999; Farnert et al., 2008; Sutton et al., 2009). For example, drug treatment 259 

of complex infections leads to the out-competition of drug-sensitive clones by drug resistant ones (Harrington et al., 260 

2009). It has been shown that overall density increases after treatment due to the expansion of drug resistant clones 261 

“released from competitive facilitation” (Harrington et al., 2009). qPCR of PfMSP1-B2 could be used alongside 262 

other methods to accurately enumerate and quantify clones in an infection during vaccine trials where a host may 263 

have genotype-specific immunity.  264 

Using a murine-Plasmodium chabaudi model and genotype-specific qPCR method analogous to PfMSP1-265 

B2, it was shown that within-host competition between clones occurs in complex infections (Bell et al., 2006; de 266 

Roode et al., 2004; de Roode et al., 2005). This competition was shown to select for virulence and increased 267 

transmission (Bremermann & Pickering, 1983; Mosquera & Adler, 1998; Read & Taylor, 2001). By using an in 268 

vitro system we are able to study inter-clone competition while restricting host immunity to intrinsic erythrocyte 269 

factors. It also permits the study of P. falciparum competition as opposed to using murine surrogate models. Within 270 

this in vitro system, we found that density suppression is non-specific, that is, there was no evidence for targeted 271 

growth inhibition between genetic types. These results suggest that the total parasite density governs culture 272 

expansion in a non clone-specific manner.  However, these observations apply only to parasite behavior in vitro 273 

since the host may influence parasite interactions.  274 

Studying COI, genotype dynamics and parasite density, many longitudinal field studies in high 275 

transmission have found evidence for non-random genotype dynamics suggesting interactions during P. falciparum 276 

genotype co-infections (Smith et al., 1999; Bruce et al., 2000; Farnert et al., 2008). Whether or not this is P. 277 
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falciparum parasite-parasite interaction is open to interpretation. Density regulation of parasitemia was first 278 

suggested as an explanation for the inverse oscillation observed when more than one malaria species were present in 279 

a co-infection (Bruce et al., 2000). In high transmission, genetically diverse P. falciparum transmission settings, the 280 

dynamics could be attributed to the high rate of super-infection, overlapping complex co-infections, randomly 281 

inoculating different genotypes or be attributed to a stochastic loss of detected clones over time.  Even if there are 282 

co-infection interactions, this could be indirect through resource competition, immune-mediated variant replacement 283 

and/or immune evasion (Branch et al. 2001; Bell et al., 2006; Farnert et al., 2008; Orjuela-Sanchez et al., 2009; 284 

Liljander et al., 2011).  285 

 In our in vitro competition assays, we found that the co-culture of genetically distinct clones was 286 

associated with decreased growth rate. The suppression of growth may have been caused by (1) resource limitations 287 

(2) increased production of metabolic waste or (3) density regulation. The influence of limiting resources on parasite 288 

growth cannot be negated (Hellriegel, 1992; Mutai & Waitumbi), but we believe that this does not completely 289 

explain the suppression of growth in P. falciparum cultures containing a low number of infected erythrocytes (0.5-290 

4.5% in this experiment) undergoing daily media changes. Cultures grown at low hematocrit can reach a parasitemia 291 

near 100%, so erythrocytes are not a likely limitation on growth for cultures <4.0% parasitemia, but nutrient 292 

depletion or secretion of harmful metabolites may slow growth. The percent reduction in growth of clones mixed 293 

with FCR3 relative to single clone controls by day four was: K1 (57.5%), 6390 (58.9%) and MZ1187 (68.8%) and 294 

the overall culture parasitemias, including FCR3 in the mixed cultures, reached 3.5, 1.6 and 2.1, respectively (Fig. 295 

3). Despite having a lower overall parasitemia than the K1/FCR3 mixed culture, 6390/FCR3 and MZ1183/FCR3 had 296 

greater reduction in growth. If the rate of metabolite production is consistent across clones, our results suggest an 297 

alternative cause for growth limitation. 298 

Currently, the only proposed mechanism for P. falciparum genotype co-infection density sensing supported 299 

by experimental data is via a density modulated apoptosis pathway (Mutai & Waitumbi, 2009). Another possibility 300 

is reduction in parasite density due to the conversion of trophozoites, required for asexual replication, into 301 

gametocytes. Gametogenesis might be regulated by small diffusible molecules (Dyer & Day 2003). Others have 302 

reported density dependent switching of parasites from the blood-stage trophozoite stage to the gametocyte stage 303 

(Richard Carter, personal communication), which might result in a lower overall parasite density count.  304 
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Competition between Peruvian isolates with reference strains supports the possibility of a density 305 

dependent interaction between genetically diverse mixed clone cultures. The growth of laboratory and field isolates 306 

was dependent on the additive density of clones in a culture, not the individual clone densities. This suggests that 307 

density is regulated by a soluble factor that is not clone specific.  308 

We will continue to investigate density and genotype dynamics by testing permutations to further support 309 

our hypothesis. In vivo studies of genotype competition are possible, but even in low transmission, the qPCR method 310 

would have to be joined with the traditional methods to be certain that sub-alleles are being considered. If there are 311 

density dependent interactions in vivo, targeting the density-sensing pathway could be a favorable chemotherapeutic 312 

target. In conclusion, qPCR of PfMSP1-B2 could potentially enhance knowledge gained from vaccine/drug trials, 313 

model influences on parasite population evolution, and advance efforts to reduce transmission of malaria worldwide.  314 
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Compares gel electrophoresis, capillary gel electrophoresis (CGE) and quantitative PCR (qPCR) methods for 
detecting MSP1-B2 alleles.  
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Laboratory strains in mixed clone assays. Results were independent of clonal proportions (A: K1 25% with 
Dd2 75%, B: K1 50% with Dd2 50%, and C: K1 75% with Dd2 25%). Solid lines represent clone growth 
from mixed cultures. Dotted lines are adjusted values from single-clone controls. Dd2 single-clone controls 

had a greater overall parasitemia (not shown) but a lower adjusted parasitemia than Dd2 in mixture groups. 
K1 showed the opposite trend. This is explained by a density dependent growth rate and the shorter life-

cycle and faster multiplication rate of Dd2 verses K1.  
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Native Peruvian strains in competition assays; comparative growth of clones when alone versus co-cultured 
with FCR3. FAM fluorescence, shows the growth of K1 genotype clones K1, 6390 and MZ1183. Solid line 

colors illustrate clones in a 50/50 co-culture with FCR3 whereas dotted lines represent single clone controls. 
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