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Abstract
Comparative genomic hybridization studies have revealed elevated copy number (CN) at the
reticulocyte binding protein 1 gene (PfRh1) in fast growing lab-adapted parasites, while genetic
manipulation demonstrates a causal link between cell invasion and PfRh1 CN. We therefore
examined PfRh1 copy number variation (CNV) in 202 single clone parasite isolates from four
countries to quantify the extent of CNV within natural populations. Surprisingly, we found that no
natural parasite infections showed elevated CN. In contrast, 4/28 independent laboratory reference
strains show elevated CN. One possibility is that amplification of PfRh1 (or neighboring loci) is
selected during laboratory culture. In the case of FCR3-group of parasites, clone trees show that
PfRh1 amplification arose in laboratory lines following establishment in culture. These data show
that CNV at PfRh1 is rare or non-existent in natural populations, but can arise during laboratory
propagation. We conclude that PfRh1 CNV is not an important determinant of gene expression, cell
invasion or growth rate in natural parasite populations.

Domesticated animals differ in many ways from their wild ancestors [1;2]. In the same way
laboratory adaptation of malaria parasites (Plasmodium falciparum) may result in genotypic
and phenotypic changes, as parasites are selected for rapid growth, and freed from immune
attack and the constraints of sexual reproduction. For example, subtelomeric deletions on chr
2 and 9 occur repeatedly during laboratory adaptation and result in loss of cytoadherence [3;
4]. As a consequence care is required when making conclusions about malaria biology based
on laboratory-adapted isolates. We provide a cautionary tale relating to another important
phenotype – red blood cell invasion - to illustrate this.
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Parasite growth rate is an important determinant of malaria pathogenesis and varies
considerably between parasite lines [5]. Merozoite invasion is orchestrated by two protein
families, the Duffy binding-like (DBL) family and the reticulocyte-binding proteins (RBL)
[6;7]. The RBL protein PfRh1 is required for sialic acid dependent (neuramidase-sensitive)
invasion of human erythrocytes. All parasite strains express this protein, but parasite lines differ
in their level of expression [7-9]. Laboratory strains such as FCR3 and FCB show elevated
gene expression which is as a consequence of amplification of PfRh1 gene CN [7]. Gene
disruption experiments show that reduction in PfRh1 CN does not block invasion but cause
parasites to invade cells using alternative neuramidase-resistant pathways, demonstrating a
causal relationship between PfRh1 gene dosage and cell invasion [7]. Comparative genomic
hybridization studies further support the idea that PfRh1 CN may influence growth rate.
Ribacke et al [10] examined 12 parasite isolates. They found 5-7 fold amplification of PfRh1
in two rapidly growing parasites (FCR3 and F32), and suggested that PfRh1 amplification
might underlie rapid growth.

We are interested in variation in gene CN, particularly when it generates changes in phenotype.
We therefore decided to examine CNV at PfRh1 in both field collected and laboratory isolates.
We collected blood samples from patients in SE Asia (Thailand and Lao PDR (Laos)) and
Africa (Uganda and Malawi). Thai samples were collected at the Mawker-Thai clinic on the
Thai-Burma border (December 2000 - September 2003). We collected samples from Phalanxay
(Savannaket Province, Laos) between June 2002 and Sept 2003 from patients involved in
clinical drug efficacy trials. P. falciparum isolates were collected from children under five
years of age presenting to the Queen Elizabeth Central Hospital, Blantyre, Malawi with
uncomplicated falciparum malaria in 2008. In Uganda, P. falciparum –infected blood samples
were collected (April 1996–June 1997) from HIV-infected individuals living in a 15-km radius
of a clinic near Entebbe. In all cases, parasite DNA was prepared by phenol/chloroform
extraction of whole blood, following removal of buffy coats. Collection protocols were
approved by regional ethics committees and by the Institutional Review Board at the University
of Texas Health Science Center at San Antonio.

Initially we genotyped all isolates using seven microsatellite loci to exclude multiple clone
infections, leaving 202 parasite isolates with a single clone [11]. These included 107 from
Thailand, 42 from Laos, 19 from Malawi and 34 from Uganda. We also obtained DNA from
49 laboratory isolates from the Malaria Research and Reference Reagent Resource Center
(MR4) (Manassas, VA, USA) (Supplementary Table S1). These were also genotyped using
the seven microsatellites. We found many identical multilocus genotypes, consistent with
analyses using single nucleotide polymorphisms (SNPs) [12]. Of 49 parasite lines, there were
28 independent genotypes. For example, two pairs of parasites WR87 and MT/S1, and
TM90C6A and TM93C1088 were indistinguishable. Similarly a group of 11 isolates
comprising FCR3 and derived clones, FCB, ITG and T9/94 had the same multilocus genotype
consistent with a common origin (Supplementary Table S1), most likely from a SE Asian
source [13]. We focus on this group of isolates (the FCR3 group) that have clearly derived
from a common ancestor, but have been maintained in a number of different laboratories under
different names and selection regimes.

We used a real-time PCR assay to measure CN of PfRh1 (PFD0110w) relative to a single copy
gene (PFL0770w: Seryl-T synthetase). We used the ΔΔCT method to measure CN relative to
a calibrator sample (3D7). Assay details are provided in Table 1. The assay was experimentally
validated as the efficiencies of the target and reference were approximately equal. To validate
our real-time PCR assay we compared a parasite (FCR3CSA) known to have multiple copies
of RH1 [7] with parasites thought to have a single copy (3D7). The real time assay estimated
4.59 copies (95% CI 4.09-5.15) in FCR3CSA (MRA-321G) relative to 3D7.
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To further demonstrate that the real-time assay results were not influenced by sequence
variation, we used custom cGH microarrays (RocheNimblegen) printed with 385,585 probes
of mean length 56 bp, spaced on average at 21bp intervals across the P. falciparum (3D7)
genome [14]. Labeling and hybridization were done following standard protocols and data
were analyzed using NIMBLESCAN and SIGNALMAP software. These analyses demonstrate
that the amplified region in FCR3/Gambia Clone D4 spans 31.5kb on chr 4 and contains four
genes, while the W2 amplicon spans 74.6 kb and contains 14 genes, consistent with previous
observations [10;15]. The CN estimates from microarrays correspond closely with those from
real-time PCR. Log2 ratios provide CN estimates of 2 for W2 and 5.3 for FCR3/Gambia Clone
D4, consistent with real-time estimates of 2 and 7 respectively. Similarly, Dd2 and FCR-3/
FMG (Gambia) are clearly single copy, consistent with real-time PCR estimates. The close
correspondence between CN estimates from our real-time PCR assay and microarray data
provides strong validation for our real-time PCR assay.

We used the validated real-time assay to measure PfRh1 CNV in the 202 field isolates.
Surprisingly, none of these showed multiple copies of PfRh1. These data suggest that PfRh1
CNV is not an important determinant of invasion pathway or growth rate in the populations
examined and is consistent with surveys of field isolates from Kenyan [8] and Senegal [16].
The extensive variation in expression of PfRh1 in parasites from patients [8;9] is due to factors
other than gene-dosage. Our sampling does not include P. falciparum from South America,
Papua New Guinea, or India, so we cannot exclude the possibility that PfRh1 amplification
occurs in these locations. In contrast, 8/49 (16%) laboratory isolates, or 4/28 (14%) independent
genotypes showed multiple copies (Figure 1, Table S1). These parasites carried an estimated
1.84 copies in W2 (MRA-157G) to 7.9 copies in INDO (MRA-819G). The difference in
frequency of samples showing amplified PfRh1 between field collected and laboratory samples
is highly significant (2-tailed Fishers exact test: p=0.0002), suggesting that amplification may
be selected during laboratory culture (Fig 1b). The target of selection may be PfRh1 or a
neighboring gene.

The FCR3 group of parasites is of particular interest and provides evidence that amplification
has occurred during laboratory culture. Five of eleven parasites in this group (FCB, FCR3CSA,
FCR-3/Gambia Clone 1, FCR-3/Gambia Clone D3, FCR-3/Gambia Clone D-4,Knobless)
show amplification (CN = 4.6-7.3), while the remaining six (FCR3-C5, T9/94, ITG-2G2,
ITG-2F6, FCR3/Gambia, FCR-3/FMG (Gambia)) have a single copy (Fig 2). The dimorphism
in CN within this group suggests either that PfRh1 amplification was present in the common
ancestor and has subsequently been lost, or that the common ancestor had a single copy and
amplification occurred during laboratory propagation. Reconstruction of a clone tree strongly
supports that amplification occurred during parasite culture (Figure 2). A strain of P.
falciparum (FMG) obtained in 1976 from Fajara, Gambia was cultured continuously giving
rise to the line FCR3/FMG. The parasite cultured in the same lab also came to be known as
FCR3/Gambia [17]. Both parasite lines have a single copy of the PfRh1 gene. FCR3/Gambia
was maintained in culture for five years. In 1981 they were selected and cloned giving rise to
FCR-3/Gambia Clone 1, FCR-3 Clone D3, and FCR-3 Clone D4 [18]. These strains have
multiple copies of PfRh1. By implication amplification of PfRh1 occurred prior to selection
of sub clones between 1976 and 1981.

It is important to note that the region of chr 4 amplified in the FCR3 group parasites contains
three other genes in addition to PfRh1. These are surface-associated interspersed gene
(SURFIN4.1, PFD0100c), and two exported protein of unknown function (PFD0095c and
PFD0115c). It is conceivable that selection for increased dosage one of one of these genes
drives amplification rather that PfRh1 itself.
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The W2/Dd2 group of parasites also suggests change in PfRh1 CN has occurred during
laboratory propagation. Dd2 is a mefloquine resistant clone derived from W2mef, a parasite
line derived from W2 [19]. While three different Dd2 stocks from MR4 have a single copy,
W2 clearly has 2 copies. In this case it is unclear whether CN was reduced in Dd2 after its
derivation from W2, or if W2 has gained copies following the split with Dd2.

Elevated CN of chromosome regions containing PfRh1 is found in only 4/28 independent lab
isolates. If this amplification is adaptive in laboratory culture, why has it not evolved in more
parasite lines? We suggest three possible explanations. First, fitness effects of amplification
may be dependent on genetic background, and may be deleterious in some parasite isolates.
Second, duplication rates may differ between parasite lines, perhaps due to the length and
position of nearly repeat sequences, as these act as templates for chromosome misalignment
during DNA replication [4]. Third, fitness effects of duplication may be dependent on the cell
invasion pathway used. These explanations are speculative, but all are experimentally testable.

In conclusion, while we do not find PfRh1 amplification in natural populations, we found that
a higher proportion of laboratory isolates showed PfRh1 amplification, consistent with changes
in CN during laboratory propagation. Strong support for this notion comes from observed
dimorphism of PfRh1 CN in the FCR3 group of parasites. We conclude that gene dosage at
this locus does not play an important role in explaining natural variation in expression, invasion
and growth rates. Furthermore, we caution that surveys of CNV should avoid samples
maintained in laboratory culture, and that biological insights gained from laboratory isolates
should be verified where possible in field isolates.
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Figure 1. Copy number amplification at PfRh1
(a) Real-time CN estimates for laboratory strains. The error bars show 95% confidence intervals
around estimates of CN. The grey boxes shows strains in the FCR3 or W2/Dd2 group that are
genetically identical for microsatellites (this study) and SNPs [12], but differ in PfRh1 CN.
Details of the parasites lines used and microsatellite genotypes are shown in Supplementary
Table S1. (b) Microarray validation of real-time PCR. Log2 plots of chr 4 for closely related
parasites with and without amplification at PfRh1. Points show average Log2 ratios of probes
over 500bp windows, while red lines show CN estimates of genome blocks. The two left hand
panels show plots for FCR-3/Gambia Clone D4 (7.2 copies by real-time PCR) and FRC-3/
FMG (Gambia) (1 copy); the right hand panels show W2 (two copies) and Dd2 (one copy).
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The amplified region of FCR-3/Gambia Clone D4 and W2 contain 4 and 14 genes respectively
and are consistent with a previous report [15]. The position of PfRh1 is shown by a black bar.
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Figure 2. Clone tree for 5 isolates in the FCR3 group
The asterisk shows where we hypothesize that the amplification of PfRh1 occurred. The other
members of the FCR3 group cannot be placed with certainty. The fact that parasites in this
group were initially established from a Gambian source, but are clearly placed by SNP analysis
within a clade of SE Asian samples [13;20] strongly suggests a contaminant origin for all
parasites in this group.
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Table 1
Real time PCR assay for PfRh1

We ran single plex assays on a Applied Biosystems 7900HT real-time PCR machine using standard conditions
and Minor groove binding (MGB) probes. Both test and endogenous control gene PCRs were conducted in
quadruplicate in 10μl reactions. We measured relative CN using the ΔΔCT method, which compares ΔCT (the
difference in CT values between PfRh1 and control genes) between test DNA samples and a calibrator sample
with known CN (ABI User Bulletin 2
http://www3.appliedbiosystems.com/cms/groups/mcb_support/documents/generaldocuments/
cms_040980.pdf). The calibrator used was 3D7 which has PfRh1 CN of 1. CN of the test sample is estimated as
2 −ΔΔCT, while the 95% confidence intervals around CN estimates were derived from the variance among the
four replicate reactions. As PfRh1 gene is highly polymorphic, we designed primers and probe within a region
(chr 4: 146134-146968) that is devoid of SNPs in sequences available on Plasmodb (www.plasmdb.org). We
excluded realtime PCR data when the CT was > 32 for either test or reference gene, or if the upper 95% confidence
interval/ CN estimate > 0.4, or if the estimated CN was <0.5 as described previously [11].

Gene Primers Probe sequence

Test gene: CCAAAATCTTCTTAAATCCTTGTATA 6FAM-ACACATTCATAGACACAATT

 PfRh1 (PFD0110w) TTTTTTCGTCTGTATAAACGTGTTGTG

Endogenous control: TTAGATTTTCAAGCGAGACGTTTAAA VIC-CCAATAATTTCTGCCATACTA

  Seryl-T synthetase (PFL0770w) CCTTCCTACGGCTAAACCTGAAC
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