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Genetic variability of Plasmodium falciparum underlies its transmission success 
and thwarts efforts t o  control disease caused by this parasite. Genetic variation 
i n  antigenic, drug resistance, and pathogenesis determinants is abundant, con- 
sistent w i th  an ancient origin of P. falciparum, whereas DNA variation at  silent 
(synonymous) sites in  coding sequences appears virtually absent, consistent 
wi th  a recent origin of the parasite. To resolve this paradox, we analyzed introns 
and demonstrated that these are deficient in  single-nucleotide polymorphisms, 
as are synonymous sites in  coding regions. These data establish the recent origin 
of P. falciparum and further provide an explanation for the abundant diversity 
observed i n  antigen and other selected genes. 

Plasmodium falciparum causes the most vir- 
ulent form of human malaria, resulting in 200 
million to 300 million infections and 1 mil- 
lion to 3 million deaths annually (I). Genetic 
variation within this human pathogen facili- 
tates its transmission and pathogenesis and 
limits efforts to combat the disease. In the 
case of P. falciparum, the issue is caught up 
in controversy (2, 3). Genetic variation in 
proteins for antigenic determinants ( 4 ,  drug 
resistance (5-S), and pathogenesis is abun- 
dant (9-13), whereas DNA variation at silent 
(synonymous) sites in coding sequences ap- 
pears virtually absent (14). Nevertheless, mi- 
crosatellite variation within and among sub- 
populations is widespread (15, 16). These 
discrepancies could be reconciled if all extant 
P. falciparum derived from a single progen- 
itor that spread through the human population 
within the past few thousand years (14). Al- 
ternatively, codon usage may be so con-
strained that synonymous mutations are elim- 
inated by selection. To resolve these possibil- 
ities, we analyzed 25 introns from eight in- 
dependent isolates and found only eight 
single-nucleotide polymorphisms (SNPs), 
five of which occur within microsatellite re- 
peats. In contrast, microsatellite polymor-
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phisms are common within introns. Our re- 
sults support the recent progenitor hypothesis 
and imply a high mutation rate for the cre- 
ation of microsatellite repeats. 

We chose introns for our analysis because 
introns are subject to selective constraints 
that differ from those for codon usage. Apart 
from pseudogenes, introns are among the 
most rapidly evolving sequences in eu-
karyotes (1 7), and they are of general utility 
in studies of population structure (IS). We 
chose to analyze introns from general meta- 
bolic or housekeeping genes on chromosome 
2 (19) and chromosome 3 (20), the first chro- 
mosomes completely sequenced, and exam- 
ined these regions in each of eight indepen- 
dent isolates from diverse geographic regions 
including Africa, Honduras, Southeast Asia, 
and Papua New Guinea (21). For each intron, 
the target sequence was amplified by the 
polymerase chain reaction and the products 
were cloned and sequenced (21). To guard 
against polymerase incorporation error, we 
sequenced each intron in both directions from 
each of three clones derived from each of 
three independent amplifications (21). 

The results demonstrate that microsatellite 
variation in P. falciparum is widespread 
within introns (Table I), which is consistent 
with previous results (16, 22). Across all 
introns there are 71 microsatellite repeats, 
which we define as a region of eight or more 
tandem repeats of a sequence 1 to 8 base pairs 
(bp) in length, Among the microsatellite re- 
peats, 36 (51%) are monomorphic and 35 
(49%) are ~olymorphic with two or more 
alleles in the sample [Web fig. 1 (21)]. The 
tremendous of genetic diversity gen- 
erated by the alteration of these repetitive 
sequences is illustrated by the microsatellite 

genotype of each isolate with respect to these 
polymorphisms [Web fig. 2 (21)l. The geno- 
type of each isolate is unique, even among 
contemporary isolates from the same geo-
graphic region. The potential for microsatel- 
lite diversity in P. falciparum is also evident 
by the number of distinct alleles for each 
polymorphic microsatellite repeat (21). These 
data support a high rate of microsatellite mu- 
tation within introns, presumably as a conse- 
quence of replication slippage (23, 24). 

In contrast to the microsatellite variation, 
SNPs within the introns are rare (Table 1). 
Altogether, we observed eight SNPs in the 
introns. Among these, five were located with- 
in microsatellite polymorphisms. Across all 
of the 4217 bp of intron sequence (counting 
with respect to the 3D7 reference sequence), 
only 800 bp (19%) are located in polymor- 
phic microsatellites. The excess of SNPs in 
the microsatellite repeats is, therefore, highly 
significant ( P  = 0.008, Fisher's exact test). 
This finding strongly suggests that the pro- 
cess of replication slippage that generates 
microsatellite variation (24) also increases 
the rate of single-nucleotide substitutions. 
Therefore, we have ignored the five SNPs 
associated with microsatellite polymorphisms 
in estimating the time since the most recent 
common ancestor of all extant P. falciparum. 
The excess SNPs within polymorphic micro- 
satellite repeats may also explain the relative- 
ly high frequency of synonymous polymor- 
phism~within amino acid repeat sequences in 
certain proteins, such as the circumsporozoite 
protein (24). Introduction of SNPs within 
repetitive sequence occurs in both introns and 
exons, but selective constraints on coding 
sequences results in fewer polymorphisms 
within coding regions of the genome. Our 
findings suggest that antigenic variation as-
sociated with these repeated amino acid se- 
quences has occurred within P, falciparum, 
rather than by lateral transfer or some other 
mechanism. 

Discounting the intron sequence located 
in microsatellite polymorphisms, we se-
quenced 3417 bp in each of eight isolates 
(total of 27,336 bp) and identified only one 
certain SNP. The remaining two SNPs are 
found in one small intron predicted by Glim- 
merM (25) and only in the D6 isolate, where 
there is evidence of alternative splicing [Web 
fig. 3 (21)] within the aspartyl protease gene. 
Therefore, we present the statistical analysis 
both with and without the D6 SNPs. Com- 
bining our data with those from Rich et al. 
(14), and assuming that the rate of nucleotide 
substitution in unique intron sequence and 
monomorphic microsatellites is equal to that 
for fourfold-degenerate sites in coding re-
gions, we estimate the age of the most recent 
common ancestor (MRCA) of all extant P. 
falciparum to be in the range of 3200 to 7700 
years [the estimate was obtained with equa- 
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Table 1. Summary of microsatellite (MS) repeat polymorphisms and SNPs observed in P. falciparum. The number of MS repeats and SNPs for each of 25 introns 
predicted within nine housekeeping genes is shown. The length of the intron analyzed is indicated in base pairs (bp). 

Gene lntron 
Length 

(bp) 

Number of MS 
repeat 

polymorphisms 

SNPs 
within MS 
repeats* 

SNP5 
outside MS 

repeats? 
Other4 References 

Ribosomal protein L37A I 
I I 

Chromatin binding protein I 
Clathrin coat assembly I 

I I 
SerIThr protein kinase I 

I I 
Ubiquitin conjugating enzyme I 
Aspartyl protease 

Acyl carrier protein 
WEB-1 ortholog, WD40 
RRM-type RNA binding 

Totals 

I 

I I 


111  

IV 

v 

VI 

VII 

Vlll 

IX 

X 

XI 

XI I 

Xlll 

XIV 


I I 

I 

I 


25 

*A total of 35 MS repeat polymorphisms were identified, four of which contain SNPs (a, A -+ G in W2; b, A -+ C in 37.4; c, A +C in all isolates except 37.4: d, A +c in w2, 12.1, 
37.4, and 51.1; e, A -+ C in HB3, 1776, 12.1, and 37.4). toutside of repetitive sequences, three additional SNPs were identified (f, C +A in W2, 12.1, 37.4, and 51.1; g, c -+ 
C and A -+ C in ~ 6 ) .  $Other polymorphisms included h, a deletion of one of three 31-nucleotide repeats in D6 and HB3; i, an AC deletion in W2, 1776, 37.4, and 51.1; and j, 
a single (A) nucleotide insertion in D6. SCenBank accession numbers are listed as a reference for each gene sequence. 

tion 1 (14)l. The smaller estimate is based on 
the number of synonymous substitutions in 
an estimated 55 million years (My) since the 
divergence between P. falciparum and P. 
berghei (a rodent parasite), and the larger 
estimate is based on the number of synony- 
mous substitutions in an estimated 7 My 
since the divergence between P, falciparum 
and P. reichenowi (26) (a chimpanzee para- 
site) (14). If the two suspect SNPs are also 
included, the estimated age of the MRCA, on 
the basis of the same assumptions, is in the 
range of 9500 to 23,000 years. These results 
are consistent with the hypothesis that all 
extant P. falciparum derived from a recent 
common ancestor. Our data are also consis- 
tent with the finding that mitochondria1 DNA 
is virtually identical in nucleotide sequence 
among diverse isolates of P, falciparum (27) 
and with historical biogeography (28-30). 
Our estimates coincide with the establish- 
ment of slash-and-burn agriculture in the Af- 
rican rainforest less than 6000 years ago, 
which could have provided suitable expan- 
sion conditions for the mosauito vectors of P. 

falc@run, (31) and adequa;e human popula- 
tion size to maintain transmission. 

Although a single recent common ances- 
tor is the most parsimonious interpretation of 
all the data, alternative explanations have 
been proposed [see (2, 3) for discussion]. 

These include a series of severe population 
bottlenecks, which seems to be inconsistent 
with the high level of microsatellite variation; 
or a series of selective sweeps, which would 
predict that regions of the genome left unaf- 
fected may contain a high frequency of SNPs 
that were present in the ancestral population. 
To date, there has been insufficient sequence 
analysis to reveal regions with excess SNPs. 
Some observations are inconsistent with a 
single common ancestor. For example, MSPl 
alleles are widely divergent from one anoth- 
er, suggesting an ancient origin offalciparum 
malaria (32). Our data do not directly address 
MSP1; however, others (33) have suggested 
that a mechanism of replication slippage fol- 
lowed by immune selection could result in 
the current allelic variants. Our data are not 
only consistent with this model, but also pro- 
vide evidence for an increased frequency of 
SNPs in regions of polymorphic microsatel- 
lites. An alternative explanation is that mul- 
tiple tandem paralogs of MSPl were present 
in progenitors and that biological and im- 
mune selection resulted in the selection of 
different MSPl genes. There is evidence for 

and the var gene 
family, another biologically and immunolog- 
ically selected gene (11-13). 

The lack of SNP ~ ~ 
in P. falciparum is seemingly inconsistent 

with the ability of the parasite to evade che- 
motherapeutic and immunological interven- 
tions by the rapid evolution of drug resistance 
and antigenic variation. Inasmuch as most of 
the genes examined so far in P. falciparum 
have been studied because they are associated 
with drug resistance or antigenic determi-
nants, it is not surprising that most amino 
acid replacements so far reported are associ- 
ated with adaptation to drug therapy or the 
immunological status of the host (34). Our 
data go well beyond these classes of genes in 
implying that P. falciparum may be unique 
among pathogens in having essentially no 
nucleotide polymorphisms apart from those 
that can be explained by recent mutation and 
positive selection. Identification of SNPs 
throughout the genome of P.falciparum may, 
therefore, reveal whether changes in regula- 
tory or protein-coding sequences have been 
predominant in the evolution of human 
pathogenesis, drug resistance, and immune 
evasion. 
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Analvsis 

Revealed by Directly Coupled 
Methane-Consuming Archaea studies that combine phylogenetic surveys of 

ribosomal RNAs (rRNAs) with structural and 
stable isotopic analyses of lipids have re-
vealed new information about methane-oxi- 

Isotopic and Phylogenetic 
dizing microbes in anoxic marine sediments 
(3, 5, 6). However, the stable isotopic and 
phylogenetic methods used in these studies 
were uncoupled, so identification of the spe- 
cific microbes mediating- AOM is based 

Victoria J. Orphan,'* Christopher H. House,'*? Kai-Uwe Hinri~hs,~ mainly on indirect lines of evidence. 

Kevin D. McKeegan: Edward F. DeLongl? 
Here, we report a cultivation-independent 

study of marine microbial assemblages in 
anoxic methane-rich sediments that com-

Microorganisms living in anoxic marine sediments consume more than 80% of bined microbial cell identification using ribo- 
the methane produced in the world's oceans. In addition to single-species soma1 RNA-targeted fluorescent in situ hy- 
aggregates, consortia of metabolically interdependent bacteria and archaea are bridization (FISH) (7) with secondary ion 
found in methane-rich sediments. A combination of fluorescence in situ hy- mass spectrometry (SIMS) (8).After rRNA- 
bridization and secondary ion mass spectrometry shows that cells belonging to targeted probes were applied to identify mi- 
one specific archaeal group associated with the Methanosarcinales were all crobial cells, the stable isotope composition 
highly depleted in 13C (to values of -96%0). This depletion indicates assimi- of the identified cells was determined by 
lation of isotopically light methane into specific archaeal cells. Additional using SIMS. Coupled FISH-SIMS provided a 
microbial species apparently use other carbon sources, as indicated by signif- measure of the stable carbon isotope compo- 
icantly higher 13C/12Cratios in their cell carbon. Our results demonstrate the sition of individual phylogenetically identi- 
feasibility of simultaneous determination of the identity and the metabolic fied cell aggregates. Uncultured, naturally oc- 
activity of naturally occurring microorganisms. curring microbial cells that utilize methane as 

the source of cell carbon could therefore be 
Microbes critically impact global geochemi- relevant microorganisms are difficult to iso- identified unambiguously. 
cal cycles. Although the general ecological late in pure culture. Approaches that combine Previous studies suggested that cell aggre- 
importance of microbial activity is well rec- phylogenetic and stable isotope analyses have gates of archaea belonging to the Methano-
ognized, the identity and involvement of mi- considerable potential for linking microbial sarcinales (ANME-2 group), surrounded by 
crobes in specific biogeochemical cycles are diversity with in situ activity (2-4). Recent sulfate-reducing bacteria related to the De-
often poorly understood. For example, the 
anaerobic oxidation of methane (AOM) is a Table 1. Carbon isotopic compositions (versus PDB) and source assignments of selected extracted 

widespread and geochemically well docu- archaeal ether lipids and bacterial fatty acids (FAs). SRB, sulfate-reducing bacteria. 

mented process [e.g., ( I ) ] ,  yet very little is 
known about the physiology, biochemistry, Eel River Basin, 3 t o  5 cm Santa Barbara hydrocarbon seep 

and identity of the microbes involved. One Compound 

reason for this is that often the ecologically 	 613C (%o) Source assignment 613C (%o) Source assignment 

Archaeol -104.1 ANME-2 Traceslnot analvzed Archaea 
sn-2-Hydroxyarchaeol -107.6 ANME-2 Traceslnot analyzed Archaea

'Monterey Bay Aquarium Research Institute, Moss 
Landing, CA 95039, USA. 2Department of Geo- n-C,,,, FA -69.1 SRB -22.7 Algae, bacteria 

sciences, The Pennsylvania State University, Univer- i-C15.0 FA -51.3 SRB, other bacteria -25.4 Bacteria mainly 

sity Park, PA 16802, USA. 3Department of Geology ai-C15:~ FA -51.9 SRB, other bacteria -19.0 Bacteria mainly 

and Geophysics, Woods Hole Oceanographic Institu- n-C16:l(07) FA* -62.8 SRB -26.0 Algae, bacteria 
tion, Woods Hole, MA 02543, USA. 4Department of n-Ci6:i(05) FA* -76.1 SRB -21.2 Algae, bacteria 
Earth and Space Sciences. Universitv of California. Los n-C16:0 FA -44.1 SRB, other bacteria, -20.3 Algae, bacteria 
Angeles, CA 90095, USA. algae 

10-Me-C16,, FA -69.4 SRB Not  present -
*These authors contributed equally to  the work. 
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