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During 2010–2012, an outbreak of 210 cases of malaria 
occurred in Tumbes, in the northern coast of Peru, where 
no Plasmodium falciparum malaria case had been reported 
since 2006. To identify the source of the parasite causing 
this outbreak, we conducted a molecular epidemiology in-
vestigation. Microsatellite typing showed an identical gen-
otype in all 54 available isolates. This genotype was also 
identical to that of parasites isolated in 2010 in the Loreto 
region of the Peruvian Amazon and closely related to clo-
net B, a parasite lineage previously reported in the Ama-
zon during 1998–2000. These findings are consistent with 
travel history of index case-patients. DNA sequencing re-
vealed mutations in the Pfdhfr, Pfdhps, Pfcrt, and Pfmdr1 
loci, which are strongly associated with resistance to chlo-
roquine and sulfadoxine/pyrimethamine, and deletion of the 
Pfhrp2 gene. These results highlight the need for timely 
molecular epidemiology investigations to trace the parasite 
source during malaria reintroduction events.

During the past decade, remarkable progress in ma-
laria control has been achieved globally (1). As low-

risk areas progress toward the preelimination phase of 
malaria elimination (http://www.who.int/malaria/areas/
elimination/overview/en/), new challenges are posed by 
risk for reintroduction of parasites into areas where ma-
laria transmission was interrupted (2). Human movement 
from malaria-endemic regions could facilitate outbreaks 
in areas where malaria had been eliminated (2,3). Molecu-
lar epidemiology tools have been used to investigate the 
sources of malaria reintroduction (4,5). Use of these tools 

enables rapid characterization of potentially pathogenic or 
multidrug-resistant strains before they become adapted and 
expand to other non–malaria-endemic areas where anoph-
eline vectors are present (6–9).

In Peru, malaria reemerged in the 1990s and the num-
ber of cases peaked at ≈160,000 cases in 1998 (10). Most 
reported cases had occurred in the Amazon Basin (Loreto 
region) and areas in the northern Pacific coast of Peru, in-
cluding the Tumbes and Piura regions. In vivo efficacy stud-
ies conducted during 1998–2000 revealed different patterns 
of drug resistance between parasites in the Amazon region 
and coastal areas (11,12). Although parasites from the east-
ern Amazon region were resistant to chloroquine and sulfa-
doxine/pyrimethamine, parasites from the northern Pacific 
coast were resistant to chloroquine but remained sensitive 
to sulfadoxine/pyrimethamine (11–13). In 2001, artesunate/
mefloquine combination therapy was introduced in the Peru-
vian Amazon while artesunate–sulfadoxine/pyrimethamine 
remained in use in the northern Pacific coastal region (12).

After 2005, changes in drug policy and increased vec-
tor control efforts in Peru led to a drastic reduction in the 
number of malaria cases in the country. A major accom-
plishment was the interruption of Plasmodium falciparum 
transmission in the northern Pacific coast; no autochtho-
nous malaria case has been reported since 2006. However, 
in October of 2010, the Regional Health Directorate in 
Tumbes received reports of 2 cases of P. falciparum malar-
ia. An outbreak investigation confirmed the P. falciparum 
malaria epidemic in Tumbes. This outbreak continued to 
spread through 2012, when the last case of P. falciparum 
malaria was reported. Epidemiology investigations identi-
fied 2 index case-patients among military personnel sta-
tioned in Tumbes; surveillance activities conducted during 
the outbreak investigation suggested that these patients po-
tentially acquired P. falciparum infection while in the Pe-
ruvian Amazon. We therefore hypothesized that a detailed 
genetic characterization of the parasite populations isolated 
during this outbreak might provide a better understanding 
of the source and main biological features of the parasite 
responsible for the reintroduction of malaria into Tumbes.
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Previous genetic analyses of P. falciparum strains col-
lected at the peak of the malaria epidemic, 1999–2000, re-
vealed at least 5 distinct clonal lineages (clonets A–E), as 
defined by genotyping of 7 neutral microsatellite loci (14). 
These clonets, which were distributed in different areas of 
Peru, exhibited distinct patterns of mutations based on se-
quencing of the Pfcrt, Pfmdr1, Pfdhps, and Pfdhfr genes 
(14). Considering these historical data, we tested the fol-
lowing hypotheses. First, if the P. falciparum outbreak in 
Tumbes was caused by bottlenecked parasites from the 
coastal region, the parasites causing this outbreak would 
be genetically similar or closely related to clonet E, which 
was the only lineage found in the northern Pacific coast 
during 1999–2000. Second, if the parasite was introduced 
from the Peruvian Amazon, then the parasites causing this 
outbreak would be related to clonets A, B, C, or D. Third, 
if these parasites were introduced from outside Peru, they 
may have different molecular signatures.

Materials and Methods

Study Area and Sample Collection
The Tumbes region is located in the Pacific northwestern 
part of Peru near the border with Ecuador (Figure 1, panel 
A). Tumbes is divided into 13 districts with a total surface 
of 4,670 km2 and a population of ≈228,227 (Figure 1, panel 
B). In the late 1990s, malaria transmitted by P. vivax and 
P. falciparum was highly endemic to the region (11,15). 
In Tumbes, Anopheles albimanus mosquitoes predominate, 
unlike in the Amazon region, where An. darlingi mosqui-
toes predominate. In the 2000s, malaria incidence was dras-
tically reduced, and the parasite predominance shifted to 
P. vivax, which is seasonal in this area, peaking during the 
rainy season (February–June). The last autochthonous case 
of P. falciparum malaria in Tumbes was reported in 2006. 

In October 2010, after the Regional Health Director-
ate received reports of 2 cases of P. falciparum malaria, 

an outbreak response team led by the Ministry of Health of 
Peru with the support of the US Naval Medical Research 
Unit No. 6 (NAMRU-6), the US Centers for Disease Con-
trol and Prevention (CDC), and the US Agency for Inter-
national Development conducted an outbreak investigation 
and response. As part of these activities, malaria cases were 
detected by passive surveillance of febrile patients seeking 
treatment at local health facilities or at the regional referral 
hospital. Additional cases were detected by various case-
finding activities conducted in areas where laboratory-
confirmed P. falciparum malaria cases were found. For all 
patients, thick and thin smears stained with Giemsa 10% 
were examined for parasites. Slides were read at the local 
health facility and sent to the National Institute of Health 
in Peru (INS) and NAMRU-6 for species confirmation and 
quality control. Blood was spotted onto Whatman 3MM fil-
ter paper (GE Healthcare, Atlanta, GA, USA) and sent to 
INS and NAMRU-6. For some cases, whole blood was col-
lected by venipuncture and shipped to INS and NAMRU-6. 
All biological samples were collected exclusively for the 
purpose of diagnosis, case investigation, and patient man-
agement as part of a public health intervention led by the 
Ministry of Health of Peru.

DNA Isolation and PCR Analysis
DNA was isolated from filter paper blood spots or whole 
blood samples by use of the QIAamp DNA Blood Mini Kit 
(QIAGEN, Valencia, CA, USA) as described elsewhere 
(16). Nested PCR was used to confirm P. falciparum infec-
tion for all patients in this study (17). Molecular analysis 
was performed at the NAMRU-6 laboratory in Lima, Peru. 
Selected samples were sent to CDC for further genetic 
characterization.

Microsatellite Analysis
Whole-genome amplified DNA (REPLI-g; QIAGEN) was 
used for microsatellite characterization. All P. falciparum–

Figure 1. Peru, showing the 
department of Tumbes (dark gray 
shading), the city of Iquitos, and 
the Requena district located in 
the Loreto region of the Peruvian 
Amazon (A) and the 13 districts 
in the department of Tumbes 
(B). Gray shading indicates the 
4 districts (Tumbes, Corrales, 
Aguas Verdes, and San Juan de 
la Virgen) where the 210 cases 
were reported during the 2010–
2012 outbreak of Plasmodium 
falciparum malaria; blue lines 
indicate travel routes by river; red 
line indicates travel route by road. 
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confirmed samples were assayed for 7 putatively neutral 
microsatellite loci. In studies in South America, 5 micro-
satellite loci have been used: TA1 (chromosome 6); poly α 
(chromosome 4); PfPK2 (chromosome 12); TA109 (chro-
mosome 6), and 2490 (chromosome 10) (18–20). In addi-
tion to these markers, we also amplified the loci C2M34 
(chromosome 2) and C3M69 (chromosome 3) (21). Primer 
sequences and PCR parameters for these loci have been 
described (14,16). Furthermore, all samples were assayed 
for 5 microsatellite loci that span ≈11 kb on chromosome 
4 around Pfdhfr, 9 loci that span 17 kb on chromosome 8 
around Pfdhps, 4 loci that span 11 kb on chromosome 7 
around Pfcrt, and 6 loci that span 8 kb on chromosome 5 
around Pfmdr1. The primers used to amplify microsatellite 
loci have been described (16,22). The amplification prod-
ucts were labeled with fluorescent dyes (HEX or FAM) 
and assayed for size on an 3130xl sequencer (Applied 
Biosystems, Foster City, CA, USA). The fragments were 
then scored by using GeneMapper software version 3.7 
(Applied Biosystems) with default microsatellite settings, 
whereby bands of <500 relative fluorescence units were 
defined as background. Samples for which we obtained no 
amplification in some loci were reanalyzed to complete the 
haplotypes. Earlier, we had created haplotype identifiers 
for each of these genes on the basis of microsatellite loci 
that were nearby (16).

Genotyping of Markers of Drug Resistance
DNA isolates were sequenced for point mutations in Pfd-
hfr, Pfdhps, chloroquine resistance transporter (Pfcrt), 
and Pfmdr1. The methods used are described elsewhere 
(14,16,21,23,24).

Detection of P. falciparum Histidine-Rich  
Protein 2 Deletions
Two sets of primers were designed to amplify a 228-bp fragment 
of P. falciparum histidine-rich protein 2 (Pfhrp2) in a nested 
PCR. The outward forward primer was 5′-GGTTTCCTTCT-
CAAAAAATAAAG-3′, and the outward reverse primer was 
5′-TCTACATGTGCTTGAGTTTCG-3′. The secondary 
reaction used 5′-GTATTATCCGCTGCCGTTTTTGCC-3′ 
(forward) and 5′-CTACACAAGTTATTATTAAATGCG-
GAA-3′ (reverse) primers. The cycling conditions were as fol-
lows: primary reaction at 95°C for 5 min; 30 cycles of 95°C 
for 30 s, 60°C for 30 s, 68°C for 30 s; and 68°C for 5 min; and 
secondary reaction at 95°C for 5 min; 30 cycles of 95°C for 30 
s, 65°C for 30 s, 68°C for 30 s; and 68°C for 5 min.

Ethics Considerations
The activities were conducted in compliance with all ap-
plicable federal and international regulations governing the 
protection of human subjects. No informed consent was 
requested from the patients because all biological samples 

were collected as part of a public health intervention led 
by the Ministry of Health of Peru. All samples received 
by INS, CDC, or NAMRU-6 were coded, and no access to 
personal identifiable data was provided.

Results
During October 2010–June 2012, a total of 210 cases of P. 
falciparum malaria were reported in Tumbes. Filter paper or 
whole blood samples were available for laboratory testing for 
57 (27%) of the 210 patients. Figure 2 shows the temporal 
distribution of all 210 cases reported during the outbreak and 
the 57 cases that were included in this study. PCR confirmed 
P. falciparum monoinfection in 54 patients; P. vivax/P. falci-
parum mixed infections in the other 3 patients led to their ex-
clusion from further analysis. To determine the clonal com-
position of the isolates, we genotyped 7 neutral microsatellite 
markers located in 6 different chromosomes. We observed 
virtually the same clonal lineage across all 54 isolates with the 
exception of 3 isolates that had alleles that were 3 bp shorter 
in loci TA1 and PfPK2 (Table 1). These results suggested that 
the outbreak originated from a single parasite source or from 
various sources of the same parasite population.

In a previous study, we found 5 distinct clonal lineages 
(clonets A–E) among P. falciparum isolates collected in the 
Peruvian Amazon (14). We compared the genotype of the 
outbreak parasite to genotypes in a historical microsatel-
lite database and found that the genotype of the isolates 
from Tumbes closely resembled clonet B, a lineage found 
in the eastern Peruvian Amazon during 1999–2006 (14). 
However, the outbreak haplotype differed at 2 loci: C2M34 
(232 vs. 226 bp) and C3M69 (134 vs. 149 bp) (Table 1; 
14). On the basis of these results, we postulated that the 
isolates from Tumbes might be related to clonet B. Surveys 
and available patient records revealed that 7 malaria cases 
occurred among members of a military facility in Tumbes. 
At least 1 of these patients reported having traveled to 

Figure 2. Temporal distribution of cases of falciparum malaria 
reported to the Tumbes Regional Health Directorate, Peru, 
October 2010–June 2012. Black bar sections indicate number of 
cases with samples available for analysis.



Yurimaguas, a small town in the Peruvian Amazon ≈400 
km southwest of the city of Iquitos. For this reason, we 
compared the genotype of the parasites from Tumbes with 
those from 23 samples collected during 2009  2010 from 
Yurimaguas (12 samples) and from the Requena District 
(11 samples), which is 250 km northeast of Yurimaguas in 
the Peruvian Amazon (Figure 1). For all 11 isolates from 
Requena and 1 from Yurimaguas, the microsatellite geno-
types were identical to that of the isolates from Tumbes—
we named this parasite BV1 variant (Table 1).

To gain further insight into the drug-resistance pat-
tern of the P. falciparum BV1 variant, we performed 
DNA sequencing to characterize point mutations in 
Pfdhfr, Pfdhps, Pfcrt, and Pfmdr1, which have been as-
sociated with resistance to sulfadoxine/pyrimethamine 
and chloroquine. Similar to clonet B, all outbreak sam-
ples shared 437/540/581 Pfdhps, SVMNT Pfcrt, and 
184/1034/1042/1246 Pfmdr1 genotypes. However, clonet 
B and the BV1 lineage differed in Pfdhfr haplotype. Where-
as clonet B was 51I/108N/164L, the BV1 outbreak lineage 
and parasite isolate from Requena had the 50R/51I/108N 
Pfdhfr haplotype (Table 2; 14). Typing of microsatellite 
loci near the boundaries of the Pfdhfr and Pfmdr1 genes 
showed that the Bv1 variant belonged to the haplogroup 
DHFR-D1, which in a previous study was found to be a 
rare haplogroup in Iquitos in 2006–2007 (only found in 3 

[5%] of 62 samples); and MDR-A1, which in a previous 
study was found to be abundant in Iquitos in 2006–2007 
(frequency >50%) (16).

Because 40% of P. falciparum isolates from the Pe-
ruvian Amazon have major deletions of the genes coding 
for HRP2 and HRP3 (25), the most commonly used targets 
of rapid diagnostic tests (25), we investigated the presence 
of these deletions in these samples. All isolates in this out-
break lacked the Pfhrp2 gene (Table 2).

Discussion
Our molecular epidemiology investigation identified a pos-
sible source of the P. falciparum parasites causing a major 
outbreak of malaria in Tumbes, Peru, a region that had been 
free of falciparum malaria since 2006. Our results suggest-
ed that this outbreak was caused by a single introduction of 
a parasite population that originated in the Loreto region of 
the Peruvian Amazon. These parasites had a chloroquine- 
and sulfadoxine/pyrimethamine–resistant mutation pattern. 
This study illustrates the value of molecular epidemiology 
tools during malaria outbreak investigations and malaria 
reintroduction events.

All P. falciparum samples available for testing be-
longed to a single genetic lineage, according to their nearly 
identical microsatellite genotypes. For 2 isolates, 2 alleles 
were slightly different sizes (169 vs. 172 bp). This variation 

 
Table 1. Genetic lineage based on 7 neutral microsatellite markers of representative Plasmodium falciparum isolates from malaria 
outbreak in Tumbes and Amazon Region, Peru, 2010–2012* 

Code 
Collection 

Date Isolation area 
Genetic 
lineage 

Chromosome location, locus name 
6 4 7 6 10 2 3 

TA1 Polyα PfPK2 TA109 2490 C2M34 C3M69 
MIS 0760 2010 Oct 25 Tumbes BV1 172 183 172 164 84 232 134 
MIS 0761 201 Oct 26 Tumbes BV1 172 183 172 164 84 232 134 
MIS 1142 2011 Mar 31 Tumbes BV1 172 183 172 164 84 232 134 
MIS 1147 2011 Jul 19 Tumbes BV1 172 183 172 164 84 232 134 
MIS 1146 2011 Jul 26 Tumbes BV1 172 183 172 164 84 232 134 
MIS 1168 2011 Aug 19 Tumbes BV1 172 183 172 164 84 232 134 
MIS1280 2011 Aug 27 Tumbes BV1 172 183 172 164 84 232 134 
TI-435 2011 Sep 22 Tumbes BV1 172 183 172 164 84 232 134 
TIA-4156 2011 Sep 28 Tumbes BV1 169 183 172 164 84 232 134 
T3–861 2011 Oct 4  Tumbes BV1 169 183 169 164 84 232 134 
TIA-4333 2011 Oct 14  Tumbes BV1 172 183 172 164 84 232 134 
MIS1278 2011 Nov 1  Tumbes BV1 172 183 172 164 84 232 134 
T3–989 2011 Nov 18  Tumbes BV1 172 183 172 164 84 232 134 
M01L1615 2011 Dec 1 Tumbes BV1 169 183 172 164 84 232 134 
TIA-434 2011 Dec 1  Tumbes BV1 172 183 172 164 84 232 134 
PSSI-205 2011 Dec 27  Corrales BV1 172 183 172 164 84 232 134 
Z1–22 2012 Mar 14 Zarumilla BV1 172 183 ND 164 84 232 134 
PR-12† Dec 2009 Requena (C) BV1 172 183 172 164 84 232 134 
PY013† Mar 2010 Yurimaguas (E) BV1 172 183 172 160 84 232 134 
Clonet B† 1999–2000 Loreto (E) B 172 183 172 164 84 226 149 
Clonet A† 1999–2000 Loreto (E) A 169 172 166 164 84 240 132 
Clonet C† 1999–2000 Loreto (E, W) C 178 164 163 160 80 246 136 
Clonet D† 1999–2000 Loreto (E, W) D 178 161 175 160 80 233 122 
Clonet E† 1999–2000 Tumbes E 172 148 175 160 74 226 138 
*Microsatellite genotypes of all 11 isolates from Requena and 1 of 12 isolates from Yurimaguas were identical to those of the Tumbes outbreak. Only 17 
of 54 isolates processed are shown. Isolates were selected to cover the extent of the duration of the outbreak (October 2010–March 2012). ND, not 
determined. 
†Historical microsatellite alleles of clonets A–E found in Peru in 1999–2000 and the BV1 variant found in Loreto in 2009–2010.  C, Central Amazon;.E, 
eastern Amazon; W, western Amazon. 
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could represent microevolution of parasites during this out-
break, which has been observed during outbreaks involving 
other microsporidia parasites (26).

Because one of the first patients reported in October 
2010 in Tumbes had a history of travel to Loreto, we hy-
pothesized that the parasite population causing this out-
break could be associated with parasites from Loreto. The 
genotype of the parasites from Tumbes was identical to that 
of 11 of 11 P. falciparum isolates collected from the Re-
quena District in Loreto in 2010 and 1 of 12 P. falciparum 
isolates collected from Yurimaguas (V. Udhayakumar, 
pers. comm.). Further analysis revealed that the Tumbes 
genotype was closely related to clonet B, which we previ-
ously reported to have been introduced to Loreto from Bra-
zil before the major malaria epidemic in the 1990s (14,16). 
Furthermore, the parasite from Tumbes was highly unre-
lated to clonet E, which was the only parasite population 
found in the northern coast of Peru before falciparum ma-
laria was eliminated in this region (14). These results dem-
onstrate that the outbreak of falciparum malaria in Tumbes 
was most likely caused by a single event, the introduction 
of a parasite population from Loreto.

Consistent with the neutral microsatellite findings, 
all other genetic markers tested supported the aforemen-
tioned conclusion. Included were the chloroquine-resistant 

SVMNT genotype, pyrimethamine-resistant genotype  
(Pfdhfr 50R, 51I, and 108N), sulfadoxine-resistant genotype 
(437G, 540E, and 581G), and deletion of the Pfhrp2 gene.

Several observations are relevant to the recent re-
surgence of malaria in Tumbes. First, this lineage has 
a new Pfdhfr triple mutant genotype (50R, 51I, 108N) 
that was mainly found outside of Peru in South America 
(14,16,21,27). This genotype seems to have been intro-
duced into Peru during or after peak transmission of malaria 
within Peru because such genotypes were only reported in, 
not before, 2006 (14,16). Second, in the northern coast of 
Peru, artesunate–sulfadoxine/pyrimethamine combination 
therapy was being used for the treatment of P. falciparum 
malaria, while this newly introduced parasite strain had mu-
tation patterns consistent with resistance to chloroquine and 
sulfadoxine/pyrimethamine. Coincidentally, malaria cases 
reported during this outbreak were treated with artesunate 
and mefloquine to decrease the risk for treatment failure. 
Therefore, the use of artesunate–sulfadoxine/pyrimeth-
amine for the treatment of P. falciparum in the northern 
coast of Peru, as is currently recommended by treatment 
guidelines published by the Ministry of Health of Peru, 
may not be appropriate in this region because of the risk 
for malaria reintroduction from the Amazon region. Third, 
a region with no documented evidence of Pfhrp2-deleted 

 
Table 2. Drug-resistant	allele	haplotypes	of	representative	Plasmodium falciparum isolates	from	the	Tumbes	outbreak,	clonets	A–E,	
and	isolates	from	the	Amazon	region,	Peru,	2010–2012* 

Code 
Collection	

date Source 
Gene	haplotypes 

Pfdhfr Pfcrt Pfdhps Pfmdr1 Pfhrp2 
MIS	0760 2010	Oct	25 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS	0761 2010	Oct	26 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS	1142 2011	Mar	31 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS	1147 2011	Jul	19 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS	1146 2011	Jul	26 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS	1168 2011	Aug	19 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS1280 2011	Aug	27 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
TI-435 2011	Sep	22 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
TIA-4156 2011	Sep	28 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
T3–861 2011	Oct	4t Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
TIA-4333 2011	Oct	14t Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
MIS1278 2011	Nov	1 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
T3–989 2011	Nov	18 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
M01L1615 2011	Dec	1 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
TIA-434 2011	Dec	1 Tumbes 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
PSSI-205 2011	Dec	27 Corrales 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
Z1–22 2012	Mar	14 Zarumilla 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
PR-12 2009	Dec	17 Requena 50R/51I/108N SVMNT 437G/540E/581G 184F/1034C/1042D/1246Y Neg 
PY013 2010	Mar Yurimaguas ND ND ND ND Neg 
Clonet	B 1999–2000 Loreto	(E) 51I/108N/164I SVMNT 437G/581G 184F/1042D	and	

184F/1034C/1042D/1246Y 
4/18 

Clonet	A 1999–2000 Loreto	(E) 51I/108N/164I SVMNT WT,	437G/581G,	and	
437G/540E/581G 

184F/1034C/1042D	and	
184F/1034C/1042D/1246Y 

1/24 

Clonet	C 1999–2000 Loreto	(E,	
W) 

108N CVMNT WT 184F/1034C/1042D 5/25 

Clonet	D 1999–2000 Loreto	(E,	
W) 

108N CVMNT 540-SYN 184F/1034C/1042D	and	
184F/1034C/1042D/1246Y 

9/15 

Clonet	E 1999–2000 Zarumilla WT	and	108N CVMNT WT ND Pos 
*Only	representative	alleles	are	included	in	this	table.	Gene	haplotypes	are	indicated	by	numbers	where	a	mutated	amino	acid	was	found.	C,	central	
Amazon;	E,	eastern	Amazon;	W,	western	Amazon;	neg,	Pfhrp2 negative;	pos,	Pfhrp2 positive,	1/24,	1	of	24	isolates	positive	for	Pfhrp2; ND, not 
determined;	WT,	wild	type. 

 



parasites suddenly became populated with such a parasite 
strain, thereby making HRP2-based rapid tests inadequate 
diagnostic tools for this investigation. Misdiagnosis could 
have occurred if HRP2-based rapid tests were used as the 
primary diagnostic tool in this region.

In summary, this study provides experimental evi-
dence of the value of timely molecular epidemiology in-
vestigations for pinpointing the source of P. falciparum re-
introduction in areas working toward malaria elimination. 
Additionally, these data point out that future screening of 
military recruits (or any other migrant population from 
malaria-endemic areas such as the Amazon region) for the 
presence of malaria and provision of appropriate treatment 
can help prevent future reintroduction of malaria in areas 
from which it had been eliminated.

Acknowledgments
We are grateful to all the personnel of the Ministry of Health 
in Tumbes and Lima who were involved in the response to the 
outbreak and who assisted with collection of patient informa-
tion and samples. We also thank Jaime Chang and Guillermo 
Gonzalvez for their guidance and contributions to the control of 
the outbreak, and we acknowledge the assistance provided by the 
Center for Global Health of the Universidad Peruana Cayetano 
Heredia, which provided valuable logistical support to this study.

This work was funded by the US Department of Defense Armed 
Forces Health Surveillance Center, Global Emerging Infectious 
Systems Division, through the Malaria Pillar Sustainment grant 
awarded to A.G.L. In addition, this investigation was partly 
supported by the Amazon Malaria Initiative, which is financially 
supported by the US Agency for International Development. 
S.A. was supported by the American Society of Microbiology/
CDC Postdoctoral Fellowship Program. The participation of 
A.G.L. in this investigation was sponsored by training grant 
NIH/FIC 2D43 TW007393 awarded to NAMRU-6 by the Fog-
arty International Center of the US National Institutes of Health.

Dr. Baldeviano is the head of the Immunology and Vaccine  
Development Unit, Department of Parasitology, NAMRU-6. His 
research focuses on the use of genetic, immunologic, and high-
throughput tools for the control and prevention of malaria.

References
  1.	 World Health Organization. Malaria; country profiles 2012  

[cited 2014 Dec 1]. http://www.who.int/malaria/publications/ 
country-profiles/en/index.html

  2.	 Cotter C, Sturrock HJ, Hsiang MS, Liu J, Phillips AA, Hwang J,  
et al. The changing epidemiology of malaria elimination: new  
strategies for new challenges. Lancet. 2013;382:900–11.   
http://dx.doi.org/10.1016/S0140-6736(13)60310-4

  3.	 Webster-Kerr K, Peter Figueroa J, Weir PL, Lewis-Bell K,  
Baker E, Horner-Bryce J, et al. Success in controlling a major 
outbreak of malaria because of Plasmodium falciparum in Jamaica. 
Trop Med Int Health. 2011;16:298–306. http://dx.doi.org/10.1111/
j.1365-3156.2010.02700.x.

  4.	 Hanna JN, Ritchie SA, Eisen DP, Cooper RD, Brookes DL,  
Montgomery BL. An outbreak of Plasmodium vivax malaria in Far 
North Queensland, 2002. Med J Aust. 2004;180:24–8. 

  5.	 Arez AP, Snounou G, Pinto J, Sousa CA, Modiano D, Ribeiro H, 
et al. A clonal Plasmodium falciparum population in an isolated 
outbreak of malaria in the Republic of Cabo Verde. Parasitology. 
1999;118:347–55. http://dx.doi.org/10.1017/S0031182099003972

  6.	 Djimdé AA, Dolo A, Ouattara A, Diakite S, Plowe CV, Doumbo 
OK. Molecular diagnosis of resistance to antimalarial drugs during 
epidemics and in war zones. J Infect Dis. 2004;190:853–5.  
http://dx.doi.org/10.1086/422758

  7.	 Samudio F, Santamaria AM, Obaldia N III, Pascale JM, Bayard V,  
Calzada JE. Prevalence of Plasmodium falciparum mutations 
associated with antimalarial drug resistance during an epidemic 
in Kuna Yala, Panama, Central America. Am J Trop Med Hyg. 
2005;73:839–41. 

  8.	 Laserson KF, Petralanda I, Almera R, Barker RH Jr, Spielman A,  
Maguire JH, et al. Genetic characterization of an epidemic of  
Plasmodium falciparum malaria among Yanomami Amerindians.  
J Infect Dis. 1999;180:2081–5. http://dx.doi.org/10.1086/315144

  9.	 Legrand E, Volney B, Lavergne A, Tournegros C, Florent L,  
Accrombessi D, et al. Molecular analysis of two local falciparum 
malaria outbreaks on the French Guiana coast confirms the msp1 
B-K1/varD genotype association with severe malaria. Malar J. 
2005;4:26. http://dx.doi.org/10.1186/1475-2875-4-26

10.	 Aramburú Guarda J, Ramal Asayag C, Witzig R. Malaria 
reemergence in the Peruvian Amazon region. Emerg Infect Dis. 
1999;5:209–15. http://dx.doi.org/10.3201/eid0502.990204

11.	 Durand S, Marquino W, Cabezas C, Utz G, Fiestas V, Cairo J,  
et al. Unusual pattern of Plasmodium falciparum drug resistance in 
the northwestern Peruvian Amazon region. Am J Trop Med Hyg. 
2007;76:614–8. 

12.	 Ruebush TK II, Neyra D, Cabezas C. Modifying national malaria 
treatment policies in Peru. J Public Health Policy. 2004;25:328–45. 
http://dx.doi.org/10.1057/palgrave.jphp.3190032

13.	 Magill AJ, Zegarra J, Garcia C, Marquino W, Ruebush TK II. 
Efficacy of sulfadoxine-pyrimethamine and mefloquine for the 
treatment of uncomplicated Plasmodium falciparum malaria in the 
Amazon basin of Peru. Rev Soc Bras Med Trop. 2004;37:279–81. 
http://dx.doi.org/10.1590/S0037-86822004000300015

14.	 Griffing SM, Mixson-Hayden T, Sridaran S, Alam MT,  
McCollum AM, Cabezas C, et al. South American Plasmodium  
falciparum after the malaria eradication era: clonal popula-
tion expansion and survival of the fittest hybrids. PLoS ONE. 
2011;6:e23486. http://dx.doi.org/10.1371/journal.pone.0023486

15.	 Marquiño W, Ylquimiche L, Hermenegildo Y, Palacios AM,  
Falconi E, Cabezas C, et al. Efficacy and tolerability of artesunate 
plus sulfadoxine-pyrimethamine and sulfadoxine-pyrimethamine 
alone for the treatment of uncomplicated Plasmodium falciparum 
malaria in Peru. Am J Trop Med Hyg. 2005;72:568–72. 

16.	 Bacon DJ, McCollum AM, Griffing SM, Salas C, Soberon V,  
Santolalla M, et al. Dynamics of malaria drug resistance  
patterns in the Amazon basin region following changes in Peruvian 
national treatment policy for uncomplicated malaria. Antimicrob 
Agents Chemother. 2009;53:2042–51. http://dx.doi.org/10.1128/
AAC.01677-08

17.	 Singh B, Bobogare A, Cox-Singh J, Snounou G, Abdullah MS, 
Rahman HA. A genus- and species-specific nested polymerase 
chain reaction malaria detection assay for epidemiologic studies. 
Am J Trop Med Hyg. 1999;60:687–92. 

18.	 Anderson TJ, Su XZ, Bockarie M, Lagog M, Day KP. Twelve  
microsatellite markers for characterization of Plasmodium 
falciparum from finger-prick blood samples. Parasitology. 
1999;119:113–25. http://dx.doi.org/10.1017/S0031182099004552

19.	 Anderson TJ, Haubold B, Williams JT, Estrada-Franco JG, 
Richardson L, Mollinedo R, et al. Microsatellite markers reveal a 

RESEARCH

802	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 21, No. 5, May 2015



	 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 21, No. 5, May 2015	 803

Molecular Epidemiology of Malaria Outbreak, Peru

spectrum of population structures in the malaria parasite  
Plasmodium falciparum. Mol Biol Evol. 2000;17:1467–82.  
http://dx.doi.org/10.1093/oxfordjournals.molbev.a026247

20.	 Echeverry DF, Nair S, Osorio L, Menon S, Murillo C, Anderson TJ.  
Long term persistence of clonal malaria parasite Plasmodium 
falciparum lineages in the Colombian Pacific region. BMC Genet. 
2013;14:2. http://dx.doi.org/10.1186/1471-2156-14-2

21.	 McCollum AM, Mueller K, Villegas L, Udhayakumar V,  
Escalante AA. Common origin and fixation of Plasmodium  
falciparum dhfr and dhps mutations associated with sulfadoxine-
pyrimethamine resistance in a low-transmission area in South 
America. Antimicrob Agents Chemother. 2007;51:2085–91.   
http://dx.doi.org/10.1128/AAC.01228-06

22.	 Nair S, Nash D, Sudimack D, Jaidee A, Barends M, Uhlemann AC, 
et al. Recurrent gene amplification and soft selective sweeps during 
evolution of multidrug resistance in malaria parasites. Mol Biol 
Evol. 2007;24:562–73. http://dx.doi.org/10.1093/molbev/msl185

23.	 Griffing S, Syphard L, Sridaran S, McCollum AM,  
Mixson-Hayden T, Vinayak S, et al. pfmdr1 amplification and fixa-
tion of pfcrt chloroquine resistance alleles in  
Plasmodium falciparum in Venezuela. Antimicrob Agents  
Chemother. 2010;54:1572–9. http://dx.doi.org/10.1128/
AAC.01243-09

24.	 Mejia Torres RE, Banegas EI, Mendoza M, Diaz C, Bucheli ST,  
Fontecha GA, et al. Efficacy of chloroquine for the treatment of un-
complicated Plasmodium falciparum malaria in Honduras. Am J Trop 
Med Hyg. 2013;88:850–4. http://dx.doi.org/10.4269/ajtmh.12-0671

25.	 Gamboa D, Ho MF, Bendezu J, Torres K, Chiodini PL,  
Barnwell JW, et al. A large proportion of P. falciparum isolates in 
the Amazon region of Peru lack pfhrp2 and pfhrp3: implications for 
malaria rapid diagnostic tests. PLoS ONE. 2010;5:e8091.   
http://dx.doi.org/10.1371/journal.pone.0008091

26.	 Hunter PR, Wilkinson DC, Lake IR, Harrison FC, Syed Q,  
Hadfield SJ, et al. Microsatellite typing of Cryptosporidium 
parvum in isolates from a waterborne outbreak. J Clin Microbiol. 
2008;46:3866–7. http://dx.doi.org/10.1128/JCM.01636-08

27.	 Zhou Z, Griffing SM, de Oliveira AM, McCollum AM,  
Quezada WM, Arrospide N, et al. Decline in sulfadoxine- 
pyrimethamine-resistant alleles after change in drug policy in 
the Amazon region of Peru. Antimicrob Agents Chemother. 
2008;52:739–41. http://dx.doi.org/10.1128/AAC.00975-07

Address for correspondence: G. Christian Baldeviano, US Naval Medical 
Research Unit No. 6, Av. Venezuela, Cuadra 36 S/N, Callao 2, Peru; 
email: gbaldevi@gmail.com 

February 2015:  
Complicated Datasets

http://wwwnc.cdc.gov/eid/content/21/2/contents.htm

Including:
• �Entry Screening for Infectious  

Diseases in Humans

• �Timing of Influenza A(H5N1) in Poultry 
and Humans and Seasonal 
Influenza Activity Worldwide, 2004–2013

• �Quantifying Reporting Timeliness to  
Improve Outbreak Control

• �Tickborne Relapsing Fever,  
Bitterroot Valley, Montana, USA

• �Simulation Study of the Effect of  
Influenza and Influenza Vaccination on 
Risk of Acquiring Guillain-Barré  
Syndrome

• �Evidence for Elizabethkingia anophelis 
Transmission from Mother to Infant, 
Hong Kong

• �Microbiota that Affect Risk for Shigellosis 
in Children in Low-Income Countries

• �pH Level as a Marker for Predicting  
Death among Patients with Vibrio  
vulnificus Infection, South Korea,  
2000–2011


