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Abstract. Molecular approaches offer a means of testing archived samples stored as dried blood spots in settings
where standard blood cultures are not possible. Peripheral blood films are one suggested source of material, although the
sensitivity of this approach has not been well defined. Thin blood smears and dried blood spots from a severe pediatric
malaria study were assessed using specific polymerase chain reaction (PCR) primers to detect non-typhoidal Salmonella
(NTS; MisL gene), Streptococcus pneumoniae (lytA), and Plasmodium falciparum (18S rRNA). Of 16 cases of NTS
and S. pneumoniae confirmed on blood culture, none were positive by PCR using DNA extracts from blood films or
dried blood spots. In contrast, four of 36 dried blood spots and two of 178 plasma samples were PCR positive for
S. pneumoniae, despite negative bacterial blood cultures, suggesting false positives. Quantitative assessment revealed
that the effective concentration of P. falciparum DNA in blood films was three log orders of magnitude lower than for
dried blood spots. The P. falciparum kelch13 gene could not be amplified from blood films. These findings question the
value of blood PCR-based approaches for detection of NTS and S. pneumoniae, and show that stored blood films are
an inefficient method of studying P. falciparum.

INTRODUCTION

Non-malarial infections form an increasing proportion of
acute febrile illnesses in African children1 and are a major
cause of death among children in rural areas.2 A malaria
blood film or rapid diagnostic test is often the only diagnostic
available, but the presence of parasites does not rule out
other serious conditions.3 Approximately, a quarter of patients
thought to have cerebral malaria in fact have other diagnoses
on postmortem.4 There is also emerging evidence that patients
with severe malaria have a higher chance of concomitant inva-
sive bacterial infection.5,6

An understanding of the range of non-malarial infections
in these settings is critical for the development of improved
management algorithms and novel diagnostic tests for non-
malarial illnesses. Presumptive treatment with antibiotics
according to simple clinical criteria is included in the inte-
grated management of childhood illness algorithms, but it is
likely that antibiotics are still poorly targeted; for example,
in a large study of febrile Tanzanian children, less than 13%
of children with acute respiratory infection required treatment
with antibiotics.1 Detailed research surveys using a range of
diagnostic methods can provide a picture of the range of causes
of febrile illness in a particular setting.1,7 However, the major-
ity of locations currently have no access to diagnostic tests for
bacterial and other causes of non-malarial febrile illness.
Diagnosis of invasive bacterial infection using molecular

methods has been studied and implemented in well-resourced
settings to supplement standard bacterial culture methods.8

Polymerase chain reaction (PCR) of whole blood samples can
identify organisms even when there has been antibiotic pre-
treatment, and direct amplification of patient samples (without

prior culture) potentially offers a result time of a few hours.
Commercial kits are available involving direct multiplex real-
time PCR on blood samples based on conserved rRNA-based
sequences, although the accuracy of such approaches appears
to vary widely across studies.9 Use of capillary sequencing of
products can potentially add specificity to this approach. In
general, antibiotic susceptibility results cannot generally be
obtained by molecular methods.
In this work, we examine the use of dried blood spots,

malaria films, and plasma samples for PCR-based detection
of two common invasive bacterial pathogens (Streptococcus
pneumoniae and non-typhoidal Salmonella [NTS]), as well as
Plasmodium falciparum, in the context of the artesunate ver-
sus quinine severe falciparum malaria trial in African children
(African Quinine Artesunate Malaria Trial [AQUAMAT]).
We aimed to examine the accuracy of PCR using archived
material for detection of bacterial infection and quantification
of P. falciparum, using blood cultures and microscopy, respec-
tively, as gold standards.

MATERIALS AND METHODS

Clinical samples and data. All samples in this study were
obtained from children enrolled in Muheza, Tanzania, in
2007 in AQUAMAT.5,10 The blood culture–positive set con-
sisted of samples from 26 patients, including 12 with NTS
species and two with S. pneumoniae as well as cases positive
for Staphylococcus aureus (four), Burkhoderia cepacia (two),
Stenotrophomonas maltophilia (two), Pseudomonas stutzeri
(one), and Klebsiella pneumoniae (one). DNA extracts were
obtained from both dried blood spots and blood smears from
the 16 cases of NTS and S. pneumoniae to assess the pres-
ence of the relevant organisms by PCR and for P. falciparum
molecular quantitation; extracts from dried blood spots were
also obtained for the 10 other blood culture–positive cases
and entered the same PCR reactions. Additional sets of blood
culture–negative samples from the Muheza AQUAMAT site
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were used as templates for testing the specificity of NTS- and
S. pneumoniae-specific PCRs. To enrich for possible bacter-
emic cases,5 36 dried blood spot extracts from culture-negative
patients with extremes of plasma P. falciparum histidine-rich
protein 2 (PfHRP2) described previously11 were tested (either
less than 46 ng/mL or greater than 11,000 ng/mL baseline
plasma PfHRP2). In addition, all available plasma samples from
the first 200 culture-negative patients enrolled in the Muheza
site (178 samples) were tested. There was no significant differ-
ence in parasitemia among these various sets of samples.
Sample preparation. Each Giemsa-stained thin blood film,

estimated to contain 5 μL of blood, was scraped off using a
clean scalpel blade and collected in a microfuge tube. Dried
blood spots were punched out to yield an estimated 20 μL
blood and placed in a microfuge tube. DNA extraction was
undertaken using the QIAamp DNA Mini Kit (Qiagen,
Valencia, CA) with a final suspension volume of 50 μL (blood
films) and 100 μL (dried blood spots). For each PCR reaction,
2 μL DNA extract was used; the same volume of plasma was
used directly in the PCR reaction without purification.
Real-time PCR for S. pneumoniae and NTS spp. Real-

time PCR for S. pneumoniae and NTS spp. was performed
using previously described primers.12 For S. pneumoniae,
primers amplified the autolysin-encoding gene lytA, a cell wall-
degrading enzyme located in the cell envelope of S. pneumoniae13:
forward primer 5′-TTGGGAACGGTTGCATCATG-3′, reverse
primer 5′-TCGTGCGTTTTAATTCCAGCT-3′. For NTS spp.,
primers amplified the autotransporter protein misL encoded by
Salmonella pathogenicity island 314: forward primer 5′-GACGT
TGATAGTCTGCCATCCAC-3′, reverse primer 5′-CAATGC
CGCCAGTCTCCGTGC-3′. Bacterial PCRs were performed
using the StepOnePlus real-time PCR system (Applied Bio-
systems, Foster City, CA) with a thermal profile of 2 minutes
at 98°C, 45 cycles of 5 seconds at 98°C, and 30 seconds at
60°C with dissociation 15 seconds at 95°C, 1 minute at
60°C (+3°C), and 15 seconds at 95°C. Each reaction was
performed in a volume of 20 μL mixing SsoFast EvaGreen
(BioRad, Hercules, CA) with 0.25 μM of each primer and
2 μL DNA extract or plasma.
Standards. Bacterial DNA-positive and -negative control

standards were from the Biodefense and Emerging Infec-
tions Research Resources Repository (BEI Resources) on
website http://www.beiresources.org/ (Table 1). To confirm
positive samples in the S. pneumoniae real-time PCR, prod-
ucts were sequenced commercially and aligned with reference
lytA sequence GenBank AJ243414.1.
Real-time PCR for Plasmodium spp. and P. falciparum. A

species-specific assay was used to confirm P. falciparum
infection, using established primers, probe, and conditions15;
forward primer was 5′-CTTTTGAGAGGTTTTGTTAC
TTTGAGTAA-3′, reverse primer 5′-TATTCCATGCTGTA
GTATTCAAACACAA-3′, and probe sequence 5′-TGTTCA

TAACAGACGGGTAGTCATGATTGAGTTCA-3′ labeled
with 5′ FAM and 3′ TAMRA as reporter and quencher,
respectively. A real-time generic Plasmodium spp. assay was
then used to quantify gene copies of 18S rDNA using
established primers, probe, and conditions16; forward primer
was 5′-GCTCTTTCTTGATTTCTTGGATG-3′, reverse primer
5′-AGCAGGTTAAGATCTCGTTCG-3′, and probe sequence
5′-ATGGCCGTTTTTAGTTCGTG-3′.
Amplification and real-time measurements were performed

in the 5-plex Rotorgene Q (Qiagen) with the following ther-
mal profile for quantitative PCR (qPCR): 10 minutes at 95°C,
50 cycles of 15 seconds at 95°C, and 1 minute at 60°C. For the
reaction, 2 μL template was added to 8 μL reaction master
mix containing 1× QuantiTect Multiplex PCR Master Mix
NoROX (Qiagen), 0.4 μM of each primer, and 0.2 μM probe.
Relevant primers derived from the kelch13 gene sequence

were used to amplify the full kelch13 open reading frame
using a nested PCR protocol.17

RESULTS

Standards. Analyses of individual melting curves for
S. pneumoniae and Salmonella spp. amplification showed
melting temperatures of approximately 83°C and 87°C, respec-
tively. The limit of detection for the S. pneumoniae-specific
assay was 2.8 × 10−6 μg/mL, and 1.62 × 10−5 μg/mL for the
Salmonella spp.-specific assay, based on BEI templates NR4218
and HM-145D, respectively. Calculations based on established
estimated molecular weights for bacterial genomes18 confirmed
that this limit of detection translated to less than 100 copies/mL,
indicating that both PCR reactions were highly efficient.
Bacterial PCR. None of the 240 samples studied were pos-

itive for NTS by PCR, whether undertaken on extracts from
blood smear, dried blood spot, or directly from plasma (Table 2).
This included 14 patients with positive blood cultures.
The two S. pneumoniae culture–positive cases were nega-

tive by PCR from dried blood spot and blood smear extracts
and plasma (Table 2). However, other cases that were cul-
ture negative were positive by PCR, either using dried blood
spots (four cases) or plasma (two cases) as template. In these
samples, melting curve analysis showed values close to con-
trol values (approximately 83°C) and threshold cycles (CT)
consistent with significant amounts of DNA (between 34.2
and 37.6 cycles). PCR products were also confirmed to be
genuine products of S. pneumoniae by sequencing (more
than 90% identity when aligned with the S. pneumoniae lytA
reference sequence).
P. falciparum quantitative PCR. P. falciparum genomic

quantitation based on dried blood spot extracts was undertaken

TABLE 1
Control DNA templates

BEI codes Species Concentrations (μg/mL)

HM-145D Streptococcus pneumoniae 28
HM-248D Streptococcus sp. 27
HM-262D Streptococcus mitis 29
NR-4218 Salmonella typhimurium 162
NR-4592 Salmonella muenchen 129
NR-4614 S. typhimurium 99

TABLE 2
Main results

Blood culture result

Origin of PCR template

PCR result

Organism n
Streptococcus
pneumoniae NTS

NTS 14* SMEAR, DBS 0 0
S. pneumoniae 2 SMEAR, DBS, plasma 0 0
Other organisms 10 DBS 0 0
Negative 36 DBS11 4 (11.1%) 0

178 Plasma5 2 (1.1%) 0
DBS = dried blood spots; NTS = non-typhoidal Salmonella; PCR = polymerase chain

reaction; SMEAR = thin blood smears.
*Dried blood spots were available only in 12 of the 14 NTS-positive cases.
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for the 26 blood culture–positive samples and quantitation
based on blood smear extract for the subset of 16 NTS- and
S. pneumoniae-positive cases. Gene copy numbers of 18S
rDNA derived from PCR of dried blood spots were broadly
in line with predictions from determining organism load by
microscopy; mean ± standard deviation [SD] log parasitemia/mL
was 6.988 ± 1.253 compared with gene copies/mL of 6.205 ±
1.005. In contrast, genomic quantitation based on blood
smears taken at the same time was substantially lower than
microscopy; mean copies (18S rDNA)/mL = 2.695 ± 2.265,
indicating a drop in detection efficiency of around three
log units (P < 0.0001 in paired analysis of dried blood spot
versus smear).
There was a statistically significant correlation between

measured parasitemia and gene quantity using the dried blood
spot (Spearman r = 0.909, P < 0.0001), and a trend toward a
correlation between measured parasitemia and gene quantity
using blood smears (Spearman r = 0.546, P = 0.0566; Figure 1).
In four samples, the blood smear extract was negative by
PCR for P. falciparum. None of the three segments of the
kelch13 gene (total length 2,181 base pairs [bp]) could be
amplified from any of the blood smear extracts.

DISCUSSION

Molecular detection of malaria and bacterial DNA using
dried blood spots, a form of blood storage originally used for
detection of genetic conditions, potentially allows assessment
of pathogens in areas where cold chain storage is not avail-
able. In the case of malaria, this approach has already
proven valuable, with qualitative assessment of malaria spe-
cies and biological markers such as drug resistance polymor-
phisms now widely undertaken using dried blood spots19 or
rapid diagnostic tests.20 The results we report here are con-

sistent with this experience, with a clear correlation between
measured parasitemia and the number of P. falciparum gene
copies measured in DNA extracts derived from dried blood
spots. The dried blood spots used in this case were stored for
approximately 5 years with silica gel before DNA extraction,
but there was apparently not a substantial loss in terms of gene
copies, a well-recognized problem seen with long-term storage
of dried blood spots.21,22 This may depend on the length of
the PCR product in question; quantitative studies undertaken
here were based on a relatively short product (98 bp in length)
from 18S rDNA. Testing across a range of sequence lengths
would allow this question to be examined precisely.
Several reports have also described the extraction of DNA

from peripheral blood films used for malaria diagnosis, with
successful detection of several malaria species.23–28 This tech-
nique is particularly suited to historical samples stored rou-
tinely over prolonged periods collected in the course of
previous studies.24 DNA obtained from thick blood smears
showed substantially lower sensitivity than dried blood spots
when compared directly.28 Our data, using thin blood films,
are consistent with these reports, and indicate that blood
smears can be useful sources of parasite material, although
effective template concentrations appear to be around three
log orders of magnitude lower than for dried blood spots,
when comparing films and spots made at the same time. Pos-
sible reasons for this reduction in sensitivity include the dif-
fering storage conditions, loss of parasite material during
removal of material from the slide, and inhibitors of DNA
extraction and/or PCR because of the chemical properties of
Giemsa stain.
There is somewhat less experience with the use of dried

blood spots and blood films for bacterial detection. In our
case, both dried blood spots and malaria films were clearly
insensitive methods for diagnosis of NTS infections, since all
14 blood culture–positive cases were negative by PCR of
stored blood material. The relatively low volume of whole
blood entering PCR from dried blood spots or smears (less
than 1 μL compared with 1–3 mL for blood culture) is likely
to be a major factor, given that organism burdens are gener-
ally known to be low (median 1 colony-forming unit/mL29).
PCR-based detection of S. pneumoniae in blood has been

the subject of a large number of studies because culture-based
diagnosis can be difficult.8 The small number of S. pneumoniae
blood culture–positive cases studied here precludes formal calcu-
lation of accuracy for PCR-based diagnosis of S. pneumoniae.
Several blood culture–negative cases were PCR-positive on
dried blood spot samples or plasma samples; could these have
been PCR-positive, culture-negative cases of invasive bacterial
infection? Although such an interpretation has been suggested
by a number of studies,30,31 there is evidence that S. pneumoniae
PCR positivity in blood can be found in a significant propor-
tion of healthy children.30,32,33 A cautious approach is proba-
bly therefore still justified in interpreting these data.
Our experience differs from a recent PCR-based study

based on malaria blood films in which several bacterial spe-
cies (including S. pneumoniae, Salmonella spp., and Borrelia
spp.) were detected by PCR.12 Our data comparing blood
films with dried blood spots for P. falciparum quantitation
indicate that the quantity of DNA that can be derived from
blood films is substantially lower than that from dried blood
spots. The sensitivity of blood films for diagnosis of common
invasive bacterial infections is therefore likely to be very low.

FIGURE 1. Relationship between parasitemia and 18S rDNA
copies/mL in DNA extracts derived from dried blood spots (DBS)
and thin blood smears (SMEAR).

324 WIHOKHOEN AND OTHERS



Received July 20, 2015. Accepted for publication October 31, 2015.

Published online December 28, 2015.

Acknowledgments: We would like to thank Nick White for helpful
discussions.

Financial support: The work was supported by the Wellcome Trust
as part of the Wellcome Trust Mahidol University Oxford Tropical
Medicine Research Programme. Mallika Imwong was supported by
Mahidol University, Thailand.

Authors’ addresses: Benchawan Wihokhoen and Mallika Imwong,
Department of Molecular Tropical Medicine and Genetics, Faculty
of Tropical Medicine, Mahidol University, Bangkok, Thailand,
E-mails: benchawan@tropmedres.ac and noi@tropmedres.ac. Arjen M.
Dondorp and Charles J. Woodrow, Mahidol-Oxford Tropical Medicine
Research Unit, Faculty of Tropical Medicine, Mahidol University,
Bangkok, Thailand, E-mails: arjen@tropmedres.ac and charlie@
tropmedres.ac. Paul Turner, Cambodia-Oxford Medical Research
Unit, Angkor Hospital for Children, Siem Reap, Cambodia, E-mail:
pault@tropmedres.ac.

This is an open-access article distributed under the terms of the
Creative Commons Attribution License, which permits unrestricted
use, distribution, and reproduction in any medium, provided the
original author and source are credited.

REFERENCES

1. D’Acremont V, Kilowoko M, Kyungu E, Philipina S, Sangu W,
Kahama-Maro J, Lengeler C, Cherpillod P, Kaiser L, Genton
B, 2014. Beyond malaria—causes of fever in outpatient
Tanzanian children. N Engl J Med 370: 809–817.

2. Berkley JA, Lowe BS, Mwangi I, Williams T, Bauni E,
Mwarumba S, Ngetsa C, Slack MP, Njenga S, Hart CA,
Maitland K, English M, Marsh K, Scott JA, 2005. Bacteremia
among children admitted to a rural hospital in Kenya. N Engl
J Med 352: 39–47.

3. Gwer S, Newton CR, Berkley JA, 2007. Over-diagnosis and
co-morbidity of severe malaria in African children: a guide for
clinicians. Am J Trop Med Hyg 77: 6–13.

4. Taylor TE, Fu WJ, Carr RA, Whitten RO, Mueller JS, Fosiko NG,
Lewallen S, Liomba NG, Molyneux ME, 2004. Differentiating
the pathologies of cerebral malaria by postmortem parasite
counts. Nat Med 10: 143–145.

5. Hendriksen IC, White LJ, Veenemans J, Mtove G, Woodrow C,
Amos B, Saiwaew S, Gesase S, Nadjm B, Silamut K, Joseph
S, Chotivanich K, Day NP, von Seidlein L, Verhoef H,
Reyburn H, White NJ, Dondorp AM, 2013. Defining falciparum-
malaria-attributable severe febrile illness in moderate-to-high
transmission settings on the basis of plasma PfHRP2 concen-
tration. J Infect Dis 207: 351–361.

6. Church J, Maitland K, 2014. Invasive bacterial co-infection in
African children with Plasmodium falciparum malaria: a system-
atic review. BMC Med 12: 31.

7. Mayxay M, Castonguay-Vanier J, Chansamouth V, Dubot-Peres A,
Paris DH, Phetsouvanh R, Tangkhabuanbutra J, Douangdala
P, Inthalath S, Souvannasing P, Slesak G, Tongyoo N,
Chanthongthip A, Panyanouvong P, Sibounheuang B,
Phommasone K, Dohnt M, Phonekeo D, Hongvanthong B,
Xayadeth S, Ketmayoon P, Blacksell SD, Moore CE, Craig
SB, Burns MA, von Sonnenburg F, Corwin A, de Lamballerie
X, Gonzalez IJ, Christophel EM, Cawthorne A, Bell D,
Newton PN, 2013. Causes of non-malarial fever in Laos: a
prospective study. Lancet Glob Health 1: e46–e54.

8. Peters RP, van Agtmael MA, Danner SA, Savelkoul PH,
Vandenbroucke-Grauls CM, 2004. New developments in the diag-
nosis of bloodstream infections.Lancet Infect Dis 4: 751–760.

9. Chang SS, Hsieh WH, Liu TS, Lee SH, Wang CH, Chou HC, Yeo
YH, Tseng CP, Lee CC, 2013. Multiplex PCR system for rapid
detection of pathogens in patients with presumed sepsis—
a systemic review and meta-analysis. PLoS One 8: e62323.

10. Dondorp AM, Fanello CI, Hendriksen IC, Gomes E, Seni A,
Chhaganlal KD, Bojang K, Olaosebikan R, Anunobi N,
Maitland K, Kivaya E, Agbenyega T, Nguah SB, Evans
J, Gesase S, Kahabuka C, Mtove G, Nadjm B, Deen J,

Mwanga-Amumpaire J, Nansumba M, Karema C, Umulisa
N, Uwimana A, Mokuolu OA, Adedoyin OT, Johnson WB,
Tshefu AK, Onyamboko MA, Sakulthaew T, Ngum WP,
Silamut K, Stepniewska K, Woodrow CJ, Bethell D, Wills B,
Oneko M, Peto TE, von Seidlein L, Day NP, White NJ, 2010.
Artesunate versus quinine in the treatment of severe falciparum
malaria in African children (AQUAMAT): an open-label,
randomised trial. Lancet 376: 1647–1657.

11. Ramutton T, Hendriksen IC, Mwanga-Amumpaire J, Mtove G,
Olaosebikan R, Tshefu AK, Onyamboko MA, Karema C,
Maitland K, Gomes E, Gesase S, Reyburn H, Silamut K,
Chotivanich K, Promnares K, Fanello CI, von Seidlein L, Day
NP, White NJ, Dondorp AM, Imwong M, Woodrow CJ, 2012.
Sequence variation does not confound the measurement of
plasma PfHRP2 concentration in African children presenting
with severe malaria. Malar J 11: 276.

12. Aarsland SJ, Castellanos-Gonzalez A, Lockamy KP, Mulu-
Droppers R, Mulu M, White AC, Cabada MM, 2012. Treatable
bacterial infections are underrecognized causes of fever in
Ethiopian children. Am J Trop Med Hyg 87: 128–133.

13. Whatmore AM, Dowson CG, 1999. The autolysin-encoding gene
(lytA) of Streptococcus pneumoniae displays restricted allelic
variation despite localized recombination events with genes of
pneumococcal bacteriophage encoding cell wall lytic enzymes.
Infect Immun 67: 4551–4556.

14. Dorsey CW, Laarakker MC, Humphries AD, Weening EH,
Baumler AJ, 2005. Salmonella enterica serotype Typhimurium
MisL is an intestinal colonization factor that binds fibronectin.
Mol Microbiol 57: 196–211.

15. Perandin F, Manca N, Calderaro A, Piccolo G, Galati L, Ricci L,
Medici MC, Arcangeletti MC, Snounou G, Dettori G, Chezzi C,
2004. Development of a real-time PCR assay for detection of
Plasmodium falciparum, Plasmodium vivax, and Plasmodium ovale
for routine clinical diagnosis. J Clin Microbiol 42: 1214–1219.

16. Kamau E, Tolbert LS, Kortepeter L, Pratt M, Nyakoe N,
Muringo L, Ogutu B, Waitumbi JN, Ockenhouse CF, 2011.
Development of a highly sensitive genus-specific quantitative
reverse transcriptase real-time PCR assay for detection and
quantitation of Plasmodium by amplifying RNA and DNA of
the 18S rRNA genes. J Clin Microbiol 49: 2946–2953.

17. Ashley EA, Dhorda M, Fairhurst RM, Amaratunga C, Lim P,
Suon S, Sreng S, Anderson JM, Mao S, Sam B, Sopha C,
Chuor CM, Nguon C, Sovannaroth S, Pukrittayakamee
S, Jittamala P, Chotivanich K, Chutasmit K, Suchatsoonthorn
C, Runcharoen R, Hien TT, Thuy-Nhien NT, Thanh NV, Phu
NH, Htut Y, Han KT, Aye KH, Mokuolu OA, Olaosebikan
RR, Folaranmi OO, Mayxay M, Khanthavong M,
Hongvanthong B, Newton PN, Onyamboko MA, Fanello CI,
Tshefu AK, Mishra N, Valecha N, Phyo AP, Nosten F, Yi P,
Tripura R, Borrmann S, Bashraheil M, Peshu J, Faiz MA,
Ghose A, Hossain MA, Samad R, Rahman MR, Hasan MM,
Islam A, Miotto O, Amato R, MacInnis B, Stalker J,
Kwiatkowski DP, Bozdech Z, Jeeyapant A, Cheah PY,
Sakulthaew T, Chalk J, Intharabut B, Silamut K, Lee SJ,
Vihokhern B, Kunasol C, Imwong M, Tarning J, Taylor WJ,
Yeung S, Woodrow CJ, Flegg JA, Das D, Smith J, Venkatesan
M, Plowe CV, Stepniewska K, Guerin PJ, Dondorp AM, Day
NP, White NJ, for the Tracking Resistance to Artemisinin
Collaboration, 2014. Spread of artemisinin resistance in
Plasmodium falciparum malaria. N Engl J Med 371: 411–423.

18. Gillis M, De Ley J, De Cleene M, 1970. The determination of
molecular weight of bacterial genome DNA from renaturation
rates. Eur J Biochem 12: 143–153.

19. Singh B, Cox-Singh J, Miller AO, Abdullah MS, Snounou G,
Rahman HA, 1996. Detection of malaria in Malaysia by nested
polymerase chain reaction amplification of dried blood spots
on filter papers. Trans R Soc Trop Med Hyg 90: 519–521.

20. Tun KM, Imwong M, Lwin KM, Win AA, Hlaing TM, Hlaing T,
Lin K, Kyaw MP, Plewes K, Faiz MA, Dhorda M, Cheah
PY, Pukrittayakamee S, Ashley EA, Anderson TJ, Nair S,
McDew-White M, Flegg JA, Grist EP, Guerin P, Maude RJ,
Smithuis F, Dondorp AM, Day NP, Nosten F, White NJ,
Woodrow CJ, 2015. Spread of artemisinin-resistant Plasmo-
dium falciparum in Myanmar: a cross-sectional survey of the
K13 molecular marker. Lancet Infect Dis 15: 415–421.

325PCR-BASED DETECTION OF BACTERIAL INFECTION AND P. FALCIPARUM

http://creativecommons.org/licenses/by/4.0/


21. Hwang J, Jaroensuk J, Leimanis ML, Russell B, McGready R,
Day N, Snounou G, Nosten F, Imwong M, 2012. Long-term
storage limits PCR-based analyses of malaria parasites in
archival dried blood spots. Malar J 11: 339.

22. Schwartz A, Baidjoe A, Rosenthal PJ, Dorsey G, Bousema T,
Greenhouse B, 2015. The effect of storage and extraction
methods on amplification of Plasmodium falciparum DNA
from dried blood spots. Am J Trop Med Hyg 92: 922–925.

23. Kimura M, Kaneko O, Inoue A, Ishii A, Tanabe K, 1995. Ampli-
fication by polymerase chain reaction of Plasmodium falciparum
DNA from Giemsa-stained thin blood smears. Mol Biochem
Parasitol 70: 193–197.

24. Edoh D, Steiger S, Genton B, Beck HP, 1997. PCR amplifica-
tion of DNA from malaria parasites on fixed and stained
thick and thin blood films. Trans R Soc Trop Med Hyg 91:
361–363.

25. Li J, Wirtz RA, McCutchan TF, 1997. Analysis of malaria para-
site RNA from decade-old Giemsa-stained blood smears and
dried mosquitoes. Am J Trop Med Hyg 57: 727–731.

26. Ekala MT, Lekoulou F, Djikou S, Dubreuil G, Issifou S, Ntoumi
F, 2000. Evaluation of a simple and rapid method of Plasmo-
dium falciparum DNA extraction using thick blood smears
from Gabonese patients [in French]. Bull Soc Pathol Exot
93: 8–11.

27. Ivanova NV, Morozov EH, Kukina IV, Maksakovskaia EV,
Rabinovich SA, Poltaraus AB, 2001. ITS1, 5.8S and A-type
ITS2 rDNA sequences from Plasmodium vivax and develop-
ment of a method for retrospective PCR diagnosis of malaria
by stained thick blood smears [in Russian]. Mol Biol (Mosk)
35: 515–525.

28. Scopel KK, Fontes CJ, Nunes AC, Horta MF, Braga EM, 2004.
Low sensitivity of nested PCR using Plasmodium DNA
extracted from stained thick blood smears: an epidemiological
retrospective study among subjects with low parasitaemia in an
endemic area of the Brazilian Amazon region. Malar J 3: 8.

29. Gordon MA, Kankwatira AM, Mwafulirwa G, Walsh AL,
Hopkins MJ, Parry CM, Faragher EB, Zijlstra EE, Heyderman
RS, Molyneux ME, 2010. Invasive non-typhoid Salmonellae
establish systemic intracellular infection in HIV-infected adults:
an emerging disease pathogenesis. Clin Infect Dis 50: 953–962.

30. Michelow IC, Lozano J, Olsen K, Goto C, Rollins NK, Ghaffar
F, Rodriguez-Cerrato V, Leinonen M, McCracken GH Jr,
2002. Diagnosis of Streptococcus pneumoniae lower respiratory
infection in hospitalized children by culture, polymerase chain
reaction, serological testing, and urinary antigen detection.
Clin Infect Dis 34: E1–E11.

31. Azzari C, Cortimiglia M, Moriondo M, Canessa C, Lippi F,
Ghiori F, Becciolini L, de Martino M, Resti M, 2011. Pneumo-
coccal DNA is not detectable in the blood of healthy carrier
children by real-time PCR targeting the lytA gene. J Med
Microbiol 60: 710–714.

32. Dagan R, Shriker O, Hazan I, Leibovitz E, Greenberg D,
Schlaeffer F, Levy R, 1998. Prospective study to determine
clinical relevance of detection of pneumococcal DNA in sera
of children by PCR. J Clin Microbiol 36: 669–673.

33. The PERCH Study Group, 2014. Detection of Streptococcus
pneumoniae by Whole Blood lytA PCR and Association with
Pediatric Pneumonia. Abstract 0568. The 9th International
Symposium on Pneumococci and Pneumococcal Diseases,
March 2014, Hyderabad, India.

326 WIHOKHOEN AND OTHERS


