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Abstract
Background: The first phase of malaria infection occurs in the liver and is clinically silent. Inside hepatocytes each
Plasmodium sporozoite replicate into thousands of erythrocyte-infectious merozoites that when released into the
blood stream result in clinical symptoms of the disease. The time between sporozoite inoculation and the appearance
of parasites in the blood is defined as the pre-patent period, which is classically analysed by time-consuming and
labor-intensive techniques, such as microscopy and PCR.
Methods: Luciferase-expressing Plasmodium berghei parasites were used to measure pre-patent period of malaria
infection in rodents using a bioluminescence assay that requires only one microliter of blood collected from
the tail-vein. The accuracy and sensitivity of this new method was compared with conventional microscopy
and PCR based techniques, and its capacity to measure the impact of anti-malarial interventions against the
liver evaluated.
Results: The described method is very sensitive allowing the detection of parasites during the first cycles of
blood stage replication. It accurately translates differences in liver load due to inoculation of different
sporozoite doses as well as a result of treatment with different primaquine regimens.
Conclusions: A novel, simple, fast, and sensitive method to measure pre-patent period of malaria infection in
rodents is described here. The sensitivity and accuracy of this new method is comparable to standard PCR
and microscopy-based techniques, respectively.

Background
Malaria infection is initiated when Plasmodium parasites
enter the host through the bite of an infected Anopheles
mosquito. The clinical manifestations of the disease
occur during the intra-erythrocytic stage of replication,
but prior to infecting red blood cells Plasmodium parasites go through an obligatory and asymptomatic phase
of intrahepatic development.
Upon reaching the liver, sporozoites invade host hepatocytes inside which they develop into thousands of red
blood cell-infectious merozoites [1]. Targeting this asymptomatic stage of infection is crucial for the success of antimalarial interventions since clearance of the parasite at this
stage completely abrogates the clinical manifestation and
transmission of the disease. As such, the development of
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anti-malarial vaccine candidates and chemoprophylaxis
approaches focused on the liver stage of infection is critical [2,3]. It is, however, challenging to evaluate the efficacy
of anti-malarial strategies that target the development of
Plasmodium parasites in the liver.
Rodent models are frequently used to study the impact
of the different strategies in vivo and several methods
have been developed to accurately measure Plasmodium
liver infection (for a comprehensive review see [4]). Nevertheless, standard methods are invasive and terminal, as they
require the collection of liver tissue to determine parasite
burden. Among the usual methods are the microscopybased techniques to analyse fixed livers upon immunofluorescence assay (IFA), using Plasmodium-specific antibodies,
or live samples using transgenic parasites engineered to
express fluorescent proteins [5] and quantitative reverse
transcriptase PCR (qRT-PCR) to detect Plasmodium-specific
targets, typically 18S ribosomal RNA, or trans-genes

© 2014 Zuzarte-Luis et al.; licensee BioMed Central Ltd. This is an Open Access article distributed under the terms of the
Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), which permits unrestricted use,
distribution, and reproduction in any medium, provided the original work is properly cited. The Creative Commons Public
Domain Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this
article, unless otherwise stated.

Zuzarte-Luis et al. Malaria Journal 2014, 13:15
http://www.malariajournal.com/content/13/1/15

expressed by engineered parasites [6]. These assays are
usually performed in the end phase of Plasmodium development in the liver (between 40 and 48 hr after infection
with Plasmodium berghei or Plasmodium yoelii sporozoites), and prior to the egress of parasites into the blood. As
such, they are inappropriate to evaluate the impact of the
anti-malarial strategies on the final stage of the parasite
maturation, egress from the liver and onset of the symptomatic blood infection [7].
The length of the pre-patent period, i.e. the time between sporozoite inoculation and the appearance of parasites in the blood, directly reflects the duration of the
liver stage and the number of infective merozoites produced. However, determining the onset of blood parasitaemia through the analysis of blood smears by microscopy
is time-consuming and not accurate, as it may take a few
cycles of blood stage replication to achieve a detectable
level of parasites in the blood. The molecular methods
(PCR-based techniques) are more sensitive allowing not
only to accurately measure parasite load but also to determine speciation. They are, however, expensive and labor
intensive methods [8,9].
The recently developed chemiluminescent parasites
have become valuable tools in experimental malaria research. The luciferase-expressing parasites can be used
to assess parasite hepatic development through noninvasive methods and still allowing infection to proceed
to the blood stage in the same animals where liver burden was previously assessed [10]. As such, it is possible,
using these parasites to evaluate the effect of specific
anti-malarial strategies that target the liver stage.
Here, a further use for these transgenic luciferaseexpressing lines is proposed to accurately evaluate the
pre-patent period of malaria infection. This new assay
constitutes a simple, fast, non-invasive, and highly sensitive bioluminescent assay allowing a precise evaluation
of the malaria pre-patent period as it allows the detection of blood parasites as early as 60 hr after sporozoite
inoculation. This means that this method is able to detect the first generation of merozoites released from the
liver, since that merozoite egress from hepatocytes starts
48 hr after infection with sporozoites [11].

Methods
Mice, parasites and reagents

Male C57BL/6 mice, aged six to eight weeks were purchased from Charles River and housed in the pathogenfree facilities of the Instituto de Medicina Molecular,
Lisbon (IMM). The luciferase expressing P. berghei ANKA
transgenic parasite lines (676m1cl1 line) was used in all
the experiments. Sporozoites were obtained by disruption of the salivary glands of freshly dissected infected
female Anopheles stephensi mosquitoes and collected
in DMEM (Dulbecco’s Modified Eagle Medium from
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GIBCO). Mosquitoes were bred at the insectary facility of
the Instituto de Medicina Molecular. Firely luciferase
assay kit was purchased from Biotium, Hayward, USA and
DNA extraction kit was purchased from QIAGEN.
Ethics statement

All experimental procedures were performed according
to EU recommendations for good practices and animal
welfare and approved by the IMM Animal Care and
Ethical Committee (AEC_2010_024_MM_RDT_General_
IMM). Animals were monitored daily and every effort was
made to minimize suffering. Upon completion of experiments, mice were euthanized via administration of CO2
followed by cervical dislocation.
Infection and bioluminescence assay

Plasmodium liver stage infection was established by
mosquito bite, through a 20 minutes bite of one infected
Anopheles mosquito, or intravenously (IV) through retroorbital injection of the designated quantity of sporozoites.
At the selected time-points 1 μL of blood was collected
from the tail vein into 50 μL of lysis buffer. Luminescence
was determined by adding 50 μL of D-luciferin dissolved
in firely luciferase assay buffer (according to the manufacturer’s instructions) to 30 μL of lysate and immediately
measured using a multiplate reader (Tecan, Switzerland).
Values of luciferase activity are expressed as relative luminescence units (RLU).
DNA extraction and real-time PCR analysis

At the selected time-points, and concomitant with the
sampling for bioluminescence assay, 1 μL of blood was
collected from the tail vein into 200 μL of 1× PBS. DNA
extraction was performed using the DNeasy Blood &
Tissue Kit, according to the manufacturer’s instructions.
Real-time PCR analysis to was performed using 2 μL of
DNA and the iTaq Universal SYBR Green Supermix
from Bio-Rad according to the manufacturer’s instructions. Expression levels of 18 s rRNA were normalized
against the housekeeping gene seryl-tRNA synthetase
(PbANKA_061540). Gene expression values were calculated based on the ΔΔCt method. Primer pairs used
were: PbA 18S rRNA: 5′GGAGATTGGTTTTGACGTT
TATGTG3′ and 5′GGAGATTGGTTTTGACGTTTAT
GTG3′; PBANKA_061540: 5′ATTGCTCAACCTTATC
AAACTG3′ and 5′AGCCACATCTGAACAACCG3′.
Microscopy analysis

Blood parasitaemia was monitored daily by light microscopy, starting 60 hr after infection. Air-dried thin blood
smears were fixed in absolute methanol and stained with
Giemsa. Percentage of infected red blood cells (iRBC)
was assessed by microscopic examination of 15 fields of
Giemsa-stained blood smears.
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Statistical analysis

Statistically significant differences between two different
groups were analysed using the Mann–Whitney test. P <
0.05 were considered statistically significant. Significances
are represented in the figures as follows *P < 0.05; **P <
0.01. All statistic tests were performed using Graph Prism
5.0 software.

Results
Bioluminescence assessment of blood parasite load
correlates with parasitaemia measurements

To determine if bioluminescence levels measured in
total blood correlate with the sporozoite inoculum used
to initiate infection, mice were infected with increasing
numbers of luciferase-expressing P. berghei sporozoites
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(500, 5,000 and 50,000). Four days later luciferase activity was measured using 1 μL of tail-vein blood. The results clearly show that bioluminescence is detected 4
days after sporozoite infection and that its level is proportional to the number of sporozoites used to initiate
infection (Figure 1A). In addition, the administration of
primaquine (PRQ), clinically used to eliminate liver stage
parasites, resulted in a significant reduction in the bioluminescence measurements in total blood in a dosedependent manner, suggesting that the luminescence
levels detected in the blood are directly proportional to
the level of liver infection. Importantly, the bioluminescence measurements show a direct correlation with the
level of parasitaemia quantified by blood smear monitoring (Figure 1B).

Figure 1 Bioluminescence assessment of blood parasite load correlates with parasitaemia measurements and quantitatively detects
circulating parasites at 60 hr after infection. A: Bioluminescence measurements in the blood four days after infection with different numbers
of luciferase-expressing P. berghei ANKA sporozoites (500, 5,000 or 50,000 injected IV), with or without primaquine treatment. B: Correlation of
bioluminescence assessment with blood-stage parasitaemia determined by blood smear analysis at day 4 after infection with luciferase-expressing
P. berghei ANKA sporozoites. C: Assessment of pre-patent period at 60 h and 72 h after infection with different number of sporozoites (500 or 50,000
injected IV) and with or without primaquine treatment D: Assessment of pre-patent period at 60 h and 72 h after infection transmitted by the bite of 1
infected mosquito. E: Comparison of bioluminescence measurement with qPCR analysis of parasite load at 48, 60 and 72 hr after infection with 50,000
sporozoites. Non-infected (Ni) blood samples are included as control. (A-D: Each dot represents the signal of one infected mouse. Bars represent the
mean value. E: Each bar represents the bioluminescence signal of one infected mouse measured in technical triplicates. PCR analysis was performed in
technical duplicates).
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Bioluminescence measurements detect circulating
parasites 60 hr upon infection with 50,000 sporozoites

Having shown that bioluminescence measurements have
a direct correlation with the number of circulating parasites, the next step was to establish the earliest time
point after sporozoite infection, as well as the lowest
level of parasites that this assay could detect. Infections
were initiated by IV injection of 500 and 50,000 sporozoites and bioluminescence measurements from 1 μL of
tail-vein blood were performed 60 and 72 hr after infection. The results show that circulating parasites can be
quantified by this method as early as 60 hr when the infection is initiated with 50,000 sporozoites (Figure 1C).
Importantly, the luminescence levels are proportionally
lower upon administration of primaquine (PRQ) on the
day of infection (estimated to reduce liver infection by
90%) or 24 hr after infection (estimated to reduced approximately 50% of liver parasite load). In addition, an
infection initiated by the bite of one single infected mosquito could be detected 72 hr after the infectious bite
(Figure 1D) in levels similarly to the inoculation IV of
500 sporozoites (Figure 1C).
Sensitivity of the bioluminescence assay is similar to the
PCR detection of blood parasite load

To further test the sensitivity of the assay, bioluminescence measurements were compared with real-time PCR
analysis, both in samples of 1 μL of tail-vein blood of animals infected by IV injection of 50,000 sporozoites at
48, 60 and 72 hr after sporozoite infection. The results
show that the sensitivity of both methods is similar, as in
both cases the differences to non-infected (Ni) blood samples are only significant at 60 and 72 hr, but not at 48 hr
after infection. The results of the analysis of technical triplicates are further indicators of assay robustness.

Discussion and conclusions
The bioluminescent assay described here allows the fast
and efficient quantitative monitoring of pre-patent
period in a minimally invasive manner. This technique
has clear benefits over the traditional, time-consuming,
examination of blood smears to detect the presence of
circulating parasites. It takes a few cycles of blood stage
replication to produce a level of parasitaemia detectable
by blood smear analysis; as such, the measurement of
the pre-patent period by this method may be inaccurate
and may include the impact of the anti-malarial strategy
in the blood stage without providing a direct quantification of production and release of infective first-generation
merozoites. Additionally, this assay presents similar sensitivity to the widely used PCR-based methods.
The requirement to use the chemiluminescent parasites
further allows the combination with bioluminescence assays during liver stage infection to better discriminate the
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effects of distinct intervention strategies. The recent reports of luciferase-expressing parasites of different species,
including P. yoelii [12] as well as Plasmodium falciparum
[13], will allow the expansion of this protocol to these species. Most importantly, the description of liver and bloodhumanized mice (until now still in separate hosts) [14,15]
may soon allow the establishment of this assay to test different strategies against P. falciparum infection. As such,
the use of different luciferase-expressing parasites may
greatly accelerate and streamline the process of identifying
and analysing future vaccine candidates as well as drug
candidates against the pre-erythrocytic stages of malaria
parasites, including those that may target the parasite at
very late states or transition period between stages.
Competing interests
The authors declare that they have no competing interests.
Authors’ contributions
VZL and JSD performed the experiments. MMM supervised the study. VZL,
JSD and MMM wrote the manuscript. All authors read and approved the
manuscript.
Acknowledgements
We would like to thank Ana Parreira for mosquito production and infection
and Liliana Mancio-Silva for help with PCR experiments. This work was
supported by Fundação para a Ciência e Tecnologia (FCT, Portugal) grants
PTDC/SAU-MIC/113697/2009 (VZL) and EXCL/IMI-MIC/0056/2012 (MMM).
Received: 17 November 2013 Accepted: 31 December 2013
Published: 8 January 2014
References
1. Prudencio M, Rodriguez A, Mota MM: The silent path to thousands of
merozoites: the plasmodium liver stage. Nat Rev Microbiol 2006, 4:849–856.
2. Derbyshire ER, Mota MM, Clardy J: The next opportunity in anti-malaria
drug discovery: the liver stage. PLoS Pathog 2011, 7:e1002178.
3. Rodrigues T, Prudencio M, Moreira R, Mota MM, Lopes F: Targeting the
liver stage of malaria parasites: a yet unmet goal. J Med Chem 2012,
55:995–1012.
4. Prudencio M, Mota MM, Mendes AM: A toolbox to study liver stage
malaria. Trends Parasitol 2011, 27:565–574.
5. Amino R, Thiberge S, Blazquez S, Baldacci P, Renaud O, Shorte S, Menard R:
Imaging malaria sporozoites in the dermis of the mammalian host.
Nat Protoc 2007, 2:1705–1712.
6. Portugal S, Carret C, Recker M, Armitage AE, Goncalves LA, Epiphanio S,
Sullivan D, Roy C, Newbold CI, Drakesmith H, Mota MM: Host-mediated
regulation of superinfection in malaria. Nat Med 2011, 17:732–737.
7. Yu M, Kumar TR, Nkrumah LJ, Coppi A, Retzlaff S, Li CD, Kelly BJ, Moura PA,
Lakshmanan V, Freundlich JS, Valderramos JC, Vilcheze C, Siedner M, Tsai JH,
Falkard B, Sidhu AB, Purcell LA, Gratraud P, Kremer L, Waters AP, Schiehser G,
Jacobus DP, Janse CJ, Ager A, Jacobs WR Jr, Sacchettini JC, Heussler V, Sinnis P,
Fidock DA: The fatty acid biosynthesis enzyme FabI plays a key role
in the development of liver-stage malarial parasites. Cell Host Microbe
2008, 4:567–578.
8. Valkiunas G, Iezhova TA, Krizanauskiene A, Palinauskas V, Sehgal RN, Bensch S:
A comparative analysis of microscopy and PCR-based detection methods
for blood parasites. J Parasitol 2008, 94:1395–1401.
9. Taylor SM, Juliano JJ, Trottman PA, Griffin JB, Landis SH, Kitsa P, Tshefu AK,
Meshnick SR: High-throughput pooling and real-time PCR-based strategy
for malaria detection. J Clin Microbiol 2010, 48:512–519.
10. Ploemen IH, Prudencio M, Douradinha BG, Ramesar J, Fonager J, Van
Gemert GJ, Luty AJ, Hermsen CC, Sauerwein RW, Baptista FG, Mota MM,
Waters AP, Que I, Lowik CW, Khan SM, Janse CJ, Franke-Fayard BM:
Visualisation and quantitative analysis of the rodent malaria liver
stage by real time imaging. PLoS One 2009, 4:e7881.

Zuzarte-Luis et al. Malaria Journal 2014, 13:15
http://www.malariajournal.com/content/13/1/15

Page 5 of 5

11. Liehl P, Zuzarte-Luis V, Chan J, Zillinger T, Baptista F, Carapau D, Konert M,
Hanson KK, Carret C, Lassnig C, Muller M, Kalinke U, Saeed M, Chora AF,
Golenbock DT, Strobl B, Prudencio M, Coelho LP, Kappe SH, Superti-Furga G,
Pichlmair A, Vigario AM, Rice CM, Fitzgerald KA, Barchet W, Mota MM:
Host-cell sensors for plasmodium activate innate immunity against
liver-stage infection. Nat Med 2013. doi:10.1038/nm.3424. [Epub ahead
of print].
12. Miller JL, Murray S, Vaughan AM, Harupa A, Sack B, Baldwin M, Crispe IN,
Kappe SH: Quantitative bioluminescent imaging of pre-erythrocytic
malaria parasite infection using luciferase-expressing plasmodium yoelii.
PLoS One 2013, 8:e60820.
13. Vaughan AM, Kappe SH: Vaccination using radiation- or genetically
attenuated live sporozoites. Methods Mol Biol 2013, 923:549–566.
14. Vaughan AM, Mikolajczak SA, Wilson EM, Grompe M, Kaushansky A,
Camargo N, Bial J, Ploss A, Kappe SH: Complete plasmodium falciparum
liver-stage development in liver-chimeric mice. J Clin Invest 2012,
122:3618–3628.
15. Angulo-Barturen I, Jimenez-Diaz MB, Mulet T, Rullas J, Herreros E, Ferrer S,
Jimenez E, Mendoza A, Regadera J, Rosenthal PJ, Bathurst I, Pompliano DL,
Gomez De Las Heras F, Gargallo-Viola D: A murine model of falciparummalaria by in vivo selection of competent strains in non-myelodepleted
mice engrafted with human erythrocytes. PLoS One 2008, 3:e2252.
doi:10.1186/1475-2875-13-15
Cite this article as: Zuzarte-Luis et al.: Simple, sensitive and quantitative
bioluminescence assay for determination of malaria pre-patent period.
Malaria Journal 2014 13:15.

Submit your next manuscript to BioMed Central
and take full advantage of:
• Convenient online submission
• Thorough peer review
• No space constraints or color ﬁgure charges
• Immediate publication on acceptance
• Inclusion in PubMed, CAS, Scopus and Google Scholar
• Research which is freely available for redistribution
Submit your manuscript at
www.biomedcentral.com/submit

