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Abstract

in blood banks.

Background: Malaria can be transmitted by blood transfusion through donations collected from asymptomatic or
parasitic donors. The parasites are released into the bloodstream during its life cycle and will therefore be present in
donated blood by infected individuals. All cases of transfusion-transmitted malaria (TTM) notified since 2005 in Brazil
were fatal. A good screening tool for Plasmodium spp. detection in blood units must have a high detection threshold,
and the prevention of TTM relies entirely on the exclusion of potentially infected donors. However, in Brazilian blood
banks, the screening test relies on blood thick smears examination.

Methods: The molecular diagnostic based on mitochondrial DNA (mtDNA) using real time PCR (mt-gPCR) was
improved to detect Plasmodium falciparum, Plasmodium vivax, and standardized for use in Plasmodium malariae. The
analytic sensitivity of this mt-qgPCR methodology was performed using a sample of P vivax.

Results: The mt-gPCR was highly efficient, and the analytic sensitivity for P, vivax was determined (0.000006 para-
sites/ul). This method was tested to detect P vivax and P, falciparum in individuals from two malaria-endemic areas

in Brazil, Amazon region (Pard and Ronddnia states), the samples were collected in 10 reference units of two blood
banks (Pard/nine cities and Rondénia/Porto Velho), and parasites mtDNA were detected in 10 of 2224 potential blood
donors (0.45%). In all 10 positive samples, only P vivax was detected.

Conclusion: Molecular diagnostic using mt-gPCR was effective in revealing infected potential donors with good per-
spectives to be applied as screening routine of asymptomatic carriers for preventing transfusion-transmitted malaria
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Background

Malaria is an infectious disease caused by parasites of
the Plasmodium genus. In addition to being primarily
transmitted by bites of female mosquitoes of Anopheles
species, malaria is readily transmitted by blood transfu-
sion through donations collected from asymptomatic or
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parasitic donors, especially those individuals with low
parasite densities [1-4]. The parasite is released into the
bloodstream during its life cycle and will therefore be
present in blood donated by infected individuals [5-7].
The erythrocyte concentrate is the main blood compo-
nent involved in transfusion-transmitted malaria (TTM),
but there are reports of transmission by fresh frozen
plasma, cryoprecipitate and platelets concentrate. When
preserved in blood units, the parasite remains viable for
a long period of time, even after storage. After transfu-
sion, the disease begins in a matter of days or weeks, with
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severe and often fatal evolution, especially in immuno-
depressed individuals, young children, pregnant women,
and people who have never been exposed to malaria par-
asites [6, 7].

Haemovigilance is required to identify and prevent
the occurrence or recurrence of unwanted transfusion-
related transmissions and to increase the safety, efficacy
and efficiency of blood transfusions [8]. This vigilance
system should include the monitoring of malaria in
endemic areas, such as Africa, South America and some
areas in Asia, to detect the five species of the Plasmo-
dium genus that infect humans, Plasmodium falciparum,
Plasmodium vivax, Plasmodium malariae, Plasmodium
ovale and Plasmodium knowlesi [2, 9].

Malaria transmitted by blood transfusions has been
described since the early 1900s. The first report on
malaria as a consequence of an artery-to-vein blood
transfusion was described in 1910 by Woolsey [5, 10].
However, the first case of TTM following the use of
stored blood was described in 1941, and 1756 cases were
reported in 49 countries between the years 1950 and
1972 [1]. In the last 40 years, the increased frequency
of blood transfusion in medical practice and increase in
travelling between countries in which malaria is absent
and those where malaria is endemic reveals a clinical and
public health problem [4, 8]. Moreover, the urbanization
of malaria transmission areas in countries where the dis-
ease is endemic has contributed to an increased possibil-
ity of accidental transmission of Plasmodium infections
through blood transfusion [11]. However, there is a pau-
city of officially registered data, which depends on appro-
priate tools for detection of malaria parasites.

An accurate diagnosis of Plasmodium infections is
essential for malaria control or eradication [2, 9, 12].
Examination of thick blood smears is performed to
detect positivity for Plasmodium, but this test has limited
sensitivity to detect asymptomatic infections with low
parasitaemia [13]. The lack of precise malaria diagnosis
remains an important obstacle that limits the prompt
detection and identification of Plasmodium species in the
case of individuals with low parasitaemia [14].

In this context, for the first time, an innovative strat-
egy was developed to detect the malaria parasites based
on mitochondrial DNA (mtDNA) of malaria parasites,
P. falciparum and P. vivax [15]. Efforts have been done
to develop tools for disease control, especially to pre-
vent TTM, by reporting the real possibility of transmis-
sion and the frequencies of contaminated samples from
blood donors who resided in a large urban area within
the malaria-endemic region [16]. After development
and application of this novel method, other studies have
reported the use of mtDNA for malaria diagnosis by
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nested PCR [17-21] or loop-mediated isothermal ampli-
fication (LAMP) [22, 23], thereby confirming the rel-
evance of this innovative strategy of using mtDNA as a
marker for malaria diagnostic tests [15].

Historically, the conventional malaria control has
mostly taken aim at P, falciparum, and even its aggressive
implementation has few lasting impacts upon endemic
P, vivax [9, 12]. In part, it occurs because this resilient
species requires multiple fronts of attack, which include
the asymptomatic and sub-patent reservoirs [24, 25]. In
general, transfusion malaria is not registered by national
authorities. Since 2002, the official data reported only 4
cases transmitted by transfusions from the blood banks
located in the Brazilian malaria-endemic area [11].

In Brazil, malaria is endemic in the Amazon region,
where P. vivax is the main species. In the past two dec-
ades, the numbers of malaria cases caused by this para-
site have varied between 100,000 and 500,000 per year,
representing approximately 85% of all reported cases
[26, 27]. Because P, vivax is able to develop latency stages
(hypnozoites) in the liver, which leads to relapses, and
its life cycle occurs inside the reticulocytes, these fac-
tors may contribute to an increase in the number of
individuals with low parasite load, which are not usu-
ally detected by healthcare facilities [24, 25]. Moreover,
in this endemic area, a high prevalence of asymptomatic
Plasmodium infection has been reported [28]. This is an
aspect that can lead to uncommon ways of transmission,
such as TTM [1, 2].

In this study, the performance of molecular approach
was improved for detection of malaria parasites via
mitochondrial DNA as a careful screening test of blood
samples from donors, and compared the more sensitive
molecular technique with those used in haemovigilance
as the best strategies for detecting P. falciparum, P. vivax
and P. malariae. In addition, for the P. vivax parasite, the
prevalence of positive samples was determined as units
for TTM occurrence upon the transfusion of blood or
its components from infected donors living in malaria-
endemic urban areas in Brazil.

Methods

Sample selection

Positive samples of P vivax (22,000 parasites/pL) and P
malariae (400 parasites/pL) were obtained from patients
with malaria. The positive sample of the 3D7 strain of P
falciparum was provided by the Evandro Chagas Insti-
tute/Ministry of health, Brazil. Samples of potential
donors were collected in two blood bank centres. Among
them, 1324 were obtained from nine reference units of
the Fundacdo Centro de Hemoterapia e Hematologia do
Estado do Parda (HEMOPA) and 900 were collected from
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blood donors in Porto Velho, the capital of the state of
Rondonia. In samples collected in the state of Pard, the
frequency of malaria parasites in potential donors was
analysed according to age and annual parasite index
(API), the gender ratio was approximately 4 males to 1
female.

DNA extraction, quantification and mt-qPCR

DNA samples were extracted from 150 pL blood by
phenol/chloroform followed by ethanol precipitation
method, with modifications [29]. Then, DNA was quan-
tified on NanoDrop™ ND 1000 (Uniscience), in 260 nm
to 280 nm wavelength range and final concentration was
adjusted to 100 ng/pL.

A qPCR was performed to determine the presence and
absence of the malaria parasite mtDNA, based on primer
extension and posterior hybridization with TagMan
probes on ABI Prism 7.500 sequence detection system
(Life Technologies, CA, USA) version 2.0.6 software,
according to the manufacturer’s instructions.

The probes were designed as described by Batista-dos-
Santos et al. [16], targeting the Cytochrome C Oxidase
gene (COX) in control samples of three species of Plas-
modium evaluated in this study. The probes identified
the species P, falciparum (COX III—access n. GI8346992
and M76611), P. vivax (COX I—access n. GI63022502).
The qPCR assay amplified mtDNA which was a part of
the sequence generated by the primers as published by
Cunha et al. [15], and P malariae (COX I—access n.
KC175322.1), 3 different qPCR assays were performed.

As negative control, ultra-pure water previously tested
for mitochondrial gPCR (mt-qPCR) was employed and a
molecule of template DNA was used as endogenous posi-
tive control.

Evaluation of the detection threshold of mt-qPCR

for Plasmodium vivax

Evaluation of analytic sensitivity of the mt-qPCR meth-
odology was performed using a sample of P. vivax previ-
ously evaluated and quantified. For this, a serial dilution
was performed in ultra-pure water (DF 10) until the
concentration of 1:100,000, in triplicate, as previously
described by Gama et al. [30], using serial dilution for
genomic DNA (dDNA). It was adapted for mitochondrial
DNA, hence the results are sub-represented considering
that the copy number of the mitochondrial genome is
estimated in an interval of 20-150 copies [31, 32].

The aliquot of 150 pL of blood was withdrawn from
the sample containing 200 parasites/mm?, After extrac-
tion, the pellet was precipitated in a volume of 50 pL
(~600 parasites/pL). In addition, the solution was diluted
to 1:1000 in ultra-pure water, which corresponded to
approximately ~ 0.6 parasites/uL.
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Results

Comparison of the mt-qPCR reactions to detect
Plasmodium malariae, Plasmodium falciparum

and Plasmodium vivax

Initially, mt-qPCR was standardized to detect P malar-
iae, and the detection threshold was determined in
comparison with P falciparum and P. vivax using this
molecular diagnosis. The amount of amplicon obtained
by the amplification of mtDNA from malaria parasites
showed variability according to the parasitaemia density
of each Plasmodium species tested. This assay showed
good reproducibility when tested for all three dilutions of
each sample (Fig. 1).

Determination of the detection threshold of the mt-qPCR
for molecular diagnosis of Plasmodium vivax

For P vivax sample, the detection threshold was esti-
mated by analysing the blood collected from an infected
individual. The parasitaemia was determined by the thick
blood smear technique (200 parasites/pL). The serial
dilutions were established as follows: (i) the first solu-
tion contained the equivalent of 0.6 parasites/pL; (ii)
the second solution contained 0.06 parasites/pL; (iii) the
third solution had 0.006 parasites/pL; (iv) the fourth solu-
tion had 0.0006 parasites/pL; (v) the fifth solution had
0.00006 parasites/pL; and, (vi) the sixth solution con-
tained 0.000006 parasites/uL (Fig. 2).

The technique of amplification by mitochondrial
qPCR was able to detect P vivax mtDNA at all dilu-
tions, even in the most diluted sample corresponding
to 0.000006 parasites/pL (with CT of 38). The detection
thresholds for the P. falciparum and P. malariae species
were not determined.

Percentages of positive samples from blood donors
identified by qPCR detection of Plasmodium falciparum
and Plasmodium vivax mtDNA

A total of 2224 samples collected from blood donors
were tested by molecular diagnosis using mt-qPCR. All
participants were permanent residents of two different
states in the Brazilian Amazon region. Of these, 1324
were collected from different blood banks of the state of
Par4, and 900 were from blood donors from Porto Velho,
the capital of the state of Rondonia. Malaria parasites
were detected in 10 of 2224 blood donors (0.45%). In all
10 positive samples, only P. vivax mtDNA was detected.
The distribution of blood donors by city and the preva-
lence of detected malaria parasites is shown in Table 1.
The positivity for Plasmodium was observed in only 3
blood banks, and the numbers of positive samples were
5, 3 and 2 for those collected in Abaetetuba (Pard), San-
tarém (Pard) and Porto Velho (Ronddnia), respectively.
Regarding samples collected in Porto Velho, P vivax
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Fig. 1 Comparison of the mt-qPCR reactions to detect Plasmodium malariae, Plasmodium falciparum and Plasmodium vivax. The amount of
amplicons obtained from amplification of mtDNA from malaria parasites showed variability according to the parasitaemia density of each
Plasmodium species tested. The DNA dilutions tested were 1:100, 1:1000 and 1:10,000. P malariae (blue), P vivax (purple) and P, falciparum (green)

was detected using both molecular diagnostic methods
(mtDNA and 18S rRNA). The percentage of positive sam-
ples was 3.0, 1.5 and 0.2% for the Abaetetuba, Santarém
and Porto Velho donor groups, respectively. All tested
samples were negative for P, falciparum.

Discussion

TTM is recognized in many countries where malaria
transmission has been eliminated [6]. Although the fre-
quency of this route of transmission is very low in non-
endemic malaria areas, it is a substantial problem that
involves the risk of receiving a unit of erythrocyte con-
centrate contaminated with parasites [7, 33]. Transfu-
sion-associated cases of malaria have been reported in
many parts of the world, including the USA [1, 3, 34],
Canada [35], Spain [36], England [37], and France [38],
Therefore, it should be noted that TTM may be impli-
cated in the reintroduction of malaria into areas where it
had previously been eradicated.

Conversely, the risk of transmitting malaria by blood
transfusion in countries where parasite transmission is
endemic can be high, and the healthcare systems clearly
need alternative measures to prevented TTM, including
tools for detecting the parasite or its components in the
blood of potentially infected donors [2, 7, 11].

Although the exact numbers are unknown, the fre-
quency of TTM has been estimated as 1 case per 4
million units donated in non-endemic areas [36, 37].
Moreover, it is worth considering that in the malaria-
endemic areas, it is a health problem as reported for
Africa [7, 39, 40], Asia [41] and South America, including
Brazil, where infected donors were detected in 2 studies
that used different molecular approaches to test samples
collected in blood banks located in the Amazon region
[16, 42]. Besides, TTM is a disease with a high lethality
rate: all cases notified in Brazil since 2005 were fatal [43].

Malaria screening is mandatory in endemic regions
and the directives of the Brazilian National Health Sur-
veillance Agency (ANVISA) and the Brazilian Ministry
of Health require high sensitivity tests. In spite of this,
malaria screening in Brazilian blood banks relies on
questionnaire data followed by microscopic examina-
tion of thick smears, which has several limitations, such
as low counts of parasitaemia in asymptomatic patients
which may lead to liability to human error [11].

In this study there was an improvement in the method-
ology developed by Cunha et al., which originally used a
strategy based on mtDNA to amplify specific sequences
of the Cytochrome C Oxidase genes, such as COXIII and
COXI for P falciparum and P. vivax, respectively. The
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Fig. 2 Determination of the Plasmodium vivax detection threshold by mt-qPCR. Serial dilutions were performed using 1.0 plL of the DNA solution
(~0.6 parasites/uL) for obtained serial dilutions in ratio 10, with dilutions equivalent from 0.6 to 0.000006 parasites/uL. The same volume of each

conventional PCR methodology was changed to a more
sensitive and semi-automated technique using one-step
qPCR and the same mtDNA sequences. Additionally,
mt-qPCR specific to P malariae was standardized. The
conventional PCR identified small amplicons of 273 pb
(P falciparum) and 290 pb (P. vivax) [15] allowing the
parasite mtDNA amplification in a shorter time than in
the classic nested-PCR based on ribosomal RNA, which
has been used for molecular diagnosis of malaria over the
past two decades [44].

This new methodology was applied for the detec-
tion of 3 Plasmodium species (P. falciparum, P. vivax,
and P. malariae) more frequently found as the infecting
agents among the 5 species that cause human malaria.
The results confirmed that potentially infected volun-
teers can be among the donors. Although the frequency
was low, it represents an even more complicated issue

considering that each donation can be distributed over
erythrocyte concentrates, platelet concentrates, or serum
or plasma/platelets concentrates. Plasmodium falcipa-
rum and Plasmodium vivax tests were included, but only
samples infected with P, vivax were detected. This can be
explained by the fact that this is an area of higher inci-
dence of P. vivax. It is well-characterized as an endemic
area where P, vivax causes approximately 85% of malaria
episodes registered by the Brazilian Health System [26,
27].

Another contribution was the qPCR designed specifi-
cally for detecting mtDNA of P malariae. This innova-
tive approach, although only preliminarily tested one
positive sample, proved to be a suitable screening tool for
identification of infected patients. The detection thresh-
old curve varied depending on the infecting species. This
suggests that P. malariae, which frequently occur in low
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Table 1 Baseline characteristics of the samples collected in blood banks of the Brazilian Amazon region and exposure
to P. vivax and P. falciparum detected by molecular diagnosis

Blood banks located in Para N Age in years, median Males, % API? mt-gPCR positive N (%)
and Rondoénia state (range)

P. falciparum P. vivax
Belém-Para® 120 32(18-59) 85.0 0.7 (low) 0(0) 0(0)
Castanhal-Paré 161 31 (19-59) 733 0.4 (low) 0(0) 0(0)
Maraba-Para 193 30 (18-65) 756 5.9 (low) 0(0) 0(0)
Santarém-Para 197 34 (20-60) 66.0 3.1 (low) 0(0) 3(1.5)
Abaetetuba—Para 167 30 (19-62) 76.0 0.9 (low) 0(0) 5(3.0)
Redencdo—Para 129 34 (20-58) 713 0.15 (low) 0(0) 0(0)
Capanema—Para 155 28 (19-60) 66.4 0.5 (low) 0(0) 0(0)
Tucurui-Para 33 32 (18-65) 60.6 35.6 (medium) 0(0) 0(0)
Altamira—Para 169 26 (18-59) 75.7 22.7 (medium) 0(0) 0(0)
Porto Velho—-Rondonia® 900 NA NA 54.3 (high) 0(0) 2(0.2)
All samples 2224 30 (18-65) 73.1 - 0(0) 10 (0.45)

NA not available

2 Annual Parasite Index at the year of the survey with the respective classifications (low, medium or high) as reported by the Brazilian Ministry of Health (http://www.

saude.gov.br/sivep_malaria)
5 All donors from Para state were selected to donation

¢ Among all samples collected in Ronddnia state, only two were positive for P. vivax by molecular screening, 700 were approved as donors and 200 were excluded, all
of them were tested in both molecular methods, the nested polymerase chain reaction (nested-PCR) for amplification of the 185 RNA and the real time PCR (qPCR) to

amplify the parasites mtDNA

parasitaemia, can also be detected by mt-qPCR. Future
studies may be conducted to validate this assay in a cross-
sectional study. In Brazil, it is necessary because there are
certain issues with the transmission of P malariae that
need to be addressed, which include a high prevalence of
P. malariae infections in the Brazilian Amazon endemic
area [45], as well as a case of TTM after a transfusion of
blood donated by an asymptomatic donor infected with
this parasite [46]. In both studies, nested-PCR detecting
rRNA was used for diagnosis.

The major advantage of using mitochondrial DNA
(mtDNA) in malaria diagnosis as originally reported [15]
is the largest copy number/cell of the parasite mitochon-
drial genome, from 20 to 150 copies/parasite [18, 31, 32].
The potentially infectious parasitaemia is largely variable
in TTM cases. An estimated value is 10 parasites/unit in
250 mL of erythrocyte concentrate. In this case, a molec-
ular diagnostic method to provide a trustworthy analysis
should have a very low parasite detection threshold [33].

Another important point to be considered is the vol-
ume of blood needed to obtain the DNA, since the
amount of processed specimen determines the limit of
detection [33]. Some questions have been raised regard-
ing the volume of blood that should be tested because
only a small part of the donor’s total blood volume, which
will be transferred to the recipient individual, is included
in the molecular analysis. Hence, different concentra-
tions of DNA obtained from P vivax-infected patients
were tested, and the estimated detection threshold was

very low (0.000006 parasites/pL) when compared to the
detection threshold of the nested PCR (0.004 parasites/
pL) [36].

Two research groups discussed this issue and proposed
a hypothetical detection threshold, using calculations
that offered the hypothetical value as the threshold [33,
36]. Thus, a threshold could be established corresponding
to the probability that analysis of a very small volume of
the whole blood bag produces a reliable result that may
serve as the basis for a conclusion regarding whether the
screening could be positive in very low parasitaemia. The
qPCR using mtDNA as template for identification of P
vivax proved that it was possible to reach the hypotheti-
cal detection threshold to detect parasitaemias as low as
2.2 x 107° parasites/pL, as described by Hinscheid et al.
[33] in a commentary on the use of PCR for screening
blood donors tested by Benito and Rubio [36]. Our tests
showed that mt-qPCR detected P vivax at 2.4x107°
parasites/4 uL (6.0 x 10~° parasites/uL) density by ana-
lysing DNA from a suitable blood volume, thus achiev-
ing analytical sensitivity very close to the value estimated
almost two decades ago [33], that is, before the routine
use of more sensitive molecular techniques such as real-
time PCR.

Malaria induced by blood transfusions from asympto-
matic carriers is a relevant problem of haemovigilance.
A review of the duration of P. falciparum infections has
illustrated how these infections have been studied for
decades, and based on the data from these studies, it is
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possible to suggest that for blood transfusion-transmit-
ted malaria, the inoculum should contain approximately
1000 parasites in a blood bag or bottle of approximately
500 mL. Thus, the transmission density approached an
average of 2 parasites/mL [5]. A appropriate screening
tool for malaria detection in blood units must have a high
sensitivity [33]. It must allow the reduction of TTM risk
as well as that of falsely deferred blood donors.

Finally, this analysis proved that it was possible to
considerably improve the assay to detect the parasite
mtDNA, compared to conventional PCR, where the
detection threshold was 0.01 parasites/pL [15]. Using mt-
qPCR, the achieved threshold was substantially lower,
0.000006 parasites/pL. This confirms the high efficiency
of this methodology to detect parasite mtDNA (P vivax)
analysing only 150 pL out of a total of approximately
450 mL of blood.

Prevention of TTM relies entirely on the exclusion of
potentially infected donors. However, it can be very dif-
ficult since in many cases, the donor screening process is
not efficient and fails to obtain accurate information on
previous exposure to malaria and identification of the
infected donors. It represents a situation that can par-
ticularly occur for donors in blood banks of endemic-
malaria areas [7, 11, 39].

Analysing the frequency of positive donor detection
by molecular diagnostic tools for samples from blood
banks from the malaria-endemic area in Brazil, it was
identified only two studies up until the present that
determined the prevalence of positive samples of Plas-
modium species among donors that live in the Ama-
zon region, which varies from 1 to 3%. Both studies
included samples collected from donors of the blood
banks of the Belém city, and the prevalence observed
was similar, 1.34% [16] and 1% [42]. It should also be
noted that in these studies with blood bank samples, it
was only detected positives for a single species, P. vivax
[16], while others reported mixed infection [42]. It can
be suggested that mt-qPCR provides a more specific
amplification. In a malaria-free area, a non-endemic
state located outside the Amazon region, cases of posi-
tive samples from blood donors were registered [47].
This motivates an intense discussion that involves tech-
nical and epidemiological aspects and exposes how
important it is to provide more accurate data, as well as
to provide new highly sensitive tools for better explana-
tions of this situation [47-49].

A suitable screening tool for malaria detection in blood
units must have high sensitivity and specificity; it must
be fast and reduce the risk of TTM [2, 4]. Considering
the limitations of the thick blood smear as a screening
method in blood banks, it is suggested that the cost-
effectiveness of introducing a molecular diagnostic tool
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for Plasmodium species in the blood banks of endemic
areas or in micro-regions should be evaluated in addition
to the possibility of reducing the risks of TTM. Malaria
diagnostic research provides a basis for applied advances
in malaria surveillance [9, 13—15]. For this, the labora-
torial blood screening can be a critical point in malaria
eradication. In the case of TTM, one aspect that must be
considered is the low parasitaemia of infected donors.

Conclusions

In conclusion, qPCR is efficient for malaria molecular
diagnostics, presenting promising results with good ana-
lytic sensitivity. It is a fast and easy molecular methodol-
ogy to detect mtDNA of the three most frequent malaria
parasites, presenting a potential for large-scale use in the
prevention of transfusion-transmitted malaria by screen-
ing for potential donors as part of malaria haemovigi-
lance in blood banks.
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