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Abstract A loop-mediated isothermal amplification
(LAMP) assay was developed for the diagnosis of Theileria
lestoquardi infection. The primers were designed based on
the clone-5 sequence of T. lestoquardi. The specificity and
sensitivity of the assay were established. Analysis of the
specificity showed that the selected LAMP primers ampli-
fied the target sequence from T. lestoquardi DNA success-
fully, while no amplification was seen with DNA from
Theileria annulata, Theileria ovis, Babesia ovis, Ana-
plasma ovis, or ovine genomic DNA. The specificity of
the LAMP product was further confirmed by restriction
digestion and sequencing. The sensitivity of the LAMP
assay was analyzed in comparison to PCR resulting in a
detection limit of 10 fg/μl of plasmid DNA containing the
clone-5 sequence. The suitability for utilizing the LAMP
assay in the field for the diagnosis of T. lestoquardi

infection was tested on 100 field samples collected in
Sudan and compared with results obtained by PCR. The
relative specificity and sensitivity of the established LAMP
assay was determined to be 92.1% and 87.5%, respectively,
indicating that it may be regarded as an alternative
molecular diagnostic tool to PCR which could be used for
epidemiological surveys on T. lestoquardi infection.

Introduction

Theileria lestoquardi is a tick-borne protozoan parasite that
causes a highly pathogenic disease in sheep known as
malignant ovine theileriosis (MOT). The parasite is trans-
mitted by Hyalomma ticks (Levine 1973). The disease was
first described in Egypt in exported Sudanese sheep by
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Mason (1915) and has in the meantime been recorded in
southeastern Europe, North Africa, the Near and Middle
East and former southern USSR (Dolan 1989). Control of
the disease can be achieved by chemotherapy, using
theilericidal drugs such as buparvaquone (El Hussein et
al. 1993) as well as tick control using acaricides (Jongejan
and Uilenberg 2004). In addition, immunoprophylaxis of
sheep with attenuated T. lestoquardi schizont-infected ovine
cells has been carried out in Iraq and Iran (Hawa et al.
1981; Hooshmand-Rad 1985; Hashemi-Fesharki 1997).

Diagnosis of T. lestoquardi infection is based on the
combination of the clinical signs or pathological findings
with the demonstration of parasitic stages in blood or organ
smears. The provisional diagnosis includes case history,
clinical signs, postmortem findings, and geographic distri-
bution of disease and vector (OIE 2000). Generally it is
difficult to discriminate T. lestoquardi piroplasms from
nonpathogenic Theileria species that may occur simulta-
neously within the same ovine host and could confuse
accurate diagnosis of T. lestoquardi. Although useful in the
detection of acute cases, this diagnostic procedure has
limited value in determining carrier status.

Detecting antibodies against T. lestoquardi using immu-
nofluorescence antibody technique was applied in epidemi-
ological surveys (Salih et al. 2003; Taha et al. 2003), but
false positive or false negative results due to cross-reactions
or a weak specific immune response are some disadvan-
tages that are commonly observed in this test (Leemans et
al. 1997). An enzyme-linked immunosorbent assay
(ELISA) has been developed for the serological detection
of T. lestoquardi using recombinant protein to minimize the
chance for cross-reactivity (Bakheit et al. 2006a). This
ELISA is based on the newly discovered clone 5 surface
protein of T. lestoquardi and was applied in field samples
collected from northern Sudan (Bakheit et al. 2006a).

Several molecular techniques for detection of ovine
Theileria species have been developed. PCR was developed
using specific primers to amplify the T. lestoquardi
fragment of the gene coding for a 30-kDa merozoite surface
protein from infected ticks, sheep, and goats (Kirvar et al.
1998). The advantage of this PCR is its ability to
differentiate between T. lestoquardi and Theileria annulata
in the Hyalomma vector and in sheep and goats (Leemans
et al. 1999a, b); however, cross-reactivity in PCR between
other ovine or caprine Theileria or Babesia species was not
tested (Kirvar et al. 1998), and its sensitivity is poor to
detect subclinical infections. In order to overcome these
limitations, a reverse line blot assay was developed for
detection of Theileria and Babesia parasites infecting small
ruminants (Schnittger et al. 2004). However, this method is
expensive and requires sophisticated laboratory equipment,
thus it is not widely applied in developing countries where
the disease is endemic.

Loop-mediated isothermal amplification of DNA
(LAMP) is a novel method, whereby DNA is amplified
with high specificity, efficiency, and rapidity under isother-
mal conditions using a set of four or six specifically
designed primers, which recognize six or eight specific
target sequences, and a DNA polymerase with strand
displacement activity (Notomi et al. 2000; Nagamine et al.
2002). LAMP can be applied using non-denatured template,
and DNA extraction may also be neglected, since a drop of
blood spotted on a filter paper meets the requirements to
initiate the reaction (Nagamine et al. 2001).

The LAMP method has been successfully developed for
the detection of some Theileria species such as Theileria
parva, T. annulata, Theileria luwenshuni, and Theileria
uilenbergi (Thekisoe et al. 2010; Salih et al. 2008; Liu et al.
2008). Since it is rapid and simple to run, cost effective,
sensitive, and specific, the respective development of
LAMP for detection T. lestoquardi can be of potential
usefulness for application in diagnostics and epidemiolog-
ical studies. In this study, the LAMP method was developed
for detection of T. lestoquardi infection of sheep and the
sensitivity and the specificity of the test were evaluated.
Furthermore, the LAMP assay was applied for the
diagnosis of T. lestoquardi in field samples and compared
with PCR.

Materials and methods

LAMP primer design

Four specific primers (F3, B3, FIP, and BIP) were derived
from the sequence of the T. lestoquardi clone-5 gene
(DQ004500, Bakheit et al. 2006a) using the Primer
Explorer V4 program (http://primerexplorer.jp/elamp4.0.0/
index.html). Since a homologue of clone-5 exists in T.
annulata (Bakheit et al. 2008), the primer sets were
designed for a variable region between T. lestoquardi and
T. annulata. The primers were synthesized by Eurofins
MWG Operon (Eurofins MWG, Ebersberg, Germany). The
sequence of each primer and location within the target
sequence are shown in Table 1 and Fig. 1, respectively.

Preparation of the DNA template

Genomic DNA was isolated from T. lestoquardi (Atbara)
cell culture (Bakheit et al. 2006b) using the Gentra
Puregene Cell Kit (Qiagen, Hilden, Germany) according
to the manufacturer's instructions. DNA from field samples
was extracted using a Genomic DNA Extraction Kit
(Qiagen) according to the manufacturer's instructions. The
concentration of isolated DNA was assessed spectrophoto-
metrically and diluted to 100 ng/μl, which served as
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template for LAMP and PCR. Genomic DNA (gDNA) of
Theileria ovis, T. annulata, and Babesia ovis was obtained
from the Division of Veterinary Infection Biology and
Immunology of the Research Center Borstel, and gDNA of
Anaplasma ovis was prepared in the Lanzhou Veterinary
Research Institute.

LAMP reaction conditions and detection of the LAMP
product

The reaction was performed in a final volume of 25 μl
which contained 12.5 μl 2× LAMP reaction buffer [20 mM
Tris–HCl (pH 8.8), 10 mM KCl, 10 mM (NH4)2SO4, 8 mM
MgSO4, and 0.2% Tween 20], 125 μM each deoxynucleo-
side triphosphate, 0.8 M betaine (Sigma, Deisenhofen,
Germany), 8 U of the Bst DNA polymerase large fragment
(New England Biolabs, Frankfurt, Germany), 40 pmol each
FIP and BIP primer, 5 pmol each F3 and B3 primer, and
2 μl of target DNA. The mixture was incubated at 63°C for
60 min using a conventional heating block (Stuart Scien-
tific, Chelmsford, UK) and then heated at 80°C for 3 min to
terminate the reaction. An aliquot of 5 μl of the LAMP
product was subjected to electrophoresis on a 1.5% agarose
gel at 90 V for 1 h and then visualized under UV light after
staining with ethidium bromide.

Restriction digestion of the LAMP product

On the basis of the restriction map of the target sequence,
the Sau3AI enzyme (Invitrogen, Darmstadt, Germany) was
selected for use for restriction analysis of the LAMP
product. Restriction with this enzyme was performed for
3 h at 37°C. The digested product was analyzed by
electrophoresis on a 1.5% agarose gel as described above.

PCR verification of target length and sequencing

The outer LAMP primer pairs designated F3 and B3 were
used for PCR amplification to verify whether a correct
target was amplified. The reaction was performed according
to Schnittger et al. (2004) with the following modifications:
the primers were applied in a concentration of 10 pmol, the
annealing temperature was set at 63°C, and a total number
of 35 cycles were performed. The PCR product was
analyzed on a 1.5% agarose gel as described above. For
cloning and sequencing, the PCR DNA band was
purified from agarose gel using Qiaex Gel Extraction
Kit (Qiagen), cloned into the pDrive vector (Qiagen) and
transformed into Escherichia coli cells. Selected clones
were subjected to sequencing (Eurofins MWG Operon,
Ebersberg, Germany).

Application of LAMP for field study

To evaluate the feasibility of the LAMP assay for diagnosis
of field samples, a total of 100 blood samples were
collected from sheep in an endemic region of northern
Sudan (Atbara, n=40) and western Sudan (Nyala, n=60).
Genomic DNA was isolated as described above. Samples
were subjected to the LAMP assay and to PCR using
specific primers for T. lestoquardi (Kirvar et al. 1998) for a
means of comparison between LAMP and PCR results.
Specificity and sensitivity were calculated as follows:
specificity (Sp=number of samples negative in both tests/
total number of negative samples from both tests×100);
sensitivity (Se=number of samples positive in both tests/
total number of positive samples from both tests×100).

Results

The specificity of the designed LAMP primers was
examined by testing 100 ng/μl of genomic DNA of T.
lestoquardi, two T. ovis isolates (from Sudan and Turkey), T.
annulata, B. ovis, A. ovis, as well as sheep genomic DNA.
It could be shown that the typical LAMP products
appearing as a ladder-like pattern on the agarose gel were
amplified only from T. lestoquardi gDNA using the
designed primer set (Fig. 2a). The specificity of the LAMP

Fig. 1 Positions of the LAMP primers on the T. lestoquardi clone-5
sequence (DQ004500). The highlighted box denotes the recognition
site for the Sau3AI restriction enzyme. The outer F3 and B3 primers
were also used in the PCR reaction

Table 1 LAMP primers designed for detection of T. lestoquardi based on the clone-5 sequence

Primer name Type Length Sequence

F3 Forward outer 21 bp AGATACCAAGGAAACTGAAGG

B3 Backward outer 24 bp TGTATCCTTAGGTTTTTCATGTTC

FIP Forward inner primer 49 bp CAGGAGAAATAGGAGTTTCAGGTTC-CAAAGGATAAGAAAGATGAAAAGG

BIP Backward inner primer 44 bp GTATCGCACCAGAACCTCAAC-ACAGTTTCTTCTTTATCCTGATC
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product was confirmed by restriction digestion using
Sau3AI enzyme (Fig. 2b) and sequencing of the 198-bp
PCR product obtained using the F3 and B3 primers, which
verified the clone-5 target sequence. These results demon-
strated the specificity of the designed LAMP primer sets for
detection of the T. lestoquardi clone-5 gene.

To determine the analytical sensitivity of the LAMP
assay, 10-fold dilutions were made from 1 ng/μl to 1 fg/μl
of plasmid DNA containing the clone-5 sequence and used
as templates for the LAMP reaction (Fig. 3a). The same
dilutions were also used as templates for PCR using F3 and

B3 LAMP primers (Fig. 3b). The detection limit of LAMP
was 10 fg/μl compared with 100 fg/μl for PCR, indicating
that under the conditions used the LAMP assay has a 10-
fold higher sensitivity than PCR.

A total of 100 field samples were collected from an MOT
endemic region in northern and western Sudan. DNA
extracted from these samples was subjected to LAMP and
PCR. Table 2 presents the comparison between results
obtained by PCR and LAMP. Both techniques reported
similar results, where LAMP detected T. lestoquardi DNA in
27 samples out of 100 (27%) and PCR detected a total of 24
samples (24%). However, three samples were tested positive
in PCR but were negative in LAMP. Likewise, there were six
samples that tested positive by LAMP but were negative by
PCR. The two tests agreed on 70 animals designated
negative and 21 animals designated positive. This compar-
ative evaluation revealed a relative specificity and sensitivity
of the LAMP assay of 92.1% and 87.5%, respectively.

Discussion

Malignant theileriosis of sheep and goats caused by T.
lestoquardi is considered among the most important tick-
borne diseases of small ruminants and constitutes an
obstacle to sheep industry in many developing countries
like Sudan. The goal of this work was to develop a LAMP
assay for the diagnosis of MOT based on the sequence of a
T. lestoquardi antigenic protein clone-5 (Bakheit et al.
2006a). This protein was recently described and is known
to be an immunogenic protein found on the surface of
schizonts of T. lestoquardi, and the application of this
clone-5 protein in ELISA for the serological diagnosis of T.
lestoquardi infection was described (Bakheit et al. 2006a).

There are a number of advantages of LAMP over
conventional molecular techniques. It amplifies DNA with
high efficiency under isothermal conditions, it is highly
specific for the target sequence, and it is simple and easy to
perform once the appropriate primers are prepared (Notomi
et al. 2000). Such a test could provide a useful diagnostic

Fig. 3 Sensitivity of LAMP primers (a) and PCR primers (b) for
detection of the T. lestoquardi clone-5 gene using 10-fold serial
dilutions of plasmid DNA containing the clone-5 gene. a Lanes M
molecular marker, 1 1 ng, 2 100 pg, 3 10 pg, 4 1 pg, 5 100 fg, 6 10 fg,
7 1 fg, 8 water control. b Lanes M molecular marker, 1 1 ng, 2 100 pg,
3 10 pg, 4 1 pg, 5 100 fg, 6 10 fg, 7 water control

Fig. 2 Specificity of the LAMP primers for the detection of the clone-
5 gene of T. lestoquardi. a Detection of LAMP products using
genomic DNA as indicated and analyzed in a 1.5% agarose gel. Lanes
M molecular marker, 1 T. lestoquardi, 2 T. ovis (Sudan), 3 T. ovis
(Turkey), 4 T. annulata, 5 B. ovis, 6 A. ovis, 7 sheep, 8 water control. b
Restriction enzyme digestion of the LAMP product obtained from T.
lestoquardi DNA with Sau3AI. Lanes M molecular marker, 1
unrestricted LAMP product, 2 Sau3AI restricted LAMP product

Table 2 Cross-tabulation between LAMP and PCR analysis results of
100 field samples from Sudan

PCR Total

Positive Negative

LAMP Positive 21 6 27

Negative 3 70 73

Total 24 76 100

Relative sensitivity of LAMP 87.5%

Relative specificity of LAMP 92.1%
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tool in a clinical laboratory, particularly in resources-poor
countries in which malignant ovine theileriosis is a highly
economically important disease. The LAMP primer set
designed targeting the clone-5 gene specifically amplified
T. lestoquardi target DNA, as no amplification was
observed for other sheep pathogens (T. ovis, B. ovis, A.
ovis) nor for the closely related pathogen T. annulata. The
specificity of the clone-5 LAMP was further confirmed by
restriction enzyme analysis and PCR amplification of a
product of the expected size as well as sequencing of the
PCR product.

The analytical sensitivity of the LAMP assay was
performed using plasmid DNA containing the clone-5
target sequence. It would be of great interest to determine
the sensitivity of LAMP in terms of parasitemia, which
needs to be done in the future. Nevertheless, when the
sensitivity of the LAMP assay was compared to that of
conventional PCR, LAMP demonstrated a 10-fold higher
sensitivity. Compared to PCR, LAMP does not require
complicated thermal cycling steps and has the advantage of
reaction simplicity and detection sensitivity. An isothermal
incubation at 63°C for 1 h is enough to amplify 109 copies
of the target DNA, which can easily be evaluated by visual
inspection of the turbidity or fluorescence of the reaction
mixture (Notomi et al. 2000; Mori et al. 2001).

To evaluate the LAMP method, 100 field samples were
subjected to LAMP and PCR. In this study, 24 samples of
the 100 were positive by PCR, 27 were positive for LAMP,
and additionally, 6 positive samples for LAMP were
negative for PCR, resulting in a sensitivity and specificity
for LAMP of 87.5% and 92.1%, respectively. Therefore,
this LAMP protocol gives reliable diagnostic results with a
high specificity. However, further study of the LAMP
method using a larger numbers of samples will help in the
future to further validate the assay for application in large-
scale epidemiological studies.
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