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Abstract
Diagnostic tests for visceral leishmaniasis that are based on antigens of a single Leishmania
strain can have low diagnostic performance in regions where heterologous parasites predominate. The aim of this study was to investigate and compare the performance of five serological tests, based on different Leishmania antigens, in three endemic countries for
visceral leishmaniasis. A total number of 231 sera of symptomatic and asymptomatic cases
and controls from three endemic regions of visceral leishmaniasis in East Sudan, North
India and South France were evaluated by following serological tests: rKLO8- and rK39
ELISA, DAT (ITMA-DAT) and two rapid tests of rK39 (IT LEISH) and rKE16 (Signal-KA).
Overall, rKLO8- and rK39 ELISA were most sensitive in immunocompetent patients from all
endemic regions (96–100%) and the sensitivity was reduced to 81.8% in HIV co-infected
patients from France. Sera of patients from India demonstrated significantly higher antibody
responses to rKLO8 and rK39 compared with sera from Sudan (p<0.0001) and France
(p<0.0037). Further, some Indian and Sudanese patients reacted better with rKLO8 than
rK39. Sensitivity of DAT (ITMA-DAT) was high in Sudan (94%) and India (92.3%) but low in
France being 88.5% and 54.5% for VL and VL/HIV patients, respectively. In contrast, rapid
tests displayed high sensitivity only in patients from India (96.2%) but not Sudan (64–88%)
and France (73.1–88.5% and 63.6–81.8% in VL and VL/HIV patients, respectively). While
the sensitivity varied, all tests showed high specificity in Sudan (96.7–100%) and India
(96.6%).Heterogeneity of Leishmania parasites which is common in many endemic regions
complicates the diagnosis of visceral leishmaniasis. Therefore, tests based on homologous
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Leishmania antigens are required for particular endemic regions to detect cases which are
difficult to be diagnosed with currently available tests.

Introduction
Visceral leishmaniasis (VL) is a serious health problem in various countries and is caused by
parasites belonging to the Leishmania donovani complex comprising two major subspecies, L.
infantum mainly occurring in Latin America and Mediterranean region and L. donovani in
East Africa and India [1]. However, it has been reported that both, L. donovani and L. infantum
can be found in the same VL-endemic areas [2].
Strains of L. donovani in East Africa and L. infantum in the Mediterranean Basin are
markedly heterogeneous and genetically different form Indian strains [3–5]. The parasites in
East Africa are grouped into two genetically and geographically distinct populations, strains
from South Ethiopia and Kenya and those from North Ethiopia and Sudan, corresponding to
the distribution of their sandfly vectors, Phlebotomus orientalis in North Ethiopia and Sudan
and Phlebotomus martini in South Ethiopia and Kenya [6].
The diagnosis of visceral leishmaniasis is difficult, both at laboratory and field level. Despite
the availability of several diagnostic tests, none of these techniques alone is sufficient to identify
all cases and results obtained by different tests varied in various regions. It has been suggested
that varying diagnostic performance of these tests in the different VL regions is related to the
origin of the test-antigen [7–8]. The Direct Agglutination Test (DAT), which detects agglutinating antibodies against surface antigens of Leishmania, is widely used for diagnosis of VL in
several countries including Sudan [9–13]. The test uses L. donovani 1S promastigotes as antigen and is commercially available as freeze-dried antigen only from Institute of Tropical Medicine, Antwerpen and Royal Tropical Institute, Amsterdam.
Tests based on the recombinant protein K39 (rK39), a kinesin-related protein of L. infantum (Syn. L. chagasi), are reliable and are officially used for the national control strategy in
countries such as India [14–15]. However, in some endemic countries like Sudan the sensitivity
remains unsatisfactory, which as we showed, is related to low amounts of produced antibodies
or the suboptimal test format[8].The low anti-Leishmania antibody responses of Sudanese VL
patients has also been confirmed recently [16]. Another rapid test based on the recombinant
kinesin-related protein KE16 (rKE16) of L. donovani from India, has a higher sensitivity in
India compared to other regions [17–18]. We have recently cloned a homologous kinesin-related protein, rKLO8, of L. donovani strain from Sudan that consists of 294 amino acids containing the immunodominant repeats of 117bp [8]. The rKLO8 protein showed higher reactivity
(OD values) with sera from Sudanese patients as compared to rK39, thus implying improved
detection of patients with low antibody profile in Sudan.
The specifications for VL diagnostic tests vary among the different endemic regions. While
malaria and HIV co-infections are common in some VL-endemic areas [19], asymptomatic infection poses further challenge for diagnosis and control of the disease in other areas [20–21].
In this study, we evaluated and compared the performance of five serological tests in well-characterized groups of patient and control sera collected from VL and non-VL subjects resided in
three endemic regions in Eastern Sudan, Northern India and Southern France. The test panel
included rKLO8- and rK39 ELISA, DAT (ITMA-DAT) and two rapid test kits of rK39 (IT
LEISH) and rKE16 (Signal-KA). The possible reasons for variable performance in the different
regions are discussed.
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Methods
Serum samples
A total of 231 human serum samples of patients and controls were obtained from well-established serum collection banks (S1 Table). Sera were collected in three endemic regions of VL in
Doka-East Sudan, Bihar-North India and Marseille-South France. They included 142 samples
of VL and 11 of proven VL/HIV co-infection. Twenty-four sera were from symptomatic patients with unconfirmed VL diagnosis (VL suspects, VLS) from India and France. Twenty-five
sera were from asymptomatic cases (ASC) from the same VL-endemic area in France. Control
samples included 69 sera from healthy individuals without previous history of leishmaniasis or
other diseases collected in a non-endemic area (non-endemic control, NEC) or from the same
endemic area as VL (endemic controls, EC). The control sera included also sera from patients
with malaria or toxoplasmosis.

Selection criteria and characteristics of sera
Diagnosis of VL was established by detection of Leishmania amastigotes in Giemsa-stained aspirates of lymph nodes (Sudan), spleens (India) or bone marrows (France) and/or by culture in
Novy, Nicolle and McNeal (NNN) medium (reference method). Patients with positive smear
or culture results were considered confirmed VL. Diagnosis was done in the respective endemic
area by experienced personals. Patients with typical symptoms but repeated negative smear or
culture results were defined as unconfirmed VL (VLS). All sera of VLS from France have
shown positive reactivity in ELISA and Western blot (WB) analysis using a soluble antigen of
L. infantum (SLA) and were considered as highly suspected cases. Confirmed VL sera from
France were subdivided based on results of HIV into HIV-negative with VL or HIV-positive
with VL (VL/HIV). Testing of HIV infection was performed at Marseille teaching hospital
using ELISA tests (ABBOTT diagnostics) and confirmed by immunoblot (BIO-RAD) and PCR
(ABBOTT diagnostics). Sera of asymptomatic cases were selected based on results of Leishmania WB using the SLA of L. infantum. Sera of these patients reacted with the 14 and 16 kDa
antigens, common in all Leishmania species [22]. Malaria and toxoplasmosis were diagnosed
at the Biomedical Research Laboratory in Omdurman, Sudan or at the Department of Medicine at Banaras Hindu University, India.

Ethical statement/consideration
The serum samples of this study have been used in former studies which have been approved
and reviewed by institutional ethics committees in the respective countries as previously stated
[8]. Serum samples have been collected on verbal consent of patients. Testing was anonymized
and the scientific use of serum samples was approved by the local authority, Regierungspräsidium Gießen, Germany.

Recombinant proteins
The recombinant protein KLO8 of L. donovani was produced and purified as recently described using M15 E. coli transformed with pQE41/KLO8 plasmid [8]. Expression was induced
by adding 1 mM IPTG (Roth, Germany) for 4 hours and the recombinant protein was purified
from the soluble fraction of bacterial lysates using nickel nitrile triacetic (Ni-NTA) columns
(Qiagen GmbH, Germany).L. chagasi rK39 (rK39) was purchased from Rekom Biotech (S.L.,
Granada Spain). Both proteins, rKLO8 and rK39 antigens, were expressed as 6 x His-tagged fusion proteins and contain the same number of repeats (6 copy). Protein concentration was
measured by Bradford test and aliquots were kept at -80°C until used.
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rKLO8- and rK39 ELISA
ELISA was performed using rKLO8 or rK39 as recently described [8]. The two recombinant
proteins were used at a protein concentration of 5 ng/100μl and serum dilutions of 1:800. Optical densities (ODs) were measured at 450 nm using FLUOstar Omega ELISA microreader
(BMG LABTECH). Individual sera were tested in duplicates and means were taken. Samples
with inconsistent results were repeated. Known positive and negative sera were included as
controls. A cut off value (0.12) for each recombinant protein was established as mean OD 450
plus 3 standard deviations (SD) of 30 sera from healthy controls.

Direct agglutination test (ITMA-DAT)
ITMA-DAT kits (Lot 11D1B1) were purchased from the Institute of Tropical Medicine, Antwerp (ITMA, Belgium) and used to measure Leishmania agglutinating antibodies in serum
samples. The antigen was reconstituted by adding 2.5 mL DAT buffer to each antigen vial and
the test was performed in 96 V-shape microplates (Greiner Bio One, Germany) using full-scale
titration according to manufacturer`s instructions. Sera were tested at two-fold serial dilutions,
ranging from 1: 50 to 51200. The results were read after overnight incubation at R/T. The DAT
titre is indicated as the highest dilution at which agglutination was still visible. Samples with titres of 1:3200 serum dilutions were considered as positive, whereas samples with titres of
1:800 and 1:1600 were considered as borderline.

rK39 rapid test (IT LEISH)
Rapid tests based on rK39 (IT LEISH, REF 710124) were purchased from Bio Rad Laboratories
(Marnes-la-Coquette, France) and stored at 4–8°C as recommended. IT LEISH is a dipstick
rapid test for detection of anti-Leishmania-specific antibodies in human blood. The test device
was pre-coated with L. chagasi (syn. L. infantum) recombinant antigen. During testing, patients’ specific antibodies captured by a conjugate (protein A-colloidal gold) react with the
coated rK39 antigen on the membrane. This reaction is indicated by development of a specific
colour. The test was performed and interpreted according to manufacturer`s instructions using
10 μL of serum samples. Tests were considered positive when purple control and test bands appeared. A single band in the control area indicates a negative result.

rKE16 rapid test (Signal-KA)
“Signal KA flow through test kits” (Code No. 25993) were purchased from Span Diagnostics
Ltd (Surat, India) and stored at 4–8°C until used. The test is based on detection of anti-Leishmania antibodies using rKE16 antigen of L. donovani [23]. The antigen is immobilised onto a
permeable Nitrocellulose membrane and used to capture anti-Leishmania antibodies present
in patients samples. Tests were performed and interpreted as described by the manufacturer.
50 μL serum samples were diluted 1:5 before being added into a nitrocellulose membrane of
the test device. Tests were read within 10 minutes. Sera were considered positive if two magenta
red dots, one for Control and the other for Test, appeared. One dot in the Control area indicates a negative result. The test was considered invalid if no dot appeared in the Control area.

Study design
Anti-Leishmania antibodies response was measured serologically using two ELISA tests based
on rKLO8 and rK39, DAT (ITMA) and two commercial rapid tests, based on rK39 (Bio Rad,
France) and rKE16 (Span Diagnostics, India). These tests rely on antigens of different Leishmania parasites (S2 Table). DAT produced by ITMA is prepared from the Sudanese L.
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donovani 1S strain and rapid tests are based on recombinant proteins rK39 of L. chagasi or
KE16 of L. donovani.
A panel of 231 sera obtained from Sudan, India and France were tested. Serum samples included true positive (confirmed VL with or without HIV, n = 113) and true negative (healthy
and disease controls, n = 69) sera. In addition, 24 sera from symptomatic cases with unconfirmed diagnosis of VL (VLS) and 25 from asymptomatic cases from the same endemic areas
were included. ELISA tests based on rKLO8 or rK39 were compared quantitatively to assess the
performance for detection of anti-Leishmania- specific antibodies in the different regions. Cut
off values were calculated for each protein by using 30 sera of healthy non-infected individuals.
In the second part of the study, ELISA results were compared with those of DAT and two rapid
tests. Sensitivity, specificity, positive predictive value (PPV) and negative predictive value
(NPV) of each test were calculated and compared in the different endemic regions.

Statistical analysis
The statistical analysis software GraphPad Prism (GraphPad Prism Inc., San Diego, Ca) was
used to analyze the data. Significance was determined by unpaired Student's t test at 95% confidence intervals. Values of P < 0.05 were considered as significant. The validity of diagnostic
tests was assessed by estimating sensitivity, specificity, PPV and NPV using standard formulas
as follows: Sensitivity = True positives/ (True positives + False negatives) X 100%. Specificity =
True negatives/ (True negatives + False positives) X 100%. PPV = True positives/ (True positives + False positives) X 100%. NPV = True negatives/ True negatives + False negatives) X
100%. Wilson’s score method was used to calculate confidence intervals [24].Sensitivity was
calculated using sera of confirmed VL and VL/HIV groups whereas specificity was assessed
combining results of all non-VL sera including healthy controls and patients with
other diseases.

Results
ELISA
Antibody responses to the recombinant proteins rKLO8 and rK39 were compared by ELISA
using sera of VL and controls from Sudan, India and France. Protein concentrations of 5 ng
and serum dilutions of 1:800 were used as previously determined [8]. The results (Fig. 1) show
that under these conditions, anti-Leishmania antibodies were detected in sera of VL from the 3
regions but at different levels of reactivity. In contrast to patients' sera from Sudan and France,
most sera of VL from India showed similarly high OD values with both proteins. Out of 26 VL
sera from India, 25 (96.2%) scored 5 fold the OD cut off value, both with rKLO8 and rK39
(Fig. 1A). These frequencies were only 33/50 (66%) and 30/50 (60%) for the VL patients from
Sudan when tested on rKLO8 and rK39, respectively (Fig. 1B). Lower frequencies were also obtained when both proteins were tested with sera from French VL and VL/HIV patients being
18/26 (69.2%) and 6/11 (54.5%), respectively (Fig. 1C). Interestingly, sera of seven VL patients
from Sudan and India showed higher ODs to rKLO8 than to rK39, reaching OD values of >
2.15 (Fig. 1A and 1B). Such values however were not observed with sera from French patients
(Fig. 1C). In addition, sera of VL from India showed significantly higher reactivity (high OD
values) to both rKLO8 and rK39 proteins as compared with patients from Sudan (p<0.0001)
or France (p<0.0037) (Fig. 2). In contrast, no significant difference was found between Sudanese and French patients, nor between the VL and the VL/HIV co-infected groups from
France.
The diagnostic performance of individual tests was calculated for each endemic region, as
shown in Table 1. ELISA with both recombinant proteins showed a high diagnostic
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Fig 1. Comparison of anti-Leishmania antibody responses in rKLO8- and rK39 ELISA using patient and control sera from three endemic regions.
Protein concentrations of 5ng/100μl rKLO8 or rK39 were tested with sera of patients and controls from Sudan (A), India (B) and France (C). Sera were tested
at dilutions of 1:800. A cut off value of 0.12 was established as means + 3 SD of 30 healthy controls. VL, visceral leishmaniasis; VLS, VL suspects; HC,
healthy control; MA, malaria; TP, toxoplasmosis; VL/HIV, VL and HIV, ASC, asymptomatic cases. The black horizontal lines represent cut off values. OD
values of 0.6 (5 fold of cut off) and 2.15 are shown in dotted lines.
doi:10.1371/journal.pone.0116408.g001
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Fig 2. Reactivity of VL sera from different endemic regions in rKLO8- and rK39 ELISA. OD values of VL sera from Sudan (n = 50), India (n = 26) and
France with negative (HIV-, n = 26) or positive (HIV+, n = 11) HIV were tested in rKLO8- or rK39 ELISA at dilutions of 1:800. Means ODs of VL sera from the
different regions were compared. Dots represent values for individual sera and horizontal line represents cut-off values (0.12). Significance was determined
by unpaired Student's t test at 95% confidence intervals and P-values < 0.05 indicate statistically significant differences; ns indicates no
significant differences.
doi:10.1371/journal.pone.0116408.g002

Table 1. Performance of ﬁve serological tests for diagnosis of visceral leishmaniasis in Sudan, India and France.
Region

Performance Index (%) at 95% CI

Serological tests
ELISA
rKLO8

Sudan

India

Rapid test

(ITMA)

rK39 (BioRad)

rKE16 (Span)

Sensitivity

98,0%

96.0%

94.0%

88.0%

64.0%

Speciﬁcity

100%

100%

100%

97.5%

100%

PPV

100%

100%

100%

97.8%

100%

NPV

97.6%

95.2%

93.0%

86.7%

69.0%

Sensitivity

96.2%

96.2%

92.3%

96.2%

96.2%

Speciﬁcity

96.6%

96.6%

96.6%

96.6%

96.6%

PPV

96.2%

96.2%

96.0%

96.2%

96.2%

NPV
France

rK39

DAT

Sensitivity

96.6%

96.6%

96.3%

96.6%

96.6%

VL (n = 26)

100%

100%

88.5%

88.5%

73.1%

VL/HIV (n = 11)

81.8%

81.8%

54.5%

81.8%

63.6%

Abbreviation: VL/HIV, visceral leishmaniasis and human immunodeﬁciency virus; PPV, positive predictive value; NPV, negative predictive value; CI,
conﬁdence interval; DAT, direct agglutination test; ITMA, Institute of Tropical Medicine Antwerp. Speciﬁcity was calculated from negative controls including
healthy individuals, and patients with malaria or toxoplasmosis. Sensitivity was calculated in parasitologically conﬁrmed VL with HIV negative or positive
results from France.
doi:10.1371/journal.pone.0116408.t001
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performance in the three endemic regions. The sensitivity was 98% and 96% in Sudan for
rKLO8 and rK39, respectively, and similar in India (96.2%) and France (100%). Only one
serum sample from a Sudanese VL patient showed a false-negative result with rKLO8 and only
two with rK39. Sera from French HIV-coinfected (VL/HIV) patients revealed a markedly decreased sensitivity of 81.8%. Specificity values were equally high in the Sudan (100%) and India
(96.6%). It is worth mentioning that one healthy individual from a VL-endemic area in India
showed a strong positive signal (> 1.0) with both proteins (Fig. 1A). However, no cross-reactivity was observed with sera of malaria or toxoplasmosis patients. Accordingly, the PPV values
of the two tests were similar in Sudan (100%) and India (96.2%). The NPV values were 97.6%
and 95.2% for rKLO8 and rK39, respectively, in Sudan but the same for both proteins (96.6%)
in India.
When testing rKLO8 and rK39 proteins in the VL suspect group, 9 out of 11 (81.8%) and 10
out of 13 (76.9%) serum samples from India and France were classified positive. Unexpectedly,
rKLO8 (7/25; 28%) was more sensitive than rK39 (3/25; 12%) in detecting VL antibodies from
asymptomatic patients in France. These results demonstrate the high sensitivity of rKLO8- and
rK39- ELISA for detection of Leishmania-specific antibodies in immunocompetent VL subjects, with rKLO8 displaying higher reactivity in Sudan and India.

DAT
Semiquantitative analysis of anti-Leishmania antibodies was performed with the direct agglutination test (DAT) with processed parasites of the L. donovani strain 1S. Antibody titres were
determined and compared in sera of VL from the three regions. As shown in Table 2, patients
from Sudan and India revealed higher antibody titres as compared with patients from France.
DAT titres equal or higher than 1:51200 were scored in 86% and 92.3% of patients’ sera from
Sudan and India, respectively. French patients showed relatively weaker DAT readings; strong
titres (1:51200) were found in 57.7% of immunocompetent VL patients and in 36.4% of
HIV-coinfected cases. The false-negative results (DAT titre  1600) were 11.5% for VL and
45.5% for VL/HIV co-infected patients. Such low titres were not observed in sera from Sudan
and only in one serum of VL from India.
The sensitivity of DAT (Table 1) was high in Sudan (94%) and India (92.3%) as compared
with France (88.5% in VL and 54.5% in VL/HIV sera, respectively). No cross-reactivity was observed in sera of the healthy or diseased controls from Sudan. One healthy subject from India
was tested positive with a strong titre (1:>51200), resulting in 100% specificity in Sudan and
96.6% in India. Accordingly, the PPV was higher in Sudan (100%) than in India (96%) and the
NPV values were similar in both countries (93.0%).
Table 2. Distribution of direct agglutination test (DAT) antibody titres in sera of visceral leishmaniasis patients from three endemic regions.
Origin of sera (no.)

Reciprocal DAT titres

Country

Number

50–800

1600

3200–6400

12800–25600

51200

Sudan

(n = 50)

0 (0%)

3 (6%)

2 (4%)

2 (4%)

43 (86%)

India

(n = 26)

1 (3.8%)

1 (3.8%)

0 (0%)

0 (0%)

24 (92.3%)

France

HIV neg (n = 26)

3 (11.5%)

0 (0%)

3 (11.5%)

5 (19.2%)

15 (57.7%)

HIV pos (n = 11)

5 (45.5%)

0 (0%)

1 (9.1%)

1 (9.1%)

4 (36.4%)

Values are number positive (%). DAT titres; 1: 50–1: 800, negative; 1:1600, marginal; 1:3200–1:6400, weak; 1:12800–1:25600, moderate;
1:51200, strong.
doi:10.1371/journal.pone.0116408.t002
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Within the VL suspect groups, 81.8% of the serum samples from India and 76.9% from
France scored positive. In contrast, only one serum (4%) from the French asymptomatic patients (25) tested positive.

Rapid tests
Qualitative detection of anti-Leishmania antibodies was assessed using two commercial rapid
tests (RTs) based on rK39 and rKE16 antigens. Diagnostic performance for each test was calculated and compared in the three endemic regions (Table 1). Interestingly, only in India both
tests showed high sensitivity (96.2% for both tests). Sensitivity was lower in Sudan and France,
ranging from 88% to 88.5% (rK39 RT) and 64% to 73.1% (rKE16 RT), respectively. Sensitivity
was further reduced when testing sera of VL/HIV co-infected patients from France; 81.8% for
rK39 RT and 63.6% for rKE16 RT. The specificity of rKE16 RT was better than of rK39 RT
(100% and 97.5%) in Sudan and was the same (96.6%) in India. A malaria patient from Sudan
was tested positive with rK39 RT and a healthy subject from India cross reacted in both tests.
The PPV values were therefore 97.8% for rK39 and 100% for rKE16 in the Sudan, but 96.2%
for both tests in India. NPVs were the same in India (96.6%) and 86.7% and 69.0% in Sudan
for rK39 RT and rKE16 RT, respectively.
In the VL suspects, 81.8% (9/11) of the serum samples from India were positive in both
tests. In France, more cases were detected by the rapid test based on rK39 (10/13) than the one
with rKE16 (7/13). With respect to asymptomatic cases, 3 sera tested positive in rK39 RT but
were negative in the rKE16 RT.

Discussion
VL can be caused by genetically distinct Leishmania parasites which due to their antigenic diversity trigger different host immune responses [25]. Diagnostic tests however are based on antigens of a single Leishmania donovani subspecies that might limit the diagnosis of the disease
in some regions [18].
In this study, we compared the performance of rKLO8- and rK39 ELISA with the direct agglutination test (DAT-ITMA) and two rapid tests (IT LEISH and Signal KA) in three VL endemic regions where the disease is caused by different L. donovani subspecies. In general,
performance of rKLO8- and rK39 ELISA was high in the three regions. The high sensitivity
and specificity of rKLO8- and rK39 ELISA have been reported earlier by Chappuis et al [26]
and by our group [8]. Of note, the strong antigenicity of rKLO8 and rK39 allowed detection of
VL antibodies with high sensitivity even in immunocompromised VL patients, suffering from
HIV co-infection whereas sensitivity of 81.8% was achieved. Unfortunately, geographical overlapping of VL and HIV occurs in many areas [27]. Thus we have to be aware that HIV co-infection, due to significantly reduced antibody generation, impedes the sensitivity of VL diagnosis
[28–29].
Importantly, sera of VL from various countries showed different levels of reactivity towards
rKLO8 and rK39 antigens, with a number of sera having reactivity just above the cut-off, and
with only small variations in test performance could drop below the cut-off, thus creating a
false-negative result. Nearly all tested sera of VL patients from India revealed higher antibody
titres to both recombinant proteins compared with patients from Sudan and France (Fig. 2).
Similar high antibody titres in Indian VL patients to Leishmania antigens have been reported
earlier by others [16], which may be related to the high antigenic similarity of L. donovani parasites in India [5,7].
Our results confirmed the variable sensitivity of rapid tests based on rK39 and rKE16 in different endemic regions [18, 26]. Although both tests showed high specificity, their sensitivity is
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only satisfactory in Indian patients which have high antibody titres that may compensate for
different reactivities of Leishmania antigens. Consequently, patients with low antibody titres as
seen in Sudan and France can only be detected with low sensitivity. Interestingly, while the
rK39 rapid test performs well in India but not in Sudan or France, the same antigen used in an
ELISA format showed high sensitivity even in Sudan and France. This clearly demonstrates
that not only the antibody titres of patients but also the test format determines sensitivity of VL
diagnosis. In addition, the high sensitivity of DAT observed in India further confirms the impact of antibody levels on results of serological diagnosis. Beside its multivalent antigenicity in
contrast to the single-antigen tests, use of DAT antigen of a Sudanese L. donovani strain (1S)
might have contributed to its high sensitivity in Sudan despite the low antibody titres of this
population. Similarly, in a previous study, sensitivity of DAT was favourably influenced by incorporating antigens from indigenous L. donovani strains [30].
Cross-reactivity of sera from malaria infected patients frequently limits the specificity of serological diagnostics for VL. Using high dilution of sera (1:800), we obtained 100% specificity
in Sudan, thus eliminating the cross-reactivity against malaria which was observed when low
serum dilutions of 1:100 were applied [8, 31, 32]. The healthy but seropositive control from
India is most likely an asymptomatic case who was a housemate relative of a VL patient. During VL peak periods, the seroconversion rate has been reported to be high whereas the frequency of clinical disease in the same area remains low [33–35]. Thus, healthy individuals from
these areas might include cases that are seropositive for Leishmania antigens such as healthy
and asymptomatic cases. The fact that all of the herein studied cases from India with malaria
and toxoplasmosis lack Leishmania seropositivity might be related to their distinct
geographical distribution.
In East African endemic regions, VL and malaria share the same geographical distribution
[19], thus co-infections of VL and malaria are common in several countries, including Sudan
[36]. It has recently been shown that malaria co-infections manipulate immune responses of
co-infected hosts[37].Beside other causes such as HIV or the nutritional status of patients
[16,18],the low antibody titres observed in some VL patients could be attributed to aberrant
host immune responses due to polyparasitisms. In these cases, combining results of different
diagnostic tests using different Leishmania antigens will improve the diagnosis [8, 25].
In conclusion, our results show the complexity of VL diagnosis, as the available tests revealed variable performance in the three geographical regions and none of them reached absolute sensitivity and specificity. We therefore recommend that symptomatic patients with
negative serology should be subjected to re-examination using different test systems and symptomatic patients with negative parasitology should be tested serologically. In addition, our data
indicate that the performance of rapid VL diagnostic tests is influenced by the level of antiLeishmania antibodies of patients and the source of Leishmania antigen.

Supporting Information
S1 Checklist. STARD checklist for reporting of studies of diagnostic accuracy.
(DOC)
S1 Fig. Flow diagram for heterogeneity of Leishmania Donovani parasites complicates diagnosis of visceral Leishmaniasis: comparison of three serological tests in three endemic regions.
(TIF)
S1 Table. Origin, source and number of serum samples.
(DOCX)

PLOS ONE | DOI:10.1371/journal.pone.0116408 March 3, 2015

10 / 13

Complexity of Visceral Leishmaniasis Diagnosis

S2 Table. Source and origin of Leishmania antigens used in the serological tests.
(DOCX)

Acknowledgments
We are grateful for the advice and technical support of our research team in Marburg; Dr. Alexander Visekruna and Dr. Katharina Reinhard. We thank Torben Meyer and Swetlana Funk
for the contribution in protein expression and purification.

Author Contributions
Conceived and designed the experiments: EA US. Performed the experiments: EA CK. Analyzed the data: EA US ML PW FM RP FM AEH SJSS. Contributed reagents/materials/analysis
tools: PW RP AEH SS. Wrote the paper: EA US ML PW RP.

References
1.

Jamjoom MB, Ashford RW, Bates PA, Chance ML, Kemp SJ, et al. (2004) Leishmaniadonovani is the
only cause of visceral leishmaniasis in East Africa; previous descriptions of L. infantum and “L. archibaldi” from this region are a consequence of convergent evolution in the isoenzyme data. Parasitology
129: 399–409. PMID: 15521628

2.

Oshaghi MA, Maleki Ravasan N, Hide M, Javadian E, Rassi Y, et al. (2009) Phelebotomusperfiliewitranscaucasicus is circulating both Leishmaniadonovani and L.infantum in north-west Iran. ExpParasitol 123: 218–25. doi: 10.1016/j.exppara.2009.07.004 PMID: 19631209

3.

Kuhls K, Keilonat L, Ochsenreither S, Schaar M, Schweynoch C, et al. (2007) Multilocus microsatellite
typing (MLMT) reveals genetically isolated populations between and within the main endemic regions
of visceral leishmaniasis. Microbes Infect 9: 334–343. PMID: 17307010

4.

Alam MZ, Kuhls K, Schweynoch C, Sundar S, Rijal S, et al. (2009) Multilocus microsatellite typing
(MLMT) reveals genetic homogeneity of Leishmaniadonovani strains in the Indian subcontinent. Infect
Genet Evol 9, 24–31. doi: 10.1016/j.meegid.2008.09.005 PMID: 18957333

5.

Hamad SH, Khalil EA, Musa AM, Ibrahim ME, Younis BM, et al. (2010) Leishmaniadonovani: genetic diversity of isolates from Sudan characterized by PCR-based RAPD. ExpParasitol 125(4):389–93. doi:
10.1016/j.exppara.2010.03.008 PMID: 20346944

6.

Gelanew T, Kuhls K, Hurissa Z, Woldegebriel T, Hailu W, et al. (2010) Inference of population structure
of Leishmaniadonovani strains Isolated from different Ethiopian visceral leishmaniasis endemic areas.
PLoSNegl Trop Dis 4(11):e889. doi: 10.1371/journal.pntd.0000889 PMID: 21103373

7.

Bhattacharyya T, Boelaert M, Miles MA (2013) Comparison of Visceral Leishmaniasis Diagnostic Antigens in African and Asian Leishmaniadonovani Reveals Extensive Diversity and Region-specific Polymorphisms. PLoSNegl Trop Dis 7(2): e2057. doi: 10.1371/journal.pntd.0002057 PMID: 23469296

8.

Abass E, Bollig N, Reinhard K, Camara B, Mansour D, et al. (2013) rKLO8, a Novel Leishmania donovani- Derived Recombinant Immunodominant Protein for Sensitive Detection of Visceral Leishmaniasis
in Sudan. PLoS Negl Trop Dis 7: e2322. doi: 10.1371/journal.pntd.0002322 PMID: 23875052

9.

Mengistu G, Kiessling R, Akuffo H (1990) The value of a direct agglutination test in the diagnosis of cutaneous and visceral leishmaniasis in Ethiopia. Trans R Soc Trop Med Hyg 84: 359–62. PMID:
1701934

10.

Shiddo SA, Akuffo HO, Mohamed AA, Huldt G, Nilsson LA, et al. (1995) Visceral leishmaniasis in Somalia: prevalence of leishmanin-positive and seropositive inhabitants in an endemic area. Trans R Soc
Trop Med Hyg 89: 21–4. PMID: 7747298

11.

Boelaert M, El Safi S, Mousa H, Githure J, Mbati P, et al. (1999) Multi-centre evaluation of repeatability
and reproducibility of the direct agglutination test for visceral leishmaniasis. Trop Med Int Health 4: 31–
37. PMID: 10203171

12.

Abass EM, Mansour D, Harith AE (2007) Demonstration of agglutinating anti-Leishmania antibodies in
lymph node aspirate for confirmation of kala-azarserodiagnosis. J Med Microbiol 56: 1256–1258.
PMID: 17761496

13.

Hamzavi Y, Hamzeh B, Mohebali M, Akhoundi B, Ajhang Kh, et al. (2012) Human visceral leishmaniasis in kermanshah province, Western Iran, during 2011–2012. Iran Journal Parasitology 7, (4): 49–56.

14.

Thakur CP (2007) A new strategy for elimination of kala-azar from rural Bihar. Indian J Med Res 126:
447–451. PMID: 18160749

PLOS ONE | DOI:10.1371/journal.pone.0116408 March 3, 2015

11 / 13

Complexity of Visceral Leishmaniasis Diagnosis

15.

Maia Z, Lırio M, Mistro S, Mendes CM, Mehta SR, et al. (2012) Comparative study of rK39 Leishmania
antigen for serodiagnosis of visceral leishmaniasis: systematic review with meta-analysis. PLoSNegl
Trop Dis 6: e1484. doi: 10.1371/journal.pntd.0001484 PMID: 22303488

16.

Bhattacharyya T, Bowes DE, El-Safi S, Sundar S, Falconar AK, et al. (2014) Significantly Lower AntiLeishmaniaIgG Responses in Sudanese versus Indian Visceral Leishmaniasis. PLoSNegl Trop Dis 8
(2): e2675. doi: 10.1371/journal.pntd.0002675 PMID: 24587456

17.

Sivakumar R, Dey A, Sharma P, Singh S (2008) Expression and characterization of a recombinant
kinesin antigen from an old Indian strain (DD8) of Leishmaniadonovani and comparing it with a commercially available antigen from a newly isolated (KE16) strain of L. donovani. Infect Genet Evol 8:
313–22. doi: 10.1016/j.meegid.2008.02.004 PMID: 18374635

18.

Cunningham J, Hasker E, Das P, El Safi S, Goto H, et al. (2012) Comparative evaluation of commercial
immunochromatographic rapid diagnostic tests for visceral leishmaniasis. Clin Infect Dis 55: 1312–
1319. doi: 10.1093/cid/cis716 PMID: 22942208

19.

Van den Bogaart E, Berkhout MM, Adams ER, Mens PF, Sentongo E, et al. (2012) Prevalence, features and risk factors for malaria co-infections amongst visceral leishmaniasis patients from Amudat
Hospital, Uganda. PloSNegl Trop Dis 6: e1617. doi: 10.1371/journal.pntd.0001617 PMID: 22506087

20.

Carvalho EM, Teixeira RS, Johnson WD (1981) Cell-mediated immunity in American visceral leishmaniasis: reversible immunosuppression during acute infection. Infect Immun 33: 498–500. PMID:
7275314

21.

Nuwayri-Salti N, Knio K, Jammoul A, Fakhoury R, Sarhane KA, et al. (2012) Atypical systemic leishmaniasis to be considered in the differential of patients presenting with depressed immunity. PLoS Negl
Trop Dis 6(8): e1782. doi: 10.1371/journal.pntd.0001782 PMID: 22928054

22.

Mary C, Lamouroux D, Dunan S, Quilici M (1992) Western blot analysis of antibodies to Leishmaniainfantum antigens: potential of the 14-kD and 16-kD antigens for diagnosis and epidemiologic purposes.
Am J Trop Med Hyg 47:764–771. PMID: 1281966

23.

Sivakumar R, Sharma P, Chang KP, Singh S (2006) Cloning, expression and purification of a novel recombinant antigen fromLeishmaniadonovani. Protein ExprPurif 46: 156–165. PMID: 16172002

24.

Newcombe RG (1998) Two-sided confidence intervals for the single proportion: comparison of seven
methods. Stat Med 17: 857–872. PMID: 9595616

25.

Forgber M, Basu R, Roychoudhury K, Theinert S, Roy S, et al. (2006) Mapping the antigenicity of the
parasites in Leishmaniadonovani infection by proteome serology. PLoS One 1:e40. PMID: 17183669

26.

Chappuis F, Sundar S, Hailu A, Ghalib H, Rijal S, et al (2007) Visceralleishmaniasis: what are the
needs for diagnosis, treatment and control? Nat Rev Microbiol 5:873–82. PMID: 17938629

27.

Alvar J, Canavate C, Gutierrez-Solar B, Jimenez M, Laguna F, et al. (1997) Leishmania and human
immunodeficiency virus coinfection: The first 10 years. ClinMicrobiol Rev 10: 298–318. PMID:
9105756

28.

Piarroux R, Gambarelli F, Dumon H, Fontes M, Dunan S, et al. (1994) Comparison of PCR with direct
examination of bone marrow aspiration, myeloculture, and serology for diagnosis of visceral Leishmaniasis in immunocompromised patients. J Clin Microbiol 32: 746–749. PMID: 8195388

29.

Medrano FJ, Canavate C, Leal M, Rey C, Lissen E, et al. (1998) The role of serology in the diagnosis
and prognosis of visceral leishmaniasis in patients coinfected with human immunodeficiency virus
type-1. Am J Trop Med Hyg 59: 155–162. PMID: 9684645

30.

Harith AE, Chowdhury S, Al-Masum A, Semião-Santos SJ, Karim E, et al. (1995) Evaluation of cleaving
agents other than trypsin in direct agglutination test for further improving diagnosis of visceral leishmaniasis. J ClinMicrobiol 33: 1984–1988.

31.

Romero HD, Silva LdeA, Silva-Vergara ML, Rodrigues V, Costa RT, et al. (2009) Comparative study of
serologic tests for the diagnosis of asymptomatic visceral leishmaniasis in an endemic area. Am J Trop
Med Hyg 81: 27–33. PMID: 19556562

32.

Pattabhi S, Whittle J, Mohamath R, El-Safi S, Moulton GG, et al. (2010) Design, development and evaluation of rK28-based point-of-care tests for improving rapid diagnosis of visceral leishmaniasis. PLoSNegl Trop Dis 4(9): e822.

33.

Topno RK, Das VN, Ranjan A, Pandey K, Singh D, et al. (2010) Asymptomatic infection with visceral
leishmaniasis in a disease-endemic area in Bihar, India. Am J Trop Med Hyg 83: 502–506. doi: 10.
4269/ajtmh.2010.09-0345 PMID: 20810810

34.

Ostyn B, Gidwani K, Khanal B, Picado A, Chappuis F, et al. (2011) Incidence of Symptomatic and
Asymptomatic Leishmaniadonovani Infections in High-Endemic Foci in India and Nepal: A Prospective
Study. PLoSNegl Trop Dis 5(10): e1284. doi: 10.1371/journal.pntd.0001284 PMID: 21991397

PLOS ONE | DOI:10.1371/journal.pone.0116408 March 3, 2015

12 / 13

Complexity of Visceral Leishmaniasis Diagnosis

35.

Picado A, Ostyn B, Singh SP, Uranw S, Hasker E, et al. (2014) Risk Factors for Visceral Leishmaniasis
and Asymptomatic Leishmaniadonovani Infection in India and Nepal. PLoS ONE 9(1): e87641. doi: 10.
1371/journal.pone.0087641 PMID: 24498159

36.

Mueller M, Ritmeijer K, Balasegaram M, Koummuki Y, Santana MR, et al. (2007) Unresponsiveness to
AmBisome in some Sudanese patients with kala-azar. Trans R Soc Trop Med Hyg 101, 19–24. PMID:
16730363

37.

van den Bogaart E, Talha AB, Straetemans M, Mens PF, Adams ER, et al. (2014) Cytokine profiles
amongst Sudanese patients with visceral leishmaniasis and malaria co-infections. BMC Immunol 15
(1): 16.

PLOS ONE | DOI:10.1371/journal.pone.0116408 March 3, 2015

13 / 13

