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Contagious bovine pleuropneumonia (CBPP) is a severe respiratory disease that is widespread in sub-Saharan Africa. It is
caused by Mycoplasma mycoides subsp. mycoides, a bacterium belonging to the Mycoplasma mycoides cluster. In the absence of
an efficient CBPP vaccine, improved and easy-to-use diagnostic assays for recurrent testing combined with isolation and treat-
ment of positive animals represent an option for CBPP control in Africa. Here we describe the comprehensive screening of 17
immunogenic Mycoplasma mycoides subsp. mycoides proteins using well-characterized bovine sera for the development of a
novel cocktail enzyme-linked immunosorbent assay (ELISA) for laboratory use. Two recombinant Mycoplasma immunogens,
MSC_0136 and MSC_0636, were used to set up a standardized cocktail ELISA protocol. According to the results from more than
100 serum samples tested, the sensitivity and specificity of the novel cocktail ELISA were 85.6% and 96.4%, respectively, with an
overall diagnostic accuracy comparable to that of the Office International des Epizooties (OIE)-prescribed serological assays. In
addition, we provide a proof of principle for a field-applicable, easy-to-use commercially produced prototype lateral-flow test for
rapid (<30-min) diagnosis of CBPP.

Contagious bovine pleuropneumonia (CBPP) is one of the
most severe diseases affecting cattle in most countries of sub-

Saharan Africa (1). CBPP is caused by Mycoplasma mycoides
subsp. mycoides, a member of the Mycoplasma mycoides cluster,
comprising four additional closely related mycoplasmas, i.e., M.
mycoides subsp. capri, M. capricolum subsp. capricolum, M. capri-
colum subsp. capripneumoniae, and M. leachii (2), all causing dis-
eases in ruminants. CBPP is associated with major financial losses
and imposes trade restrictions on live animals, thus being a major
constraint to the cattle production industry in Africa. Further-
more, the disease has serious implications on food security and the
livelihood of smallholder farmers in affected countries. Cattle in-
fected with Mycoplasma mycoides subsp. mycoides can develop
acute, subacute, or chronic disease. Acute disease is characterized
by fever, loss of appetite, and respiratory signs, e.g., rapid and
painful respiration, cough, and nasal discharge. Unilateral lung
lesions and large volumes of pleural fluid are frequently observed
postmortem (3). CBPP was eradicated in many developed coun-
tries through testing and slaughter of infected animals, quaran-
tine, restricted movement, and mass vaccination (4–6). However,
poor infrastructure as well as the practice of nomadic pastoralism
in many African countries renders the implementation and sus-
tainability of these control measures difficult. Furthermore, the
current live vaccines against CBPP, i.e., T1/44 and T1SR, confer
only partial protection and a short-lived immunity (7). Thus, in
the absence of better vaccines, improved diagnostic assays for re-
current testing combined with isolation and treatment of positive
animals represent an option for CBPP control in Africa (8). Of
particular importance as an integrated part of a CBPP outbreak
response would be rapid and easy-to-use diagnostic tests that are
applicable for field use, such as the recently described assay for
diagnosis of contagious caprine pleuropneumonia (9). The differ-

ent disease outcomes (acute, subacute, or chronic disease) associ-
ated with different or a total absence of clinical signs hamper the
diagnosis of CBPP, and the use of more than one serological test is
currently recommended (10–12). Thus, culture of the causative
organism from specimens such as pleural fluid or infected lung
tissues is still the gold standard for confirmation of CBPP. How-
ever, due to the fastidious nature of Mycoplasma, culturing is
time-consuming, and the isolation is often hindered by sample
contamination and reduced bacterial viability as a result of long
times of transportation of specimens from the sampling site to the
laboratory in Africa (9). Furthermore, culture findings still re-
quire molecular confirmation using nucleic acid-based hybridiza-
tion or amplification techniques. The Office International des
Epizooties (OIE)-prescribed serological tests for CBPP diagnosis,
i.e., the complement fixation test (CFT) (13) and the competitive
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enzyme-linked immunosorbent assay (cELISA) (14) are, due to
the risk of false-positive or false-negative results in individual an-
imals, recommended for diagnosis of CBPP at the herd level only.
Previous research efforts have resulted in the identification of im-
munogenic Mycoplasma mycoides subsp. mycoides proteins with
diagnostic potential, and a cocktail ELISA comprising eight se-
lected mycoplasma antigens has been developed (15–18). Al-
though sensitive and specific, the rather large number of included
recombinants may limit the production practicality of this assay in
Africa. Here we present a systematic comparison of 17 recombi-
nant Mycoplasma mycoides subsp. mycoides immunogens, per-
formed in order to identify the best candidate proteins to be in-
cluded in a novel cocktail ELISA. A standardized ELISA protocol
was developed, and well-defined serum samples were used to
compare individual recombinant proteins to the protein combi-
nations with respect to diagnostic sensitivity and specificity.
Moreover, as a proof of principle, two recombinant proteins, se-
lected for the cocktail ELISA and displaying strong serological
responses, were transferred onto a commercially produced, easy-
to-use lateral-flow rapid-test platform that was further evaluated
using a limited number of serum samples.

MATERIALS AND METHODS
Recombinant Mycoplasma mycoides subsp. mycoides proteins. The 17
Mycoplasma mycoides subsp. mycoides proteins included for evaluation in
this study are listed in Table 1. Nine of the proteins were previously iden-
tified as immunogenic with diagnostic potential in collaborative studies
(16, 17). Eight additional proteins displaying strong serological responses
and high disease specificity were also included (15, 18–20). Among those
were lipoprotein Q (LppQ), a highly immunogenic surface protein, pre-
viously used for diagnosis of CBPP (15, 21). Amino acid sequences for the
proteins were retrieved from Mycoplasma mycoides subsp. mycoides strain
PG1 (GenBank accession no. NC_005364.2). These sequences were com-
pared to the African field isolates Mycoplasma mycoides subsp. mycoides
Afadé and B237 (22), and when discrepancies were detected, sequences
originating from the African isolates were chosen for design of the full-
length recombinants. N-terminal signal peptides from lipoproteins, i.e.,
cleavage sites for signal peptidase II, were identified using the LipoP v 1.0
server (23) and were removed prior to gene synthesis. When applicable,

large transmembrane regions were removed, and sequences, codon opti-
mized for expression in Escherichia coli, were synthesized, expressed, and
purified in full length by GenScript Corp. (USA).

Protein expression and purification for the lateral-flow rapid test.
For the development of the field-applicable lateral-flow rapid test, two
recombinant full-length proteins (MSC_0136 and MSC_0636, locus tags
in the PG1 genome) were expressed and purified in-house. The codon
usage of the gene sequences was Escherichia coli optimized and inserted
into the pGS-21a expression vector by GenScript Corp. (USA). The ex-
pression vectors were transformed into the host strain, Escherichia coli
BL21 Star (DE3) (Invitrogen, Germany). Expression of the recombinant
proteins was induced in 250 ml exponentially growing bacterial cultures
(optical density at 600 nm [OD600], 0.5) by addition of isopropyl �-D-
thiogalactopyranoside (IPTG; final concentration, 1 mM) followed by
overnight incubation at 28°C at 225 rpm. The hexahistidine-glutathione
S-transferase labeled (6�His-GST) recombinant proteins were purified
using glutathione column chromatography (Qiagen, Germany) and eval-
uated for size and purity by sodium dodecyl sulfate-polyacrylamide gel
electrophoresis (SDS-PAGE) (24). Total protein concentrations were de-
termined using the OD280/OD260 ratio in a photometer (Eppendorf, Ger-
many) according to standard methods (24).

Serum samples. In total, 227 well-characterized bovine sera were used
in this study. These sera were collected from experimentally infected cattle
(25, 26) or were OIE reference sera, sera from vaccinated animals (27),
and archived field sera (CBPP positive and negative). The collection in-
cluded sera from cattle infected with different Mycoplasma mycoides
subsp. mycoides isolates from Africa and Europe as well as from CBPP-
naive animals. The serum samples were divided into four panels, A, B,
C, and D, which have been used for the four rounds of screening and
evaluation: panel A, identification of the best-performing individual
recombinant proteins for inclusion in a cocktail ELISA; panel B, iden-
tification of the best protein combinations with respect to diagnostic
sensitivity and specificity; panel C, evaluation of three selected cocktail
combinations; panel D, final screening of the best-performing cock-
tail.

Panel A comprised 86 sera from experimentally infected cattle in Ke-
nya (n � 17) (3, 25) and from CBPP outbreaks in Namibia (n � 5) and
Portugal (n � 21) as well as sera from naive German (n � 18) and Kenyan
(n � 25) cattle. A subset of panel A, including 26 CBPP-positive and 21
CBPP-negative serum samples, constituted serum panel B. Serum panel C
comprised 43 cattle sera from CBPP outbreaks in Kenya (n � 4) and

TABLE 1 Recombinant Mycoplasma mycoides subsp. mycoides proteins included in this studya

PG1 locus tagb Protein Protein size (aa) rProtein coverage (aa) Reference(s)

MSC_0108 Glycosyltransferase 449 37–312 17
MSC_0136 Hypothetical transmembrane protein 322 25–294 18
MSC_0139 Fructose-bisphosphate aldolase class II 297 1–297 16
MSC_0160 Translation elongation factor Tu 395 1–395 16
MSC_0240 Immunodominant protein P72 554 25–554 18, 20
MSC_0265 Pyruvate dehydrogenase (lipoamide), alpha chain 370 1–370 16
MSC_0266 Pyruvate dehydrogenase (lipoamide), beta chain 329 1–329 16, 17
MSC_0397 Prolipoprotein 237 24–206 18, 20
MSC_0431 Prolipoprotein 356 27–356 18, 20
MSC_0453 FKBP-type peptidylprolyl isomerase 428 1–428 16
MSC_0610 Molecular chaperone DnaK 591 1–590 16
MSC_0636 Hypothetical protein 176 2–176 17
MSC_0653 Prolipoprotein 385 24–385 18
MSC_0679 Glyceraldehyde-3-phosphate dehydrogenase 338 1–338 16
MSC_0813 Variable surface protein 507 22–425 18, 20
MSC_0816 Variable surface protein 405 24–405 18-20
MSC_1046 Prolipoprotein Q 445 22–218 15, 21
a rProtein, recombinant protein; aa, amino acid.
b Locus tag in the Mycoplasma mycoides subsp. mycoides strain PG1 genome (GenBank accession no. NC_005364.2).
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Namibia (n � 39) and 63 sera collected at nine time points (0, 1, 2, 3, 6, 12,
18, 24, 34 weeks postinfection) during an experimental infection with
Mycoplasma mycoides subsp. mycoides in Kenya (26). The experimental
sera were grouped according to infection stage, i.e., preinfection stage
(day of infection, n � 7), acute-disease stage (days 1 to 22 postinfection,
n � 21), and post-acute-disease stage (days 23 to 238 postinfection, n �
35) (26). Serum panel D encompassed 29 serum samples collected from
cattle vaccinated with the live CBPP vaccine, i.e., T1/44. Eight samples
were collected 7 weeks after vaccination (27), while 21 samples were col-
lected at three time points: 1 week prevaccination and 1 and 6 weeks after
immunization. Throughout this study, the same CBPP positive (BD119
and Rd15)- and CBPP negative (Rd660)-control serum samples were
used. BD119 was collected during an experimental infection with Myco-
plasma mycoides subsp. mycoides (3), and Rd15 is an OIE reference sample
from Portugal, while the negative control is from a healthy German calf.
All sera were additionally tested using the OIE-prescribed tests for CBPP
diagnosis, i.e., the complement fixation test (CFT) (13) and/or the com-
petitive ELISA (cELISA) (14).

Selection of the best-performing individual recombinant proteins.
(i) Optimization of the ELISA protocol. The optimal protein coating
concentration (0.1 �g/ml, 1 �g/ml, or 5 �g/ml) and dilution of sera (2-
fold dilutions 1:100 to 1:12,800 of BD119 and Rd15 [CBPP positive-con-
trol sera] and Rd660 [CBPP negative-control serum]) were determined in
triplicates for each of the 17 recombinant proteins. The signal-to-noise
ratio (S/N), which is the ratio of the mean OD value of the positive-
control sera to that of the negative-control serum, was calculated for each
combination, i.e., protein concentration and dilution of sera, and the
combinations that gave the highest S/N ratio were considered to be ideal
for that particular protein. The optimal surface treatment of the 96-well
plate, i.e., affinity to hydrophobic molecules (Nunc-Immunoplate Poly-
Sorp; Thermo Fisher Scientific, USA) or molecules with mixed hydrophil-
ic/hydrophobic domains (Nunc-Immunoplate MaxiSorp; Thermo Fisher
Scientific, USA), was evaluated in a similar way. In brief, S/N ratios were
determined for the respective surface treatments using three recombinant
proteins (MSC_0136, MSC_0397, and MSC_0636), three protein coating
concentrations (1 �g/ml, 2.5 �g/ml, or 5 �g/ml), and 2-fold dilutions of
the three control sera as described above.

The optimized ELISA procedure was performed as follows: 96-well
polystyrene plates (Nunc-Immunoplate PolySorp; Thermo Fisher Scien-
tific, USA) were coated with 100 �l protein (1 �g/ml to 5 �g/ml) in
carbonate coating buffer (15 mM Na2CO3 and 35 mM NaHCO3, pH 10.6)
overnight at 4°C. After coating, the wells were washed twice with 300 �l
wash buffer (1� phosphate-buffered saline with 0.05% Tween 20 [PBST])
followed by blocking with 300 �l blocking buffer (PBST and 3% skimmed
milk [Bärenmarke Vertriebsgesellschaft, Germany]) for 2 h at room tem-
perature (RT). The wells were washed three times with 300 �l wash buffer
prior to adding 100 �l serum samples (diluted 1:100 to 1:400 in PBST)
followed by 1 h of incubation at RT and three additional washes as de-
scribed above. In total, 100 �l peroxidase-conjugated goat-anti-bovine
IgG antibody (Jackson Immuno Research, USA), diluted 1:5,000 in PBST,
was added to each well prior to incubation for 1 h at RT. Following four
washes as above, 100 �l tetramethylbenzidine substrate (TMB; Sigma-
Aldrich, USA) was added. The reaction mixture was incubated at RT for 5
to 15 min before the reaction was stopped with 100 �l 1 M H2SO4. The
absorbance (OD) was measured at 450 nm in a Tecan SpectraFluor Plus
reader (Tecan, Germany).

(ii) Cutoff value, diagnostic sensitivity, and specificity of individual
proteins. Once the optimal ELISA conditions had been determined,
the recombinant proteins were screened against serum panel A. The
positive- and negative-control sera were included in quadruplicates in
each plate, i.e., a duplicate in the first row and a duplicate in the last
row. Mean OD values were expressed as percent positivity (PP), cal-
culated as follows: PP � (ODsample � ODneg · control)/(ODpos · control �
ODneg · control) � 100%. The normalized data were plotted in scatter
plots, and individual cutoff values were set to distinguish CBPP-posi-

tive and CBPP-negative samples. Based on the cutoff value, a diagnos-
tic sensitivity and specificity could be determined for each individual
protein. Diagnostic sensitivity was defined as the number of true pos-
itive samples/(true positive samples � false-negative samples) �
100%, while specificity was calculated as the number of true negative
samples/(true negative samples � false-positive samples) � 100%.

(iii) Analytical specificity. The potential cross-reactivity of the re-
combinant proteins was tested against a panel of reference hyperimmune
sera from rabbits experimentally immunized with type strains of 15 My-
coplasma spp. and three Acholeplasma spp. (28). Plates (Nunc-Immuno-
plate PolySorp; Thermo Fisher Scientific, USA) were coated with individ-
ual Mycoplasma mycoides subsp. mycoides proteins (1.0 �g/ml or 5 �g/ml)
diluted in coating buffer and incubated at 4°C overnight. After washing
three times with 300 �l/well PBST, the wells were blocked (PBST contain-
ing 3% skimmed milk) for 1 h at RT followed by three additional washes
as described above. Rabbit sera (100 �l/well) were added at a dilution of
1:800 in PBST and were incubated for 2 h at 37°C. After washing three
times as described above, peroxidase-conjugated goat-anti-rabbit IgG
(H�L) antibody (Dianova, Germany) diluted 1:5,000 in PBST was added,
and the plates were incubated for 1 h at 37°C. After three additional
washes, the TMB substrate was added prior to incubation for 5 to 15 min
at RT. The reaction was stopped with 100 �l/well of 1 M H2SO4. OD
values were measured at 450 nm. An OD cutoff value of 0.5 was set for
distinguishing positive and negative reactions.

Office International des Epizooties-prescribed tests for CBPP diag-
nosis. The CFT (13) and cELISA (14) were purchased from Cirad
(France) and Idexx Livestock—Poultry and Dairy (France), respectively.
The assays and the interpretation of results were performed according to
the manufacturers’ instructions and the OIE Manual of Diagnostic Tests
and Vaccines for Terrestrial Animals (29).

Selection of the best-performing recombinant protein combina-
tions. (i) ELISA procedure for the combined recombinant proteins. The
ELISA for the combined antigens was performed as described above but
with the following modifications: two or three proteins were mixed in five
different combinations using their individual optimal coating concentra-
tions in a total volume of 100 �l/well, and the bovine serum was added in
a 1:400 dilution. For the initial screening, 26 CBPP-positive and 21 CBPP-
negative sera (serum panel B) were tested in duplicates with each plate
being repeated three times. The normalized data (PP values) were plotted
in a frequency distribution graph (30) to set a fixed cutoff value to be used
for all combinations. Diagnostic sensitivity and specificity for the com-
bined proteins were determined as described above. Based on the results
from this screening, a more narrow selection of combinations was made,
and these combinations were screened in duplicate against serum panel C
as described above. The best-performing cocktail was additionally
screened against serum panel D.

(ii) Diagnostic accuracy of the selected cocktail ELISA. The diagnos-
tic accuracy of the best-performing cocktail was compared to that of CFT
and the cELISA, using the combined results from the screenings of serum
panels B and C. Diagnostic sensitivity and specificity, positive and nega-
tive predictive values, and overall diagnostic accuracy were calculated and
compared for all three tests. Furthermore, the percent agreement and
Cohen’s kappa index value (31) were determined to assess the diagnostic
agreement between the tests. A 95% confidence interval was used.

(iii) Repeatability of the selected cocktail ELISA. The repeatability of
the best-performing cocktail was validated in a separate experiment. One
strong positive serum sample (SPRN) and one weak positive serum sam-
ple (H000840) were run in duplicate wells in 10 separate runs, i.e., two
plates per day for 5 consecutive days. Mean OD values were used to assess
the intraplate variance as well as intra- and interassay variance. The coef-
ficients of variability (CVs) were calculated using Statgraphics Plus
(Manugistics, Inc., USA).

A field-applicable, easy-to-use lateral-flow rapid test for diagnosis
of CBPP. The proof of principle for a field-applicable lateral-flow
rapid test was elucidated. Two recombinant proteins, MSC_0136 and
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MSC_0636, were expressed, purified (as described above), and transferred
to an existing lateral-flow rapid-test platform by Senova immunoassay
systems (Senova, Gesellschaft für Biowissenschaft und Technik GmbH,
Germany). Forty-four prototype dipsticks containing the two recom-
binant proteins (test region, 0.25 �g/test) and immobilized anti-
mouse IgG (control region, 0.25 �g/test) on nitrocellulose membranes
were initially manufactured for the purpose of the work presented
here. The strips were evaluated using 32 positive sera and 12 negative
sera (randomly selected from serum panel A and including the positive
and negative controls), according to manufacturer instructions. In
brief, serum samples were diluted 1:100 in sample dilution buffer in a
96-well plate (working station). The test strips were subsequently in-
cubated standing for 5 min in 30 �l of diluted serum sample followed
by a single wash step in 50 �l sample dilution buffer for 2 min. After the
wash step, the test strips were incubated in 30 �l detection antibody
conjugate (gold particles coated with mouse anti-bovine IgG1 anti-
bodies, 0.25 �g/test) for 10 min. The results, i.e., the appearance of
either two colored lines (one in the control region and another one in
the test region, indicating a positive test result) or one colored line
(one line in the control region only, indicating a negative test result),
were read within 15 min after removing the rapid test from the final
incubation in detection antibody.

RESULTS
Performance of individual recombinant proteins. (i) Expres-
sion and purification of the recombinant Mycoplasma mycoides
subsp. mycoides proteins. Expression and purification (85% pu-
rity), performed by GenScript, USA, were successful for 16 of the
17 recombinant Mycoplasma mycoides subsp. mycoides proteins.
Protein MSC_1046 (locus tag in the PG1 genome) was expressed
and purified, but due to product degradation the purity of the
resulting protein was low (�20%). Four proteins, MSC_0108,
MSC_0136, MSC_0397, and MSC_0813, had large transmem-
brane regions removed prior to gene synthesis to increase expres-
sion efficiency. Total protein concentrations of 2.1 mg/ml and
4.44 mg/ml were obtained from the in-house-expressed proteins
MSC_0136 and MSC_0636, respectively.

(ii) Diagnostic sensitivity and specificity. The optimized
ELISA conditions, i.e., protein coating concentrations (�g/ml)
and serum dilutions, are presented in Data Set S1 in the supple-
mental material. The highest signal-to-noise (S/N) ratio between
CBPP-positive and CBPP-negative samples was obtained using a
96-well plate with affinity to hydrophobic molecules (Nunc-Im-
munoplate PolySorp; Thermo Fisher Scientific, USA) (data not
shown). The mean optical density (OD) values from duplicate
samples repeated five times and percent positivity (PP) for all 17
proteins screened against 86 sera (panel A) are presented in Fig.
1A and B, respectively. Diagnostic sensitivities between 67%
and 95% were obtained, while the measured specificities
ranged between 60% and 100% (see Data Set S2 in the supple-
mental material). Four proteins, MSC_0136, MSC_0397,
MSC_0636, and MSC_0653, with the highest ranked sensitivities
(�90%) and specificities (�95%), were selected for further test-
ing in combinations.

(iii) Cross-reactivity. Cross-reactivity with the recombinant
immunogens was seen with antibodies against nine mycoplasmas
and three acholeplasmas (see Table S1 in the supplemental mate-
rial). Most recombinant proteins showed cross-reactions with an-
tisera from rabbits immunized with M. alkalescens (n � 12) and
antisera against members of the Mycoplasma mycoides cluster, i.e.,
M. capricolum subsp. capricolum (n � 11) and M. mycoides subsp.
capri (n � 8). The four proteins selected for further evaluation in

a cocktail ELISA showed cross-reactivity to three or four Myco-
plasma isolates (see Table S1 in the supplemental material).

Performance of the cocktail ELISAs. (i) Diagnostic sensitiv-
ity and specificity of the cocktails. In total, five different ELISA
cocktails were run in duplicates using serum panel B. A 25-PP
cutoff was set to distinguish positive from negative samples (see
Fig. S1 in the supplemental material) (30). The mean OD values as
well as PP for all five protein cocktails screened against 47 sera are
presented in Fig. 2A and B, respectively. All cocktails correctly
identified all negative CBPP samples, yielding a diagnostic speci-
ficity of 100%. Compared to the performance of the individual
proteins, all but one of the cocktails resulted in equal or higher
numbers of correctly identified CBPP-positive samples (see Data
Set S2 in the supplemental material). Increasing the number of
antigens from two to three did not improve the sensitivity; there-
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fore, the two combinations containing two antigens with the
highest ranking sensitivities, i.e., MSC_0136/MSC_0397 and
MSC_0136/MSC_0636, were selected for further testing.

(ii) Performance of the cocktail ELISAs in a long-term exper-
imental infection with Mycoplasma mycoides subsp. mycoides.
Among the outbreak serum samples (n � 43, panel C), both cock-
tails identified �93% of the samples as CBPP positive (Table 2). In
the group of samples collected during an experimental infection
trial, one sample was false positive using cocktail MSC_0136/

MSC_0636, while two day 0 samples were positive using cocktail
MSC_0136/MSC_0397. During the acute stage of disease (days 1
to 22 postinfection), 6 of the 21 samples were positive using
cocktail MSC_0136/MSC_0636. All samples (n � 35) collected
during the postacute stage (days 23 to 238 postinfection) were
positive using the two cocktails. When comparing the cocktails
to their respective single proteins at the individual time points
(0, 1, 2, 3, 6, 12, 18, 24, 34 weeks postinfection), earlier anti-
body detection was achieved using cocktail MSC_0136/
MSC_0636 (Fig. 3). Taking the performance of the cocktails
during the evaluation and the long-term trial into consider-
ation, as well as the sizes of the recombinant proteins, expres-
sion efficacy, and purity, cocktail MSC_0136/MSC_0636 was
considered the best-performing cocktail. It was furthermore
used for screening 29 serum samples (panel D) from T1/44-
vaccinated animals. Only one sample, taken 6 weeks postvac-
cination was found to be positive (see Data Set S2 in the sup-
plemental material).

(iii) Diagnostic performance of the selected cocktail ELISA in
comparison to CFT and cELISA. Sensitivity and specificity values
of 85.6% and 96.4%, respectively, were obtained for the best-per-
forming cocktail, MSC_0136/MSC_0636, when combining data
from serum panels B and C (Table 3). The corresponding sensi-
tivity and specificity percentages were 88.5% and 100% for CFT
and 82.4% and 100% for the cELISA. The overall percentage
agreements between the tests were 94.1% for cocktail MSC_0136/
MSC_0636 versus cELISA and 88.7% for cocktail MSC_0136/
MSC_0636 versus CFT, as supported by Cohen’s kappa index val-
ues of 0.86 (very good) and 0.73 (good), respectively.

(iv) Repeatability of the selected cocktail ELISA. An intra-
plate coefficient of variability (CV) of 6.80% was obtained, while
the intra-assay CV and interassay CV were 7.72% and 9.14%, re-
spectively.

Proof of principle for a field-applicable lateral-flow rapid test
for diagnosis of CBPP. The in-house-expressed recombinant
proteins MSC_0136 and MSC_0636 were successfully trans-
ferred to the lateral-flow rapid-test platform (Senova, Gesell-
schaft für Biowissenschaft und Technik GmbH, Germany). All
test strips incubated in sera from CBPP-positive animals (n �
32) developed two colored lines within approximately 10 min
after the final incubation in detection antibody, while only one
line developed in the control region on the strips incubated in
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FIG 2 Scatter plot representing the optical density (OD) (A) and box plots
showing percent positivity (%) (B) for combinations of recombinant Myco-
plasma mycoides subsp. mycoides proteins when screened against serum panel
B. Filled circles, CBPP-positive sera; open triangles, CBPP-negative sera; open
boxes, CBPP-positive sera; patterned boxes, CBPP-negative sera.

TABLE 2 Performance of individual and combined recombinant Mycoplasma mycoides subsp. mycoides proteinsa

Panel ID and serum
category

No. of
sera

No. (%) of sera testing positive or negative

MSC_0136 MSC_0397 MSC_0636 MSC_0136/MSC_0397 MSC_0136/MSC_0636

Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg. Pos. Neg.

Serum panel B
(CBPP positive)b

26 23 (88.5) 3 (11.5) 23 (88.5) 3 (11.5) 25 (96.2) 1 (3.8) 26 (100.0) 0 (0.0) 25 (96.2) 1 (3.8)

Serum panel C
Outbreak 43 40 (93.0) 3 (7.0) 13 (30.2) 23 (69.8) 39 (90.7) 4 (9.3) 40 (93.0) 3 (7.0) 41 (95.3) 2 (4.6)
Preinfection 7 1 (14.3) 6 (85.7) 0 (0.0) 7 (100.0) 0 (0.0) 7 (100.0) 2 (28.6) 5 (71.4) 1 (14.3) 6 (85.7)
Acute stage 21 1 (4.8) 20 (95.2) 2 (9.5) 19 (90.5) 5 (23.8) 16 (76.2) 2 (9.5) 19 (90.5) 6 (28.6) 15 (71.4)
(1–22 dpi)
Postacute stage

(23–238 dpi)
35 35 (100.0) 0 (0.0) 20 (57.1) 15 (42.9) 12 (34.3) 23 (65.7) 35 (100.0) 0 (0.0) 35 (100.0) 0 (0.0)

a This table represents results obtained through the use of panel B and C serum samples only. Pos., positive; Neg., negative.
b All CBPP-negative samples (n � 21) from panel B were correctly identified as negative.
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sera from CBPP-negative cattle (n � 12) (see Data Set S2 in the
supplemental material). Thus, a definite diagnosis of CBPP was
obtained within a total time of 30 min. Examples of the test
strips are shown in Fig. 4.

DISCUSSION

Serological tests for diagnosis of animal diseases are widespread in
African laboratories, mainly due to the availability of equipment,
ease of sampling, transport, and storage of serum specimens, and
relatively low costs per test. Moreover, no preculturing or exten-
sive sample preparation is needed. In addition, many sensitive and
specific nucleic acid-based detection methods are available for
CBPP (32–34), yet the rather elaborate requirements for the lab-
oratory facilities, sample costs, and processing associated with
these techniques have limited their routine use in Africa. Recently,
a sensitive and easy-to-use loop-mediated isothermal amplifica-
tion (LAMP)-based assay for CBPP was published, which over-
comes many of the above-mentioned constraints (35). However,
the time window of Mycoplasma shedding varies with disease sta-
tus (acute or chronic), and this impacts the diagnostic capacity of
all nucleic acid-based detection methods. For CBPP diagnosis, the
current OIE-prescribed serological tests are the CFT (13) and the
cELISA (14). As both have limited sensitivity, in particular during
chronic disease, they are recommended for diagnosis at the herd
level only. Moreover, both methods require a fully equipped lab-
oratory, and the CFT in particular is considered hard to perform
and standardize. Thus, the development of improved and easy-to-
use diagnostic assays comprising antigens able to identify animals
in all stages of disease is considered a research priority. Several
studies employing different experimental approaches, e.g., in silico
analysis, proteomics, cloning, etc., have described the identifica-
tion of immunogenic Mycoplasma mycoides subsp. mycoides pro-
teins (15–18, 20), yet as expected, each methodology had its lim-
itation. This study is based on a thorough comparison of
recombinant immunogens, using a standardized expression sys-
tem employing synthetic, codon-optimized genes. The Myco-
plasma protein sequences were furthermore based on African out-
break strains and not only on the widely used laboratory type
strain PG1, which has been shown to be phylogenetically different
from African field strains (36). The removal of the N-terminal
signal peptides in lipoproteins and large transmembrane regions
led to improved expression and solubility of the recombinant pro-
teins, thus making them more suitable for a future large-scale

production. All immunogens, except the N-terminal part of the
strong immunogen LppQ, were expressed and purified properly.
Thus, to ensure standardization and comparability of results, we
excluded LppQ after the initial screening. The development of the
cocktail ELISA was a two-stage process starting with the selection
of the four best-performing recombinant immunogens, which
subsequently were tested in cocktails to improve performance. We
used well-characterized sera from CBPP outbreaks as well as from
naive cattle. The sera were derived from different geographical
regions, cattle breeds, and isolation dates in order to account for
variability of strains and humoral immune responses. To foster
the identification of chronically infected animals, we screened im-
munogens against sera from a long-term experimental infection
with Mycoplasma mycoides subsp. mycoides (26). Indeed, several
recombinant proteins displaying high diagnostic sensitivity (95%)
and specificity (100%) (see Data Set S2 in the supplemental material)
were identified, thus confirming their suitability for inclusion in a
diagnostic assay. The four best individual immunogens, i.e., a hy-
pothetical transmembrane protein (MSC_0136), a hypothetical
protein (MSC_0636), and two prolipoproteins (MSC_0397 and
MSC_0653), were selected. All but one of these recombinants
(MSC_0636) have been shown to elicit strong antibody responses
in vaccinated cattle (37). Furthermore, the surface localization of
two of the proteins, i.e., MSC_0397 and MSC_0653, has been
confirmed (38). Notably, the former protein is also a constituent
of the Mycoplasma mycoides subsp. mycoides in vitro surface core
proteome and hence likely to be involved in host-pathogen inter-
actions (38). Due to the limited genetic diversity within the My-
coplasma mycoides cluster (36, 39–41), cross-reactivity with anti-
bodies induced by other Mycoplasma species is likely to be
detected and has been reported previously (18). The four selected
immunogens reacted with sera from rabbits immunized with type
strains of Mycoplasma alkalescens, Mycoplasma leachii, Myco-
plasma capricolum subsp. capricolum, and Mycoplasma mycoides
subsp. capri. Mycoplasma alkalescens is a natural inhabitant of the
respiratory tract in cattle but can, like Mycoplasma leachii, cause
clinical disease. Such bovine infections have to the best of our
knowledge not been reported in Africa; hence, the cross-reactivity
described here is not likely to affect the diagnostic potential of the
included recombinant proteins, albeit this needs further investi-
gation. In addition, the experimental serological response of rab-
bits is likely to be different from the humoral response of naturally
exposed ruminants.
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In an attempt to increase the diagnostic sensitivity, different
protein cocktails were tested. We did, however, limit the number
of recombinants in a cocktail to a maximum of three to ensure a
smooth future large-scale production with limited quality control
efforts required, in comparison to cocktail ELISAs that contain
additional antigens (18). Indeed, increasing the number of im-
munogens from one to two resulted in the identification of
more CBPP-positive animals (Table 2). However, increasing
the number of antigens from two to three did not improve the
sensitivity. Therefore, two cocktails comprising two immu-
nogens (MSC_0136/MSC_0397 and MSC_0136/MSC_0636)
were investigated further. A prerequisite for a diagnostic assay
for CBPP is the ability to identify animals in all stages of dis-
ease; therefore, the selected cocktails were screened against sera
from an experimental infection with Mycoplasma mycoides
subsp. mycoides in which samples were collected for a time pe-
riod of �230 days (26). Cocktail MSC_0136/MSC_0636 iden-
tified more animals in the acute stage of disease than the other
cocktails (Table 2) and allowed for earlier detection than single
antigens (Fig. 3). All cocktails presented here are combinations
with protein MSC_0136. Based on the data regarding the per-
formance of the different cocktails and to harmonize and sim-
plify the standardization of the ELISA protocol, we consider
MSC_0636 the optimal partner protein. Furthermore, this
cocktail had a performance comparable to those of the OIE-
prescribed tests, i.e., the CFT and the cELISA, with 88.7% and
94.1% agreement, respectively (Table 3). However, a fraction
of the serum panel, i.e., the outbreak sera used for these calcu-
lations, were selected and included depending on previous pos-
itivity in either cELISA or CFT, thus excluding the possibility of
a superiority of the immunogens tested over cELISA and CFT.
The cocktail ELISA was also more straightforward and faster to
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perform and standardize than the CFT and cELISA. Although
the assay is not able to distinguish T1/44-vaccinated animals
from infected animals, it is likely to be a very useful tool for
screening animals with suspected CBPP and for epidemiologi-
cal studies investigating the prevalence and impact of Myco-
plasma mycoides subsp. mycoides on animal welfare and produc-
tivity. Albeit applicable for CBPP diagnosis, the cocktail ELISA
described here requires a laboratory. Thus, as proof of princi-
ple for a rapid and field-applicable diagnostic assay for CBPP,
we transferred the two highly immunogenic proteins
(MSC_0136 and MSC_0636) to a prototype lateral-flow rapid-
test format. This is to our knowledge the first prototype CBPP
lateral-flow test produced by a company. The test was evalu-
ated with a limited number of sera representing naïve and ex-
perimentally and naturally infected animals. All CBPP-infected
animals (n � 32) tested positive within 10 min of postincuba-
tion, after a total handling and readout time of less than 30 min.
Though a field-applicable diagnostic test is likely to be more
expensive than a laboratory-based ELISA, it overcomes trans-
port costs, provides timely test results, and excludes the risk
associated with unsatisfactory laboratory quality control con-
comitant with financial constraints in many sub-Saharan lab-
oratories. Albeit a successful proof-of-principle experiment,
additional work is required to optimize the assay conditions. It
is crucial to embed the diagnostic assays into effective disease
control strategies that motivate livestock owners and veteri-
nary services to use the latter. Future studies should thus in-
clude ring testing of the novel cocktail ELISA and the lateral-
flow assay, performed by African national laboratories in
cooperation with international bodies such as OIE, African
Union Inter-African Bureau for Animal Resources (AU-IBAR),
or FAO to pave the way for rollout of the assays.
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