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Abstract Coenurus cerebralis, the larval stage (metacestode
or coenurus) of Taenia multiceps, parasitizes sheep, goats, and
other ruminants and causes coenurosis. In this study, we isolated
and characterized complementary DNAs that encode lactate
dehydrogenase A (Tm-LDHA) and B (Tm-LDHB) from the
transcriptome of T. multiceps and expressed recombinant Tm-
LDHB (rTm-LDHB) in Escherichia coli. Bioinformatic analy-
sis showed that both Tm-LDH genes (LDHA and LDHB) con-
tain a 996-bp open reading frame and encode a protein of 331
amino acids. After determination of the immunogenicity of the
recombinant Tm-LDHB, an indirect enzyme-linked immuno-
sorbent assay (ELISA) was developed for preliminary evalua-
tion of the serodiagnostic potential of rTm-LDHB in goats.
However, the rTm-LDHB-based indirect ELISA developed
here exhibited specificity of only 71.42% (10/14) and sensitivity
of 1:3200 in detection of goats infected with T. multiceps in the
field. This study is the first to describe LDHA and LDHB of
T. multiceps; meanwhile, our results indicate that rTm-LDHB is
not a specific antigen candidate for immunodiagnosis of
T. multiceps infection in goats.
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Introduction

Coenurus cerebralis is the metacestode stage of Taenia
multiceps, which usually inhabits the central nervous system
and subcutaneous and intramuscular tissues of herbivorous
mammals, especially sheep, goats, and cattle, and can cause
severe coenurosis (Dehghani et al. 2016; Oryan et al., 2015a,
b). Coenurosis is distributed extensively (including in Europe,
the USA, Africa and Asia) (Huang et al. 2015; Li et al. 2015;
Merbl et al. 2014; Varcasia et al. 2015) and leads to huge
socioeconomic losses to the livestock breeding industry in
many countries. Coenurosis is also a serious zoonosis and
can pose threats to the public (Al-Riyami et al. 2015; Nie
et al. 2013; Varcasia et al. 2015).

Dehydrogenase enzymes are important catalysts in biologi-
cal redox reactions, involved in detoxification and various other
physiological processes. Lactate dehydrogenase (LDH) plays a
central role in regulating glycolysis (Alcazar et al. 2000;
Imagawa et al. 2006). The LDH isoenzymes are usually com-
posed of both LDH-A and LDH-B subunits and have different
biochemical properties and physiological functions in different
tissues (Alcazar et al. 2000). Studies of LDH are useful for
examination of the evolution of a species, and in the study of
development and growth of parasites and animals (Liwak and
Ananvoranich 2009). Gossypol and various antiparasitic drugs
including artemisinin and praziquantel can inhibit the activity
of the LDHs of Schistosoma japonicum (Xiao et al. 1999),
Taenia asiatica (Chen et al. 2010), Clonorchis sinensis (Yang
et al. 2006), Plasmodium falciparum and Toxoplasma gondii
(Dando et al. 2001). Thus, LDH is an ideal target for develop-
ment of antiparasitic drugs.

Given that there is no information on the LDHs of
Taenia multiceps available to date and the importance of
the biochemical and physiological functions of this enzyme in
parasites, we isolated and characterized LDHA and LDHB
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from T. multiceps and assessed the immunogenicity of recom-
binant Tm-LDHB and its serodiagnostic potential in an indi-
rect enzyme-linked immunosorbent assay (ELISA). These re-
sults should contribute to new antiparasitic drug development
and understanding of the biological functions of LDH in
cestodes.

Materials and methods

Parasites and serum

Coenuri were obtained from the brains of goats that were
naturally infected. All animals were processed in strict accor-
dance with the animal protection law of the People’s Republic
of China (release date: September 18, 2009). All serum sam-
ples were collected from farms in Sichuan Province, China.
Five T. multiceps-positive serum samples and seven
Cysticercus tenuicollis-positive serum samples were obtained
from naturally infected goats, while seven Echinococcus
granulosus-positive serum samples were obtained from natu-
rally infected sheep. Twenty-four negative samples were col-
lected from cestode-free goats (confirmed by autopsy). All
samples were maintained at − 20 °C until use.

Cloning, expression, and purification of rTm-LDH

Total RNA was extracted using Trizol reagent (Tiangen,
Beijing, China) and then reverse-transcribed into complemen-
tary DNA according to the RevertAid First Strand cDNA
Synthesis Kit manufacturer’s instructions (MBI Fermentas,
Germany). The cDNA sequence of Tm-LDHAwas amplified
using primers designed from Unigene 18396 of the assembled
T. multiceps transcriptome dataset, which is homologous to the
LDH of T. asiatica (GenBank accession no: EF420317.1). The
cDNA sequence of Tm-LDHB was amplified using primers
designed from Unigene 19054 of the assembled T. multiceps
transcriptome dataset, which is homologous to the LDH se-
quence of T. solium (GenBank accession no: GU571143.1).
The primers for Tm-LDHA were the following: 5′-GAAG
TTGTTTGCGGGGAAT-3′ and 5′-CCTCACAATCCACA
CAGTAATA-3′. The primers for Tm-LDHB were 5′-
CGGAATTCATGGCTGAACATTCTATCCTCG-3′ and 5′-
CGCTCGAGTCACCATTTGATACCAGAAGTAGTTT-3′,
with EcoRI and XhoI restriction enzyme sites (underlined).
After amplification and gel purification, the target Tm-LDHB
fragment was integrated into expression vector pET32a(+)
(Takara, Dalian, China) and transformed into Escherichia coli
BL21 (DE3) competent cells. The recombinant protein was
expressed on induction by 1 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) and purified using Ni2+ affinity
chromatography (Bio-Rad, Hercules, CA, USA), following the
manufacturer’s instructions. Protein purification was analyzed

by 12% sodium dodecyl sulfate polyacrylamide gel electropho-
resis (SDS-PAGE).

Bioinformatic analyses

ORF Finder (http://www.ncbi.nlm.nih.gov/gorf/gorf.html)
was used to predict open reading frames; basic
physicochemical properties, the estimated half-lives, and
stability coefficients of proteins were predicted by
ProtParam (http://web.expasy.org/protparam/); signal
peptides were predicted by SignalP (http://www.cbs.dtu.dk/
Services/SignalP/); transmembrane regions were predicted
by the TMHMM2.0 server (http://www.cbs.dtu.dk/services/
TMHMM-2.0); subcellular localizations were predicted by
BaCelLo (http://gpcr.biocomp.unibo.it/bacello/pred.htm); B-
cell epitopes were predicted by the BepiPred 1.0b server
(http://www.cbs.dtu.dk/services/BepiPred/); Swiss-model
(http://swissmodel.expasy.org/) was used to predict three-
dimensional protein structures; and MEGA 5.1 was used for
phylogenetic analysis.

Western blotting

For immunoblotting, the recombinant LDH protein was trans-
ferred onto a nitrocellulose (NC) filter membrane after sepa-
ration by 15% SDS-PAGE. Subsequently, the membranes
were blocked with 5% (w/v) skim milk for 2 h at room tem-
perature, then incubated overnight with T. multiceps-positive
goat serum (1:200 v/v dilution) at 4 °C. After five washes with
Tris-buffered saline Tween-20 buffer (TBST), 1:1000 diluted
horseradish peroxidase (HRP)-conjugated rabbit anti-goat
IgG (Bio-Rad) was added and further incubated for 2 h at
room temperature. After washing with TBST, the enhanced
HRP-DAB chromogenic substrate kit (Tiangen) was used to
visualize reactions.

Development of Tm-LDHB indirect ELISA (iELISA)

Recombinant TmLDH (rTmLDH) in 0.1 mM carbonate buff-
er (pH 9.6) was diluted to concentrations of 9.6, 4.8, 2.4, 1.2,
0.6, and 0.3, respectively. Ninety-six-well ELISA plates were
coated with 100-μL diluted protein overnight at 4 °C as de-
scribed previously (Crowther 2009). All wells were washed
three times with 300 μL PBS buffer containing 0.05%
Tween-20 (PBST). Each well was blocked for 2 h at 37 °C
with 5% skim milk diluted with PBS. After three washes with
PBST, the wells were incubated for 1 h at 37 °C with 100 μL
of serum samples with dilutions 1:20, 1:40, 1:80, 1:160,
1:320, and 1:640 in PBS. Following washing steps, 100 μL
rabbit anti-goat IgG-HRP conjugate (Boster Bio-project Co.,
Wuhan, China) was added to each well at a dilution of 1:4000,
and the plates were incubated for 1 h at 37 °C. After washing,
each well was subsequently incubated with 100 μL 3,3′,5,5′-
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tetramethylbenzidine (Tiangen) at 37 °C for 15 min; color
development reactions were stopped with 100 μL of 2 M
H2SO4. Finally, the optical density (OD) of each well was
measured at 450 nm (OD450). Other optimal conditions were
explored according to a previous report (Lu et al. 2014). The
optimal working conditions were regarded as those that gave
the maximum difference in values of OD450 between positive
and negative sera. Twenty-four negative serum samples were
used to determine the cut-off value, which was calculated as
the mean + 3 standard deviations of the OD450 value of the
negative serum samples in the optimal working conditions.

Specificity and sensitivity of the Tm-LDHB iELISA

In the optimum conditions for the iELISA, we assessed po-
tential cross-reactivity with seven C. tenuicollis-positive se-
rum samples and seven E. granulosus-positive serum samples
to determine the specificity of the rTm-LDHB iELISA. Three
T. multiceps-positive serum samples twofold serially diluted
from 1:50 to 1:25600 were used to evaluate the sensitivity of
the rTm-LDHB iELISA.

Results

Bioinformatics analysis of Tm-LDH

Both T. multiceps LDH cDNA sequences (LDHA and LDHB)
contained a 996-bp open reading frame and encoded a predict-
ed polypeptide consisting of 331 amino acids. No signal pep-
tides were predicted in Tm-LDH. Tm-LDHB had a predicted
molecular weight (MW) of 35.53 kDa and a pI of 7.21, and
Tm-LDHA had a predictedMWof 35.29 kDa and a pI of 8.03.
The estimated half-lives of Tm-LDHA and Tm-LDHB were
30 h, with stability coefficients of 28.59 and 17.30, respective-
ly, suggesting that Tm-LDHA and Tm-LDHB are stable. No
transmembrane regions were predicted in either Tm-LDHA or
Tm-LDHB. Subcellular localization analysis indicated that
Tm-LDHA located in the cytoplasm while Tm-LDHB located
in the mitochondria.

Thirteen B-cell epitopes (amino acids (aa) 1, 14–20, 28–31,
54–58, 64, 80–87, 97–102, 125–126, 139–141, 190–199, 210,
212–228, and 307–314) were found in Tm-LDHA, and four-
teen (aa 13–21, 54–59, 79–86, 99–101, 124–126, 152, 157–

158, 191–197, 215–227, 277, 281, 297–299, 308–314, 328)
were predicted in Tm-LDHB (shown in black boxes in Fig. 1).
Furthermore, Tm-LDHA has eight predicted N-myristoylation
sites, five protein kinase C phosphorylation sites, three casein
kinase II phosphorylation sites, one NAD binding site, and one
tyrosine kinase phosphorylation site. Tm-LDHB has five pre-
dicted protein kinase C phosphorylation sites, five casein kinase
II phosphorylation sites, four N-glycosylation sites, four N-
myristoylation sites, one NAD binding site, and one tyrosine
kinase phosphorylation site. Notably, Tm-LDHA and Tm-
DLHB appeared to share a similar LDH active site
(GEHGDS) (Fig. 1). Sequence analysis revealed that this

Fig. 1 B-cell epitope prediction in T. multiceps LDHA and LDHB. LDH active sites are highlighted with red letters

Fig. 2 Three-dimensional structure model of T. multiceps LDHA and
LDHB. The structure of Tm-LDHA was based on the crystal structure
ofCyprinus carpio LDHA (Cc-LDHA; PDB accession code 1V6A). The
structure of Tm-LDHB was based on the crystal structure of Homo
sapiens LDH-B (Hs-LDHB; PDB accession code 1T2F)
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LDH active site is conserved in T. multiceps and other cestode
species. In Tm-LDHA (aa 190–199) and Tm-LDHB (aa 191–
197), this active site overlapped with a B-cell epitope (Fig. 1).
Secondary structure analysis predicted that Tm-LDHA contains
31.42, 27.49, and 28.7% alpha helix, β-strand, and loop, re-
spectively. A similar structure composition was found for Tm-
LDHB, with the corresponding values 33.53, 30.51, and
25.98%. In addition, the three-dimensional structures of Tm-
LDHA and Tm-LDHB were modeled (Fig. 2).

Phylogenetic analysis

LDH amino acid sequences from seven different parasite spe-
cies were retrieved from GenBank, including T. solium
(GenBank: ADV35656.1/ADV35657.1), E. granulosus
(GenBank: AFA35122.1/EUB62412.1), E. multilocularis
(GenBank: CUT99509.1/CUT99280.1), S. mansoni
(GenBank: CCD82636.1), S. japonicum (GenBank:
CAX70604.1/AAO59420.2), C. sinensis (GenBank:
AAV80238.1/GAA27273.1), and H. microstoma (GenBank:
CDS26883.1/CDS32958.1). Multiple sequence alignment in-
dicated that Tm-LDHA showed 94.56% similarity to Ts-
LDHA and Tm-LDHB showed 98.79% similarity to Ts-
LDHB (Fig. 3). Based on the sequence alignment, a phyloge-
netic (neighbor-joining) tree was constructed using the Tm-
LDHB sequence and previously published LDHB sequences

(Fig. 4). LDHB of T. multiceps has a relatively close relation-
ship with that of the congeneric cestode T. solium, and rela-
tively distant relationships with those from the trematode spe-
cies S. japonicum and C. sinensis.

Expression, purification and identification
of recombinant Tm-LDH

Recombinant Tm-LDHB was expressed with a His-tag. The
fusion protein (produced after IPTG induction of E. coli for
6 h) showed a single band of 54 kDa on 15% SDS-PAGE
(including the His-tag) (Fig. 5, lane 1). rTm-LDHB was pri-
marily present in inclusion bodies. After purification with a Ni-
NTA affinity column, rTm-LDHB was subjected to reaction
with Coenurus cerebralis-infected goat serum. A single band
of 54 kDa was observed on the NC membrane (Fig. 5, lane 3),
while no bandwas observed in the negative control (Fig. 5, lane
4), suggesting that rTm-LDHB had good immunoreactivity.

Establishment, specificity and sensitivity of rTm-LDHB
iELISA

After optimization of ELISA conditions, the optimal antigen
concentration and serum dilution were determined to be
1.2μg/well and 1:80, respectively (Table 1). In these conditions,
24 negative serum samples were tested and the cut-off value

Fig. 3 Multiple sequence alignment of LDHA and LDHB in T. multiceps and other species. Conserved sites between LDH sequences are shown as
black columns. The NAD binding sites are marked with red letters. The LDH active sites are marked with a red box
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was calculated as 0.523 (mean + 3SD; mean = 0.4377,
SD = 0.0284; data not shown). Therefore, serum samples with
OD450 ≥ 0.523 were defined as positive, otherwise they were
considered negative. iELISA specificity of 71.42% (10/14) was
observed in this study (cross-reactivity with two E. granulosus-
positive sheep serum samples (n = 7) and two C. tenuicollis-
positive goat serum samples (n = 7)). Results of sensitivity
testing revealed that the minimum detection limit for positive
serum was 1:3200 (mean absorbance = 0. 582).

Discussion

In parasites, LDH can catalyze reversible reactions between
pyruvic acid and lactic acid with the concomitant oxidation of
NADH toNAD+ (Cook et al. 2014), thus helping parasites use
energy (Ramljak et al. 2015). If LDH is inhibited, the devel-
opment and growth of parasites will cease or they may die
(Veerakumari and Munuswamy 2000). In previous studies,
researchers mainly focused on the molecular characteristics
of LDH and its value for immunological diagnosis and drug

development (Dai et al. 2010; Hu et al. 2007). In this
study, two full-length cDNAs that encode LDH A (Tm-
LDHA) and B (Tm-LDHB) from T. multicepswere identified.
After amino acid searches against the NCBI database, the
highest similarity (94.56–98.79%) was found between
Tm-LDH and T. solium (Ts-)LDH. Simultaneously, these
two amino acid sequences show high identities and similar
structural characteristics to previously reported LDHA or
LDHB sequences from other species.

Study of E. granulosus LDH revealed that the linear B-cell
epitopes aa 101–107, 191–196, and 307–313 related to the
function of the LDH, and that LDH was a potential anti-
E. granulosus drug target (Gan et al. 2012). Further, Du
et al. (2011) analyzed the linear B-cell epitopes of TsLDH-A
and TsLDH-B and discovered that cestodes have a common,
specific epitope, which means LDH is a potential antiparasitic
drug target (Du et al. 2011). Using topology analysis, the
present study found both Tm-LDHA and Tm-LDHB
contained a linear B-cell epitope (aa 191–197, EHGDSSV),
which overlaps with the LDH active site (aa 190–195). Given
that a key catalytic histidine residue (His192) is located in this

Fig. 3 continued.
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potential B-cell antigen epitope, if a specific antibody bound
to His192, it could inhibit the function of the enzyme, which
may lead to impaired glucose metabolism. Therefore,
TmLDH may be an important drug target, consistent with
the findings of previous studies (Du et al. 2010a, b). In

addition, parasite LDHs can transport lactic acid out of the
cell, cause antibody-dependent cell-mediated cytotoxicity,
and mediate complement function, so LDH is also a promis-
ing vaccine target (Hu et al. 2007).

LDH belongs to an isozyme family. In mammals, LDH is a
tetramer composed of three types of subunits, each encoded
by a distinct gene (LDH-A, LDH-B and LDH-C). Various
tetrameric LDHs are expressed in different tissues. The
LDH-B gene is expressed in aerobic tissues, such as the heart,
while the LDH-A gene is expressed in lactate-producing tis-
sues, such as skeletal muscle (Alcazar et al. 2000; Imagawa
et al. 2006). In this study, subcellular localization showed that
Tm-LDHA located in the cytoplasm while Tm-LDHB located
in mitochondria; this finding is different from that for the
LDHs of T. solium (Du et al. 2011).

Early diagnosis is premise of cerebral coenurosis treat-
ment. The autopsy can accurately confirm hydatid infections in
goats; however, it is more applicable to later stage and does not
meet the need for cerebral coenurosis treatment. Although there
are some difficulties such as existence of multiple infections
with different taeniid species, antigen cross-reactivity, and low
level of specific antibody responses to infection in ungulates
infected with taeniid cestodes, it is still necessary to search for

Fig. 4 Phylogenetic analysis of
LDHB proteins

Fig. 5 Purification of recombinant T. multiceps LDHB and western blot
analysis. Lane M: Protein molecular weight markers; 1: Crude extracts of
E. coli expressing pET32a(+)-Tm-LDH induced by IPTG; 2: Purified
recombinant Tm-LDHB; 3: western blot of rTm-LDH incubated with
Coenurus cerebralis-infected goat serum; 4: western blot of rTm-LDH
incubated with negative goat serum
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highly sensitivety diagnostic antigens (McManus 2014).
Encouragingly, some diagnostic recombinant antigens with a
high sensitivity such as Tm-GP50, Tm-HSP70, Tm-P2, and
Eg-Grx1 have been recently reported in taeniid species
(Huang et al. 2016; Huang et al. 2014; Wang et al. 2015;
Song et al. 2016). Thereby, it is important to select and assess
recombinant antigens with a high sensitivity for diagnosing
C. cerebralis infection. Previous studies showed that LDH from
different parasites, including T. solium, S. japonicum,
C. sinensis, and P. knowlesi, has potential as a diagnostic anti-
gen (Lv et al. 2007; Huang et al. 2010; Singh et al. 2012;
Xiao et al. 1999). In this study, immunoblotting results indicat-
ed that goats infected with T. multiceps produced specific anti-
body against Tm-LDHB. Previously, the diagnosis of cerebral
coenurosis mainly used cystic fluid and scolex as the diagnostic
antigens (Daoud and Herbert 1982; Fu et al. 1997). However,
these antigens are difficult to obtain and cannot be commercial-
ized. The recombinant antigens have good specificity, a stable
source, and a high diagnostic odds ratio (Mohammadzadeh
et al. 2012). Some recombinant diagnostic antigens have been
reported for T. multiceps, including Tm7, TmHSP70, TmP2,
and TmGP50 (Du et al. 2010a, b; Huang et al. 2016, 2014;
Wang et al. 2015; An et al. 2011). In this study, we found
that the predicted total B-cell epitopes of Tm-LDHBwere more
than that of Tm-LDHA and established an iELISA method for
preliminary evaluation of the serodiagnostic potential of rTm-
LDHB. The iELISA exhibited good specificity (71.42%).
However, the specificity of rTm-LDHB was lower than that

of rTm-P2 (96.3%), rTm-HSP70 (83.3%), and rTm-GP50
(92.6%) (Huang et al. 2015; Wang et al. 2015; Huang et al.
2016); moreover, we observed cross-reactivity with
E. granulosus-positive sheep sera and C. tenuicollis-positive
goat sera. These results showed that rTm-LDH-B is not a spe-
cific antigen candidate for immunodiagnosis.
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