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Recombinant 46-Kilodalton Surface Antigen (P46) of Mycoplasma
hyopneumoniae Expressed in Escherichia coli Can Be Used
for Early Specific Diagnosis of Mycoplasmal Pneumonia
of Swine by Enzyme-Linked Immunosorbent Assay
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The 46-kDa surface antigen (P46) is the early and species-specific immunogenic protein of Mycoplasma
hyopneumoniae. Three TGA codons encoding tryptophan in the P46 gene were replaced with TGG by an in vitro
mutagenesis technique. The mutated P46 gene was expressed in Escherichia coli by using the chelating peptide
tag system. The purified recombinant P46 was successfully used in an enzyme-linked immunosorbent assay for
detection of antibodies against M. hyopneumoniae in swine serum. It did not cross-react with sera from swine
infected with Mycoplasma flocculate, Mycoplasma hyorhinis, or Mycoplasma hyosynoviae. With this method,
mycoplasmal pneumonia of swine was detectable within 2 weeks after infection.

Mycoplasma hyopneumoniae is a causative agent of myco-
plasmal pneumoniae of swine (MPS). It is widespread and
causes economic losses in the swine industry through stunted
growth caused by poor feeding efficiency and susceptibility of
swine to infection by other pathogenic organisms (17). Early
diagnosis and isolation of infected pigs from the herd are most
effective in preventing the spread of this disease. A reliable
diagnosis of M. hyopneumoniae infection is necessary for con-
trol of MPS. Several serological tests, such as the complement
fixation test (14), indirect hemagglutination test (3), and en-
zyme-linked immunosorbent assay (ELISA) (1, 2, 15), have
been developed to demonstrate antibodies to M. hyopneu-
moniae in the sera of diseased pigs, but these techniques were
not completely satisfactory because of cross-reaction with
other swine mycoplasmas. The double-sandwich ELISA
method with a monoclonal antibody that recognized the 46-
kDa surface antigen (P46) of M. hyopneumoniae was used
successfully for the diagnosis of MPS (12). P46 of M. hyopneu-
moniae was considered one of the species-specific surface an-
tigens. Antibodies against P46 were detected most often in the
serum of pigs experimentally infected with M. hyopneumoniae
from the early phase (13). Therefore, it proved to be an excel-
lent marker of MPS. However, preparation of the antigens
from M. hyopneumoniae, which is an essential part of the dou-
ble-sandwich ELISA, is time-consuming and costly because it
is difficult to cultivate this strain (14, 22).
Recently, we succeeded in isolating the P46 gene from M.

hyopneumoniae (4). It was revealed that the coding region of
the P46 gene was 1,260 bp long, containing three TGA codons,
encoding tryptophan. It is known that the TGA codon is trans-
lated as a tryptophan rather than as a translational stop in
mycoplasmas (6, 16, 23). It has been demonstrated that myco-
plasmal genes not containing TGA codons were expressed in
Escherichia coli (5, 7). Also, several attempts were made to

express some genes containing TGA in special host bacteria,
such as the E. coli suppressor mutant system (20) and the
mycoplasmal system (10).
In the present study, we investigated whether the M. hyo-

pneumoniae P46 gene in which the TGA codons were replaced
with TGG by in vitro mutagenesis could be expressed in E. coli
by using the maltose-binding protein fusion and chelating pep-
tide tag system for rapid purification of the products. Further-
more, these recombinant proteins were used in the ELISA for
specific detection of antibodies against M. hyopneumoniae.

MATERIALS AND METHODS

Bacterial strains, plasmids, and growth conditions. M. hyopneumoniae ATCC
25934 (strain J) was grown in BHL medium containing specific-pathogen-free
(SPF) horse serum (22). E. coli JM109, MV1184, BW313, and BMH71-18 mutS
were propagated in LB medium (18). Plasmid pURR126 was constructed by
insertion of the 5.0-kb HindIII fragment of M. hyopneumoniae chromosomal
DNA containing the P46 gene. Expression vector pQE9 (Quiagen Inc., Chats-
worth, Calif.) was employed for expression of P46 in E. coli (19).
In vitro mutagenesis. The accession number for the complete nucleotide

sequence of the P46 gene in the DDBJ, EMBL, and GenBank nucleotide se-
quence databases is D16682 (4). The method of Kunkel et al. was used for
site-directed mutagenesis (8) with the Mutan-K kit (Takara Shuzo Co., Ltd.,
Japan) according to the manufacturer’s instructions. Oligonucleotide primers
M1 (GGGCACTAATCC ATCGAGGATTA), M2 (GCTGAGTGAGCCAGT
TATTTTGTG), and M3 (TTCCATAATTCCATCCTGGGACA) were synthe-
sized and used for mutagenesis (Fig. 1A).
Construction of expression plasmids. The coding region of the P46 gene was

amplified by PCR. The sequences of the primers used for construction of the
chelating peptide-tagged P46 were 59-GGAAGGGATCCACTTCAGATTCTA
AACCACAAGCCGA-39 (P1, corresponding to downstream from Gly-37 of the
P46 open reading frame [ORF]) and 59-GGAAGCTGCAGTTAACTTTTA
GAAATTTTAGGCATC-39 (P2, corresponding to the C-terminal coding region
and 39-flanking region of the P46 ORF). These primers were designed so that the
P46 ORF devoid of signal sequence would be flanked by BamHI (59) and PstI
(39) sites. The amplified fragment was inserted into the BamHI and PstI sites of
plasmid pQE9 so that P46 was in the same translational frame as the N-terminal
affinity tag, consisting of the six adjacent histidine residues (63His) of the vector
(Fig. 1B). The resulting plasmid, pHM46, was used for expression of the recom-
binant 6 3 His-tagged P46 (His-tagP46) in E. coli.
Purification of His-tagP46. Plasmid pHM46 was introduced into E. coli JM109

by transformation. The cells induced by IPTG (isopropylthiogalactopyranoside)
were harvested, resuspended in lysis buffer (6 M guanidine hydrochloride, 0.1 M
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NaH2PO4, 10 mM Tris [pH 8.0]) and shaken by end-over-end rotation for 1 h at
room temperature. The extract was clarified by centrifugation at 15,000 rpm for
30 min. The supernatant was loaded onto an Ni21 chelate adsorbent column
(Ni-NTA-agarose; Quiagen Inc.) (21). The column was washed with buffer A (8
M urea, 0.1 M NaH2PO4, 10 mM Tris [pH 6.8]) and eluted with buffer B (the
same composition as column buffer but pH 6.0). The fractions containing re-
combinant His-tagP46 were detected by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblotting. The pooled fractions
were dialyzed against Tris-buffered saline (TBS)–0.5% Tween 20.
Electrophoresis and immunoblot staining. SDS-PAGE of proteins was per-

formed with the system of Laemmli (9). Proteins separated on gel were trans-
ferred to a nylon membrane by a semidry electrotransfer system (anode buffer:
0.3 M Tris, 20% methanol [pH 10.4]; cathode buffer: 25 mM Tris, 40 mM
6-amino-n-hexanoic acid [pH 9.4]; 10 V, 30 min). Anti-P46 monoclonal antibody
(MAb) 14-1-1 and alkaline phosphatase-conjugated anti-mouse immunoglobulin
A (IgA) and IgG were used for detection of P46. Nitro blue tetrazolium and
5-bromo-4-chloro-3-indolyl phosphate were employed as enzyme substrates.
Antigen, sera, and MAb. Authentic antigen for the double-sandwich ELISA

was prepared by Tween 20 solubilization from M. hyopneumoniae as described
previously (12). Hyperimmune sera against swine mycoplasmas were prepared by
immunizing SPF pigs known to be free of mycoplasmas. Convalescent-phase sera
were obtained from hysterectomy-produced colostrum-deprived pigs infected
with M. hyopneumoniae experimentally. Details of the preparation of these
hyperimmune sera and experimental infection have been reported previously
(14). An MAb against P46, 14-1-1 (IgA isotype), was used for the double-
sandwich ELISA (12).
ELISA. The double-sandwich ELISA was performed as follows (12). Wells of

polystyrene microplates were coated with diluted MAb 14-1-1 (ascites fluid).
After being washed with PBST (phosphate-buffered saline, 0.05% Tween 20), the
antigen extracted from M. hyopneumoniae or recombinant protein (at an appro-

priate dilution) was added and incubated for 2 h at room temperature. The wells
were washed and incubated with swine serum (1:100 or 1:1,000 dilution) for 2 h
at room temperature. Peroxidase-conjugated rabbit anti-swine IgG (light and
heavy chains; 1:1,000 dilution) was used for detection of antibody, and 2,29-azino-
bis(3-ethylbenz-thiazoline-6-sulfonic acid) (ABTS) was used as a peroxidase
substrate. The dilutions of serum and conjugant were made in PBST containing
5% fetal calf serum.

RESULTS

Conversion of TGA codons to TGG. In mycoplasma species,
the TGA codon is utilized for the amino acid tryptophan rather
than as a translational stop (6, 23). The P46 gene of M. hyo-
pneumoniae has three TGA codons encoding tryptophan. For
production of the full-length P46 protein in E. coli, it is nec-
essary to replace TGA with TGG, which is universally recog-
nized as a tryptophan codon. We adopted in vitro mutagenesis
techniques to replace the bases (Fig. 1A). Correct base
changes were confirmed by DNA sequencing analysis.
Expression of the His-tagP46 in E. coli. A 1.1-kb DNA

fragment containing the modified P46 gene devoid of its pu-
tative promoter and signal sequence (P46D1-36) was amplified
by PCR and subcloned into the BamHI and PstI sites of the
expression vector pQE9. The resulting plasmid, pHM46 (Fig.
1B), was used for expression of the recombinant P46D1-36
protein containing an N-terminal affinity tag consisting of six
His residues, which allows purification by Ni21 affinity column
chromatography. The tandem lac promoters were used to drive
transcription of the gene. The recombinant 6 3 His-tagged
P46D1-36 protein (His-tagP46) was induced by addition of
IPTG to the culture medium. Four hours after induction with
IPTG, a significant amount of the recombinant protein accu-
mulated in the cells. An inclusion body was not observed. The
recombinant protein was strongly bound to the anti-P46 MAb
14-1-1. The whole-cell proteins were solubilized with 6 M gua-
nidine hydrochloride and applied to an Ni21 column for puri-
fication of the recombinant protein. The recombinant His-
tagP46 obtained was .90% pure in SDS-PAGE (Fig. 2).
ELISA with recombinant protein. The immunological reac-

tivity of the purified recombinant protein was compared with
that of authentic P46 of M. hyopneumoniae by the double-
sandwich ELISA method. The Tween 20-solubilized antigen of
M. hyopneumoniae was conjugated with immobilized MAb 14-
1-1 in the wells and washed to purify the authentic P46. The
purified recombinant P46 reacted with six convalescent-phase
sera from swine infected with M. hyopneumoniae but did not
react with sera from pigs infected with other swine mycoplas-
mas or from SPF pigs (Fig. 3).
The early antibody response against M. hyopneumoniae was

monitored by the double-sandwich ELISA with recombinant

FIG. 1. Construction of pHM46. (A) Three TGA codons in pURR126 were
replaced with TGG in pURR126-3M. (B) The coding region of P46 (without a
signal peptide) was amplified by PCR and inserted after the 6 3 His-tagged
extension of pQE9 to construct pHM46 carrying the His-tagP46 gene. Small
arrows show the primers used (see Materials and Methods).

FIG. 2. Purification of His-tagP46. Samples were separated by SDS–5 to 20%
PAGE and stained with Coomassie blue R-250 (A) and immunostained with
anti-P46 MAb 14-1-1 (B). Lane 1, cell lysate of induced E. coli containing
pHM46; lane 2, proteins separated by Ni21 column chromatography. The posi-
tions of P46 and size markers (in kilodaltons) are indicated.
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P46 and the Tween 20-solubilized authentic antigen of M.
hyopneumoniae (Fig. 4). These data demonstrated that the
double-sandwich ELISA with recombinant P46 could detect
antibodies againstM. hyopneumoniae as well as with the Tween
20-solubilized authentic antigen.

DISCUSSION

ELISA is considered the most useful test for detection of
antibodies to M. hyopneumoniae. Many attempts have been
made to purify the specific antigen fromM. hyopneumoniae (1,
15). However, it is very difficult to remove cross-reactivities
against other swine mycoplasmas, especially against Myco-
plasma flocculare. The ELISA double-sandwich method with
an MAb that recognizes P46 was used successfully for specific
detection of antibodies against M. hyopneumoniae (12). P46 is
an early and strongly immunogenic 46-kDa membrane-associ-
ated protein of M. hyopneumoniae (13).
Recently, we succeeded in isolating the P46 gene, which had

a 1,260-bp-long coding region containing three TGA codons
for tryptophan (4). It has also been reported that a TGA codon
encodes tryptophan in other several mycoplasmas (6, 23). The
presence of these TGA codons in the gene would prevent

production of the complete protein in E. coli. Therefore, we
used an in vitro mutagenesis technique to replace the TGAs
with the universal TGG tryptophan codon.
The base-replaced gene was introduced into the 6 3 His-

tagged fusion system by using the pQE9 plasmid vector for
expression of P46 to improve the purification step. A short
peptide consisting of six His residues, which did not show
immunogenicity, was introduced into the N-terminal part of
the P46 ORF. The recombinant His-tagP46 was purified to
90% purity by a single Ni21 affinity chromatography step. This
construct was extremely useful for production of the recombi-
nant P46 antigen.
The purified recombinant antigen can be used in the ELISA

for specific detection of antibodies against P46 of M. hyopneu-
moniae. Antisera from pigs which were infected with other
swine mycoplasmas do not react against these recombinant
antigens (Fig. 3). The early antibody response of the His-
tagP46 was similar to that of authentic P46 (Fig. 4). These data
showed that the ELISA for P46 antibodies gives excellent
specificity for the diagnosis.
The indirect ELISA, without the MAb against P46, was also

applicable with this purified antigen (Fig. 4). The background
level of the indirect ELISA was about 10 times higher than that
of the double-sandwich method. Further purification of the
antigen may reduce the background in this simpler method.
The His-tagged recombinant P46 showed almost the same

reactivities as the native P46 from M. hyopneumoniae in the
ELISA detection of P46 antibodies even though it does not
contain the N-terminal portions (residues 1 to 37). The N-
terminal lipoprotein portion of P46 (4, 11) may associate with
the membrane and hide from the swine immune system, not
being recognized as an epitope.
In this study, we have successfully demonstrated production

of M. hyopneumoniae P46 in E. coli and specific detection of
antibodies against M. hyopneumoniae by ELISA with a recom-
binant P46. It improved the reproducibility and simplicity of
preparation of an ELISA antigen for diagnosis of M. hyopneu-
moniae infection. With this early and specific method, infection
with M. hyopneumoniae is detectable within 2 weeks after in-
fection (Fig. 4). This remarkable species-specific detection can
prevent a wrong diagnosis. We consider that it contributes to
maintaining an SPF herd of swine and will increase the pro-
ductivity of a pig farm.

ACKNOWLEDGMENT

We thank H. Fukushi for critical discussions.

REFERENCES
1. Armstrong, C. H., M. J. Freeman, L. L. Sand, and D. O. Farrington. 1978.
The enzyme-linked immunosorbent assay (ELISA) for diagnosing mycoplas-
mal pneumoniae of swine. Proc. Am. Assoc. Vet. Diagn. 21:377–390.

2. Bruggmann, S., H. Keller, H. U. Bertschinger, and B. Engberg. 1977. Quan-
titative detection of antibodies toMycoplasma suipneumoniae in pigs’ sera by
an enzyme-linked immunosorbent assay. Vet. Rec. 101:109–111.

3. Freeman, M. J., C. H. Armstrong, L. L. Sands-Freeman, and M. Lopez-
Osuna. 1984. Serological cross-reactivity of porcine reference antisera to
Mycoplasma hyopneumoniae, M. flocculare, M. hyorhinis, and M. hyosynoviae
identified by enzyme-linked immunosorbent assay, complement fixation and
indirect hemagglutination tests. Can. J. Comp. Med. 48:202–207.

4. Futo, S., Y. Seto, S. Mitsuse, Y. Mori, T. Suzuki, and K. Kawai. 1994.
Molecular cloning of a 46-kilodalton surface antigen (P46) gene from My-
coplasma hyopneumoniae: direct evidence of CGG codon usage for arginine.
J. Bacteriol.

5. Haldimann, A., J. Nicolet, and J. Frey. 1993. DNA sequence determination
and biochemical analysis of the immunogenic protein P36, the lactate dehy-
drogenase (LDH) of Mycoplasma hyopneumoniae. J. Gen. Microbiol. 139:
317–323.

6. Inamine, J. M., K.-C. Ho, S. Loechel, and P.-C. Hu. 1990. Evidence that
UGA is read as a tryptophan codon rather than as a stop codon by Myco-
plasma pneumoniae, Mycoplasma genitalium, and Mycoplasma gallisepticum.

FIG. 3. Comparison of immunoreactivities between M. hyopneumoniae
Tween 20-solubilized authentic antigen (open bars) and recombinant His-tagP46
(solid bars) fusion by double-sandwich ELISA for detection of antibodies against
M. hyopneumoniae. Convalescent-phase sera were obtained from swine infected
with M. hyopneumoniae (samples 2, 4, 6, 11, 13, and 59), M. flocculare (R1 and
R2), M. hyorhinis (Mhr-1), and M. hyosynoviae (Mhs-1). Serum samples 12, 15,
17, 19, and 21 were from SPF herds. Serum samples were used at a 1:100 dilution
for the assay. O.D., optical density.

FIG. 4. Monitoring of early antibody response against M. hyopneumoniae by
the double-sandwich ELISA with recombinant His-tagP46 (●) and Tween 20-
solubilized authentic antigen (f). Serum samples were used at a 1:100 dilution
for the assay. These data indicate the mean optical density (O.D.) of sera from
seven pigs inoculated with M. hyopneumoniae. In the indirect ELISA (å), a
His-tagP46-coated plate was used.

682 FUTO ET AL. J. CLIN. MICROBIOL.



J. Bacteriol. 172:504–506.
7. Kim, M. F., B. M. Heidari, S. J. Stull, M. A. McIntosh, and K. S. Wise. 1990.
Identification and mapping of an immunogenic region of Mycoplasma hyo-
pneumoniae p65 surface lipoprotein expressed in Escherichia coli from a
cloned genomic fragment. Infect. Immun. 58:2637–2643.

8. Kunkel, T. A., J. D. Roberts, and R. A. Zakour. 1987. Rapid and efficient
site-specific mutagenesis without phenotypic selection. Methods Enzymol.
154:367–382.

9. Laemmli, U. K. 1970. Cleavage of structural proteins during the assembly of
the head of bacteriophage T4. Nature (London) 227:680–685.

10. Marais, A., J. M. Bove, S. F. Dallo, J. B. Baseman, and J. Renaudin. 1993.
Expression in Spiroplasma citri of an epitope carried on the G fragment of
the cytadhesin P1 gene from Mycoplasma pneumoniae. J. Bacteriol. 175:
2783–2787.

11. Mizushima, S. 1984. Post-translational modification and processing of outer
membrane prolipoproteins in Escherichia coli. Mol. Cell. Biochem. 60:5–15.

12. Mori, Y., T. Hamaoka, and S. Sato. 1987. Use of monoclonal antibody in an
enzyme-linked immunosorbent assay (ELISA) for the detection of antibod-
ies against Mycoplasma hyopneumoniae. Isr. J. Med. Sci. 23:657–662.

13. Mori, Y., T. Hamaoka, S. Sato, and S. Takeuchi. 1988. Immunoblotting
analysis of antibody response in swine experimentally inoculated with My-
coplasma hyopneumoniae. Vet. Immunol. Immunopathol. 19:239–250.

14. Mori, Y., Y. Yoshida, C. Kuniyasu, and K. Hashimoto. 1983. Improvement of
complement fixation test antigen for the diagnosis of Mycoplasma hyopneu-
moniae infection. Natl. Inst. Anim. Health Q. (Yatabe) 23:111–116.

15. Nicolet, J., and P. Paroz. 1980. Tween 20 soluble proteins of Mycoplasma
hyopneumoniae as antigen for an enzyme-linked immunosorbent assay. Res.
Vet. Sci. 29:305–309.

16. Osawa, S., T. H. Jukes, K. Watanabe, and A. Muto. 1992. Recent evidence
for evolution of the genetic code. Microbiol. Rev. 56:229–264.

17. Ross, R. F. 1992. Mycoplasmal disease, p. 537–551. In A. D. Leman, B. E.
Straw, W. L. Mengeling, S. D’Allaire, and D. J. Taylor (ed.), Diseases of
swine, 7th ed. Iowa State University Press, Ames.

18. Sambrook, J., E. F. Fritsch, and T. Maniatis. 1989. Molecular cloning: a
laboratory manual, 2nd ed. Cold Spring Harbor Laboratory Press, Cold
Spring Harbor, N.Y.

19. Skerra, A., I. Pfitzinger, and A. Plëckthun. 1991. The functional expression
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