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ABSTRACT

Caesarean-derived, colos-
trum-deprived swine were ex-
posed to a broth culture of a low
passage field isolate of Myco-
plasma hyopneumoniae by in-
tranasal inoculation. The intra-
nasal-inoculated swine subse-
quently were commingled with
their litter-mates to effect
transmission via contact-expo-
sure. Sera were collected from
the swine at two to four week
intervals for approximately one
year postexposure and evalu-
ated by the enzyme-linked
immunosorbent assay (ELISA),
indirect hemagglutination and
complement fixation tests.
The intranasal-exposed swine

seroconverted earlier, deve-
loped higher titers and remained
indirect hemagglutination and
complement fixation positive
longer than the contact-exposed
swine. It was concluded that the
antibody response of intranasal-
exposed swine was artificially
high and that sera from such
swine were not suitable for eval-
uating the sensitivity of myco-
plasmal pneumonia of swine
serodiagnostic tests.
The indirect hemagglutina-

tion test was relatively insensi-
tive and technically cumber-
some and the least promising as

a practical field test. The com-
plement fixation test appeared
to be slightly more sensitive in
detecting early antibody pro-
duction (especially in contact-
exposed swine) but it was the
least sensitive in detecting late
antibodies. The ELISA was
generally the most sensitive
procedure. Individual high
ELISA titers were from ten to
32 times greater than maximum
complement fixation and indi-
rect hemagglutination titers.
The most striking difference
among the three tests was the
persistence of high ELISA titers
late in the study. All swine were
ELISA positive at necropsy
approximately one year postex-
posure despite the fact that
lungs were devoid of lesions and
culturally and immunofluores-
cent negative for M. hyopneu-
moniae.
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RlSUMR
Cette experience portait sur

des porcelets obtenus par cesa-

rienne et prives de colostrum;
elle consistait a leur inoculer,
par la voie intranasale, un bouil-
lon de culture d'une souche de
Mycoplasma hyopneumoniae,
isolee d'un cas clinique et sou-
mise a quelques passages. On
retourna ensuite ces porcelets
dans leurs portees respectives,
dans l'espoir de realiser la
transmission horizontale de
cette infection. On preleva des
echantillons de serum, a inter-
valles de deux a quatre semaines,
pendant environ un an, et on les
soumit aux epreuves suivantes:
ELISA, hemagglutination indi-
recte et deviation du comple-
ment.
Les sujets inocules par la voie

intranasale developp'erent plus
rapidement des anticorps, les-
quels atteignirent un titre plus
eleve; ces porcs reagirent aussi
de faCon positive aux epreuves
de l'hemagglutination indirecte
et de la deviation du comple-
ment, plus longtemps que leurs
congeneres. Les auteurs en vin-
rent a la conclusion que la r6ac-
tion immunitaire des porcs
inocules par la voie intranasale
s'averait artificiellement elevee
et que leur serum se pretait mal
a l'evaluation de la sensibilite des
epreuves serologiques destinees
a diagnostiquer la pneumonie
porcine A mycoplasme.
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L'6preuve de l'h1magglutina-
tion indirecte se revela rela-
tivement insensible, technique-
ment fastidieuse et la moins
prometteuse comme 6preuve
pratique de d6pistage. Celle de
la deviation du complement
s'av6ra un peu plus sensible pour
detecter la reaction immuni-
taire precoce, surtout chez les
sujets temoins; elle se revela
toutefois moins sensible pour
d6celer les anticorps tardifs. En
g6n6ral, la technique ELISA
manifesta le plus de sensibilit6;
les titres individuels elev6s
qu'elle detecta se reveWlrent en
effet de dix a 32 fois plus eleves
que les plus hauts obtenus avec
les deux autres techniques. La
difference la plus frappante
entre ces trois 6preuves residait
dans la persistance de titres
6lev6s avec la technique ELISA,
meme vers la fin de l'experience.
Tous les porcs reagirent de
facon positive al'apreuve ELISA
lorsqu'on les sacrifia, au bout
d'environ un an, en depit du fait
que leurs poumons n'affichaient
aucune lesion et n'arboraient
pas M. hyopneumoniae, comme
le demontrerent les resultats
n6gatifs de la culture et de
l'immunofluorescence.

Mots cles: Mycoplasma hyopneu-
moniae (suipneumoniae), pneu-
monie porcine a mycoplasme, pneu-
monie porcine enzootique, ELISA,
epreuve de l'hemagglutination
indirecte, epreuve de la deviation
du complement.

INTRODUCTION

Mycoplasmal pneumonia of
swine (MPS) (1) (enzootic pneumo-
nia of pigs) is an economically
important disease of swine through-
out the world (2). The disease is
extremely difficult to control, due
in large part to the lack of a reliable
antemortem diagnostic test. The
indirect hemagglutination (IHA)
test (3,4,5) and the complement fix-
ation (CF) test (3, 6, 7, 8, 9, 10, 11)
have been used to diagnose MPS.
However, there are questions
regarding the sensitivity of these

procedures. The IHA test, which is
adequate for detecting antibodies to
Mycoplasma hyopneumoniae in
swine infected experimentally with
large doses of the agent, may not be
sensitive enough to detect antibo-
dies in all naturally infected swine.
The sensitivity of the CF test is
satisfactory during early and mid
phases of infection, but some swine
become CF negative during the late
stages of infection. The enzyme-
linked immunosorbent assay (ELI-
SA) is reported to be very sensitive
(12). Results of initial studies indi-
cate that the ELISA is a promising
serodiagnostic procedure for MPS
(13, 14).
The objectives of the present

study were to compare the IHA
and CF tests and the ELISA as
methods of evaluating the onset,
magnitude and duration of anti-
body production in swine infected
experimentally with M. hyopneu-
moniae.

MATERIALSAND METHODS

EXPERIMENTAL DESIGN

Caesarean-derived, colostrum-
deprived swine, maintained under
isolation conditions, were infected
experimentally as follows. Approx-
imately 109 color changing units of
a cloned low-passage field isolate
of M. hyopneumoniae (strain P-
5722-3) (recovered by the senior
author from the lung of a market
swine with lesions typical of MPS)
was administered intranasally
(IN) to each of four, three day old
pigs. At 21 days of age the four
IN-exposed pigs were commingled
with ten litter-mates to effect
contact-transmission. One IN-
exposed pig was killed 37 days post-
exposure (PE) and three contact-
exposed pigs were killed from 45 to
77 days PE. The lungs from these
swine were examined grossly for
lesions typical of MPS and cultu-
rally and by an indirect immuno-
fluorescent (IIF) procedure for the
presence of M. hyopneumoniae.
Sera were collected from the

remaining ten swine (three IN-
exposed and seven contact-expos-
ed) at two to four week intervals for
approximately one year PE and

examined by the ELISA, IHA and
CF tests. At the end of the study the
swine were killed and their lungs
were examined grossly, culturally
and by the IIF procedure for evi-
dence of M. hyopneumoniae infec-
tion.

CULTURAL AND IMMUNO-
FLUORESCENT EXAMINATION OF
LUNG TISSUE

Cultural examination for M.
hyopneumoniae was conducted as
described (15,16,17). The IIF
examination was performed as fol-
lows. Blocks of lung tissue, approx-
imately 1 cm3, were collected from
the right and left cardiac and api-
cal lobes. When lesions typical of
MPS were present, samples were
selected from the advancing edge
of the lesion. In the absence of
lesions, tissues were collected from
the ventral margin of each lobe.
The tissue blocks were oriented so
that the airways would be cut
transversely, mounted on an object
holder in O.C.T. compound (Lab-
Tech Products, Division of Miles
Laboratory, Inc., Naperville, Illi-
nois) and sectioned with a freezing
microtome. Two serial sections
were cut from each tissue block
and mounted side by side on a mic-
roscope slide. The sections were air
dried and fixed in acetone for ten
minutes. One section was reacted
with a 1:80 dilution of M. hyop-
neumoniae antiserum (prepared in
rabbits (15)) and one section was
reacted with a 1:10 dilution of
normal rabbit serum. The prepa-
rations were incubated in a moist
chamber at room temperature for
30 minutes, rinsed in 0.01 M phos-
phate buffered saline, pH 7.4
(PBS), washed in PBS for ten min-
utes and dried. A 1:80 dilution of
goat antirabbit serum conjugated
with fluorescein isothiocyanate
(Antibodies Incorporated, P.O.
Box 442, Davis, California) was
applied to the lung sections. The
sections were incubated for 30
minutes at room temperature,
rinsed, washed in PBS, mounted in
buffered glycerin (1 part PBS:9
parts glycerin) and examined with
an incident light fluorescence mic-
roscope (Ploemopak 2 Dialux, Fil-
ter Module H, E. Leitz, Inc., 24
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Link Drive, Rockleigh, New Jer-
sey). Two sections of lung tissue
known to contain M. hyopneumo-
niae were mounted on a second
slide, stained in the same manner
and used as additional controls.
The presence of fluorescing ele-
ments on the epithelial surface of
the bronchi and bronchioles was
regarded as a positive reaction
(Fig. 1).
ENZYME-LINKED IMMUNO-
SORBENT ASSAY (ELISA)

Mycoplasma hyopneumoniae
antigen and antiporcine IgG con-
jugate were prepared and titrated
as described by Armstrong et al
(18). The ELISA procedure was
performed as described (18) except
a semi-automated processor-analy-
zer (PR-50 Processor-Analyzer,
Gilford Instruments, Inc., Oberlin,
Ohio) was used. Antigen, twofold-
dilutions of sera, conjugate and
substrate were used in 250,uL
volumes. A seven cycle wash in
PBS was used between reaction
with each reagent.
Reagent controls for the test con-

sisted of multiple wells reacted
with: 1) substrate alone, 2) antigen
plus substrate, 3) conjugate plus
substrate, 4) antigen plus conju-
gate plus substrate and 5) the low-
est dilution of serum tested plus

conjugate plus substrate. A stand-
ard positive and negative control
serum (16) were also included with
each assay. The maximum optical
density (O.D.) obtained for reagent
controls (usually serum plus con-
jugate plus substrate) was sub-
tracted from the gross O.D. (O.D.
at 30 min minus O.D. at 0 min) of
each test serum to obtain the net
O.D. A net O.D.>0.200 was consid-
ered a positive reaction since this
value was approximately two
standard deviations greater than
the mean value of all serum con-
trols. Nonlinearity became marked
at an O.D. lower than 0.200.

INDIRECT HEMAGGLUTINATION
(IHA) TEST

A modification of the procedures
described by Lam and Switzer (4)
and by Holmgren (19) was used.
Sheep red blood cells (SRBC) were
collected in Alsever's solution,
washed in 0.15 M PBS, pH 7.2 and
fixed with glutaraldehyde (20).
Ten mL of a 4% suspension of the
glutaraldehyde fixed cells were
treated with an equal volume of a
1:2000 solution of freshly prepared
tannic acid (in 0.85% NaCl solu-
tion) for exactly ten minutes at
37°C. The tanned cells were
washed in PBS, resuspended in 10
mL of PBS containing 100 ,ug/mL

of the SDS-extracted M. hyopneu-
moniae antigen (the same antigen
used in the ELISA) and incubated
for 30 minutes at 37°C. Sensitized
SRBC were washed twice in PBS
and suspended to a 1% concentra-
tion in PBS containing 1% normal
rabbit serum that had been heat
inactivated and absorbed with
SRBC (21). Sensitized cells were
stored at 4°C and used until their
reactions with standard negative
and positive control sera became
erratic (standard control sera were
the same as those used in the
ELISA).
Doubling dilutions of sera were

tested in 25,uL volumes in a
microtiter system using an equal
volume of a 1% suspension of sensit-
ized SRBC. Standard positive and
negative control sera, diluent con-
trols and tests with tanned, non-
sensitized SRBC were included
with each titration. Settling pat-
terns were read about two hours
after the addition of SRBC,
depending on the settling patterns
in the wells containing the stand-
ard positive and negative control
sera. Endpoints were designated
as the reciprocal of the highest
dilution of serum that gave a clas-
sic 2+ reaction (21).

COMPLEMENT FIXATION (CF) TEST

The J strain of M. hyopneumo-
niae was grown in a modified
Eagle's medium with 25% acid-
treated swine serum (22). Cells
were harvested by centrifugation,
washed twice in veronal buffered
diluent (VBD) (23), heated for 30
minutes at 50-52°C and stored at
-70°C (up to several months) until
used as antigen. The microtiter CF
test was used as described by
Casey (23) except that complement
was diluted in whole unheated
normal swine serum rather than in
VBD (10). Titers were recorded as
the reciprocal of the highest dilu-
tion of serum resulting in 30% or
less hemolysis.

RESULTS
EXPERIMENTAL TRANSMISSION OF
M. HYOPNEUMONIAE

Fig. 1. An immunofluorescent positive bronchiole. The bright particles on the
epithelial surface (arrow) are M. hyopneumoniae cells. One IN-exposed and three
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contact-exposed swine were sub-
jected to necropsy 37 to 77 days PE
to confirm that M. hyopneumoniae
infection had been established.
Results of examining sera and
lungs from these swine are sum-
marized in Table I. The results
indicated that infection was read-
ily established by both IN and
contact-exposure.

It was assumed that the ten
swine that were retained for sero-
logical studies also became infected
with M. hyopneumoniae. The sero-
logical data support such an
assumption. However, the lungs
were devoid of gross lesions and
they were IIF and culturally nega-
tive when these swine were killed
approximately 48 to 52 weeks PE.

SEROLOGY

Sera were collected from three
IN and seven contact-exposed
swine at two to four week intervals
from two weeks to approximately
one year PE and examined by the
ELISA, IHA and CF tests. ELISA
titers .80, IHA titers > 20 and CF
titers .8 were considered positive.

Response of IN-Exposed Swine
Geometric mean titers (GMT)
obtained by the three serological
procedures are summarized in
Fig. 2.. Antibodies were first
detected at four weeks PE when
one of the three IN-exposed pigs
was positive by all three tests. At
six weeks PE, all three swine were
CF positive and two of three were
ELISA and IHA positive. All
swine were seropositive to all tests
eight weeks PE. Complement fixa-
tion titers peaked at eight weeks
and began to decline at 12 weeks.
One swine was CF negative at 27
weeks, two were CF negative at 36
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Fig. 2. Comparison of geometric mean ELISA, IHA and CF titers of swine infected
with M. hyopneumoniae by intranasal inoculation.

weeks and all were CF negative at
46 weeks PE. Indirect hemagglut-
ination titers peaked at eight and
ten weeks PE and declined there-
after. One swine became IHA neg-
ative at 19 weeks and two were
IHA negative at 36 weeks. The
third pig remained IHA positive at
low titer for the duration of the
study. Enzyme-linked immuno-
sorbent assay titers peaked at 19
weeks, declined slightly thereafter
but remained at least eightfold
greater than the minimal positive
titer for the duration of the
investigation.

Response of Contact-Exposed
Swine The GMT obtained by the
ELISA, IHA and CF tests of sera
from contact-exposed swine are

summarized in Fig. 3. Antibody
was first detected at five weeks

when one swine was CF positive.
At seven weeks, two were ELISA
positive, four were IHA positive
and six were CF positive. At nine
weeks PE all swine were seroposi-
tive by all three tests. Maximum
CF GMT were observed at nine
weeks and individual peak CF
titers occurred at 13 and 17 weeks.
The CF titers were declining in
most swine at 17 weeks PE. Two
swine were CF negative at 21
weeks, six were CF negative at 26
weeks and all were seronegative at
30 weeks. Indirect hemagglutina-
tion titers peaked at nine weeks
and began to decline 11 weeks PE.
One swine was IHA negative at 17
weeks and six were negative at 21
weeks. However, some of the latter
swine were alternatively seroposi-
tive and seronegative on successive
bleedings. Two swine were still

TABLE I. Results of Examining Sera and Lungs from Swine Exposed to M. hyopneumoniae

Pig Route of Postexposure Titera at Necropsy: Gross Immunofluorescent Cultural
Number Exposure Day Killed ELISA IHA CF Lesions Examination Examination

15 intranasal 37 160 160 256 11.1%b 27.0%c 1yd
11 contact 45 <80 20 16 24.3% 37.2% 107
13 contact 45 <80 <20 64 12.2% 29.8% 108
5 contact 77 80 40 32 16.4% 20.2% 106

aELISA titer ' 80, IHA titer . 20 and CF titer ' 8 regarded as positive
bPercentage of lung surface occupied by typical MPS lesions
cTotal number of immunofluorescent positive airways in the four anterior lobes x 100/total number of low power fields examined
dNumber of color changing units of M. hyopneurnoniae recovered per gram of lung tissue
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Fig. 3. Comparison of geometric mean ELISA, IHA and CF titers of swine infected
with M. hyopneumoniae by contact-exposure.

IHA positive 48 weeks PE. Maxi-
mum ELISA titers occurred 17
weeks PE. The ELISA titers
began to decline at 21 weeks; how-
ever, all swine remained ELISA
positive for the duration of the
study with the exception that one
swine was seronegative at one
bleeding.

Comparative Antibody Response of
IN and Contact-Exposed Swine -
Swine infected by IN-inoculation
developed significantly higher
antibody titers than those infected
by contact-exposure (Table II).
This difference in response occur-
red in all three tests.

DISCUSSION

The ELISA, as expected, (12)
was substantially more sensitive
than either the CF or the IHA test,
e.g. among IN-exposed swine the
peak ELISA titer was 40,960
whereas maximum CF and IHA
titers were 4096 and 1280 respec-
tively. A striking feature of the

ELISA was the persistence of high
titers late in the course of the inves-
tigation, i.e. significant ELISA
titers existed at necropsy when all
swine were CF negative and two of
three were IHA negative. Despite
the fact that the IN-exposed swine
were all ELISA positive at the
time of necropsy, the lungs from
these swine were devoid of gross
lesions and M. hyopneumoniae was
not recovered culturally nor visu-
alized by IIF examination. The
persistence of ELISA titers may
have been due to the continued
presence of low (nonculturable)
levels of M. hyopneumoniae or to
the continued presence of M. hyop-
neumoniae antigen or the titers
may reflect the sensitivity of the
assay in detecting low levels of
antibodies.
A comparison of the antibody

response of IN-exposed and
contact-exposed swine revealed
some significant differences. The
IN-exposed swine seroconverted
earlier and remained seropositive
longer. The most marked differ-
ence was in the magnitude of the

TABLE II. Peak Antibody Titers Obtained in Intranasal (IN) and Contact-exposed
Swine as Determined by the ELISA, IHA and CF Tests

Serological Peak Individual Titer Peak Geometric Mean Titer
Procedure IN-Exposed Contact-Exposed IN-Exposed Contact-Exposed
ELISA 40,960 (19)a 5,170 (17) 10,200 (20) 1,413 (17)
IHA Test 1,280 (8 & 10) 320 (9 & 10) 508 (10) 119 (9)
CF Test 4,096 (8 & 10) 256 (13 & 17) 323 (8) 81 (9)
aFigures in parenthesis indicate the week postexposure when peak titers occurred

antibody response. Intranasally-
exposed swine had fourfold greater
IHA titers, eightfold greater
ELISA titers and as much as six-
teenfold greater CF titers than the
contact-exposed swine. These
results suggest that the antibody
response of IN-exposed swine is
artificially high and that sera from
such swine are not suitable for eva-
luating the sensitivity of MPS
serodiagnostic procedures.
Swine infected with M. hyo-

pneumoniae via contact-exposure
probably respond immunologi-
cally like naturally-infected pigs
and therefore represent a useful
model for developing and evaluat-
ing serodiagnostic procedures.
Contact-exposure is a reliable and
reproducible method of transmitt-
ing M. hyopneumoniae. We have
used this technique extensively
and have never failed to transmit
the agent, i.e. every contact-
exposed CD, CD pig killed within
90 days PE has had typical MPS
lesion and the lungs of all have
been immunofluorescent and cul-
turally positive for M. hyopneumo-
niae (unpublished data, Arm-
strong et al 1981, 1982). Others also
have been successful in transmitt-
ing MPS via contact-exposure (10,
24, 25, 26).
The ultimate aim of our studies

is to develop a reliable immunodi-
agnostic test for MPS. Information
generated during the present
study indicated that the IHA test
has serious limitations as a practi-
cal test. It was technically cumber-
some in that preparation of uni-
formly sensitized SRBC was
sometimes difficult and evaluation
of endpoints was very subjective
due to irregular settling patterns.
The IHA test was also relatively
insensitive for detecting antibo-
dies in contact-exposed swine.
The CF test is a simple and inex-

pensive procedure that readily
lends itself to large-scale testing.
However, results of the present
study indicate that swine may
become CF negative during the
latter period of M. hyopneumoniae
infection. Data from other studies
in our laboratories support this
conclusion. One thousand swine
(from ten herds) were tested for M.
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hyopneumoniae antibodies by the
ELISA, IHA and CF tests.
Selected seropositive swine were
killed about one month after the
initial test. Sera were collected at
necropsy and retested and lungs
were examined culturally. Some
swine that had been CF positive in
the first test were CF negative but
culturally positive for M. hyo-
pneumoniae at necropsy (unpub-
lished data, Armstrong et al 1982).
The ELISA is potentially very

attractive as a practical serodiag-
nostic test for MPS. The present
study indicates that it is extremely
sensitive for detecting antibodies
to M. hyopneumoniae. Further-
more, it lends itself to automation
and thus would be economical for
herd testing. However, the assay is
not entirely specific in detecting
antibodies to M. hyopneumoniae
(16, 27). Results of recent studies
indicate that the apparent lack of
specificity is due to antigenic
relatedness among the porcine
mycoplasmas, especially between
M. hyopneurnoniae and M. floccu-
lare (28, 29). It seems likely that
the ELISA could be rendered spec-
ific if cross-reactive antibodies
could be removed from test sera or
if cross-reactive determinants
could be removed from the test
antigen.
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