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An epidemic of pneumonia with fibrinous polyserositis and multifocal arthritis emerged in captive American
alligators (Alligator mississippiensis) in Florida, United States, in 1995. Mycoplasma alligatoris sp. nov. was
cultured from multiple organs, peripheral blood, synovial fluid, and cerebrospinal fluid of affected alligators.
In a subsequent experimental inoculation study, the Henle-Koch-Evans postulates were fulfilled for M. alli-
gatoris as the etiological agent of fatal mycoplasmosis of alligators. That finding was remarkable because
mycoplasmal disease is rarely fatal in animals. An enzyme-linked immunosorbent assay (ELISA) for the
detection of antibodies produced by alligators in response to M. alligatoris exposure was developed by using
plasma obtained from naturally infected alligators during the original epidemic. The assay was validated by
using plasma obtained during an experimental dose-response study and applied to analyze plasma obtained
from captive and wild crocodilian species. The ELISA reliably detected alligator seroconversion (P < 0.05)
beginning 6 weeks after inoculation. The ELISA also detected seroconversion (P < 0.05) in the relatively closely
related broad-nosed caiman Caiman latirostris and the relatively distantly related Siamese crocodile Crocodylus
siamensis following experimental inoculation with M. alligatoris. The ELISA may be used to monitor exposure
to the lethal pathogen M. alligatoris among captive, repatriated, and wild crocodilian species.

An epidemic of mycoplasmosis emerged in a collection of
American alligators (Alligator mississippiensis) in Florida in
1995 (4, 8). Thirty-three 200- to 300-kg adult male alligators
died, and 13 moribund alligators were euthanatized within 1
month of the index case. Lesions observed at necropsy ranged
from mild interstitial and peribronchiolar pneumonia to fibro-
necrotic pneumonia. Extrapulmonary complications included
pericarditis, myocarditis, and multifocal arthritis. Mycoplasma
alligatoris proposed sp. nov. was isolated from multiple tissues,
blood, synovial fluid, and cerebrospinal fluid of affected alliga-
tors. In a pilot experimental inoculation study (5, 6), healthy
alligators were inoculated with M. alligatoris strain A21JP2T

(ATCC 700619) to reproduce the disease and fulfill the Henle-
Koch-Evans postulates (11) for M. alligatoris as the etiological
agent of synovitis, polyserositis, and pneumonia of alligators.
The results were remarkable because, except for bovine and
caprine pleuropneumonia, mycoplasmal disease is rarely fatal
in animals.

The origin of the 1995 epidemic remains unknown, but the
disease may emerge under conditions of captivity. Crocodilians
are frequently sold or traded among collections, exhibits, zoos,
and ranches. Many collections include multiple species of croc-

odilians. Some crocodilians from commercial ranches are re-
patriated after “head-starting” hatchlings from eggs collected
in the wild, a potential vector for catastrophic infection of wild
populations if lethal disease emerges in captivity. A validated
serodiagnostic tool could be used to test captive crocodilians
for exposure to M. alligatoris and prevent spread of the patho-
gen. The objective is to ensure that crocodilians used for com-
mercial purposes or returned to the wild are free of the patho-
gen. In this report, we describe the development, validation,
and application of an enzyme-linked immunosorbent assay
(ELISA) for the detection of antibodies to M. alligatoris in
alligators, caimans, and crocodiles.

MATERIALS AND METHODS

Antigen preparation. M. alligatoris strain A21JP2T was cloned from a single
colony isolated from limb joint synovial fluid of an American alligator that died
during a 1995 epidemic (6). Whole-cell lysate antigen (16) was prepared from a
1-liter culture of third-passage M. alligatoris A21JP2T grown at 30°C in ATCC
medium 988 broth (SP4 [40]) supplemented with 20% (vol/vol) fetal bovine
serum (Gibco, Grand Island, N.Y.). The protein concentration was determined
colorimetrically (Bio-Rad, Hercules, Calif.) and adjusted to 100 mg/ml, and the
antigen was stored at 270°C in polypropylene cryovials.

Whole-cell lysate antigen was similarly prepared from Mycoplasma bovis
ATCC 25523, Mycoplasma iowae ATCC 33552, Mycoplasma microti ATCC
700935, Mycoplasma pulmonis ATCC 19612, and mycoplasmas isolated from
other reptiles, including Mycoplasma agassizii ATCC 700616, Mycoplasma cro-
codyli ATCC 51981, Mycoplasma testudinis ATCC 43263, two isolates of the
unnamed mycoplasma ATCC 700618 from tortoises, and Acholeplasma laidlawii
isolated from a tortoise (3). Those mollicutes were grown in SP4 supplemented
with fetal bovine serum or Frey’s medium (40) supplemented with horse serum
(Gibco).

Antigen enriched for lipid-associated membrane proteins (LAMP) was pre-
pared from a 1-liter culture of third-passage M. alligatoris A21JP2T grown at 30°C
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in SP4 broth supplemented with 20% fetal bovine serum by Triton X-114 phase
fractionation (14). The protein concentration was adjusted to 100 mg/ml, and the
antigen was stored at 270°C in polypropylene cryovials. A LAMP-enriched
antigen was similarly prepared from M. agassizii.

Crocodilian plasma samples. Blood samples were collected from the supra-
vertebral sinus into glass tubes containing lithium heparin anticoagulant (Becton
Dickinson, Rutherford, N.J.). Plasma was separated by low-speed centrifugation.
All plasma samples were stored at 270°C in polypropylene cryovials until the
analyses were performed.

Plasma samples were obtained from 40 naturally exposed alligators during the
1995 epidemic. In a pilot experimental inoculation study, healthy juvenile (ap-
proximately 1 m long) alligators were inoculated by intracoelomic injection (n 5
2) or by instillation through the glottis (n 5 2) with 106 CFU of M. alligatoris
strain A21JP2T in 1 ml of SP4 broth. A control alligator received sterile broth.
Plasma samples were collected at weekly intervals until the alligators either died
or were euthanatized 14 weeks postinoculation (w.p.i.). In a follow-up experi-
mental dose-response study, healthy young adult (approximately 1.5 to 2 m long)
female alligators were inoculated by instillation through the glottis with 102, 104,
or 106 CFU (six per treatment) of M. alligatoris strain A21JP2T in 1 ml of SP4
broth. Four controls received sterile SP4 broth or no treatment. Plasma samples
were collected at weekly intervals for 4 weeks and then biweekly until the
alligators either died or were euthanatized at 12 to 16 w.p.i. In an experimental
host range study conducted concurrently with the dose-response study, six each
of healthy young adult female broad-nosed caimans (Caiman latirostris) and
Siamese crocodiles (Crocodylus siamensis) were inoculated by instillation
through the glottis with 106 CFU of M. alligatoris strain A21JP2T in 1 ml of SP4
broth. Controls (two per species) received sterile SP4 broth. Plasma samples
were collected at weekly intervals for 4 weeks and then biweekly until the
crocodilians either died or were euthanatized at 12 to 16 w.p.i. Plasma samples
were also obtained during routine health assessment of 70 American alligators in
captivity at the Silver Springs Wildlife Park (Ocala, Fla.); 29 Siamese crocodiles
in captivity at the Sriracha Crocodile Farm (Sriracha, Thailand), and 42 wild
American crocodiles (Crocodylus acutus) in Belize.

Conjugate. Proteins were precipitated from a pool of American alligator
plasma samples by adding ammonium sulfate to a concentration of 25% (wt/vol)
and dissolved in 10 mM 2-(N-morpholino)ethanesulfonic acid, pH 5.5. The
proteins were fractionated by ion-exchange chromatography on mixed-resin sil-
ica gel (Bakerbond ABX Antibody Exchanger; Mallinckrodt Baker, Phillipsburg,
N.J.) using a gradient of 0 to 100% elution buffer (500 mM ammonium sulfate,
20 mM sodium acetate). Column fractions enriched for immunoglobulins (Ig)
were identified by predominant Coomassie-stained bands of approximately 28
kDa, consistent with reptile Ig light chain, and approximately 60 kDa, consistent
with reptile IgY heavy chain (36, 37), after denaturing 12.5% polyacrylamide gel
electrophoresis (PAGE; PhastGel System; Pharmacia, Piscataway, N.J.). The Ig
were purified by column filtration on Sephacryl S-300 gel (Pharmacia), and purity
was reconfirmed by PAGE. Rabbit antiserum against the purified alligator Ig was
prepared by using standard immunization methods (Pel-Freez Biologicals, Rog-
ers, Ark.). Polyclonal anti-alligator Ig antibodies were purified from rabbit serum
by affinity column chromatography (HiTrap Protein G; Pharmacia) and then
conjugated with biotin (EZ-Link Sulfo-NHS-LC biotin; Pierce, Rockford, Ill.).

To determine the relative avidity of the conjugate, each well of a 96-well
flat-bottomed microplate (Nunc-Immuno MaxiSorp; Nunc, Kamstrup, Den-
mark), excluding the perimeter wells, was coated with 50 ml of healthy American
alligator (n 5 2), broad-nosed caiman (n 5 2), or Siamese crocodile (n 5 2)
plasma serially diluted from 1:2 to 1:1,024 in PBS/A (sodium phosphate buffer
[pH 7.2] containing 0.15 M NaCl and 0.02% NaN3) by incubating overnight at
4°C in a sealed humidified container. The wells were washed four times with 350
ml of PBS/A containing 0.05% Tween 20 (PBS/T) by using an automatic micro-
plate washer (EL 403H; Bio-Tek Instruments, Winooski, Vt.) and then blocked
with 250 ml per well of PBS/T containing 5% (wt/vol) nonfat dry milk (PBS/TM)
overnight at 4°C. After four more washes, 50 ml of biotinylated polyclonal
anti-alligator Ig (approximately 150 ng of protein) diluted in PBS/TM was added.
The microplate was incubated at room temperature for 60 min on a nutator and
washed as described above, and then 50 ml of alkaline phosphatase-conjugated
streptavidin (Roche, Indianapolis, Ind.) diluted 1:1,000 in PBS/TM was added to
each well. The microplate was incubated and washed as described above, and
then 100 ml of p-nitrophenyl phosphate disodium (1 mg/ml in 0.01 M sodium
bicarbonate [pH 9.6], 2 mM MgCl2) was added to each well. The microplate was
then incubated in the dark without agitation at room temperature. The A405 of
each well was measured after 30 min (Thermomix microplate reader with Soft-
max Pro version 1.2.0 software; Molecular Devices, Sunnyvale, Calif.). Cross-
reactivity with plasma available from Chinese alligator (Alligator sinensis), black
caiman (Melanosuchus niger), American crocodile, Morelet’s crocodile (Croco-

dylus moreletii), Nile crocodile (Crocodylus niloticus), Australian saltwater croc-
odile (Crocodylus porosus), Cuban crocodile (Crocodylus rhombifer), and false
gavial (Tomistoma schlegelii) was also evaluated.

Immunoblotting. The specificities of the polyclonal anti-alligator Ig were dem-
onstrated by Western immunoblotting. Samples of plasma from healthy alliga-
tors, caimans and crocodiles were diluted 1:50 in PBS/A and then separated by
PAGE under denaturing conditions with a precast 10% (bis-Tris)polyacrylamide
gel and MOPS (morpholinepropanesulfonic acid) running buffer (NuPAGE;
Novex, San Diego, Calif.). The separated proteins were electroblotted by stan-
dard methods from the gel onto a nitrocellulose membrane, which was then
blocked with PBS/TM overnight at 4°C. The blocked blot was washed with PBS/T
and then incubated in purified but unbiotinylated polyclonal anti-alligator Ig
(1 mg/ml in PBS/A) for 60 min at room temperature with agitation. After
washing, the membrane was incubated in alkaline phosphatase-conjugated don-
key anti-rabbit Ig (diluted 1:10,000 in PBS/TM; Pierce) for 60 min at room
temperature with agitation. After the final wash, the blot was developed in
substrate buffer (0.1 M Tris-HCl [pH 8.8], 1 mM MgCl2) containing nitroblue
tetrazolium chloride and 5-bromo-4-chloro-3-indolylphosphate p-toluidine salt
(Life Technologies, Grand Island, N.Y.).

Western immunoblots of whole-cell lysate and LAMP-enriched antigen prep-
arations used for ELISA were similarly prepared. Antigens bound by specific
antibodies in pooled seropositive alligator, caiman, and crocodile plasma (see
below) were detected by using the polyclonal anti-alligator Ig and alkaline phos-
phatase-conjugated donkey anti-rabbit Ig as described above.

Determination of ELISA parameters. Plasma samples obtained from the pilot
experimental inoculation study served as positive and negative specimens to
establish reaction conditions for a preliminary ELISA. The titer (heuristically
defined as the highest plasma dilution with an A405 more than twice that of the
negative control) of plasma obtained from alligators during the 1995 epidemic
was determined by using whole-cell lysate antigen. Selected samples were then
pooled to create high-range (titer, 1:5,120), midrange (titer, 1:1,280), and low-
range (titer, 1:80) plasma pools used in the final ELISA validation.

ELISA procedure. The A21JP2T whole-cell lysate or LAMP-enriched antigen
was thawed, passed several times through a 30-gauge needle, and then diluted to
15 mg/ml in PBS/A. Each microplate well, excluding the perimeter wells, was
coated with 50 ml of antigen and then washed and blocked as described above.
After four washes, 50 ml of crocodilian plasma diluted 1:1,000 in PBS/TM was
added in duplicate, and the microplate was incubated at room temperature for 60
min on a nutator. From this point forward, the assay was as described above for
conjugate validation. On each microplate, the background was the mean A405 of
duplicate wells processed identically to the sample wells except without plasma.
The background absorbance was subtracted from the measured A405 of each well
before data analyses. Each microplate also included duplicate high-range,
midrange, and low-range alligator plasma pool standards.

Binding of antibody in alligator plasma to whole-cell lysate or LAMP-enriched
antigens prepared from the other mollicutes listed above was also assayed in the
ELISA format described. Control wells were coated with culture medium with
and without fetal calf or horse serum.

Within-batch and between-batch assay variability was assessed by using the
Youden plot graphic method (17). The ELISA values obtained for the high-
range, midrange, and low-range plasma pool standards included on each micro-
plate coated with whole-cell lysate were used to establish target values and
control limits to be used for monitoring the consistency of the assay (10 batches).
The values obtained for each standard at the beginning of a series of assays were
plotted against the values obtained for the same standards at the end of the
series. Imprecision was shown by random deviations at right angles to the slope
formed by the expected values, and drift was indicated if all deviations were in
the same direction at right angles to the slope.

Statistical analyses. Data from the dose-response study and the host range
study were combined for statistical analysis. Seroconversion was determined by
repeated-measure analysis of variance with main effects of w.p.i., species, and
treatment group within species. Fisher’s protected least significant difference
(LSD) was used for post hoc comparisons if main effects were significant. A
P value of , 0.05 was considered significant.

RESULTS

Controlling the spread of mycoplasmal infections among
captive animals such as swine, poultry, and laboratory rodents
depends primarily on identification of individuals whose expo-
sure to the pathogen is indicated by the presence of specific
antibody. The most commonly used serological test to diagnose
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mycoplasmal infections is the ELISA, which is amenable to
automation and stringent quality controls. The rationale of the
experiments described was to develop reagents and a protocol
for an ELISA which could be used to control the spread of M.
alligatoris, the newly recognized lethal mycoplasmal pathogen
of alligators, among crocodilians.

Conjugate avidity and specificity. The relative avidity and
specificity of the biotinylated polyclonal anti-alligator Ig anti-
body used in the ELISA was compared among alligator,
caiman, and crocodile Ig. The results of conjugate binding to
serially diluted plasma from each species coated directly in
ELISA microplate wells are shown in Fig. 1. Crocodiles are
relatively phylogenetically distant from alligators and caimans
but the avidity of the polyclonal antibody was only slightly
lower for Siamese crocodile Ig than for alligator Ig. Avidity for
broad-nosed caiman Ig was about twofold higher than for
alligator Ig. Those results demonstrated that same-species con-
trol plasma should be used for diagnostic crocodilian ELISA.
The conjugate also cross-reacted (minimum titer, 1:.10) in
similar assays with plasma available from the other crocodilian
species listed above (data not shown).

The specificity of the polyclonal anti-alligator Ig antibody for
crocodilian plasma proteins separated by denaturing PAGE is
shown in Fig. 2. The two predominant bands recognized in
alligator and crocodile plasma had apparent sizes of approxi-
mately 28 kDa, consistent with reptile Ig light chain, and ap-
proximately 55 kDa, consistent with reptile IgY heavy chain
(36, 37), on the 10% polyacrylamide gel. Other bands detected
may represent incompletely denatured IgY, IgM heavy chain,
or antibodies against contaminants remaining in the plasma
fraction used for immunization. The two predominant bands
recognized in caiman plasma consistently appeared to be
slightly larger and smaller, respectively, than those in alligator
and crocodile plasma.

ELISA development. In the pilot experimental inoculation
study, three of four inoculated alligators died between 1 and
3 w.p.i. before seroconversion. Plasma obtained at necropsy at
14 w.p.i. from the one surviving inoculated alligator (titer,
1:640) and from the uninoculated control (titer, 1:,10) were
the only specimens obtained under controlled conditions which
could serve as positive and negative specimens, respectively, to
establish the preliminary ELISA conditions. Once those were
optimized, it was important to test standards which produced a
wide range of absorbance values, to determine what sample
dilution should be used for a single-dilution ELISA. A sample
dilution of 1:1,000 gave absorbance readings within the linear
response to dilution of the high-range, midrange, and low-
range plasma pool standards and the microplate reader under
the assay conditions described (Fig. 3).

Coomassie staining of antigens separated by sodium dodecyl
sulfate-PAGE showed that about 10% of total M. alligatoris
protein remained in the LAMP-enriched fraction. That value
was consistent with the total protein yields for whole-cell lysate
and LAMP preparations from equal volumes of broth cultures.
The Western immunoblot patterns of antigens used in the
ELISA are shown in Fig. 4. The majority of the antigens
recognized on immunoblots of whole-cell lysate were present
in the LAMP-enriched fraction. Antigens recognized by cai-
man and crocodile antibodies were a subset of those recog-
nized by alligator antibodies.

The between-batch bias control limits were established at
26% above and below the target value for the low-range stan-
dard (mean A405 5 0.167 6 0.030 [standard error (SE)]; coef-
ficent of variation [CV] 5 0.181) and 18% above and below the
midrange (mean A405 5 0.676 6 SE 0.081, CV 5 .120) and
high-range (mean A405 5 1.493 6 SE 0.159, CV 5 0.106)
standards. The drift control limits were established at angles 4°
(11%) above and below the slope of the target values. The
control limits are statistically arbitrary (17).

FIG. 1. Relative avidity of polyclonal rabbit anti-alligator Ig anti-
bodies for Ig from healthy crocodilians measured by ELISA. Serially
diluted plasma from pools of each species was coated directly in mi-
croplate wells, and conjugate binding was measured under conditions
used for the diagnostic ELISA. Avidity for crocodile Ig was slightly
lower and for caiman Ig was about twofold higher than for alligator Ig.

FIG. 2. Western immunoblot of polyclonal rabbit anti-alligator Ig
binding to pooled plasma from healthy crocodilians. Lanes (left to
right): prestained molecular mass standards, alligator plasma, caiman
plasma, and crocodile plasma. The predominant bands recognized by
the conjugate, which was used as the secondary antibody in the ELISA,
are consistent with reptile 28-kDa Ig light chain and 55-kDa IgY heavy
chain separated on a denaturing 10% polyacrylamide gel. The pre-
dominant bands recognized in caiman plasma were consistently slightly
different in size from those in alligator and crocodile plasma.
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Detection of crocodilian seroconversion by ELISA. Three
alligators inoculated with 106 CFU and two caimans died
within 4 w.p.i. and a third caiman died 10 w.p.i. during the
dose-response and host range studies. Mycoplasmas were cul-
tured quantitatively in high numbers from trachea, lung, co-
elomic cavity, liver, spleen, interior of pericardial sac, heart,
blood, limb joints, and brain of those crocodilians. Mycoplas-
mas were not cultured at any time point from the remaining
three highest-dose alligators and caimans, alligators inoculated
with 104 or 102 CFU, or any of the negative controls. Myco-
plasmas were cultured at necropsy in small numbers from a

single site, the tonsils, of three inoculated crocodiles. The iden-
tity of the mycoplasmas reisolated from each individual was
confirmed by restriction endonuclease analyses of the PCR-
amplified mycoplasmal 16S rRNA gene. Only M. alligatoris was
recovered. Together, those findings indicated that the culture
methods employed in this study did not detect any mycoplas-
mas among the normal flora of crocodilians.

Plasma obtained during the dose-response and host range
studies was used to validate the ELISA. Seroconversion was
defined as a statistically significant increase in A405 value from
the preinoculation group mean and from the same-species
negative control mean. In all groups inoculated with 106 CFU
of M. alligatoris, seroconversion (P , 0.05) was detectable
beginning 6 to 8 w.p.i. when whole-cell lysate antigen was used
(Fig. 5). For all groups, the minimum statistically significant
increase was to A405 values about two times those of preinocu-
lation or negative control means. That value was in remarkably
good agreement with the cutoff between positive and negative
results in the only other validated reptile mycoplasmosis
ELISA (36) and with the value used heuristically to determine
positive-control pool titers. When M. alligatoris LAMP-en-
riched antigen was used in the ELISA, crocodile seroconver-
sion was also evident by 6 w.p.i., but increases in specific
antibody in alligators were not statistically significant, and
caiman plasma showed no measurable binding to LAMP-
coated plates whatsoever (Fig. 6).

The rate of seroconversion was consistent with the rate of
specific antibody response of other reptiles to experimental
mycoplasmosis (7) and of alligators to experimental immuni-
zation with other antigens (21). However, the magnitude of the
specific antibody response of alligators inoculated with M. al-
ligatoris in the dose-response study was lower than that ob-

FIG. 3. Sample dilution validation. Serial dilutions of pools of al-
ligator plasma with high-range (1:5,120), midrange (1:1,280), and low-
range (1:80) titers were assayed by ELISA using whole-cell lysate
antigen. A dilution of 1:1,000 gave absorbance readings within the
linear response to dilution of each pool under the assay conditions
described.

FIG. 4. (A) PAGE of Coomassie-stained M. alligatoris proteins
used as ELISA antigens. Lanes (left to right): prestained molecular
mass standards, whole-cell lysate, and LAMP-enriched fraction. The
LAMP proteins, prepared by Triton X-114 phase fractionation, were a
minor proportion of total cellular protein. (B) Western immunoblot of
M. alligatoris whole-cell lysate antigen probed with seropositive (left to
right) alligator plasma, caiman plasma, and crocodile plasma. Antigens
recognized by caiman and crocodile antibodies were a subset of those
recognized by alligator antibodies. (C) Western immunoblot of M.
alligatoris LAMP antigen probed with seropositive (left to right) alli-
gator plasma, caiman plasma, and crocodile plasma. The majority of
antigens recognized in immunoblots of whole-cell lysate were LAMP
antigens.

FIG. 5. Seroconversion assayed by whole-cell lysate antigen-based
ELISA. Each species (n 5 6) was inoculated with 106 CFU of M.
alligatoris. Seroconversion was determined by repeated-measure anal-
ysis of variance with main effects of week and species. Fisher’s pro-
tected LSD was used for post hoc comparisons if main effects were
significant. Time points at which species means differed (P , 0.05)
from preinoculation and from same-species negative controls (data for
control alligators are shown in Fig. 7; two controls per species for
caiman and crocodiles [data not shown]) are indicated by asterisks.
Statistical power to detect seroconversion of alligators and caimans
was reduced at later time points because some individuals in those
groups succumbed to mycoplasmosis.
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served in plasma from the 1995 epidemic. The magnitude of
response was higher (P , 0.05) for crocodiles than for caimans
(Fig. 5), even without adjustment for apparent differences in
conjugate avidity. The statistical power to detect seroconver-
sion of alligators inoculated with 106 CFU and of caimans later
than 3 w.p.i. was reduced because the specific antibodies de-
veloped too slowly to be detected before half of the individuals
in those groups died. Trends toward seroconversion in alliga-
tors inoculated with 104 or 102 CFU were not statistically
significant (Fig. 7).

Binding to other antigens. Binding of antibody in standard
pools of alligator plasma to whole-cell lysate or LAMP-en-
riched antigens of other mollicutes in the ELISA format is
shown in Fig. 8. A gradient of cross-reactivity was observed,
but there was no consistent relationship to the source of the
other mollicutes (reptile versus avian or mammalian hosts) or
to their position in the phylogeny of mollicutes based on 16S
rRNA gene nucleotide sequences (23). The maximum amount
of binding that could be attributed to reactivity of alligator
plasma or polyclonal rabbit anti-alligator Ig antibody with cul-
ture medium components was 0.05 A405 unit.

Survey for M. alligatoris-specific antibodies in captive croc-
odilians. The validated ELISA was used to analyze plasma
obtained during routine health assessments of American alli-
gators in captivity in the United States, American crocodiles
being collected in Belize, and Siamese crocodiles in captivity in
Thailand. The clinical health status of all of those crocodilians
was normal, and there was no known history of mycoplasmosis
or unexplained morbidity in those groups. All samples were
seronegative (A405 values less than two times that of the same-
genus negative control). Those results were further support for

the conclusion that mycoplasmas are not commonly found
among the normal flora of crocodilians and indicated that the
risk of false-positive ELISA results is low.

DISCUSSION

Epidemiology and control of crocodilian diseases are issues
of broad significance to protection of many species, alternative
commodity production, and wetland conservation. Commer-
cial use of alligators illustrates the potential significance of M.
alligatoris pathogenesis and the need for a diagnostic test.
Ranching of American alligators is an alternative commodity
industry in the U.S. Gulf Coast states. More than 100 ranches
annually produce approximately 150,000 hides and 330,000 kg
of meat, worth in excess of $75 million to $150 million, from
approximately 175,000 alligators. The ranching of crocodilians
for commercial production of hides and meat is an interna-
tional industry, and live alligators are exported from the
United States. In the 1990s, there were more than 600 ranches
in 47 countries, with annual stock in excess of 1.1 million
crocodilians. American alligators are the most commonly
ranched species, with about 500,000 held in production facili-
ties. Annual alligator hide production outside the United
States exceeds 182,000. The annual world market is approxi-
mately 2 million crocodilian hides.

The crocodilian ranching industry is based on collection of
eggs and hatchlings from the wild. By deriving an economic
value from those animals, individuals and governments are
encouraged to protect not only the crocodilian populations but
also the wetlands necessary for the continued survival and
reproduction of the species. Commercial ranching operations

FIG. 6. Crocodile seroconversion assayed by LAMP antigen-based
ELISA. Each species (n 5 6) was inoculated with 106 CFU of M.
alligatoris. Seroconversion was determined by repeated-measure anal-
ysis of variance with main effects of week and species. Fisher’s pro-
tected LSD was used for post hoc comparisons if main effects were
significant. Time points at which the inoculated crocodile group mean
differed (P , 0.05) from preinoculation and from the negative control
crocodiles (n 5 2; data not shown) are indicated by asterisks. Changes
from preinoculation and from negative controls (four alligators and
two caimans) in alligators and caimans were not significant. Statistical
power to detect seroconversion of alligators and caimans was reduced
at later time points because some individuals in those groups suc-
cumbed to mycoplasmosis.

FIG. 7. Alligator seroconversion assayed by whole-cell lysate anti-
gen-based ELISA. Alligators (six per group) were inoculated with 102

(low-dose), 104 (middose), or 106 (high-dose) CFU of M. alligatoris.
Seroconversion was determined by repeated-measure analysis of vari-
ance with main effects of week and dose. Fisher’s protected LSD was
used for post hoc comparisons if main effects were significant. Time
points at which dose group means differed (P , 0.05) from preinocu-
lation and from the negative control alligators (n 5 4) are indicated by
asterisks. Seroconversion of the high-dose group was evident by 6 w.p.i.
(same data shown in Fig. 5), but statistical power at later time points
was reduced because some individuals in that group succumbed to
mycoplasmosis. No meaningful trend toward seroconversion was de-
tected for the low-dose or middose groups.
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thus are closely tied to the health and productivity of wild
crocodilian populations. For that reason, some wild popula-
tions are intermittently replenished with juvenile crocodilians
repatriated from commercial ranches after “head-starting”
hatchlings from eggs collected in the wild. That practice could
provide a vector for infectious disease transmission which
might be interrupted by appropriate serological screening.

Several features of reptile immunity present special chal-
lenges to diagnosis of infection by measuring seroconversion
(1). Specific immunity begins with maternal antibodies present
in reptile egg yolk (24, 37). Ontogenic maturation of immune
system cells progresses slowly in some species, with full im-
mune competence not reached until months after hatching, but
other species seem to be immunocompetent at hatching (10).
Body temperature can have a direct effect on reptile immune
systems, with species-specific optima and compromised immu-
nity at body temperature extremes (9, 39). The spleen, thymus,
and gut-associated lymphoid tissues of many reptiles undergo
marked seasonal involutions (12, 43). That cycle seems to co-
incide with neuroendocrine rhythms correlated with mating
periods (33, 34), independent of the direct effects of body
temperature. Compromised immunity, including inhibited B-
cell proliferation and differentiation and low antibody titers,
was correlated with seasonal high levels of corticosteroids and
sex steroids in several species of reptiles (20, 32, 43). The
effects of each of those classes of hormones on immunity may
be independent, as has been investigated by administration of
exogenous testosterone (34) or hydrocortisone (33) or by phar-
macological adrenalectomy (33). Consistent with those obser-

vations, sexual dimorphism in reptile immune responses has
also been reported, with males having a somewhat delayed and
less vigorous response and significantly lower antibody titers
than females in response to immunization during seasons when
testosterone is significantly higher in males (31, 35). The B-cell
inhibition observed may be due in part to lack of T-cell-derived
lymphokines, because strong cell-mediated immune responses
coincide with seasons during which lymphoid tissue is well
developed. However, seasonal effects on responses to immu-
nization with a T-cell-independent antigen have also been ob-
served (11). Thus, potential influences of age, temperature,
season, and hormones on immunity should be considered when
attempting to interpret the results of serological tests such as
ELISA to diagnose infection in reptiles. The majority of the
alligators that died during the 1995 epidemic were .200-kg
adult males which died in September and October, while the
alligators used in the pilot inoculation and dose-response stud-
ies were ,20-kg young adult females which were inoculated in
June. Those age, season, and sex differences may account for
the somewhat less pronounced antibody responses observed in
those studies.

It is unlikely that the less pronounced antibody response
observed in alligators in the pilot inoculation and dose-re-
sponse studies was because the M. alligatoris had attenuated
immunogenicity (without loss of virulence) after clonal isola-
tion and laboratory passage. Many mycoplasmal species exhibit
extensive intraspecies phenotypic variability, manifested as an-
tigenic variation in the context of immune recognition by in-
fected hosts, so mycoplasmas are almost always very immuno-

FIG. 8. Cross-reactivity of alligator plasma pools with high-range (1:5,120), midrange (1:1,280), and low-range (1:80) anti-M. alligatoris titers
with whole-cell lysate or LAMP antigens of other mollicutes assayed by ELISA. No relationship to the mollicutes’ usual hosts (reptile, avian, or
mammalian) or to their position in the phylogeny of mollicutes based on 16S rRNA gene sequences was observed.
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genic (42). The antigenic variation can be apparent even
among successive isolates obtained from an infected individual
(22, 28). The variation probably provides the mycoplasmas
with flexibility in interacting with their environment and may
contribute to host specificity, pathogenicity, and evasion of
host defenses (30, 42).

Another feature of reptile immunity that presents special
challenges to diagnosis of infection by measuring seroconver-
sion is the slow rate of specific antibody development. In the
epidemiological sense (18), the sensitivity of a diagnostic test is
the ability of the test to identify individuals with the disease in
the group of diseased individuals. Specificity is the ability to
identify individuals without disease in a healthy population.
The positive predictive value (PPV) is the ability to distinguish
true infections in a population of individuals with positive test
results, and the negative predictive value (NPV) is the ability to
distinguish true negative individuals from diseased individuals
that have a negative test result. A reference standard that is
independent of the assay being evaluated is required to esti-
mate those parameters. In the dose-response and host range
experiments, the reference standard was experimental inocu-
lation with 106 CFU of M. alligatoris. Through 4 w.p.i., the
sensitivity of the ELISA was 0, the specificity was 100%, PPV
was 0, and NPV was only 31% because specific antibody had
not begun to appear. Even at necropsy, the sensitivity was only
67%, the specificity was 100%, PPV was 100%, and NPV was
only 57% because half of the alligators and one-third of the
caimans died before seroconversion could occur. Although
those percentages are influenced by the numbers of experi-
mental animals in the control and inoculated groups, they
illustrate that the significance of the ELISA results, especially
negative results, can change over time. An acutely lethal patho-
gen such as M. alligatoris may escape serological detection at
necropsy of crocodilians that die abruptly. Testing of paired
samples, obtained at least 8 weeks apart, is necessary to min-
imize the risk of false-negative ELISA results.

Surface-exposed epitopes on integral membrane proteins
may be dominant immunogens during mycoplasmal infections
(14). The LAMP are anchored in the mycoplasmal membrane
by covalent lipid modification or hydrophobic transmembrane
domains (2). In some experiments, antibodies to LAMP anti-
gens were highly mycoplasma species specific and did not
cross-react with LAMP from other species (41). Therefore,
LAMP immunogen-based diagnostics such as ELISA promise
high molecular specificity for some mycoplasmal species (15).
Although M. alligatoris LAMP were among the prominent re-
active antigens on Western immunoblots (Fig. 4), they did not
generate a proportionate signal in the ELISA format for each
species of crocodilian tested. The difference in antibody bind-
ing between formats may have been due to differences in quan-
tity and type of epitopes remaining exposed after denaturation
and electrostatic binding to nitrocellulose in the immunoblots
versus coating of the native proteins onto hydrophilic polysty-
rene in the ELISA.

The cross-reactivity with antigens of other mollicutes was in
remarkable contrast to the lack of cross-reactivity observed in
a similar whole-cell-lysate-based ELISA developed for tortoise
antibodies against M. agassizii (36). The difference may reflect
different immune system exposure to mycoplasmal antigens
during the acute disease caused by highly invasive M. alligato-

ris, in contrast to the chronic disease caused by mucosa-tropic
M. agassizii. The cross-reactivity may have been predominantly
against internal mycoplasmal antigens conserved among mol-
licutes. This idea is supported by the complete lack of serolog-
ical relationships between M. alligatoris and 71 other species of
mollicutes assayed by reciprocal growth inhibition and colony
surface immunofluorescence labeling tests (6). It was of con-
cern that the alligators might possess existing antibody against
serum proteins or other mollicute culture medium components
potentially contaminating the mycoplasma lysate and LAMP
preparations as a result of prior dietary exposure to those
antigens, which could confound the ELISA. However, cross-
reactivity with culture medium components was found to be
insignificant.

The results of the experimental inoculation studies de-
scribed briefly above were remarkable because, except for bo-
vine and caprine pleuropneumonia, mycoplasmosis is rarely
fatal in animals (29, 38). One other mycoplasmal disease of
crocodilians has been described. Polyarthritis was observed in
young ranch-reared Nile crocodiles in Zimbabwe (26). At nec-
ropsy, M. crocodyli (19) was isolated from affected joints and
lung tissue of the crocodiles. The disease could be reproduced
by experimental inoculation of crocodiles with M. crocodyli.
Treatment with antibiotics seemed to resolve initial clinical
signs, but relapses were common. A preliminary study sug-
gested that a vaccine might afford limited protection in young
crocodiles (27). Although M. crocodyli and M. alligatoris are
very closely related, as indicated by 98% 16S rRNA gene nu-
cleotide sequence similarity (D. R. Brown, M. B. Brown, and
J. G. Tully, Abstr. 97th Gen. Meet. Am. Soc. Microbiol., abstr.
G-10, 1997), experimental intracoelomic or intrapleural inoc-
ulation of Nile crocodiles with 109 CFU of M. crocodyli was not
lethal (26, 27). However, a more recent report associated
M. crocodyli with a die-off of hundreds of ranched crocodiles
(K. Mohan, C. M. Foggin, F. Dziva, and P. Muvavarirwa, Proc.
13th Int. Congr. Int. Org. Mycoplasmol., abstr. J-08, 2000). The
susceptibility of alligators and caimans to infection with M.
crocodyli remains unknown. An unidentified mycoplasma
was isolated from a gharial (Gavialis gangeticus) that died
with pneumonia (25). Future study of the responses of the
phylogenetically ancient defense systems of crocodilians to
M. alligatoris infection may allow unique comparative anal-
yses of host-pathogen interactions in mycoplasmal disease.
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