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Introduction

Mycoplasmas are the smallest self-replicating bacteria, characterized by a wall-less
envelop and an unusual small genome size. They are closely related to Gram-positive
bacteria with a low G+C content (Maniloff et al., 1992). Mycoplasma genus belongs
to the class of Mollicutes which consists of eight genera (Razin, 1992). These
organisms are widely distributed in animals and plants (Tully, 1992).

The first isolation of a mycoplasma from humans was reported in 1937. However,
there is poor evidence of their pathogenicity in human apart from atypical pneumonia
and some genitourinary diseases. Reports of isolation of mycoplasmas in the blood of
AIDS patients raised the possibility of the implication of these bacteria as co-agents in
this autoimmune disease (Blanchard and Montagnier, 1994). Although the role of
these microorganisms as immuno-modulatory agent is well established (e.g. immu-
noglobulin production, cytokine induction), the pathophysiological significance of
this effect remains unclear. The entire genome of two human pathogens, Mycoplasma
genitaliumand M. pneumoniae, have been sequenced (Fraseret al., 1995; Himmelreich
et al., 1996} and sequence analysis of the genome of Ureaplasma urealyticum, another
human pathogen, will be completed in a near future (International Organization for
Mycoplasmology (IOM) congress, Orlando, Florida, USA, 1996). The wealth of
informations provided by the Genome Projects should allow a better understanding of
the molecular pathogenesis of mycoplasmas.

Mycoplasmas are also of great importance in veterinary medicine and are respon-
sible of significant economical losses in animal production (Razin and Barile, 1985).
Several mycoplasma species have clearly been shown to be pathogenic in caprine,
ovine, bovine, porcine and avian (Tully and Whitcomb, 1979).
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The first evidence of the implication of a wall-less prokaryote in plant diseases was
reported by Doi et al. (1967). These non-cubturable organisms, initially called
mycoplasma-like organisms (MLOs), are included within the Mollicutes class accord-
ing to the 168 rRNA genes analysis (Schneider et al., 1993; Seemtiiller ef al., 1994).
More recently, based upon the sequence of the 165 and 23S rRNA genes and their
spacer region, the name phytoplasmas was recommended by the JOM Subcommittee
for the Taxonomy of Mollicutes (IOM Congress, Bordeaux, France, 1994),
Phytoplasmas infect a wide variety of agricultural and ornamental plants causing
severe damages (McCoy ef al., 1989) or desirable traits (Lee et al., 1997). They are
also found in insects which are thought to be the transmission vectors. The cultivable
and well-characterized spiroplasmas are also plant and insect pathogens, e.g.
Spiroplasma citri (Calavan and Oldfield, 1979}.

Mycoplasmas often contaminate cell cultures. The contamination of primary and
continuous eukaryotic cell lines represents a major problem of economic and biclogi-
cal importance in basic research, in diagnosis, and in biotechnological preduction.
This problem is widespread and surveys showed that 5 to 87% of cell lines are
comtaminated (Bélske, 1988; Uphoff ef al., 1992; Pawar er al., 1994).

The isolation and detection of mycoplasmas were, for a long time, hindered by the
lack of specific and sensitive detection methods. Unlike most bacteria, these organ-
isms require specific and elaborated culture media and cultivation needs prolonged
incubation period (one to more than two weeks). Recent advances in the microbiologi-
cal diagnosis field have involved the development of a technology based on molecular
biology. This technology includes: (i) hybridization of a specific DNA fragment with
genus or species-specific probes and (ii) amplification of a specific DNA segment by
polymerase chain reaction (PCR). These methods were shown to be rapid, sensitive
and specific providing reliable diagnosis tools. Hybridization methods are based on
the formation of a duplex between a target single-stranded nucleic acid molecule and
a complementary probe. This reaction is widely used in basic research and has been
shown to be useful in microbiological diagnosis (Tenover, 1988). In vitro DNA
amplification by PCR uses oligonucleotidic primers and a thermostable DNA polymer-
ase to synthesize millions of copies of a specific DNA segment (Saiki er al., 1988).
PCR-based methods are a fast and highly specific way to detect low level of
mycoplasmal contamination that surpass the current methods of diagnosis and over-
come the principal limitation of diagnostic probe hybridization, i.e. its relatively low
sensitivity.

This review describes the target molecules for hybridization and PCR amplification
and the recent advances in the detection of mycoplasmas in clinical and veterinary
samples, in plants and in cell cultures by genotypic methods.

Target molecules and strategies for probes and PCR primers design

The choice of genomic target sequence for hybridization and/or for PCR amplification
is a critical step that influences the specificity of microbial detection. Two categories
of probes are used in hybridization-based techniques: conventional DINA probes and
oligonucleotidic probes. The first type of DNA probes is determined either by random
cloning of restriction fragments or from known nucleotidic sequences. The
oligonucieotidic probes, 20 to 30 bp long, are necessarily deduced from known



Molecular diagnosis of mycoplasmal infections 53

sequences and synthesized chemically. The hybridization procedure has been sug-
gested as a complement to classical methods of diagnosis. 16S ribosomal (r) RNA
genes have been used to study the microbial diversity (Weisburg ef of., 1989). Thus
they are considered good candidates for molecular diagnosis. These genes are divided
into three regions: highly conserved, semi-conserved and variable regions. This
allows the design of species and even subspecies-specific complementary probes. A
large number of rRNA sequences are available in databases (e.g. GeneBank), thus
sequence analysis by a software package (e.g. Genetics Computer Group) permits one
to display alignment and similarity within these genes and to design rDNA probe
{Devercux ef al., 1984}, Molecular diagnosis takes advantage of the fact that IRNA is
presentin up to [0 copies per living bacterium, increasing the sensitivity of detection.

A similar strategy is used to design PCR primers. Specific restriction fragments of
cloned DNA can be sequenced and derived primers sets synthesized for PCR ampli-
fication. Sequence analysis of rRNA, as described above, is also used to determine
genus or species-specific primers for PCR.

Probes and PCR primers design, hybridization and PCR protocols should be tested
in order to verify the absence of cross-reactivity species, especially closely related
species. If cross-reactivity occurs, new sequence analysis and probe selection have to
be performed. Moreover, the sensitivity of the detection should be evaluated {or each
probe or PCR primers set. Finally, the new protocol must be validated by comparison
with conventional methods. The different steps for the design of hybridization probes
and PCR primers are summarized in Figure 1.

Diagnosis of human major pathogenic mycoplasmas

Mycoplasmas cause severe respiratory, arthritic and urogenital diseases of humans
(Table 1). Koch's postulates have been fulfilled for two species, M. pneumoniae
which is the most common pathogen in lung infections among 5 to 35-year-old
patients, and U. urealyticum which is responsible for nonchlamydial, nongonococeal
urethritis of mates and meningitis in very-low-birth-weight infants and chorioamnionitis
{Taylor-Robinson and McCormack, 1980; Cassel et al., 1991, 1993). M. hominis is
also considered to be a significant human pathogen associated with pelvic inflamma-
tory disease, postpartum septicemia and endometritis, amnionitis, pyelonephritis,
pneumonia and central nervous system infections in newborn infants (Cassel ef al.,
1991). M. genitalium has been associated with respiratory and urogenital diseases.
More recently, M. pirum, M. fermentans and M. penetrans have been isolated from
patients infected with HIV (Blanchard and Montagnier, 1994). The presence of
mycoplasmas in these patients was associated with accentuated pathology, namely
AlDS-associated nephropathy, adult respiratory distress syndrome, and enhanced
HIV cytopathic effects (Bauer er al., 1991; Lo e al., 1993; Hawkins ef al., 1992;
Ainworth et al., 1994; Blanchard and Montagnier, 1994), Mycoplasmas may play a
role in AIDS by activating the immune system and/or by elucidating the programmed
cell death of immune cells (Ruwth and Praz, 1985; Rawadi and Roman-Roman, 1996,
Rawadi et al., 1996). This issue should be resolved in the future by additional
epidemiological data and therapeutical trials involving anti-mycoplasmal antibiotics.

A number of investigators have used DNA probes to detect mycoplasmas in clinical
specimens (Blanchard e al., 1992} as an alternative to conventional microbiological
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SEQUENCING DATABASE

SEQUENCE ANALYSIS

: v
SPECIFIC CLONED PROBES CONSTRUCTION
RESTRICFION FRAGMENT

N\

HYBRIDIZATION PCR AMPLIFICATION

/

SETTING UP REACTION:
SPECIFICITY
SENSITIVITY
VALIDATION

h 4
CLINICAL AND VETERENARY SAMPLES,
PLANTS AND CELL CULTURES DIAGNOSIS

Figure 1. Major procedures for probes and PCR primers design to diagrose mycoptasmal infection in
animal samples, in plants and i tissue cultures.

methods, Based up on the 165 rRNA genes, aM. preumoniae-specific probe has been
described by Shaw et al. (1989) and became commercially available {(Gen-Probe
Corp., San Diego, CA). Several studies were performed to compare this probe with
more classical techniques (i.e. culture and serological methods) for the detection of
this microorganism in various clinical specimens (Dular et «f., 1988; Tilton er al.,
1988; Hata et al., 1990; Kleemola ef ol., 1990). The numbers of patients examined
were, respectively, 116, 82, 163 and 160. Although they all came to the conclusion that
this hybridization system is specific and faster, making a same day diagnosis possible,
the sensitivity found by some investigators was lower than expected leading to false
negative diagnosis.

Gibel et al. (1987a, b) developed synthetic oligonucleotides probes, 20 to 30 bp
long, complementary to domains of ’IRNA genes showing group and species specificity.
A probe designated MP30 was found to cross-hybridize between M. pneumoniae and
M. genitalium allowing the detection of both. On the other hand, a probe designated
MP20 was proved to react only with M. pneumoniae, therefore allowing the specific
identification of this organism with as sensitivity estimated at 10? organisms.

DNA probes specific to M. preumoniae and M. genitaliumhave been developed to
overcome the serological cross-reactivity between these species that hinders their
identification (Hyman et al., 1987; Risi et al., 1987; Hooton er al., 1988). Two DNA
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Fable 1. Mycoplasmas which infect humans

Species Discases and significance

A. laidiawii Unknown

M. buccale None

M. faucium Monc

M. fermentans Possible role in respiratory infections, systemic diseases, AIDS

M. genitalium Possibie role in respiratory and genital tract infections

M. hominis Direct role in some female pelvic inflammatory discases, in postpartum infections,
in some traumatic wound infections in both males and females

M. lipophifum None

M. orale None

M. penetrans Unknowa

M. pirum Unknown

M. pruewmoniae Direct role in poeumonia and associaled extrapulmenary complications involving
the central nervous system, cardic-vascutar system, skin and joints

M. primatuni Unknown

M. salivarium None

M. spermatophilun Unknown

U wrealvticum Direct role in male non-gonecoceal urethrilis, preumonia and meningitis in
nconates

fragments from M. preumoniae (pPN4) and M. genitalivn (pGN3), respectively 8 kb
and 20 kb long, were isolated by Raziner al. (1987). These probes vielded no or weak
non specific signals in dot blots with non-homologous purified DNAs at concentration
1000-fold higher than the minimal concentration of homologous DNA exhibiting a
hybridization signal (Hyman et al., 1987).

Cultivation is currently used to diagnose infections due to U. urealyticum because
it can be isolated easily from clinical specimens. However, this costly procedure is
slow. Nucleic acid probes offer an alternative approach for U. urealyticum detection
in clinical specimens. Conventional DNA probes used by Brogan er al. (1992) were
determined to be specific but lacked sensitivity.

If using DNA sequences coding for proteins as probes would a priori be a more
specific approach than selecting TRNA genes as a target for hybridization, it is also less
sensitive because bacterial cell contains up to 10° rRNA copies in comparison with a
single or a few copies of a particular gene (Waters and Mc Cutchan, 1990). However,
the secondary and tertiary structure of rRNA make these molecules more accessible to
probes based up on synthetic oligonucleotides than up on entire gene fragments.
Therefore the experimental sensitivity in the latest case is lower than expected
(personal data). **P-labelled oligonucleotides complementary to the variable regions
of 165 tRNA were found to be 100 times more sensitive than using DNA probe
directed against a single copy gene (Gobel er al., 1987; Johansson 1993). Efforts to
replace radioelements (**P or '*I) used in hybridization procedures, limiting their use
to authorized laboratories, by chemical labels (e.g. sulphonation, biotinylation) ac-
counted for 10-fold [osses in sensitivity (Hymanet al., 1987; Rawadieral., unpublished
data).

PCR amplification affords a means to enhance sensitivity with its potential to detect
genomic material from one organism (Saikier al., 1988). PCR-based detection assays
have been developed for the vast majority of mycoplasmas known as human patho-
gens or suspected to be involved in human diseases (Table 2). Several target sequences
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Table 2. Detection of mycoplasmas which infect humans by in vitro DNA amplification

Species Target Technigue Reference
M. pnewmoniae Randomly cloned DNA PCR Bernet et al., 1989
PCR Narita er al., 1992
PCR Skakni eral., 1992
PCR Vekris er al., 1995
168 iDNA PCR Jensen et af., 1989
RT-PCR* van Kuppeveld er al., 1992
3 Primers-PCR Kai et al.,, 1993
PCR/RT-PCR Tihic er al., 1994
PCR van Kuppeveld ez af., 1994
P1 adhesin gene PCR Jensen et al., 1989
PCR Buck et al., 1992
PCR De Barbeyrac ef al., 1993
Nested-PCR Zigangirova et al., 1993
PCR Leng et al, 1994
PCR Wiiliamson eral., 1994
PCR Rezkinov ef af., 1995
Semi-nested PCR  Fink e al,, 1995
P1 adhesin gene/16S tTDNA  PCR Marmion et al., 1993
PCR feven eral., 1996
P1+MgPa adhesins genes  Triplex-PCR Cadieux et al,, 1993
Elongation factor Tu gene  PCR Liineberg et al., 1993
Rep elements of Pl PCR Ursi et al., 1992
M. genitalinm  MgPa adhesin gene PCR Paimer et al., 1991
PCR Jensen eral.,, 1991
PCR de Barbeyrac er al., 1993
. PCR Blanchard et al., 1993a
MgPa+P1 adhesin genes Triplex-PCR Cadieux et al., 1993
U/, urealvticun:  Urease gene PCR Willoughby et al., 1591
PCR Blanchard e al., 1993b
Randomly cioned DNA PCR Brogan et al., 1992
168 eDNA PCR Roberston ez al., 1993
M. fermentans  Insertion sequence-like
element PCR Wang et al., 1992
PCR Blanchard et al., 1993a
PCR In Chingbingyong and Hughes, 1996
165 rDNA PCR Blanchard ez al., 1993a
Elongation factor Tu gene  PCR Berg er al., 1996
M. hominis 168 FDNA RT-PCR* van Kuppeveld er al., 1992
PCR Blanchard eral ., 1993c
PCR Grau et al., 1994
Randomly cloned DNA PCR Gallia et al., 1995

*RT-PCR: reverse transcription polymerase chain reaction.

to be amplified have been chosen, randomly cloned DNA from mycoplasmas of
interest, repetitive genomic sequence, specific mycoplasmal gene sequence and 165
tRNA gene sequence (Table 2). Their use has been previously discussed (Razin,
1994).

The use of PCR to diagnose both M. preumoniae and M. genitaliumallowed a clear
distinction of these two organisms which share many characteristics such as morphol-
ogy, ultrastructure, antigenic cross-reactivity, and possess adhesin protein homology.
PCR primers designed to amplify M. preumoniae 168 rRNA such these described by
van Kuppeveld ef al. (1992) may cross-react with M. genitalium when present at high
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level (>10% cfu/ml). A reliable PCR assay for the detection and differentiation of these
mycoplasmas would combine the amplification of rRNA and of species-specific
target such as the gene encoding the adhesin P1 (feven er al., 1996) from M.
preumoniae and MgPa from M. genitalium. Although genetic heterogeneity among
M. hominis strains is well documented, 168 rRNA gene has been successfully used to
target specific amplification allowing the detection and the identification of this
species (Christiansen e? al., 1987, Grau ef al., 1994). In addition, Gallia et al. (1995)
have identified a DNA fragment specific for M. hominis that they successfully used as
a target for a PCR assay.

Once suitable primers have been designed, the authenticity of the amplified
sequence must be assessed by several types of control 10 avoid false positive reaction
due to cross-amplifications of related DNA. One of the most common strategies
consists of the use of DNAs from human or non-hurman mycoplasmas, from human
IDNA and DNAs from a variety of bacteria as negative controls. The identity of the
product is routinely confirmed directly by three-primer PCR (Kaier al., 1993} or semi-
nested (Fink ef al., 1995) and nested PCR (Zigangirovaet al., 1993) or secondarily by
hybridization with a specific probe (Jensen er al., 1991; Palmer et al., 1991; Buck et
al., 1992; Wang et al., 1992; Blanchard et al., 1993a,b,c; de Barbeyrac er al., 1993;
Grau ef al, 1993; Vekris er al., 1995; Berg et al., 1996; leven et al., 1996; In
Chinghingyong and Hughes, 1996} and/or restriction fragment analysis (Jensen ef al.,
1991; Palmer er al., 1991; de Barbeyrac et al., 1993; Williamson et al., 1994).
Experiments conducted in the authors’ laboratory lead them to recommend the
hybridization assay since nested PCR may yield false positive signal and three-primer
PCR is dependent upon amplification conditions which may vary from one laboratory
to another.

Exquisite sensitivity has been reached by PCR assays using either purified DNA,
bacterial suspension, samples from experimentally infected animals and artificially
seeded human sampies or clinical specimens. Under optimal conditions, PCR was
reported to detect | fg of target DNA or between 1 and 10 organisms, even in the
presence of background DNA. This sensitivity was achieved for the detection of M.
genitalium (Palmer et al., 1991), M. fermentans (Wang et al., 1992), M. pneumoniae
{Buck et al., 1992; van Kuppeveld et al., 1992} and U, urealyticum (Blanchard er al.,
1993b).

Several investigators compared the use of PCR with microbiclogical culture for the
detection of mycoplasmas. I vitro amplification was able to detect M. prneumoniae
(de Barbeyrac et al., 1993; leven et al., 1996) and M. genitalium (de Barbeyrac et al.,
1993) in clinical samples when cultures were negative. Similar observations were
reported for the detection of M. fermentans in amniotic fluid and for the detection of
M. genitaliwm in patients with urethritis and cervicitis (Blanchard e a/., 19934). Buck
er al. (1992), Skakni et al. (1992). Marmion et al. (1993) extended the comparison to
microplate agglutination assay, gene probe, cell-sheet culiure, indirect haemaggluti-
nation detection of IgM antibody and antigen capture-enzyme immunoassay. They
indicated that PCR was the most reliable method in term of sensitivity, specificity and
time. PCR assay for M. preumoniae in clinical specimens was found 100-fold more
sensitive than culture technique and 1000-fold more sensitive than gene probe
detection (Buck er al., 1992). Blanchard et al. (1993b) showed that their PCR assay
could detect U. urealyticum in less than 24 hours compared within 2-5 days for
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culture. The authors emphasized that a fast detection method may be very important
in management of very low-birth-weight infants in whom this species accounts for
meningitis, respiratory disease and death. PCR was also faster than serological assays
and was suitable in immunocompromised patients (van Kuppeveld et al., 1994). A
PCR-based method for biotyping U. urealyticum was also developed that allows to
investigate the relationship between biovars and disease (Roberston ef al., 1993).

Before routine use of PCR-based diagnosis of mycoplasmal diseases, some prob-
lems remain to be resolved. False negative results, most probably due to polymerase
inhibitors, have been reported in clinical samples (Blanchard ef af., 1993b; Kaiet al.,
1993; Marmion ef al., 1993; Reznikov et al., 1995; leven et al., 1996). The nature of
these inhibitors is not clearly identified. However, procedures were described to
reduce the number of false negative, for example, reducing the volume of the sample
added to PCR reaction and increasing the proteinase K concentration (Blancharder al.,
1993b). Morcover, depending on their origin, DNA polymerases exhibit a different
sensitivity to PCR inhibitor in a given specimen (personal data). Therefore, distinct
thermostable DNA polymerases should be assayed to overcome this drawback. False
positive results may be avoided by including adequate controls. Procedures for this
purpose should be applied in all laboratories using ir vitro amplification either for
diagnosis or for basic research.

Veterinary mycoplasmas

Mycoplasmas of veterinary interest are shown in Table 3. These mycoplasmas have
been proved to be pathogens in their respective hosts. Therefore, particular efforts
were focused on developing suitable detection methods to survey outbreaks. Both
hybridization- and PCR-based methods were used to detect and identify mycoplasma
species in the veterinary field. Herein, we distinguished mycoplasmas included in the
M. mycoides cluster that are significant bovine, ovine or caprine pathogens (Cottew et
al., 1987; Erng, 1987) from mycoplasmas that are found in small and large ruminants,
and from avian mycoplasmas.

THE MYCOPLASMA MYCOIDES CLUSTER

The first mycoplasma isolated was the contagious bovine pleuropneumonia (CBPP)
agent described by Nocard and Roux (1898). This mycoplasma is now known as M.
mycoides subsp. mycoides small colony (SC) type and 1s included in the M. mycoides
cluster. This cluster comprises six groups: M. mycoides subsp. mycoides with two
types, SC and large colony (LC); M. mycoides subsp. capri; M. capricolum; M. sp.
strain F38; and M. sp. group 7 of Leach (Cottew ef al., 1987). M. capricolum and M.
sp. strain F38 were newly classified as M. capricolum subsp. capricolum and M.
capricolum subsp. capripneumoniae (Leach ef al., 1993).

Mycoplasmas belonging to this cluster are closely related, show serclogical cross-
reactivity and share several biochemical characteristics and so it is difficult to identify
species or subspecies by conventional methods (e.g., serological methods). A DNA
probe, CAP-21, described by Taylorer al. (1992), allowed the differentiation of strains
causing CBPP fromthose which did not produce the disease. A second DNA probe has
been reported by the same group, F38-12, and atlowed to distinguish M. capricolum
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Mycoplasma species Discascs Hosts
M. mycoides subsp. mycofdes SC CBPP bovine
M. mycoides subsp. myceides LC septicemia, arthritis and pneumonia goats

M. capricolum subsp. capricolum

M. cparicolum subsp, capripnenmoniae
M. mycoides subsp. capri

M. sp group 7 of Leach

M. bovis

M. agalactiae

M. gallisepticum

septicemia, arthritis and mastitis

CCPP

pneumonia and arthritis

arthritis and mastitis

mastitis, arthritis and respiratory diseases
contagious agalictia

respiratory diseascs

goats and sheep
caprine

goals

cattle

cattle

goats and sheep
chickens and

turkeys
M. synoviae respiratory discases chickens and
turkeys
M. meleagridis turkeys
M. iowae turkeys

subsp. capripneumoniae, agent of contagious caprine pleuropneumonia (CCPP),
fromM. capricolumsubsp. capricolum which causes septicemia, arthritis and mastitis
in goats and sheep. However, the cross-reactivity of these probes with other mycoplas-
mas or bacteria and their sensitivity remain to be determined.

Several PCR techniques have been developed to specifically detect and identify the
etiological agent of CBPP, M. mycoidessubsp. mycoidesSC (Bashiruddiner af., 1994;
Dedieu et al., 1994a; Hotzel et al., 1996). Bashiruddin ef af. (1994) used the CAP-21
probe sequence to design PCR primers that amplify all the members of theM. mycoides
cluster and identified the biotype SCby restriction analysis. Hotzelet al. (1996) used the
CAP-21 sequence as well to develop a nested-PCR assay that allowed the identification
of the biotype SC. Dedieuer al. (1994a) used sequences from a randomly cloned DNA
fragmenttodesign primers that detect specifically the biotype SC. However, neither the
structure nor the function of these DNA fragments have been described. Recently, a
lipase operon was cloned from M. mycoides subsp. mycoides LC and found to be
specifically present in all the species and subspecies within the M. mycoides cluster
{Rawadier al., 1995c¢). Primer sets chosen from this operon allowed specific detection
of the biotype SC, theM. sp. PG50 andM. capricolum. Although the biotype LC and the
subspecies capri could not be separated, they were easily distinguished from the other
members (Rawadi er al., submitted for publication). Although the 165 rRNA genes
from the members of the M. mycoides cluster are closely related thus preventing the
designof species-specific primers, the amplification of this gene and restriction analysis
allowed the identificationM. capricolum subsp.capripneumeoniae(formerly F38 type;
Ros Bascunanaet al., 1994; Bolske er al., 1966)

Arbitrarily primed PCR (AP-PCR), a variation of the basic PCR technique that
permits typing of bacteria by comparing the polymorphism of genomic fingerprints
generated by random amplification (Caetono-Anollés, 1993), has been applied to
identify mycoplasmas within the M. mycoides cluster (Rawadi ef al., 1995b). This
method allowed an accurate distinction among the six species or subspecies from this
cluster (Figure 2). However, this technique, in contrast to basic PCR ampiification,
requires a highly purified genomic DNA. and can be used only after a enrichment step
of the culture.
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Figure 2. Characterization of Mycoplasma mycoides cluster strains by AP-PCR fingerprinting (Rawadi
eral., 1995b). A~ strains belonging to Mycoplasma capricolnm subsp. capricolum, lanes: 1, California kid;
2, Limoge; 3, Vienne; 4, Goat-189; 5, 7714, B— Mycoplasma mycoides subsp. mycoides L.C, fanes: 6, LC
type; 7, 1177-2; 8, Farche; 9, 7730, C—Mycoplasma myecoides subsp, eapri, lanes: 10, PG3; 11, 88-117; 12,
L. Arrows indicate polymorphic bands specific for cach subspecies. Lane M, molecular weighit marker
aX | 74-HaelEL

OTHER SMALL AND LARGE RUMINANTS MYCOPLASMAS

M. agaluctiae is the agent of contagious agalactia in sheep and goats, an infection of
economic importance (Cottew, 1979). Different molecular tools were recently devel-
oped for the detection of this infection. An oligonucleotide probe complementary to
the V8.region of the 165 TRINA was described by Mattsson ef al. (1991). This probe
has been shown to cross-react with some bovine mycoplasma species. However, these
are not found in goats and sheep. Theretfore, this probe can be useful to detect
mycoplasmas in milk from animals. In order to set up a PCR assay for the amplifica-
tion of M. agalactiae, both Dedieu et af. {1994a) and Tola ef al. (1996) have cloned
and sequenced a specific but distinct DNA fragments from M. agalactive genomic
library and then afterwards designed specific primers sets. The identity of the
amplified fragment can be verified by restriction analysis of the amplicon (Dedieu er
al., 1994b). Ahhough PCR is well recognized as the most sensitive method for
bacterial diagnosis, particular attention should be taken when applying this technol-
Ogy upon veterinary specimens. the sensitivity of PCR-based assay for M. agalactiae
detection in animal milk was evaluated at 10° cfu/ml in experimental situation.
Therefore, survey of the mycoplasma milk contamination from animals need to be
improved by determining adequate DNA extraction methods in order to increase the
detection sensitivity and minimize the presence of thermostable DNA polymerase
inhibitors.

M. bovis is, after M. mycoides subsp. mycoides, probably the most important
pathogenic mycoplasma isolated from cattle (Gourlay and Howard, 1979). An oligo-
nucleotide probe complementary to the V6-region of the 165 rRNA gene was
described for the detection of this mycoplasma species (Mattsson er al., 1991). No
cross-reactivity has been observed using this probe with other bovine mycoplasmas,
whereas a positive signal has been obtained with M. agalacfice. Recently, the
complete 16S RN A sequence of M. bovis was reported by Matissoner ¢l. (1994). This
should allow the development of a PCR-based assay.
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AVIAN MYCOPLASMAS

M. gallisepticum, M. synoviae, M. meleagridis and M. iowae are the most significant
pathogens in domestic fowls. These mycoplasma species are transmitted in ove, and
lead to growth rate decrease as well as reduced production and hatchability of eggs
(Kleven and Yoder, 1989). Sensitive detection methods for systematic testing are
required to guarantee that animals and their progeny are free from these mycoplasmas.
DNA probes for M. gallisepticum and M. synoviae were utilized in hybridization
protocols because of their ability to detect new infection (Khan er al., 1987; Santha et
al., 1987; Geary ef al., 1988; Stipkovits e al., 1988; Hyman et ai., 1989; Levisohn er
al., 1989). Geary and colleagues (1988) described a detection procedure with a
biotinylated DNA probe which could be advantageous for safety reasons. Oligonucle-
otide probes complementary to the V8-region of 165 rRNA were reported for
species-specific detection of both M. gallisepticum and M. synoviae (Fernandezet al.,
1993). The latter technique increased the sensitivity of detection up to 2 to 3 x 10
organisms. In addition, a PCR-based method for the specific detection of M.
gallisepricum has been described by Nascimento er af. (1991).

Detection of phytoplasmas and spiroplasmas

The detection of phytoplasmas (formerly known as mycoplasma-like organisms or
MLOs} relies upon electron microscopy observation (Doi er al., 1967). Figure 3
shows phytoplasmas infecting Populus alba roots detected by transmission electron
microscopy. However, this technique requires skilled technicians and costly equip-
ment. Although phytoplasmas cannot be cultivated in vitro, monoclonal antibodies
could be produced that allowed the detection of these organisms by enzyme linked
immuno-sorbent assay (ELISA) or immunofluorescence (IF) (Martin-Gros ef al.,
1987). In addition, phytoplasmas DNA could be extracted from infected plants
(Kirkpatricket al., 1987, Searset al., 1989; Kollarer al., 1990; Fiaro and Locei, 1993),
thus DNA-based technology was applied to detect these organisms. Phytoplasmas, as
unculturable mycoplasmas, are typical candidates for diagnosis using genomics
methods. Several DNA probes have been described for the diagnosis of phytoplasmas
in plants and in insects that are vectors of the diseases. Garnier et al. (1991) reported
a specific DNA probe for witches’ broom discase phytoplasma and Bonnet et al.
(1990) identified a specific probe for apple proliferation-phytoplasma. The latter
group showed that RNA probes synthesized from cloned inserts by a RNA polymerase
were about 7-fold more sensitive than the corresponding DNA probes. Similarly,
RNA probes transcribed from DNA inserts using adequate cloning vector, allowed to
increase the sensitivity and the specificity of dot hybridization-based diagnosis of
western X disease-phytoplasma (Lee ez al., 1988). Two DNA fragments cloned from
the western aster yellow-phytoplasma were used in a DNA hybridization assay to
differentiate phytoplasmas that produce symptoms of virescence from those which do
not produce these symptoms (Kuske ef al., 1991).

Firrao et al. (1994) reported oligonucleotidic probes, complementary to the 168
tRNA genes able to specifically differentiate phytoplasmas of a group of related
diseases: apple proliferation, plum leptonecrosis, pear decline and peach decline.
Moreover, within this group, the use of tetramethyl ammonium chloride in the
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i,

Figure3. Phytoplasmas detected by iransmission electron microscopy. Phytoplasmas aze observed in the
roots of Populns alba. Arrows indicate phytoplasmal bodies (Photograph, courtesy of M.T. Cousin).

hybridization buffer increased the pairing stringency and allowed them to distinguish
plum leptonecrosis-phytoplasma from the other phytoplasmas.

Since MLOs 165 rRNA genes have been sequenced, PCR using these targets has
been applied to their diagnosis (Ahrens and Seemiiller, 1992). G35pm primers have
been described for the amplification of the aster yellows-phytoplasma strains (Pavis
er al., 1992). Later, universal primers sets that prime amplification from all known
phytoplasmas, have been designed and found to be suitable for phytoplasmas detec-
tion (Lee et al., 1993a; Saeced and Cousin, 1995). Lee et al. (1993a) defined
group-specific primers for the specific amplification of 165 TBNA by a nested PCR-
assay to identify phytoplasmas affiliated with defined groups including aster yellows,
peach X diseases and elm yellows-phytoplasmas. However, difficulties to identify
strain-specific PCR primers using 16S rRNA sequences were observed for some
phytoplasmas. The 16/238 rRNA spacer sequences have been suggested as a comple-
mentary approach to design primers for problematic MLO strains (Kirkpatrick et al.,
1994; Smart ef al., 1996). Sequence analysis showed that the 165-235 rRNA spacer
region (SR) from phytoplasma isolates contains a single and well-conserved Ile-tRNA
gene (Figure 4). PCR primers deduced from the SR sequences combined with primers
from within the 168 rDNA has allowed group-specific amplification. This approach
was found to be effective for the detection and identification of phytoplasmas from
field samples.

Spiroplasmas are well-established infectious agents of plants and insects. Unlike
phytoplasmas, these microorganisms can be detected by classical cultivation proce-
dures. In vitro cultivation is routinely used in specialized diagnosis laboratories (Lee
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165 FRNA SR 235 rRNA
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Figured. Comparison of the 165-238 rRNA spacer region (SR} between phytoplasmas (B) and the other
Molbcute species (A). In phytoplasmas, the SR includes a well-conserved Ile-tRNA gene, which allows
their differeatiation from other mycoplasmal species.

and Davis, 1984). In addition, an ELISA-based technique has been developed (Clark
et al., 1978). More sensitive techniques such as DNA hybridization were reported for
the detection of spiroplasmas (Nur ef al., 1986). DNA probes were based on the
plasmid pRA1 (Razin et al., 1987b) and on the spiralin gene encoding the major
protein from §. citri (Mouches et al., 1984). These probes have been shown to be able
to detect spiroplasmas in plants without cross-hybridization with phytoplasmas or
other microorganisms. The sensitivity of these assays was about 10° organisms.

Very few PCR assays for the detection of spiroplasmas appeared in the literature. It
may be due to the presence of PCR inhibitors in crude extracts from plants. An
immunocapture-PCR (IC-PCR) assay has been developed that allowed to overcome
this limitation (Saillard et al., 1994). The single-stranded circular DNA virus, SpVvl,
found in all$. citri strains (Renaudiner al., 1990), was used as a target in IC-PCR. The
sensitivity of this assay was estimated to be about 10? organisms per 50 pl of plant
homogenate. More recently, random amplification of polymorphic DNA (RAPD),
has been applied to identify spiroplasmas strains (Ahad ef al., 1994). This technique
displayed amplification patterns that allowed the distinction of reference strains.
Although this technique appears very promising, the results are highly dependent on
experimental conditions (PCR mixture, DNA extraction methods, origin of the Tag
polymerase, etc.) and more information is required to determine its utility as a
diagnosis tool.

Detection of mycoplasmas contaminating ceil cultures

Unlike bacteria and fungi, mollicutes contaminating cell cultures usually produce no
turbid growth and are resistant to antibiotics commonly used in culture media. The
most common contaminants found in cell cultures are two bovine mollicutes, M.
arginini and Acholeplasma laidlawii, two human mollicutes, M. orale and M.
Jermentans and a porcine mollicute, M. hyorhinis (Barile and Rottem, 1993). How-
ever, other species such as M. pirum, M. salivarium and M. hominis have also been
isolated. Mycoplasmas usually grow on the cell surface (Figure 5) and are known to
be able to virtually alter every property and parameter measured in cell cultures
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Figure 5. 3T6 cell infected with Mycoplasma salivarium. shown by scanning electron microscopy. The
photograph shows adherent mycoplasmas growing upon the cell surface (Photograph, G. Rawadi ard D.
Lecague).

leading to unreliable experiments and unsafe biopharmaceutical drugs and virus
vaccines. Although the origing of contamination are laboratory personnel and com-
mercial antmal sera used in culture media, the main way of contamination of clean
cultures are mollicute-infected cultures (Hay et al., 1989). Periodic screening is
therefore essential to control contamination and to maintain mollicute-free cell
lines.

Numerous methods for detecting mollicute infection in cell cultures have been
developed. Direct tests are based on microbiological culture using specific media.
Although these methods are considered as the most sensitive and specific, 10 to 14
days incubation is necessary to obtain the result. Moreover, some mycoplasma species
{e.g. M. hyorhinis) are difficult to cultivate and remained very often undetected by
these methods (McGarrity ef al., 1979). Indirect tests consist on measurement of
specific markers or characteristics associated with mollicutes, including DNA fluoro-
chrome staining, ELISA, IF, electron microscopy, autoradiography and biochemical
assays (McGarrity and Kotani, 1985; Hay et al., 1989; Barile and Rottem, 1993).
Comparative studies of these methods all agreed that there is no ‘gold standard’
method, since each may yield both false negative or false positive results, even under
standardized conditions. At least two techniques should be conducted on the same
sampie in order to obtain a reliable diagnosis. DNA hybridization and PCR amplifica-
tion-based methods have been developed and surpass all these conventional methods
by their reliability and sensitivity.

DNA-DNA hybridization is based on either the 168 tRNA genes or 23S rRNA
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genes hybridization (Johanssen er al., 1990; Johansson, 1993). These methods are
rapid but have been shown to cross-react with Gram-positive bacteria, especially the
H900 probe, yielding unspecific hybridization (Johansson et al., 1990). The detection
limit is 10° to 10* organisms, thus it is not suitable for monitoring eradication of
mycoplasma contamination nor for the detection of the enset of contamination.

PCR has been widely and successfully applied to the detection of mycoplasmas
contaminating cell cultures (van Kuppeveld ez al., 1992, 1994; Spaepen et al., 1992;
Hoperter al., 1993; Rawadier al., 1993; Teyssouet al., 1993; Roulland-Dussoixet al .,
1994). Recent advances in this field have been reviewed elsewhere (Rawadi and
Dussurget, 1995).

Once more the 168 IRNA genes are used to design primers. One can distin guishtwo
type of primer sets, mollicutes-specific primers that are able to detect all mycoplasmas
comtaminating cell cuitures and species-specific primers that can be used to identify
the species. This aspect was discussed elsewhere (Rawadi and Dussurget, 1995).
Cross-reactivity of primers with other bacterial species and especially with the closely
related clostridial species was reported by some investigators (Spaepen et al., 1992;
Teyssou et al., 1993). However, bacterial contamination can usually be spotted
visually and clostridia are not common cell culture contaminants.

The 165-238S spacer region of rRNA operons has been used as an amplification
target and a nested-PCR approach was suitable for detection and identification of
mycoplasmas in cell cultures (Uemori et al., 1992; Harasawa et al., 1993},

The detection limit of PCR-based methods has been shown to be as little as one
mycoplasma contaminating 10° cells (Rawadi et al., 1993). Such a sensitivity should
allow the detection of onset contamination and the monitoring of mycoplasmas
eradication from cell cultures. In a previous study conducted upon more than 300 cell
cultures we have shown that PCR-based detection was able to cover all mycoplasma
contamination found in cell culture (Roulland-Dussoix ef al., 1994). These results
were in agreement with other reports (Teyssou ef al., 1993; Rawadi er al., 1993;
Hoppertet al., 1993; van Kuppeveld et al., 1994). So far, and over a 4-year period, we
have extended this study to include more than 1000 cell cultures that have been
submitted to our laboratory for mycoplasma screening (unpublished data). Neither
false positive nor false negative results have occurred, therefore we consider the PCR
to be the most suitable assay for mycoplasma detection and in cell cultures.

Perspective

Diagnostic microbiology laboratories are continuously undertaking efforts to update
methods to provide highly accurate, costless, and timely results to clinicians and
research and development faboratories. This review highlights advances in molecular
detection of mycoplasmas. Traditional detection methods rely mainly on in vitro
cultivation and serology. Molecular technology overcomes the problems of fastidious
cultivation (e.g. phytoplasmas and M. hyorhinis), and of anti-serum cross-reactivity
(e.g. M. mycoides cluster, M. pneumoniae).

Genotypic methods have been shown to be the most sensitive and reliable ones,
Nevertheless, two major handicaps have been encountered. First, althou gh hybridiza-
tion procedures using radiotabelled probes have been simplified to be more accessible,
many laboratories cannot perform it for reasons of safety and cost. Moreover, non-
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radioactive markers (e.g. biotin, digoxigenin} which have been proposed to substitute
radioactive ones, are less sensitive. Secondly, the validation of PCR-based results
relies upon two criteria: availability of reliable positive and negative controls. PCR
yields a million of DNA copies starting from a few ones, therefore negative control is
essential to verify the absence of carry-over contamination which may lead to false
positive results. It has been reported that samples may contain trace inhibitors of DNA
polymerase enzymes producing false negative results. Several techniques are avail-
able to set-up positive control. Briefly, positive controls consist on the coamplification
of a foreign plasmid with a distinct primers set or on the coamplification of a
genetically modified DNA target with the same primers set. Recently, low stringency
PCR has been used to detect mycopiasmas contaminating cell cultures and provides a
reliable positive control (Rawadi and Dussurget, 1995). Laboratory practices neces-
sary to minimize the hazard of contamination and inhibition prevented fast diffusion
of PCR-based diagnosis, especially in clinical [aboratories. Indeed, the reliability of
the results depending on the controls appears to be crucial in the field of human
diseases diagnosis.

Accumulation of informations and standardization efforts are needed in order to
facilitate evaluation of the molecular diagnosis techniques. Data bases exist for gene
and protein sequences and DNA, RNA and protein motifs (Doolittle, 1996). Now, a
PCR primers database is being developed on the Internet (http://www.ebi.ac.uk /
primers_home. html). The database is searchable at www-srs.caos.kun.hl/srs. wgetz.
Such a database should save time and money and facilitates standardization because
it includes only optimally designed sets of primers and their optimal conditions of
reaction, resulting in a high level of reproducibility. A similar database for synthetic
probes up to 100 nucleotides long, Molecular Probe Data Base (MPDB), is available
on-line at http://www biotech.ist. unige.it/interlab/mpdb.html (Campi et al., 1997).
Enhancements of such databases and/or introduction of commercial assays with
standard hybridization procedures and quality control of reagents would help molecu-
lar diagnosis techniques to fulfil regulation requirements and become routine techniques
in diagnosis laboratories.

Quantitative detection would be of great value in every field reviewed above,
Several systems have been proposed to quantitatively detect specific DNA. Sidhu ez
al. (19935) used competitor internal standards for quantitative detection of mycoplas-
mal DNA which also served as positive controls. The Taghan detection system by
Perkin Elmer combines probe-hybridization and PCR, avoiding the time consuming
steps of electrophoresis and/or blotting of the PCR products. It employs the 5" to 3'
exonuclease activity of Tag DNA polymerase (Holland er al., 1991} that cleaves a
probe bearing a reporter dye and a quencher dye when it hybridizes to the target DNA
during the amplification. The increase in the fluorescence of the reporter dye that has
been released is detected on a fluorometer and allows quantitation of the amplicons. In
addition, multiplex amplifications can be applied since different fluorescent dyes can
be used. Tyagi and Kramer (1996) have developed probes called molecular beacons,
that fluoresce only when hybridized to target DNA {(Figure 6). These highly specific
probes allow monitoring of amplification in real-time and their fluorescence can be
used to determine the initial template concentration (Figure 7). Alternatively, Wittwer
et al. (1997) reported fluorescence monitoring of rapid cycle DNA amplification by
three techniques: (i) the double-strand-specific dye SYBR Green I, (ii) a dual-labeled
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Figure 6. Principie of operation of molecular beacons. The hairpin stem formed by the complementary
arm sequences carnot coexist with the rigid double helix that is formed when the probe hybridizes to its
target. Consequently, the molecular beacon undergoes a conformational change that forces the arm
sequences apart and causes the fluorophore to move away from the quencher (reproduced with permission
from Tyagi and Kramer., 1996},

5'-exonuclease hydrolysis probe, and (iii) resonance energy transfer of fluorescein to
Cy3 by two adjacent probes.

Other amplification techniques showing an advantage over PCR have been de-
scribed. Tyagi ef al. (1996) reported a gene detection assay using binary probes and
Qp replicase. The strategy is based on (i) hybridization of two different RNA probes
to adjacent positions on a target nucleic acid, (ii) Hgation of the probes in a target-
dependent reaction and (iii) isothermal amplification of this newly formed reporter
RNA by the Qf replicase Jeading to billion copies of the template in 30 minutes
(Figure 8). They demonstrated that their simple assay avoids all major PCR-related
problems. It uses a universal protocol for all infectious agents suspected and all tissues
tested and does not require expensive equipment. The process described rules out the
possibility of inhibition and false positive reaction. Multiplex assay as well as
quantitative measurement can be applied to QP replicase detection. Stone ez al. (1996)
described a prototype automated infectious agent detection system usin g QP replicase
RNA probe amplification in conjunction to real-time fluorescence detection of
amplification. They used the instrument to detect tRNA from four respiratory patho-
gens including M. preumoniae. The sensitivity was comparable to some PCR assays,
since 10 to 100 cfu could be detected. However, the assay showed some cross-
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Figure 7. Monitoring polymerase chaia reactions in real time. A molecular beacon was included in four
different polymerase chain reactions. One reaction was initiated with 10°template molecules containiag a
complementary target sequence (1); a second reaction was initiated with 107 molecules of the same template
{n); a third reaction was initiated with an unrelated set of template molecules and primers (m); and a fourth
reaclion was initiated without adding template melecules (0). The reactions were divided iato aliquots.
Each aliquot was incubated for a predetermined number of amplification cycles, and its fluorescence was
measured at 37°C (reproduced with pernission from Tyagi and Kramer, 1996).

reactivity when a 10°-fold excess of M. genitaliumwas used. The automated assay was
performed in 7 h for a 10-sample batch with 3 h to first resuit while reducing hands-
on time and risk of cross contamination, two important parameters in clinical
laboratories. Nucleic acid sequence-based amplification (NASBA), is another alterna-
tive approach to PCR. The technique is based on an isothermal RINA amplification
using avian myeloblastosis virus reverse transcriptase, T7 RNA polymerase and
RNase H, without the need for specialized equipment (e.g. thermocycler). NASBA
has been shown 1o be a sensitive, specific and rapid method to detect and identify
infectious agents in biological samples (Kievitser al., 1991; vander Vdieter al., 1993).
Ovyn et al. {1996) also used NASBA followed by an hybridization in an enzyme-
linked gel assay for typing a collection of M. pneumoniae strains. Other isothermal in
vitro nucleic acid amplification techniques have been tried to detect infectious agents
in specimens, e.g. strand displacement amplification (SDA) reported by Down ez al.
(1996).

Recently, microfabricated chip devices have been applied to DNA analyses and
diagnosis inchuding microbial identification (Beattie et al., 1995; Yersovet al., 1996).
This technology enables the use of smaller samples and faster reactions. Cheng et al.
(1996) successfully used silicon-glass chips for PCR from extracted genomic DNA
and from intact lymphocytes. They showed that HotStart PCR using a mixture of
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Figure 8. Schematic representation of the key physical and enzymatic steps used in a binary probe assay
for gene detection. Both the target and the binary probes are RNA molecules. The capture probes are DNA
molecules. Two different capture probes are used to increase the efficiency of capture. They hybridize to
the 1arget RNA on opposite sides of the sequence to which the binary probes are bound. Incubation with
ribonuclease H digests the target RNA where it is bound to each capture probe, selectively releasing the
binary probe-target hybrid from the surface of the paramagnetic particle. After removal of the particle with
a magnet, the isolated hybrid is incubated with T4 DNA ligase {which serves here as an RNA-dependent
RNA ligase), resulting in the formation of a reporter RNA that is then amplified exponentially by incubation
with QP replicase {reproduced with permission from Tyagi et al., 1996. Copyright (1996) National
Academy of Sciences, USA).
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TaqStart antibody and Tag DNA polymerase was more suitable for chip-PCR than the
conventional system using Taq DNA polymerase. Eggers and Ehrlich (1995) used a
genosensor technology involving microchips on which oligonucieotidic probes com-
plementary to bacterial rfRNA are bound at predetermined addresses. Fluorigenic
hybridization of the probe to a nucleic acid target and its address are monitored by a
charge-coupled device camera. The sensitivity of the assay was 1000 rRNA mol-
ecules, i.e. 1-10 bacteria. Current developments are directed toward optimization of
DNA chips technology in order te increase its performance, e.g. reducing human
intervention, costs and complexity by automation and integration of extraction,
reaction and detection in a single system. These are fundamental steps before its
clinical application for molecular diagnosis of infectious diseases.

In conjunction to these advances in technology, the development of our knowledge
of molecular genetics of mycoplasma, and the information following genome projects
make it likely that many more genotypic methods will be applied to laboratory
diagnostics in the next decade.
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