Genetics

Detection and Differentiation of Plant-Pathogenic Mycoplasmalike Organisms
Using Polymerase Chain Reaction

Shigetou Namba, Shosuke Kato, Setsuo Iwanami, Hiroshi Oyaizu, Hiroyasu Shiozawa, and Tsuneo Tsuchizaki

First author: associate professor, Faculty of Agriculture, University of Tokyo, Tanashi, Tokyo 188, Japan; second and third authors:
chief and senior researcher, respectively, National Agriculture Research Center, Tsukuba, Ibaraki 305, Japan; fourth and last
authors: associate professor and full professor, respectively, Faculty of Agriculture, University of Tokyo, Bunkyo-ku, Tokyo 113,
Japan; fifth author: director, Japan Plant Protection Association, Toshima-ku, Tokyo 170, Japan. Please direct correspondence

to first author.

We gratefully acknowledge S. Kawabe, M. Sato, H. Kawakita, and M. Katsuhara, National Institute of Sericultural and Entomological
Science, Tsukuba, Ibaraki 305, Japan, for supplying a culture of Mycoplasma orale, and healthy and mulberry dwarf infected
mulberries. We thank K. Ohira, M. Nishiyama, and K. Adachi, Faculty of Agriculture, University of Tokyo, Bunkyo-ku, Tokyo
113, Japan, for technical assistance. We also thank B. C. Kirkpatrick, Department of Plant Pathology, University of California,

Davis, for reviewing this manuscript and for helpful discussions.

Accepted for publication 11 March 1993.

ABSTRACT

Namba, S., Kato, S., Iwanami, S., Oyaizu, H., Shiozawa, H., and Tsuchizaki, T. 1993. Detection and differentiation of plant-pathogenic mycoplasmlike

organisms using polymerase chain reaction. Phytopathology 83:786-791.

Specific oligonucleotide primers were synthesized using sequence data
of the 16S rRNA gene from three plant-pathogenic mycoplasmalike or-
ganism (MLO) groups (I-111). When used as primers in the polymerase
chain reaction (PCR), four sets of primer pairs were identified: 1) molli-
cute-specific, 2) MLO-specific, 3) MLO-group I-specific, and 4) MLO-
group Ill-specific. MLO 16S rRNA genes were selectively amplified by
PCR from infected plants and vector insects. Using these primers and
thermal cycling conditions, this technique was effective for detecting MLO
16S rRNA genes from diseased plants and infected insect vectors and
for differentiating MLO 16S rRNA genes from similar rRNA genes of
eukaryotic host organelles and other microorganisms associated with

healthy vector insects. Using group-specific primers, the 165 rRNA gene
of each MLO group was also differentially amplified. A modified PCR
method (recycled PCR [RPCR]) was developed to perform several differ-
ent PCR reactions simultaneously in one tube by adding the second primer
to the tube containing the first PCR products. RPCR enabled detection
of mollicute-specific DNA fragments and MLO-specific or group-specific
DNA fragments as multiple bands. Each MLO group could be identified
reliably by RPCR. These results show the utility of PCR for diagnosing
MLO diseases and the development of a phylogenetically based MLO
taxonomy.

Additional keywords: prokaryotes; Mollicutes; MLO-groups I, I1, and III; diagnosis.

Mollicutes are wall-less prokaryotes which are associated with
many important diseases of humans, animals, arthropods, and
plants (29). The origin and phylogenetic relationships of Molli-
cutes have been studied by analysis of 16S and 5S rRNA se-
quences and by oligonucleotide cataloging (21,23,30,36-38).
Cloned Mollicutes’ rRNA genes have been used as sensitive
hybridization probes to detect mycoplasma contamination in cell
cultures (6,7) and to detect Mycoplasma fermentans (incognitus
strain) from AIDS patients (22). Oligonucleotide probes com-
plementary to the variable regions in the 16S rRNA can distinguish
species of Mollicutes (5). Polymerase chain reaction (PCR) using
primers that amplify a species-specific gene have been used to
detect Mycoplasma pulmonis contamination in animal cell cul-
tures (15).

Since the nonculturable mollicutes, commonly referred to as
mycoplasmalike organisms (MLOs), were first discovered in 1967
(4), they have been implicated as pathogens in more than 300
plant diseases worldwide (24). However, because these unique
prokaryotes have not yet been cultured in vitro, their evolutionary
origin and genetic diversity are largely unknown. Molecular clon-
ing of MLO, chromosomal DNA fragments extracted from MLO-
infected plants (2,14,18-20,26,33) and from vector insects (13)
has made hybridization probes available for detection of these
pathogens in plants and insects and for studies of their genetic
relationships. These probes have facilitated comparison and differ-
entiation among MLOs, but not their phylogenetic relationships
with other prokaryotes. To address this problem, molecular phy-
logenetic analyses of the 16S rRNA gene of MLOs have been
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reported recently (12,17,19,21,27,33). Oligonucleotide probes that
are specific for the MLO 16S rRNA gene but do not recognize
rRNA of plant mitochondria and chloroplasts improved the
sensitivity of tests to detect nonculturable Mollicutes when used
in place of cloned chromosomal DNA probes (11). This suggests
that the MLO 16S rRNA gene can be useful for identification
and differentiation of MLOs. Recent studies on the 16S rRNA
sequence of western X MLO, a severe strain of western aster
yellows MLO (SAY-MLO) (12,17,19), a virescence MLO
associated with the phyllody of Oenothera hookeri (O-MLQO)
(21,33) in the United States, and six Asian MLOs (27) suggest
that these MLOs are most closely related to Anaeroplasma and
Acholeplasma but are evolutionarily distinct from animal
mycoplasmas.

Recent studies suggest the utility of PCR as a diagnostic tool
for MLO diseases. Deng and Hiruki (3) reported that 16S rRNA
genes of MLOs could be amplified by PCR using specific primers.
Ahrens and Seemiiller (1) established a diagnostic method using
restriction fragment length polymorphism (RFLP) analysis of
PCR amplified 16S rRNA genes. In this work, we describe the
effective detection and differentiation of various MLOs by PCR
amplification of the 16S rRNA gene using combinations of MLO-
specific primers. We then describe a modified PCR method (re-
cycled polymerase chain reaction [RPCR]) developed to perform
multiple PCR amplifications simultaneously in one tube. A pre-
liminary report of this study was presented at the meeting of
the Phytopathological Society of Japan, Tokyo, on July 24, 1992,

MATERIALS AND METHODS

Sources of MLOs. Four MLO isolates (onion yellows [OY]
[25], tsuwabuki witches-broom [TW] [9], tomato yellows [TY]



TABLE 1. Identification of mycoplasmalike organisms (MLOs) and plant hosts

Literature
Group® MLO (abbreviation) Plant (latin name)® Vector insect cited
| Onion yellows (0Y) Garland chrysanthemum Macrosteles orientalis Virbaste 25
(Chrysanthemum coronarium L.)
Tomato yellows (TY) Tomato ( Lycopersicon esculentum Mill.) M. orientalis Virbaste 10
Garland chrysanthemum
Mulberry dwarf (MD) Mulberry Hishimonus sellatus Uhler 4
(Morus bombycis Koidz cv. Wase Midori) Hishimonoides sellatiformis Ishihara
Paulownia witches’ broom (PW) Paulownia Cyrtopeltis tennuis Reuter 4
(Paulownia tomentosa (Thunb.) Steud.) Halyomorpha mista Uhler
11 Tsuwabuki witches’ broom (TW)  Tsuwabuki Scleroracus flavopictus Ishihara 9
(Farfugium japonikum Kitamura)
Garland chrysanthemum
III Rice yellow dwarf (RY) Rice (Oryza sativa L.) Nephotettix cincticeps Uhler 28
N. nigropictus Stal
N. virescens Distant
* MLO groups classified by the 16S rRNA sequence.
® Plants used to maintain each MLO.
TABLE 2. Primers for polymerase chain reaction (PCR) amplification
and sequencing of 168 rRNA gene of plant-paghogenic mollicutes 16S rRNA gene
PRIMER SIZE
Length
. » ’ P |
Primer ' Sequence (5’ - 3) Position (mer) g:ilgg:ssa‘:t 1370  —— <
SN910601° GTTTGATCCTGGCTCAGGATT 1-21 21
9F GTTTGATCCTGGCTC 1-16 15 MLO specific 750 - —
SN920201 ATCCTGGCTCAGGATTAA 6-23 18
SN920203° TTTAAGCAATTAAACTTTA 63 - 81 19 MLO-I specific 1300 —
120R GTGTTACTCACCCGT 103 - 89 15
350F TACGGGAGGCAGCAG 335-349 15 MLO-IIl specific 1030 e
350R CTGCTGCCTCCCGTAG 349 - 334 16
520F GTGCCAGCAGCCGCGG 501 - 516 16 : = S - - =
520R ACCGCGGCTGCTGGC 517 -503 15 Fig. 1. Location of each primer and expected size of amplified specific
SN910501 AATATATGGAG(A)GAACA 688 - 709 22 DNA fragments. Arrows indicate the direction of synthesis for each primer.
CCA(T)GTA(G)
€ - .
SN920204° CCTCAGCGTCAGTAA 746 - 732 15 at 65 C and centrifuged for 5 min at 1,200 g. The supernatant
i ATIAGATACCCTGUTA 13- 1 was extracted with chloroform-isoamyl alcohol (24:1) and precipi-
920R GTCAATTCCTTTGAGTTT 902 - 885 18 S my : precip
SN920202° ATGCACCACCTGTATCC 1031-1015 17 tated with isopropanol. The resulting pellet was resuspended in
1099F GCAACGAGCGCAACCC 1074-1089 16 100 ul of TE (10 mM Tris, | mM EDTA, pH 8.0) buffer and
1100R AGGGTTGCGCTCGTTG 1090 - 1075 16 stored at 4 C. ,
SN911201 GATACAATGGCTG 1209 - 1221 13 Total DNAs from Mycoplasma orale culture (0.5-mg bacterial
SN911202 CAGCCATTGTATC 1221-1209 13 pellet for each extraction) and insects (five insects for each extrac-
SN910502° AACCCCGAGAACGTATTCACC 1368 - 1348 21

SN910602 AGGGATACCTTGTTACGACTT 1494 - 1374 21

*The numbers of the positions are followed in the 16S rRNA sequence
of group I mycoplasmalike organism (MLO) (27).

® Primers used for PCR,

“ Primers used for PCR and sequencing.

[10], and rice yellow dwarf [RY] [28]) were maintained in
greenhouse-grown host plants by serial inoculation with insect
vectors. Two MLO isolates (mulberry dwarf[MD][4] and paulow-
nia witches~broom [PW] [4]) were collected in fields. MLO
isolates and plant hosts used in this study are listed in Table 1.
Healthy plants were also grown and used as controls.

The leafhopper Macrosteles orientalis Virbaste, a vector of the
OY-MLO, was maintained on both healthy and OY-MLO-in-
fected garland chrysanthemum (Chrysanthemum coronarium L.).

DNA isolation. Total DN A samples from healthy control plants
and MLO-infected plants were isolated using a modification of
the procedure described by Koller et al (14). A tissue sample
of 0.3 g was ground using a mortar and pestle in 0.9 ml of
extraction buffer containing 2.5 M NaCl, 0.5% (w/v) PVP-10
(Sigma Chemical Co., St. Louis, MO), 1% (w/v) CTAB (hexa-
decyltrimethylammonium bromide), 0.5 M Tris-HCIl (pH 8.0),
0.25 M ethylenediaminetetraacetic acid (EDTA) (pH 8.0), and
0.2% I-thioglycerol. The suspension was incubated for 30 min

tion) were prepared by the extraction procedure given above for
plant tissue. The pellet from the insect sample was resuspended
in 2 ul of TE buffer.

DNA was also isolated from an MLO-enriched fraction that
was prepared from herbaceous and woody plant tissues using
a previously reported procedure (16). DNA extracted from healthy
plants using the MLO-enrichment procedure served as the experi-
mental control.

Primers for PCR and sequencing. A search was made for pub-
lished sequence data of 16S rRNA genes of the O-MLO (21),
SAY-MLO (17), and other culturable Mollicutes, rickettsias,
Escherichia coli, chloroplast, plant mitochondria, and the 16S-
like rRNA sequences of eukaryotes in the GenBank database
(R. 68.0, June, 1991) using a Hitachi Software Engineering
DNASIS system (Version 7.01; Hitachi, Japan). On the basis
of these aligned 16S rRNA sequences, a universal primer set
(SN910601 and SN910502) (Table 2; Fig. 1) highly homologous
to all genera of the class Mollicutes was synthesized and used
for PCR (27).

Using the universal primer set, the 16S rRNA genes of MLOs
were amplified by PCR from MLO-enriched fractions of plants
infected with each of six Asian MLOs (27), and these DNA
fragments were sequenced. A phylogenetic tree constructed using
the sequence data of these Asian MLOs and USA MLOs (O-
MLO and SAY-MLO) showed that these MLOs consist of
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phylogenetic diverse microorganisms and could be classified into
three groups: 1 (OY, TY, MD, PW, O-MLO, and SAY-MLOQO),
IT1 (TW), and I1I (RY).

Three primers (SN920202, SN920203, and SN920204; Table
2) were synthesized and used for both PCR and sequencing re-
actions, according to their specificity. The primer SN920204
(Table 2) is specific and universal for all previously sequenced
MLOs. Primers SN920203 and SN920202 (Table 2) are specific
for MLO groups I and III, respectively. Fifteen additional primers
(Table 2) specific for the 16S rRNA gene of six Asian MLOs
(27) were synthesized and used for sequencing with the above
primers. These primers were synthesized using a DNA synthesizer
(Type 391, ABI Japan, Tokyo) (34).

PCR amplification. Total DNA samples of 1 ul each from
OY-, TW-, TY-, RY-, MD-, and PW-MLO-infected and healthy
plants; total DNA from vector insect tissue; and total DNA from
M. orale were used as PCR templates. The amplification was
performed in a 20-ul PCR reaction mixture containing 250 uM
each of dATP, dGTP, dCTP, and dTTP, 1 uM of each upstream
and downstream primer (SN910601 and SN910501, respectively),
2 pl of 10X PCR reaction buffer (Promega Corp., Madison, WI),
0.1 U Tag DNA Polymerase (Promega Corp.), and 100 ul paraffin
liquid (light) (261-32GR, Nacalai Tesque Corp., Tokyo, Japan).
Usmg the universal primer set, PCR was carried out for 50 cycles
in a Thermo Processor TR-100 (Taitec Corp., Saitama, Japan)
under the following conditions: the first cycle, denaturation 90 s
at 94 C; ramping over 40 s to 60 C, annealing 2 min at 60 C,
ramping 30 s to 72 C, extension for 3 min at 72 C; the continuing
cycles, denaturation 2 min at 94 C; the final cycle, extension
for 7 min at 72 C. Denaturation and annealing conditions were
the same as for the first cycle (8,31).

Thermocycling was done for 20 cycles with the MLO-specific
primer set (SN910601, SN920204) and for 10 cycles with the group
I-specific primer set (SN920203, SN910502) and group IlI-specific
primer set (SN910601, SN920202). The annealing temperature
was 40 C for these three primer sets; other conditions were as
mentioned above.

Recycled PCR (RPCR). In our experiments, PCR was initially
done using total DNA extracts of plant tissues by the universal
primer set (allowing amplification of the 16S rRNA genes of
Mollicutes). For positive samples, another amplification was done
for confirmation and identification of the MLO group. However,

Total DNA MLO genomic DNA

Primer 1, 2
Taq DNA polymerase 1
PCR buffer ~n

.

HPCR (Step 1)

@

RPCR (Step 2)

[

1
\‘
e
3

~—

RPCR amplified DNA

Fig. 2. Recycled polymerase chain reaction strategy. Each numbered arrow
indicates a primer and its direction of synthesis.
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because of the labor and expense required to repeat the PCR
for each sample, the PCR method was modified to simultaneously
amplify the MLO or MLO group-specific sequences. The modified
method consisted of two consecutive steps of the amplification
reaction (i.e., step 1 and step 2) (Fig. 2). The amplification was
performed in a 50-ul PCR reaction mixture containing the same
ratio of each component as in the original PCR described above.
Thermocycling conditions were as given above at step 1 for 10
cycles and at step 2 for 10 cycles (at an annealing temperature
of 40 C). This method could be performed continuously for each
independent amplification reaction in one tube without any sub-
sequent additions, except for the proper primer. The first PCR
reaction (step 1) amplified the 16S rRNA gene using the universal
primer set. Then another primer, specific for MLO, group I, or
group IlII, was added, and the novel DNA fragments were ampli-
fied in a second PCR reaction (step 2) (Fig. 2). PCR amplification
of 10 cycles for each step was enough to detect target DNA frag-
ments by agarose-gel electrophoresis. The DNA fragments ampli-
fied by two-step PCR were detected by agarose-gel electrophoresis
as composite bands consisting of the two reaction products. Be-
cause the PCR reaction components were recycled, except for
the second-cycle primer, we refer to this technique as the recycled
polymerase chain reaction (RPCR).

DNA sequence analysis of amplified DNAs. A part of each
PCR-amplified sample DNA was purified by agarose-gel electro-
phoresis as previously described (32). The sequence of each DNA
was determined with Sequenase Kit Version 2.0 (U.S. Biochemical
Corp., Cleveland, OH) using synthetic primers (Table 1) and *S
dATP (Fig. 1). Manganese was used for the sequencing buffer
to improve the extension reaction according to the commercially
supplied protocol (35).

RESULTS AND DISCUSSION

Detection of MLO 16S rRNA gene from plants by PCR. Using
the universal primer set, the 1,370-bp DNA fragment of the 16S
rRNA gene was expected to be amplified by PCR (Fig. 1). In
agarose-gel electrophoresis, a band was detected at about 1.4 kbp
from both the DNA preparation of the MLO-enriched samples
(Fig. 3, lane 3) and the total DNA extract of various MLO-
infected plants (Fig. 3, lanes 5,7,9) and M. orale (Fig. 3, lane
10). PCR was also done using each DNA template extracted
from MLO-infected plant tissue and the MLO-specific or cor-

123456789 101112131415

Fig. 3. Agarose-gel electrophoresis of polymerase chain reaction (PCR)-
amplified 1.4-kbp 16S rRNA gene fragments (upper arrowhead) from
mycoplasmalike organism (MLO)-enriched (lanes 2,3) or total DNA
samples (lanes 4-10,14,15) using the universal primer set (SN910601 and
910502), and RPCR-amplified 1.4-kbp (upper arrowhead) and 0.75-kbp
(lower arrowhead) 16S rRNA gene fragments from total DNA samples
using the universal primer set (step 1) and MLO-specific primer (SN-
920204; step 2; see text; lanes 11-13). Lane 1 contains A-EcoRI+HindIII
markers. Lanes 2-15 contain PCR products from healthy (lanes 2,4,6,11),
OY-infected (lanes 3,5,12), and TW-infected (lane 7) garland chrysan-
themum, PCR products from healthy (lane 8) and RY-infected (lane 9)
rice, PCR products from a Mycoplasma orale culture (lanes 10,13), PCR
products from MLO-free (lane 14) and OY-MLO-infected (lane 15) Macro-
steles orientalis leafhopper. A 4-pl sample from a total of 20 ul of each
reaction mixture was run on a 1.0% agarose gel. The gel was stained
with ethidium bromide and photographed under UV light.



responding group-specific primer set (Fig. 1). By the use of MLO-
specific primer, the 750-bp band from MLO-infected plants was
expected to be amplified (Fig. 1). The group I-specific primer
was expected to amplify the approximate 1,300-bp band from
plant tissues infected with group I MLOs (Fig. 1). The group
ITI-specific primer was expected to amplify the approximate 1,000-
bp band from plant tissues infected with group III MLOs (Fig.
1). Each corresponding band of the expected size was detected
from these samples (Fig. 4, lanes 3-5; Fig. 5, lane 3). In these
PCRs, no band was amplified from healthy samples (Fig. 3, lanes
2,4,6,8; Fig. 4, lane 2; Fig. 5, lanes 2,4,6), a M. orale culture
(Fig. 3, lanes 10; Fig. 4, lanes 6; Fig. 5, lane 8), or diseased
samples infected with MLOs, each of which group is different
from that of primer pair (Fig. 5, lanes 3,5).

A 30-cycle reaction was enough to provide detectable ampli-
fication (data not shown). Even after 50 cycles, no nonspecific
bands were observed (Fig. 3, lanes 3,5,7,9,10; Fig. 4, lanes 3-5;
Fig. 5, lane 3). However, high molecular bands were sometimes
observed only in the positive samples with use of the universal
primer set after 40 cycles of amplification. Ahrens and Seemiiller
(1) reported a nonspecific band appearing after 40 cycles of
amplification from healthy samples. This may be due to lower
specificity of the designed primer or lower annealing temperatures.
In our case, these high molecular bands were only from diseased
samples. However the origin of these bands is not known.

At first, the primer pair of SN910601 and SN910602 did not
work well; however, Deng and Hiruki (3) reported that a primer
pair of “1 and 6” from the same region worked well. The problem
was solved by using SN910502 for the 3’ primer and SN910601
for the 5" primer. It is not clear why the results differed in spite
of the fact that almost the same primers were used. Of course,
there were a few differences between the two experiments, one
being that our 3’-primer SN910602 is one nucleotide shorter at
the 3’ end (3), and the same for the 5’ primer. Another is that
we used the total DNA extract of MLO-infected plant tissues
for PCR templates, while they used the DNA preparation of
the MLO-enriched samples. Additional difference is the plant
sources. We used plants other than periwinkle, such as paulownia
and mulberry, and also herbaceous plants, such as rice, tsuwabuki,
onion, garland chrysanthemum, and tomato. More work needs
to be done to find the reason for the different results.

Recycled PCR. MLO-specific 16S rRNA gene fragments were
effectively amplified by RPCR and detected by agarose-gel elec-
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Fig. 4. Agarose-gel electrophoresis of polymerase chain reaction (PCR)-
amplified 0.75-kbp 165 rRNA gene fragments (left arrowhead) obtained
using mycoplasmalike organism (MLO)-specific primer set (SN910601
and SN920204) (lanes 2-8), and RPCR-amplified 1.4-kbp (right upper
arrowhead) and 0.75-kbp (right lower arrowhead) 16S rRNA gene frag-
ments using the universal primer set (step 1) and MLO-specific primer
(SN920204; step 2; lanes 10-16) from total DNA of plants and leathoppers.
Lanes | and 9 contain A-EcoRI+HindIIl markers. Lanes 2-8 and 10-16
contain a mixture of PCR products from healthy garland chrysanthemum
(lane 2) and rice (lane 10), PCR products from OY-infected (lanes 3,11)
and TW-infected (lanes 4,12) garland chrysanthemum, RY-infected rice
(lanes 5,13), a Mycoplasma orale culture (lanes 6,14), MLO-free Macro-
steles orientalis leafhoppers (lanes 7,15), OY-MLO-infected leafthoppers
(lanes 8,16). Electrophoresis was done as in Fig. 3.

trophoresis as composite bands consisting of the two reaction
products (Fig. 3, lane 12; Fig. 4, lanes 11-13; Fig. 5, lane 14).
By using the universal primer set and MLO-specific primer, 1.4
kbp- and 0.75-kbp bands were amplified (Fig. 3, lane 12; Fig,
4, lanes 11-13). A large band was expected to be amplified in
step 1, and a small band in step 2 (Fig. 1). This was confirmed
by checking after each step with agarose-gel electrophoresis (data
not shown). By the use of the universal primer set and MLO
IT1-specific primer, the 1.4-kbp and 1.03-kbp bands were amplified
(Fig. 5, lane 14) and were expected to be amplified in step |
and step 2, respectively (Fig. 1). Only the 1.4-kbp band was ex-
pected to be amplified from a diseased sample infected with MLO
of a different group from that of the step 2 primer or other
Mollicutes bactera such as a M. orale culture (Fig. 1). As expected,
only the 1.4-kbp band was amplified from these samples, and
no other additional band was amplified in step 2 when either
MLO-specific primer or MLO IlI-specific primer (Fig. 3, lane
13; Fig. 4, lane 14; Fig. 5, lanes 10,12,15) was added. In RPCR,
no band was amplified from healthy samples (Fig. 3, lane 11;
Fig. 4, lane 10; Fig. 5, lanes 9,11,13).

Recently, Deng and Hiruki (3) reported that nonspecific DNA
amplification occurred from healthy control plants at low-strin-
gency annealing conditions. They considered that since 16S rRNA
sequences from chloroplasts are similar to MLOs, nonspecific
amplification at annealing temperatures below 50 C might be
due to the 16S rRNA gene from healthy plant chloroplasts. And
they subsequently distinguished MLO-originated PCR fragments
from plant-associated PCR fragments by using restriction endo-
nuclease digestion. RPCR could effectively prevent these nonspe-
cific amplifications. In step 1 of RPCR, the 16S rRNA-specific
fragment (approximately 1.4 kbp) of Mollicutes was amplified
by 10 cycles at an annealing temperature of 60 C, which provides
enough template for step 2. The quantity of the template for
a step-2 primer should be much more than that of other DNAs
that would be used for nonspecific amplification. Because the
amplification of step 2 did not work well with short primers
(SN920202, SN920203, and SN920204) at an annealing temper-
ature above 45 C, it was done at 40 C (data not shown). By
RPCR, 16S rRNA fragments were effectively and specifically
amplified from plants, and each MLO group could be differ-
entiated reliably by the amplified DNA size estimated in agarose-
gel using group-specific primers added in step 2 (unpublished
data).

Detection of the MLO 16S rRNA gene from vector insects
by PCR and RPCR. PCR amplification using the universal primer
set resulted in amplification of one, similar-size DNA (approxi-
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Fig. 5. Agarose-gel electrophoresis of polymerase chain reaction (PCR)-
amplified 1.3-kbp (left arrowhead) 165 rRNA gene fragments obtained
using mycoplasmalike organism (MLO)-I specific primer set (SN920203
and SN910502) (lanes 2-8), and RPCR-amplified 1.4-kbp (right upper
arrowhead) and 1.03-kbp (right lower arrowhead) 16S rRNA gene
fragments obtained using universal primer set (step 1) and MLO-III-
specific primer (lanes 9-15) (SN920202; step 2) from total DNA extracts
of plants and leafhoppers. Lanes 1 and 16 contain A-EcoRI+HindIll
markers. Lanes 2-15 contain PCR products from healthy (lanes 2,4,9,11),
OY-infected (lanes 3,10), and TW-infected (lanes 5,12) garland
chrysanthemum, PCR products from healthy (lanes 6,13) and RY-infected
(lanes 7,14) rice, and from Mycoplasma orale (1anes 8,15).
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mately 1,400 bp) from total DNA extracts of both MLO-free
(Fig. 3, lane 14) and MLO-infected (Fig. 3, lane 15) M. orientalis
leafhoppers. These DNA fragments were similar in size to the
DNA amplified from OY-MLO-infected plants.

RPCR was also done for the same insect samples as above
using the universal primer set (step 1) and MLO-specific primer
(SN920204) (step 2), and the 750-bp DNA was amplified only
from MLO-infected insects (Fig. 4, lane 16). Althogh several other
bands (3,100, 1,370, and 1,200 bp) were observed in this lane,
the origins of the 3,100- and 1,200-bp bands are not known. The
1,370-bp band corresponds to the size of the mollicute-specific
16S rRNA gene fragment amplified by the universal primer set
(Fig. 1). The 750-bp band corresponds to the size of an MLO-
specific band amplified by the SN910601 primer added originally
and the SN920204 primer added at step 2 of RPCR (Fig. 1).
The 1,370-bp and 750-bp bands were gel purified, excised, reex-
tracted, and sequenced. The sequence of the 1,370-bp band was
identical to the group I MLO 16S rRNA gene sequence (positions
1-1,368 (the DNA fragment amplified with primers SN910601
and SN910502). The sequence of the 750-bp band corresponded
to a part of this 1,370-bp DNA sequence (positions 1-746 [the
DNA fragment amplified with primers SN910601 and SN920204]).

A large band (1,370 bp) and a small band (900 bp) were amplified
from the DNA sample of MLO-free insects (Fig. 4, lane 15) by
RPCR under the same condition as above. The large band was
of the same size as the band amplified from MLO-infected insects
by the universal primer set. Both bands from MLO-free leaf-
hoppers were directly sequenced, and the small band was found
to be a part of the large-band DNA. The sequence of the large-
band DNA was different from that of 1370-bp DNA of MLO-
infected insects (i.e., the 165 rRNA sequence of group I MLOs)
and also from the 16S rRNA sequences of group II and 111 MLOs.
Homology search indicated that the sequence of this DNA frag-
ment was similar to those of other gram-negative bacterias (unpub-
lished data). This indicates that there are prokaryotes associated
with some leafhoppers that are unrelated to plant-pathogenic
MLOs.

As a further check, PCR was done using the MLO-specific
primer set (SN910601 and SN920204) with DNAs from MLO-
free and -infected leafhoppers. Although no DNA was amplified
from MLO-free insects (Fig. 4, lane 7), the 1,200- and 750-bp
bands were detected in MLO-infected leafhoppers (Fig. 4, lane
8). The origin of the 1,200-bp band, which was of the same size
as that of the DNA amplified by RPCR (Fig. 4, lane 16), is
not known. However, the sequence of the 750-bp band was deter-
mined and revealed to be identical to the group I MLO 16S
rRNA gene (position 1-746).

These results suggest that MLO-infected vector insects may
be detected by RPCR or PCR using the MLO-specific primer.
The 750-bp band should be specifically detected only from MLO-
infected vector insects by RPCR and PCR. MLO-free vector in-
sects carrying a microorganism which is parasitic or symbiotic
and has similar sequences in the 16S rRNA gene may also be
distinguished by this method.

RPCR offers the following advantages: 1) It is a more sensitive
method than the original PCR for detecting specific DNAs,
because it can amplify detectable DNA fragments in fewer ampli-
fication cycles; 2) Only a single primer is needed, and the results
are reproducible; and 3) After step 1, the amount of template
for step 2 can be checked to decide whether it is necessary to
continue step 2 (i.e., step 1 can be used as a control reaction).
Since plant pathogenic MLOs are nonculturable and restricted
to phloem tissues (usually in low concentrations), it is very difficult
and time consuming to isolate and clone 16S rRNA genes using
standard cloning procedures. With proper control of the thermo-
cycling conditions and selection of specific primers, PCR can
be used to isolate the 16S rRNA gene of MLOs and other Molli-
cutes without separation of eukaryotic and organelle genomic
DNA:s.

We have shown that the MLO 16S rRNA gene is easily amplified
by PCR from plant DNA. The gene was also amplified from
vector insects and could be differentiated from the corresponding
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gene of other leafhopper-associated prokaryotes. The 16S rRNA
gene of each MLO group was differentially amplified using group-
specific PCR primers. Ahrens and Seemiiller (1) reported the
detection of MLOs by PCR amplification of a 16S rRNA gene
fragment and differentiation of representative MLO groups by
RFLP using restriction endonucleases. We developed a newly
modified PCR method (RPCR) to increase the reliability and
simplify the classification of MLOs without having to analyze
PCR products by RFLP analysis. Other than Tag DNA poly-
merase, RPCR needs no additional enzymes, such as restriction
endonucleases used for RFLP. Thus, RPCR allows quick and
accurate MLO detection and diagnosis. These results should facili-
tate MLO diagnosis as well as phylogenetic and taxonomic studies.
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